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Abstract

For the future use of proton exchange membrane water electrolysis (PEMWE) for large-scale
hydrogen production with renewable electricity, two improvement measures at cell level are in-
dispensable: First, the use of thin membranes for high current and power densities, and second,
the use of improved oxygen evolution reaction (OER) catalysts which allow for reduced iridium
loadings (mgr, /cm?). The combination of these two measures will enable to reach sufficiently low
power-specific iridium loadings (g, /kW) to circumvent an iridium shortage due to a possible mas-
sive expansion of PEMWE. In this context, several issues need to be investigated for the practical
applicability of the described concept. At first, the basic suitability of PEMWE for the reduction of
greenhouse gas emissions in comparison with fossil hydrogen production and the positive influence
of an increase in power density will be demonstrated by means of a life cycle analysis. Subse-
quently, the technical feasibility of using very thin membranes down to 30 pm in PEMWE will be
investigated experimentally and thermal limitations at high current densities will be verified. Peak
values in the laboratory up to 25 A/cm? are achievable, a long-term technical application up to
10 A/cm? seems possible. In addition, the influence of high current densities on hydrogen perme-
ation in PEMWE cells is investigated. A strong increase of the permeation at high current densities
for low cathode pressures is shown, for higher pressures the increase is moderate. It follows that
the integration of recombination catalysts is necessary for most applications when thin membranes
are used. Furthermore, the degradation of iridium-based OER catalysts is found to be very low
for uninterrupted operation and even with approximately eight times lower iridium loadings, high

lifetimes in the range of 10* to 10° h should be possible with tailored catalyst designs.
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Kurzfassung

Fiir den zukiinftigen Einsatz von Protonenaustauschmembran-Wasserelektrolyse (PEMWE) zur
grof3skaligen Wasserstoffproduktion mit erneuerbarem Strom sind zwei Verbesserungsmafinahmen
auf Zellebene unverzichtbar: Zum einen der Einsatz von diinnen Membranen fiir hohe Strom- und
Leistungsdichten sowie zum anderen die Verwendung von verbesserten Sauerstoffevolutionsreaktions-
(OER) Katalysatoren, die verringerte Iridiumbeladungen (mgy, /cm?) erlauben. Die Kombination
dieser beiden Mafinahmen ermoglicht ausreichend niedrige leistungsspezifische Iridiumbeladungen
(g1;/kW) um eine Iridiumverknappung durch einen moglichen massiven Ausbau der PEMWE
zu umgehen. In diesem Zusammenhang miissen mehrere Punkte fiir die praktische Anwend-
barkeit des geschilderten Konzepts untersucht werden. Die grundsétzliche Eignung der PEMWE
zur Verringerung von Treibhausgasemissionen im Vergleich mit fossiler Wasserstoffproduktion
und der positive Einfluss einer Steigerung der Leistungsdichte wird mittels einer Lebenszyklus-
analyse nachgewiesen. Anschlieend wird die technische Umsetzbarkeit des Einsatzes von sehr
diinnen Membranen bis 30 ym in PEMWE untersucht und thermische Limitierungen bei hohen
Stromdichten iiberpriift. Spitzenwerte im Labor bis 25 A /ecm? sind erzielbar, ein langfristiger tech-
nischer Einsatz bis 10 A/cm? erscheint moglich. Ferner wird der Einfluss hoher Stromdichten auf
die Wasserstoffpermeation in PEMWE Zellen untersucht. Es zeigt sich ein starker Anstieg der Per-
meation bei hohen Stromdichten fiir niedrige Kathodendriicke, fiir hohere Driicke ist der Anstieg
moderat. Daraus folgt, dass eine Integration von Rekombinationskatalysatoren beim Einsatz von
diinnen Membranen in den meisten Einsatzbereichen notwendig sein wird. Weiters zeigt sich, dass
die Degradation von Iridium-basierten OER, Katalysatoren bei ununterbrochenem Betrieb sehr ger-
ing ist und auch bei ungefdhr achtfach niedrigerer Beladung mit angepasstem Katalysatordesign

hohe Lebensdauern im Bereich von 10* bis 10° h mdglich sein sollten.
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1 INTRODUCTION

1 Introduction

The rapid development of mankind, especially during the last 200 years, both in terms of popula-
tion and technology, has led to an enormous increase in energy consumption on earth by humans.
According to a recent report by the International Energy Agency (IEA), the global energy con-
sumption in 2018 was 166,500 TWh [1]. This very large number becomes more tangible when
divided by the number of fellow citizens on earth (7.6 - 10° [1]) which results in an average per
capita consumption of &~ 22 MWh per year. This, in turn, is approximately the thermal energy
released when burning 2200 liter of Diesel or the average yearly heating energy consumption for
a large single-family house with ~ 170 m? living space in Germany [2] or roughly the amount of
Kerosene burnt per passenger during 5 intercontinental flights of ~ 12.000 km [3]. Nevertheless,
there is a clear regional disparity between higher and lesser developed countries. At the moment,
the vast majority (133,200 TWh or ~ 80 %) of the energy used comes from fossil sources such as
coal, oil and gas. However, this is associated with high COs emissions that continue to accumulate
in the atmosphere, affecting the Earth’s radiative heat balance. The resulting global climate change
and its implications are forcing society to react quickly if extremely far-reaching consequences for
mankind and the environment are to be avoided. In this context, the 2015 Paris climate agreement
adopted a maximum warming target of 1.5 to 2 °C by the end of the 21st century [4]. To reach this
goal, the CO4 emissions need to be cut very fast and significant and a net zero CO2 emission status
has to be reached until the mid of the 21st century [5]. This poses a strong need to transform our
current mostly fossil based energy system towards a system that uses mainly renewable sources.
An inherent characteristic of renewable energy sources such as wind power and photovoltaics (PV)
is their volatility. Thus, when renewable sources make up a very high proportion of a power system,
intermediate storage is required to compensate for periods of low supply. Since the primary form
of energy from renewable sources is electric power, electrical energy storage would be particularly
well suited for this purpose and would enable to keep a high share of the exergy during storage.
However, electrical energy storage devices such as batteries also have disadvantages: For very large
amounts of energy, the amount of storage material required also becomes very large and heavy
as the specific energy density is usually below 200 Wh/kg [6], which can limit availability and
usability. Furthermore, with most electrical energy storage systems, the relatively low gravimetric
energy density means that transport of stored energy over long distances, to use it decoupled in
time and location from production, is usually not economical. At least a spacial decoupling is
possible by electric grids. However, electric grids are not economic over very long distances [7].
Here, energy storage and transport based on chemical energy, especially in the form of hydrogen
are advantageous. Hydrogen can be produced by electrolysis from purified water alone and has
the highest gravimetric energy density of all materials on earth (= 33 kWh/kg (LHV)). Also the
volumetric energy density stays relatively high if high pressures, liquefied hydrogen or other forms
of chemical storage are used (e.g. Ammonia) [8] which in turn facilitates the use of bulk transport,
for example by ships. Thus, a production at a site with optimum renewable energy yield at low
cost and subsequent storage and transport to a consumer also over long distances is technically
possible with hydrogen and can offer economic benefits [9]. Furthermore, the hydrogen can be used
in many different sectors of the energy system (figure 1). In particular, as a fuel for long-distance
and heavy-duty transport, for industry as a basic material or reducing agent, and, if hydrogen

production costs are low enough, also for reconversion into electricity or for heating applications.

However, for widespread use of hydrogen technologies, the power required for the energy con-

verters (i.e., on the production side, the electrolysers) is very large. Since our current energy system
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Figure 1: Principle use case scheme for hydrogen production by water electrolysis and subsequent
usage of the hydrogen in different sectors.

is multi-layered, it is reasonable to consider only one sector for an initial estimate of the required
power. For the global mobility sector alone, Bernt et al. [10] estimated an annual primary energy

020 joules. If this complete energy demand is to be provided by electrolytic hydrogen

demand of 1
(700 Mt /y), the authors indicate a necessary annual installation of 150 GW electrolysis capacity by
the end of the 21st century, taking already into account the volatility of renewable energies and the
resulting necessary surplus installation of electrolysis power. Although there are other electrolysis
technologies on the market (most notably alkaline electrolysis and at a lower technology readi-
ness level also solid-oxide electrolysis), proton exchange membrane water electrolysis (PEMWE)
is considered to have the greatest overall future potential for large scale application [11] [12]. The
already comparably high current and power density, the ability to produce hydrogen at the cath-
ode directly at higher pressures (typically up to 30 bar) and high purity [13], independent of the
pressure of the oxygen side (anode), as well as the high load spread and high dynamics predes-
tine this electrolysis technology for coupling to volatile renewable electricity sources such as wind
power and photovoltaics. Also the investment costs for PEMWE systems (CAPEX), which are at
the moment between 1000 and 2000 EUR/kW, are expected to fall significantly in the future to
values around 300 EUR/kW [11]. While large PEMWE systems with a capacity of several MW
are already being built and connected to the grid today [14], the current annual addition rate of 25
MW (electrolysis in general, IEA Report 2020) would need to be increased by a factor of ~ 6000

to meet the required target.
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Thesis Outline

This thesis addresses the issue of what measures can be taken at cell level to enable a sustainable
addition of PEMWE systems at a high rate of more than 100 GW per year - a scale necessary for
a deep defossilization of the mobility sector alone [10]. In a first step, the PEMWE technology
is explained starting with a brief overview of the general functional principles followed by a more
detailed look on the individual components of the cell/stack. Here, all necessary information
is provided for setting up a basic temperature and pressure dependent performance model of
a PEMWE cell/stack and system. Several parameters used for the model are based on own
laboratory measurements. By analyzing the operational characteristics of a PEMWE system with
the model, two key strategies can be identified which together should technically enable a large-
scale deployment of PEMWE for renewable hydrogen production: i) Thin membranes for high
efficiency and high power density as well as ii) low-iridium catalyst loadings at the anode.
Following the selected path, among many other problems that might come up, five central research
questions are raised: i) Will renewable hydrogen production by PEMWE be sustainable from a life
cycle assessment point of view and what is the influence of increased power density? ii) Are there
thermal limitations when using thin membranes at high and very high current densities? iii) How
much do thin membranes and high current densities have an influence on the hydrogen permeation
losses? iv) Are iridium catalysts stable enough for long-term operation and what influences the
stability? v) How is the long-term performance of low-iridium loaded anodes?

Subsequently, the experimental methods for finding answers to the raised questions are presented
and the results are included in the form of five peer-reviewed journal papers, each one for one of

the research questions.

Future goal: =100 GW/y of PEMWE

Problem: Only = 8 t/y supply of iridium

= Lowering of power specific iridium loading
actual: = 0.75 g,/kW — future: = 0.01 g,/kW

How to achieve?
= Analysis with PEMWE performance model

key

Thin membranes measures Low-Ir catalyst
actual: = 180 ym — future: = 50 um actual: = 2 mg,/cm? — future: = 0.1-0.2 mg,/cm?

main _ main

research i) PEMWE LCA Ir|d|u_r_n catalyst research
. stability .

questions questions

High current (measurements in

densities & full cell setup iv)

i)  thermal limits
Low-iridium catalyst

High current durability
densities & (in industrial stack) v)
i) H, permeation

Figure 2: Thesis outline.
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2 Theory of Proton Exchange Membrane Water Electrolysis

2.1 Overview Functional Principle

In order to be able to identify possible limitations and improvement potentials for PEMWE on
cell level, a description of the system, its properties and the boundary conditions during operation
is helpful. Therefore, a basic explanation of the functional principle of a PEMWE cell is provided
first.

As in any electrolysis, a chemical substance, in this case pure water, is split by means of electrical
energy. As shown in figure 3, water is supplied to the anode side of the PEMWE cell and is split into
oxygen, protons as well as electrons by supplying energy, as given in equation 1, the anode partial
reaction or Oxygen Evolution Reaction (OER). For each mole of water, half a mole of gaseous
oxygen is released which mainly bubbles out from the anode towards the anode side flow channel.
The two moles of protons released during decomposition are transported to the cathode via the
proton-conducting phase of the anode, the so-called ionomer, the proton-conducting membrane
and finally the equivalent proton-conducting phase of the cathode. There, the protons are reduced
to hydrogen with the electrons transported via the external electrical circuit, see equation 2, of the
cathode partial reaction or Hydrogen Evolution Reaction (HER). One mole of hydrogen is thus
produced per mole of decomposed water, which, like the oxygen on the anode side, mainly bubbles
out from the cathode to the flow channel on the cathode side. Smaller parts of the gas volumes
produced on both sides, depending on the operating pressures, can also permeate through the
membrane and are then lost for usage, which will be discussed later more into detail. Combining

OER and HER gives the net reaction for water splitting (equation 3).

MEA: Membrane Elektrode Assembly
PTL: Porous Transport Layer

Anode Reaction:
H,O — %2 O, + 2e- + 2H*

Cathode Reaction:
2H*+2e — H,

Peath UP to = 30 bar Teot =400 80 °C Pan = atm

Ti-bipolar plate,
L ]
1 mm

\Ti-bipolar plate

Figure 3: Schematic cross section of a typical PEMWE cell. All dimensions are roughly to scale.
The cutout shows only a small part of a unit cell with the flow field channels on both sides. Real
devices have significantly larger active cell areas (laboratory cells ~ 5 cm?, current industrial cells
~ 30 to 1000 cm?) with a multitude of channels. The active area of the cell is defined as the
geometric electrode area of the membrane electrode assembly (MEA).
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1
OER : H,0 — 502 +2H" + 2e” (1)
HER: 2H' 4+ 2e~ — Hy (2)
. 1
Net reaction : HyO — 502 + Hy (3)

Another important aspect of a PEMWE cell is its relatively easy water management. On their
way from anode to cathode, the protons draw water molecules with them. This process, also
called electroosmosis, is relatively strong and ~ 6 times more water is transported from anode to
cathode than is consumed at the anode [15]. As a result, active wetting of the cathode side of
the PEMWE cell is not necessary, which greatly simplifies its operation. The pressures of both
compartments can be changed individually as the membrane is tight for convective transport of
gases. Typical operation pressures range between 20 bar and 50 bar (hydrogen pressure) at cell
temperatures between 40 °C and 80 °C [11]. However, the anode side is mostly kept at ambient
pressure which makes water supply and water treatment for maintaining high water purity easier.
The core of the cell where the reactions take place is the membrane electrode assembly (MEA),

exemplary depicted in figure 4. It consists of the proton-conducting membrane (typical thickness

Hydrogen Evolution Cathode
(e.g. Platinum supported on Carbon)
typically 5 pm to 10 ym

Platin-Elektrode

il

H*-conducting Membrane
(e.g. Nafion = ,Sulfonated Teflon®)

Membran typically 50 ym to 200 ym
Oxygen Evolution Anode

(Iridium based catalyst)
typically 5 um to 10 ym

Iridium-Elektrode - .

Figure 4: Scanning electron microscope cross sectional image of a typical PEMWE MEA based on
50 pm thick Nafion® 212. SEM graph provided by Maximilian Bernt, ZAE Bayern.

is between 50 pm and 200 pm) onto which thin electrode layers (/= 5 to 10 pum) are applied on both
sides which can be deposited in several ways. Most common are a direct coating of the membrane
by spray coating or the decal transfer process [16], where electrodes are coated first on a transfer
film and are then sandwiched with the membrane. This sandwich is finally hotpressed to obtain
a permanent assembly. The active area of the cell, which is defined as the geometric area of the
electrodes of the MEA, is typically small for laboratory devices like single cells and short-stacks
(= 5 to 50 cm?) and is significantly larger for stacks which are used in industrial applications (up
to &~ 1000 £ 500 cm? [17]). Porous transport layers (PTL) with thicknesses around 200 pm to
300 pum are placed between the MEA and the flow fields. Ideally, these PTLs allow good elec-
trical contact to the electrodes, uniform mechanical support of the MEA and good transport of

water, the product gases and heat. Typically at the cathode side carbon cloth or carbon paper is
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used as PTL material. However, at the anode side, carbon materials are not stable at the high
electrode potentials exceeding 1.23 V vs. standard hydrogen electrode (SHE) potential. Thus,
mainly titanium materials made from sintered powders or fibers are used instead [18]. Also the
flowfields itself with the ~ 1 mm deep and wide machined or forged channels are typically made
from titanium for the same stability reasons. The thin, compact and stable passivation layer of ti-
tanium dioxide forming at the surface of the bulk titanium is responsible for the good applicability
at operating conditions prevailing at anode sides of PEMWE cells. Nevertheless, the protective
passivation layer can significantly increase the contact resistance between the titanium elements
and between PTL and anode. Thus, both flowfields and titanium PTLs at the anode side of the
cells are frequently coated with a thin platinum-group metal (PGM) layer. Mostly platinum is
used to ensure low and stable contact resistances. Gold can be used as a coating of the flowfields,
but it will dissolve in direct contact with the ionomer (low pH) from the electrode or membrane at
elevated cell potential [19] and is thus not suited as a PTL coating. A PGM coating is especially
necessary when using thin and brittle anode catalyst layers with lower in-plane conductivity [10].
In contrast at the cathode side, the high bulk conductivity of the carbon PTL and its full stability
at the local operating conditions without passivation effects makes a coating obsolete.

However, single cells are not commonly used outside of laboratory applications, since their voltage-
to-current ratio is rather unfavorable for significant power conversion. In current state-of-the-art
systems a relatively low terminal voltage around 1.8 V (corresponding to = 70 % efficiency based on
lower heating value (LHV)) would correlate to a relatively high current density of ~ 1.5 A /cm? [11].
Thus, in order to operate PEMWE cells reasonably, they are usually arranged in a stack. Exem-
plary, figure 5 shows an industrial PEMWE short-stack (H-TEC Systems GmbH, Germany) with
10 cells in a laboratory test rig at ZAE Bayern electrochemistry laboratory and a graphic repre-
sentation of the relevant parts and their assembly. Note that manifolds and gaskets are not shown
in this graphic. In this case, the cells are arranged one behind the other. The monopolar plates of
the single cell thus are complemented in the stack by a certain number of bipolar plates, depending
on the number of cells contained. The current through all cells in the stack is the same, but the
individual cell voltages add up to the stack voltage at the terminal clamps. In this way, a more
favorable ratio of voltage to current can be reached, which is better suited to the specifications of
conventional power electronics.

In order to run the stack in a PEMWE system, several other components are necessary. As
depicted in figure 6, a basic system needs a water cycle at the anode side with a water setup tank,
a heat exchanger to regulate the system temperature, a circulation pump and an ion exchange
filter before the stack. The task of keeping high water quality while running a PEMWE system
is very important for a stable performance. Ionic impurities can accumulate in the membrane or
in the ionomere phases of the electrodes and deteriorate the ionic conductivity or directly affect
the platinum group metal (PGM) catalysts [21] [22] [23]. Therefore, the water conductivity of the
supplied or cycled water in a PEMWE should always be close to the conductivity of ultrapure
water (= 0.1 uS/cm at 25 °C). This is achieved by using mixed-bed deionizer resins to clean up
the water constantly and by using metal free (plastic) piping and setup components in contact to
the process water wherever possible. As mentioned before, at the cathode side no water cycling is
necessary due to a constant net water transport from anode to cathode via electroosmotic drag.
The gases produced on both sides are separated from the water and, depending on the use case,
are dried and purified to reach a defined quality. Furthermore, power and control electronics as
well as safety equipment are essential for the operation of a PEMWE system. Systems up to a

power class of about 1 MW can be fitted into standardized 20 or 40 ft cargo containers [24] whereas
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Figure 5: a) Industrial 10-cell PEMWE short stack from H-TEC Systems GmbH with 30 cm?
active area inside the stack test rig at ZAE Bayern electrochemistry laboratory, Garching. b)
Schematic drawing of the relevant parts and their assembly in a PEMWE stack [20]. Manifolds
and gaskets are not shown in this simplified graphic.
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Figure 6: Schematic representation of all relevant components of a PEMWE system. Taken from
[20].

larger systems are usually integrated into a special dedicated building [14].
After this short overview of the functionality, the main components and the commonly used ma-

terials, a more detailed description of the core elements of a PEMWE cell follows. These are
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concretely the membrane, electrodes, PTLs as well as the flow fields.

2.2 Membrane

As briefly described in the overview, the membrane in a PEMWE cell serves three important
purposes: The electrical separation of the two electrodes, the ionic connection between the anode
and cathode and the gas-tight separation of the compartments at the respective operating pressures.
To ensure the appropriate conductivity for protons while simultaneously guarantee high chemical
and mechanical stability, membranes based on a PTFE backbone with sulfonic acid groups at
the end of ether-linked perfluorinated side chains are used in most cases [25]. The most widely
employed membrane type in this class of perfluor-sulfonic-acid (PFSA) materials is Nafion® from
Dupont. In addition to a large number of similar PFSA materials, hydrocarbon-based membranes
in particular are in focus, as they might be produced cheaper in the long run and also should
exhibit lower gas permeation at low ohmic resistance compared to PFSA materials [26]. Structural
reinforcement, for example with integrated PTFE fibres in a PFSA membrane or a PTFE matrix
filled with PFSA ionomer [27], is particularly useful for thin membranes and applications at the
limit of the thermomechanical stability of the PFSA base material (Teen > 90 °C) [28] [29].

Water Uptake, Swelling and Conductivity

As typical PFSA materials like Nafion® can take up a significant amount of water, most of their
physicochemical properties depend on the water content A, which is defined by equation 4 as the

number of moles of water per mole of sulfonic acid groups in the polymer electrolyte membrane [30].

n
A= 20 (4)

NS0zH
A practical calculation of the water content based on measured values and material properties can

be done with equation 5 [31].
_ WU-EW

A
Mm,0

(5)

Here, WU denotes the water uptake of the membrane (defined by equation 6), EW, the ”equivalent
weight” of the membrane type, which is defined by the quotient of the dry weight of the ionomer
per mole of sulfonic acid in (g/molso,n) and My,0, the molar mass of water. For the calculations
in this thesis, an EW of 1100 g/molgo,u for Nafion® membranes is used based on the data given
in [30].

WU = Mwet — Mdry (6)

Mdry
The water uptake and thus also the water content of a PFSA membrane in contact with liquid
water is highly dependend on the actual temperature and also the pretreatment history of the
membrane [32] [33]. At full hydration in contact to liquid water, Nafion® reaches a water content
of A ~ 21-22 [34]. However, if Nafion® membranes are dried at elevated temperatures close
to or above glass transition temperature [15], they do not directly reach full hydration again
at subsequent contact with liquid water [35]. Typical dry membrane thicknesses in state of the
art systems are between 125 pym (Nafion® 115) and 175 ym (Nafion® 117) [36]. However, the
actual wet thickness t,, e varies with the water content A as the membrane swells during water
uptake. Two extreme cases of swelling are possible: Isotropic swelling in all directions (e.g. if

the membrane is freely immersed in water without fixation or if a MEA is externally hydrated
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previously to mounting in the cell setup) with the lowest thickness change and anistropic swelling
only in through-plane direction with the maximum possible thickness change (very likely to occur
if a membrane or MEA is mounted in a dry state in the cell and subsequently hydrated in the fully
built cell setup). The following equations adapted from [31] can be used to calculate the membrane

thicknesses t,, for isotropic and anisotropic (only in through-plane direction) swelling:

: Muy,o - Pm,dry * A
tm,wet,iso = ¥ 2 piatd 1) - tmar 7
e \/( pu,0 - EW * dry @)

Mu,0 * pmdry * A
tm,wet,aniso = . e 1) tm,dr 8
,wet, ( PHZO . EW + ,dry ( )

Here, pm dary denotes the dry membrane density which is ~ 2 g/cm?® for Nafion® [37]. For a known

A and cell temperature Tt o), also the membrane conductivity of Naﬁon®, Om in S/cm, can be
calculated by equation 9 fitted to measurement data and published by Springer et al. [38], which
is in good agreement with other published data [15].

1 1
om = (0.005139X — 0.00326) exp[ 68 <303 Tceu) } Y

Mass Transport through PFSA Membranes

As described earlier, the membrane prevents direct convective transport of gases from anode to
cathode and vice versa, but still a certain amount of gases can permeate through the material.
This is especially of concern for the hydrogen permeating from the mostly pressurized cathode side
of the cell to the anode side. As the anode is running at a potential of typically > 1.4 V vs. SHE,
the permeated hydrogen is not oxidized at the anode and mixes with the produced oxygen. If the
hydrogen content exceeds a concentration of ~ 4 % Hs in Oy (lower explosive limit, LEL), the gas
mixture exiting the anode compartment is explosive which poses a considerable safety issue for
the cell/stack and the other downstream electrolyser plant components [39]. Thus, measures have
to be taken to limit the Hy in Os concentration to about 2 % (50 % LEL). One option to allow
safe operation is to choose a certain minimum membrane thickness, depending on the operating
conditions (temperature, pressures, minimum current density/part load ratio).

Although several transport mechanisms for gases take place in parallel in the membrane (water-
bound transport of dissolved gases driven by differential pressure and electroosmosis vs. diffusive
transport [40]), in a first order approximation, pure diffusion has the biggest influence for the
hydrogen transport from cathode to anode. Equation 10 gives the diffusive through-plane molar

hydrogen permeation flux based on Fick’s law:

Asz

it e = Ditperm(T) - =
m

*Ea,dry,Hz

RT

*Ea,wet,Hz
RT

DHg,perm(T) = kdry,Hz ' €< > + VH,0 * kwet7H2 . 6(

Eary 1, = 1.57-10* (mol pm)/(cm? s bar) (12)
Fadry 11, = 20.28 (kJ/mol) (13)
Ewet.1, = 4.5-107* (mol ym)/(cm? s bar) (14)
Eawett1, = 18.93 (kJ/mol) (15)
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Here, Dy, perm denotes the effective permeation coefficient for hydrogen in the membrane, Apg,
the hydrogen partial pressure difference between cathode and anode side and t,, the membrane
thickness. The universal equation for Nafion® permeability (equation 11) gives an Arrhenius fit
for the temperature dependence of Dy, perm [30]. The values for the prefactors and activation
energies Kdary Hyy Fa dry,Hy, Kwet,H, ald Ey wet 1, are also taken from [30]. The volume fraction of
water v,o (cm® of water per cm® of hydrated polymer) is calculated by equation 16 [30]. Note
that the unity correction factor ;?n—c’&l is missing in the original reference. As stated above, a fully
hydrated membrane at 80 °C typically has a water content of A ~ 21.

0T N8 +A i (19

Pm,dry cm3

Vice versa, also oxygen transport from anode to cathode side takes place and can be diffusive in
nature (equation 17 to 22) or water bound (equation 27). Analogous to hydrogen permeation,
Do, perm (equation 18) is the effective permeation coefficient for oxygen in Nafion® and, together

with the prefactors and activation energies given by equations 19 to 22, taken from [30].

N0y,perm = D0y, perm * Afn?2 (17)
B ar —Ea et
Do, perm(T) = kary,0, - e($) + VH,0 * Kwet, 05 * e(TOZ> (18)
kdry.0, = 0.674-107* (mol pm)/(cm? s bar) (19)
Eadry,0, = 21.28 (kJ/mol) (20)
Ewet.0, = 5.05-107* (mol ym)/(cm? s bar) (21)
B wet.0, = 20.47 (kJ/mol) (22)

As already mentioned, water transport takes place in the cell primarily from anode to cathode via
electroosmosis (equation 23). Here, ng4yqy denotes the drag coefficient, which relates a water flow
to the proton current from anode to cathode in the cell. Figure 7 shows measured electroosmotic
drag coefficients for a MEA based on Nafion® 117 in comparison with literature data [41] [42].

The resulting temperature dependence of ng,ag is given by the linear fit in equation 24.

: - z 23)
M H,0,e0 = Mdrag * F (
Neo (V) (moly,0/moly+) = 0.012(1/°C) - 9 + 2.17 (24)

Also a differential pressure driven reverse transport of water from cathode to anode is possible
(equation 25), but is usually significantly less intense compared to the electroosmotic water trans-
port. However, the pressure driven reverse transport of water from cathode to anode becomes
important for high differential pressures and thin membranes. In order to estimate the differential
pressure driven transport, a simple measurement was done with a 60 cm? PEMWE cell by Sylatech
GmbH, Germany. The water transport rate is measured for three current densities (0.17 A/cm?,
0.5 A/cm? and 0.83 A/cm? and two temperatures, 40 °C and 80 °C, at balanced ambient pres-
sure and for a pressure difference of 5 bar between cathode and anode. In both cases the water
transport is measured gravimetrically by weighing the exhaust water at the cathode side. The

results are shown in figure 8. In general, a linear dependency of the water transport rate with
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Figure 7: Measured data for narag in a temperature range from 40 °C to 80 °C at a mean current
density of 0.5 A/cm? for a commercial MEA based on Nafion® 117 made by HIAT, Germany.
The catalyst loading is 2 mg, /cm? at the anode and 1 mgp;/cm? at the cathode. The measured
drag coefficients are comparable to literature data by Luo et al. [41] and Suermann et al. [42]. The
water transport is measured gravimetrically by weighing the exhaust water at the cathode side.

the current density is visible for all sets of measurements. As expected, the measurements with
elevated cathode pressure (5 bar pressure difference) show an offset towards lower transport rates.
Furthermore, the transport rate is higher at higher temperature which results in a steeper increase
of the water transport rate with current density at higher temperatures (80 °C) compared to lower

temperatures (40 °C).
Apcath,an

- (25)

UH,0,dp = DH,0,dp
Di,0.4p(9)((mL pm) /(s cm? bar)) = 4.12-1075(1/°C) -9 + 1.29 - 104 (26)

Using the set of datapoints (40 °C and 80 °C at 0 and 5 bar pressure difference) from figure 8 and
by assuming a linear temperature dependence of the transport coefficient for differential pressure
driven water flow through the membrane leads to equation 26 for the calculation of Dr,0,ap(0).
It is important to note, that the membrane reference thickness for the calculation of the transport
coefficient was assumed to be that of a fully anisotropically (only in through-plane direction)
swollen Nafion® 212 membrane at A\ = 21 (t,, = 77 pum).

In dependence of the operation parameters, a net water transport as a sum of differential pressure
and electroosmotic driven water transport results, which in turn leads to a transport of soluted

oxygen from anode to cathode (equation 27).
10y,wb = VH,0,m * 0, * PO, ,an (27)

Ho,(T) = 1.3-1073(mol/(1 - bar)) - exp (1700 K- (; - 29&115K>> (28)

Here, vm,0,m denotes the area specific volumetric flow rate of water from anode to cathode and
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Figure 8: Measured data for water transport rate at balanced atmospheric pressure and 5 bar
differential pressure at 40 °C and 80 °C and 0.17 A/cm?, 0.5 A/cm? and 0.83 A/cm? for a MEA
based on Nafion® 212. The catalyst loading is 2 mgy, /em? at the anode and 0.3 mgp, /cm? at the
cathode. The water transport is measured gravimetrically by weighing the exhaust water at the
cathode side. Each point shown is the average of three individual measurements.

Ho, the Henry coeflicient for the solubility of oxygen in water. The temperature dependence
of Ho, is given by equation 28 taken from [43]. In the case of oxygen transport from anode
to cathode, safety aspects are less critical as most of the oxygen reacts with the hydrogen at the
cathode catalyst layer (potential < 0 V vs. SHE) back to water and does not remain in the product
gas stream. Nevertheless, a faradaic efficiency loss is linked to both permeation losses, either of
hydrogen or oxygen and also to the water-bound oxygen transport. Thus, for the calculation of
the Faraday efficiency, the total transported oxygen no, tr is relevant which is the sum of water-

bound-transported (equation 27) and permeated (equation 17) oxygen:

7;LOQ,tr = hoz,wb + h027perm (29)

For low material consumption and high cost efficiency, optimized cells with low losses are necessary
which in turn can reach significantly higher current and power densities than conventional state-
of-the-art cells. This can be achieved in particular by using thin membranes to reduce the ohmic
losses associated to the proton transport through the membrane. Since the permeation of the
product gases is also stronger in this case, the associated safety issues have to be carefully adressed.
Especially when a high part load range is desired and standard PFSA membranes are used, the
integration of recombination catalysts, mostly platinum based, in the MEA or the cell/system is
unavoidable. Technical solutions for recombination catalysts can be built into the MEA [44] [45]
[46], or at some point in the Oy stream at the anode side of the electrolyzer or in the anode side
PTL [47].

12
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2.3 Electrodes and Catalysts

As visible in figure 4, the approximately 5 to 10 um thick anode and cathode electrode layers are
arranged on both sides directly on the membrane to form the MEA. The individual reactions during
water electrolysis take place at the electrodes, which are the OER at the anode and the HER at the
cathode, and thus make the electrodes crucial components of the overall PEMWE system. In order
to allow high turnover rates (= high current densities) at low losses, the porous electrodes need
to have large specific surface areas and a well balanced ratio of electrical conducting phase, ionic
conducting phase (ionomer), open pores for transport of water and product gases (void volume)
and particularly catalytic active surfaces (catalyst) optimized for the respective reaction [16] [10].
Usually, PGM catalysts are used in PEMWE, as they are highly active and show the best stability
at the challenging operating conditions with low pH values around 0 in presence of the highly
acidic polymer electrolyte. At the cathode side, the potential of < 0 V vs. SHE [48] enables the
use of Pt-catalysts with high surface area carbon support materials, which are widely used in PEM
fuel cells [49]. The state of the art loading for PEMWE applications is usually between 0.5 and
1 mgp¢/cm? [50]. Due to the very fast reaction kinetics for the HER with Pt-based catalysts,
the cathode side loading can be lowered significantly (= 10-fold) without detrimental effects on
performance [10] [51] [52] [53]. Even non-noble metal catalysts can be applied at the cathode side,
e.g. cobalt-based [54] or molybdenum-based systems [55] [56] [57]. Nevertheless, they have so far
tended to be used on a laboratory scale only and not for industrial applications.

At the anode side however, platinum is not the most active PGM catalyst for the OER. Iridium
and ruthenium show higher activities [58], but due to stability reasons at the high anode potentials
during operation of > 1.4 V vs. SHE [48], iridium or its oxides are the current state-of-the-art cata-
lyst materials [50]. The operating conditions also impede the use of carbon as a conductive support
material. Thus, different designs are used: Typical industrial OER catalysts are unsupported irid-
ium (Ir-black) as well as iridium dioxide supported on non-conductive titanium oxide particles with
a comparatively thick and compact iridium layer for sufficient electrical conductivity (e.g. Umicore
Elyst Ir75 0480). Consequently, the resulting iridium loadings are high at 1 to 2 mgy,/cm? [50].
Today, the mean current density reached by industrial PEMWE systems is about 1.5 & 0.5 A /cm?
at a cell voltage efficiency of 70 % (lower heating value, LHV) [11], which equals a cell voltage of
1.79 V. At this operating point, the resulting mean power density of the system is 2.69 W /cm?.
This, in turn, results in a mean power-specific iridium loading of about 0.75 g1, /kWrg o (Luv) for
state-of-the-art PEMWE systems. However, iridium is one of the nine rarest stable elements on
Earth [59]. Annual mining and recycling in 2018 was only about 7.8 tons, while the demand was
in the range of 6.6 to 6.8 tons [60] [61]. Thus, if all the iridium available annually were used solely
for PEMWE, plants of about 10 GW capacity per year could be added at today’s power-specific
loading. This is in stark contrast to the already mentioned rate of around 150 GW /year, which
would be necessary to change the worldwide mobility sector completely to renewable hydrogen
until the end of the 21st century. To overcome this limitation, the power-specific iridium loading
would have to be reduced significantly to values around ~ 0.01 g1./kWro o uv) [10] [36]. Yet, if
the loading is to be reduced significantly, the use of commercial state of the art catalysts is limited:
At loadings below about 0.5 mgr,/cm?, the resulting electrodes are getting thin and brittle with
insufficient in-plane conductivity and high contact resistances to the anode PTL [10] [62].
Therefore, the development of new or improved catalyst systems for PEMWE anodes is a critical
task for a future large scale application. One possible direction would be the use of a conductive

support material just like the high surface area carbon support materials in HER catalysts. In
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this case, the active iridium particles could be very finely dispersed and the necessary electrical
conductivity would be supplied by the support material and not by the iridium itself. Several
promising candidates for conductive support materials exist, for example antimony-doped tin ox-
ide (ATO) [63] [64], niobium-doped titanium oxide (NTO) [65] [66] or tungsten doped titanium
oxide [67]. However, long term stability testing of such support materials in PEMWE acidic en-
vironment is still to be conducted. A different approach is the use of thin iridium films, directly
coated on highly structured membranes [68] or on nano structures (e.g. whiskers) on the mem-
brane surface [69]. Finally, also the consistent optimization of the catalyst concept applying a
non-conductive titanium dioxide support with a compact conductive iridium layer on top is pos-
sible. First laboratory tests with such materials show higher begin-of-life (BOL) performance
compared to established commercial products at 8-fold lowered iridium loading [70]. Nonetheless,

the long-term stability needs to be further investigated.

2.4 Porous Transport Layers

As already briefly explained, the porous transport layers (PTL) between MEA and flow fields
are multifunctional components of a PEMWE cell setup. Besides well-proportioned mechanical
mounting of the MEA [71], the PTLs serve for electrical as well as thermal contact of the MEA
to the flowfields [72]. Furthermore, their preferably high open porosity allows for good through-
plane and, to a certain extent, also in-plane media transport from the flow field channels to the
electrodes and vice versa [71] [73]. The materials used differ for anode and cathode side due to
the different potentials present. At the cathode side, the potential stays slightly below 0 V vs.
SHE during operation [48]. Thus, carbon-based materials can be used here as a PTL, which are in
general similar to the gas diffusion layers (GDL) used in PEM fuel cells [74]. In contrast to the fuel
cell operation, where a clogging of the pores with water is detrimental to the gas transport [75],
in PEMWE cells carbon cloth or paper without or with only slight hydrophobic characteristic
(= with low PTFE content) are used. A typical carbon fibre cathode side PTL is shown in the
SEM graph in figure 9 in panel ¢). At the cathode side, the mixture of water and hydrogen gas
exits the setup from the electrode to the flow field and usually no reverse water crossflow occurs
inside the PTL. Typical uncompressed thicknesses range between 300 and 400 pm [16] [76]. Due
to their compressibility, carbon-based PTLs also have a compensative effect for mechanical stress
and act as an elastic element in the otherwise mainly rigid cell setup. Especially when using thin
membranes with thicknesses below 50 pm, the use of a micro porous layer (MPL) at the interface
between PTL and MEA can be necessary to avoid short circuits [77]. The individual carbon fibres
with thicknesses around 20 um which compose the PTL have sharp tips and can perforate thin
MEAs even at standard cell compression rates of 1.5 to 2 MPa [16]. Such compression rates are
necessary to reach overall low electric contact resistances in the cell. However, due to the high
bulk electric conductivity of the carbon PTL and the carbon catalyst support in the cathode, the
resulting contact resistances at the cathode side are low, even at very low catalyst loadings around
0.03 mgp/cm? [10].

As already mentioned, the local potential during operation at the anode side is higher than 1.4 V vs.
SHE [48] at which carbon materials are not stable and would quickly corrode to carbon dioxide [78].
Thus, mostly titanium-based PTLs are used instead. Different PTL designs are possible, with
sintered titanium meshes and fibres (figure 9, panel b)) or sintered titanium particles (panel a))
beeing the most-used structures [79]. Also thin titanium foils with etched, electron-beam/ laser-cut

or punched micro perforations could be possible anode PTL designs [80] [81] [82] [83]. For sintered
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Figure 9: SEM graphs of three different PEMWE PTL materials: a) Titanium sinter anode side
PTL made from spherically shaped titanium powder (Mott, USA). b) Titanium sinter anode side
PTL made from titanium fibres (Bekaert 10-0.25, Germany). ¢) Carbon fibre cathode side PTL
(Toray TGP-H-120, Japan). The magnification factor of 160 is the same for all three graphs.

PTL materials, optimum pore sizes vary around 10 to 13 pm, whereas the mean open porosity
should be between 30 and 50 % [84] [73]. In contrast to the low electric contact resistances
present with carbon-based cathode side PTLs, titanium-based PTLs have the drawback of low-
conductivity of the protective titanium dioxide film which inevitably forms at their surface during
operation. Thus, the contact resistances are significantly higher at the anode side and are especially
of concern if thin electrodes with low iridium loading are used, which typically have higher in-plane
resistances than standard anodes with high catalyst loadings around 2 mgy, /em? [42]. In order
to lower the contact resistance between PTL and anode, MPL-like structures can be implemented
at the interface of anode to PTL [85] [86] [87]. Also a surface roughening by pulsed laser can be
done to build up a microstructure on top of an existing coarser PTL [88]. However, pure titanium
structures with higher surface area might be more prone to continuous oxide layer growth which
could outweigh the positive effect of the initially lowered contact resistance. Thus, to ensure low
contact resistances which are stable during the long expected service life of PEMWE systems in
the range of 60,000 to 90,000 h [12], also thin platinum coatings can be applied [89]. However,
with a platinum density of 21.45 g/cm? [90], a 100 nm thick homogeneous protective layer already
equals an additional platinum loading of ~ 0.2 mgp;/cm? in the cell. Yet, this extra amount

of platinum could be problematic at large scale applications as it is roughly seven times higher
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than possible optimized cathode catalyst loadings around 0.03 mgp;/cm? [10]. Therefore, also

alternative coating options are under investigation, for example with niobium [85].

2.5 Flow Fields and Bipolar Plates

On both sides, each cell unit is terminated by plates which separate the cell from the adjacent cells
(= bipolar plates) or from the end plates in the stack (= monopolar plates). To allow media trans-
port from and to the cell, a gas and water perfusable, planar structure with the same dimensions
as the active cell area is used. These structures are also called flow-fields and can be realized in
several ways: In most cases, channel structures are directly integrated in the mono/bipolar plates
and can be machined, etched, laser/water cut or embossed/deep-drawn/hydroformed. Also the
use of coarse expanded metal mesh is possible to allow a water and media flow in combination
with a solid bipolar plate that separates a compartment from the adjacent one. In addition to
the mentioned supply of water and removal of product gases, also waste heat, which is produced
during water splitting under most operating conditions, has to be transported away from the cell
mainly via the process water flow. Furthermore, the stable mechanical bearing of the PTLs and
MEA by the flow-fields and the mono/bipolar plates is important. Finally, sealings and manifolds
for the two separate media flows of the anode and cathode sides are integrated in the edge areas
of the plates.

Similar to PTLs, the choice of materials is limited by the operating conditions on both sides of the
cell. However, since the flow fields are not in direct contact with the acidic polymer electrolyte, the
conditions are somewhat less demanding compared to the PTL. Nevertheless, the pH of the usually
cycled water decreases from neutral values to a slightly acidic range during prolonged operation
of the cell. Langemann et al. measured pH values in the cycled feedwater of 3.5 at the anode
side and 4.5 at the cathode side after 50 h of continuous electrolysis. [91]. In order to withstand
these conditions, titanium (grades 1 and 2) is usually employed at the anode. Carbon / graphite
could be used at the cathode, but a titanium-carbon composite construction is less advantageous
from a manufacturing point of view. For this reason, normally, titanium is used at the cathode
as well and single-material bipolar plates are built. High-alloy stainless steels may be coated with
various materials (titanium, niobium, titanium nitride, platinum) and under these circumstances
may likewise be used on both sides [91] [92] [93] [94]. Also laboratory tests with bipolar plates
made by injection molding of conductive plastic and subsequent application of titanium coatings
by a plasma process for providing stability under PEMWE operating conditions have been con-
ducted [95]. However, a long service life (= 60,000 to 90,000 h [12]) of all components in a PEMWE
stack is a critical factor that must be taken into account when using novel materials.

In older systems, relatively thick bipolar plates are used with thicknesses up to 3 mm [20]. How-
ever, due to the relatively high material cost of titanium (approximately 3-fold higher than stainless
steel) and the difficult machining of solid titanium, in newer systems the plate thicknesses are sig-
nificantly lowered. This is done by the use of formed (mostly embossed) titanium sheet metal with
sheet thicknesses down to 0.3 mm [20]. This is analogous to the development observed in PEMFC
stacks. Here, embossed metal bipolar plates (stainless steel) with sheet thicknesses of around
50 pm have in many cases replaced the significantly thicker graphite-based bipolar plates [96].
The minimum thickness that can be used in PEMWE cells depends to a certain extent on the
mechanical stability of the material under differential pressures and under the high compression
forces necessary for low contact resistances. In particular, failure based on nonlinear buckling must

be considered.
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2.6 Thermodynamics and Reversible Cell Voltage

In order to split water into hydrogen and oxygen in a PEMWE cell, a supply of energy is required. A
Legendre-transformation of the general Gibbs-Helmholtz equation shows the relationship between
the reaction enthalpy change AH, the change in Gibbs free energy AG, the temperature T and
the entropy change AS:

AH =AG+TAS (30)

A minimum electric work AG® = 237 kJ/mol at standard conditions (298.15 K and 1 bar) is
necessary for maintaining the net reaction shown in equation 3. However, the total energy supply
needs to be higher at AH® = 286 kJ/mol. The difference of TAS® = 49 kJ/mol can also be
provided in the form of heat/thermal energy. The minimum electric work AG® and the enthalpy

AH? can be translated into the equivalent reversible cell voltage EO  and EQ, (thermoneutral cell

rev

voltage): .
AG

EY. = =123V (31)
AHY

0 — =14 2

tn ZF SV (3 )

Here, the Faraday constant F (96485 As/mol) and the number of electrons transmitted in the
net reaction (z = 2) are applied. In contrast to an operation between the reversible voltage
EO

0, and EY | where the electrolyser cell would require external heat input to not cool down, the

thermoneutral voltage EY is the voltage at which a perfectly thermally insulated PEMWE cell
runs without changing its temperature. At cell voltages exceeding EP | heat is released which has
to be removed, for example by the process water, to maintain a constant cell temperature.

If the reversible voltage has to be calculated for non-standard conditions, it is possible to correct
the values for concentration or activity differences of the product gases by applying the Nernst

equation and by using a fit for the temperature dependency of EO  based on data from [97]:

1/2
RT aH, - @
Eroy = BS, + == In [ ——22 33
rev + 2F n < a/Hzo ( )
B =1.2291 — 0.0008456 V - (T — 298,15 K) (34)

Here, the activity for water ap,o in the liquid phase is always 1 whereas the activities of the product
gases a; gas can be calculated by a normalization of the respective prevailing partial pressures p; gas

by the standard pressure of 1 bar:
_ Digas(bar)
e =

In this context, it is particularly important to note that the individual partial pressures of hydrogen

(35)

and oxygen are influenced by the prevailing, temperature-dependent saturated vapor pressure of
water, especially at low total pressures, e.g. operation at atmospheric pressure. The so-called Buck
equation [98] provides a good approximation for the water saturation pressure dependence from
temperature ¥ in °C, valid between 0 °C and 100 °C with less than 0.1 % greatest error (ps u,0

in mbar):

9 )
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2.7 Cell Voltage and Efficiency during Operation

If a PEMWE cell is operated, several overpotentials caused by the current flowing through the cell
and all its parts are added to the reversible cell voltage. Equation 37 contains a simplified sum
of the most important overpotentials AE; (ohmic, activation and transport overpotentials) which
are added to the reversible voltage Ey., and thus give as a result the cell voltage E.e; which can

be measured from the outside at the terminal clamps:

Ecell = Erev + A-thm + AE‘act + AE‘tr (37)

Ohmic Overpotential

The ohmic overpotential AFE,,, can be further broken down to the main ohmic resistances present
in the cell, the sum of membrane resistance Ry, and the lumped electric resistance of all electric
conducting cell components R.j, both area specific with the unit - cm?, times the current density
iin A/em?:

AEopm =i (Rm + Ral) (38)

Taking equation 9 for the membrane conductivity o, and equations 8 or 7 for the anisotropic
(tm,wet,aniso) OF iSOtrOpic (fm,wet iso) Wet membrane thickness, the membrane resistance R, can be

calculated by the following equation:

tm we
Ry = uwet (39)

Om
For all model calculations in this thesis anisotropic swelling only in through-plane direction is
assumed, which is most likely to occur for a dry mounted MEA and subsequent hydration in the
fully built cell setup as the MEA is fixed in the in-plane direction by the PTLs. The remaining
lumped electric resistance of the cell R is usually small compared to the membrane resistance
R.,. The largest part of Ry is typically the contact resistance R. between PTLs and MEA [16].
It was found by Bernt and Gasteiger to be ~ 12 mQ cm? for the standard 5 cm? laboratory cell

setup used also in this thesis.

Activation Overpotential

The second important source of overpotentials is the activation overpotential AFE,.; which results
from irreversible processes at the electrode surfaces while driving the reactions involved in water
splitting at a desired rate. It is the sum of the individual activation overpotentials at the cathode
(AEggr) and anode side (AEogR) of the cell.

AF,t = ABugr + AEogr (40)

As the HER is a fast reaction [52] [53], the corresponding overpotential AEygr on typically
used Pt-C catalysts is small around ~ 1 mV at high current densities of 3 A/cm? (linearized
resistance Rypr ~ 0.3 mQ cm?) [16]. It can thus be neglected in the further analysis. However,
AFEogr is comparably large and must be included in the calculation of Egep [99]. In general, the
relation between current density and activation overpotentials can be described by the Butler-

Volmer equation which is shown here according to the definition used in [100] and [101]:

i+/=i0-rf-[exp<R - AE)—exp( T AE)] (41)
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Here, the current density i, ,_ is related to the overpotential AE (positive for anodic reaction and

negative for cathodic reaction) via an electrode and reaction specific exchange current density 4o

2 2

(A/em?) and an electrode roughness factor 7f (cmy q.1/CM20metric

/em ) which are multiplied with a
sum of the exponential current to overpotential relations for the anodic reaction (left expression,

positive current) and the cathodic reaction (right expression, negative current). The surfaces used
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Figure 10: Tafel-slope analysis for three different temperatures (40 °C, 60 °C and 80 °C). Measure-
ment data for iR-free cell voltage obtained from a MEA based on Nafion® 117 with an IrO.-TiO,
OER catalyst (Umicore Elyst Ir75 0480) at 1.23 mgy,/cm? and a Pt-C HER catalyst (Tanaka
TEC10V50E) at 0.31 mgp;/cm?.  All curves were recorded at atmospheric pressure and with
5 ml/min anode side water flowrate in a 5 cm? laboratory cell (see figure 23, panel a)). The re-
sulting Tafel-slopes are almost constant at ~ 52 mV/dec.

for the calculation of the roughness factor are defined in this work as follows: The metal surface is
the electrochemically active surface of the catalyst, e.g. the iridium surface accessible to species,
ionomer and electric charge. In contrast, the geometric surface is defined as the flat surface of
the electrode. This means that, e.g. for a theoretical roughness factor of rf = 600, for each
cm? of electrode geometric surface, 600 cm? of electrochemically active iridium metal (or more
precisely: metal-oxide) surface is present. The anodic and cathodic charge transfer coefficients v,
and o, describe the symmetry of the overpotential-to-current characteristic and also the number
of electrons transferred in the rate limiting step of the reaction. They can take values between
0ac = 0.5 and a, = 2.5 [100]. For the large positive overpotentials that prevail during OER at
the anode, the Butler-Volmer equation can be simplified to the Tafel equation containing only one

exponential relation:

. . a'F
ioER = 10" 7f - [GXP (0]; T AEOER>:| (42)
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Inverting the Tafel equation allows to analytically calculate AEogr for a given current density
iogr- Using the decadic logarithm of the actual current density iogr normalized by the exchange
current density igorr times the electrode roughness rf, all the remaining constants give the
so-called Tafel-slope (equation 44) which can be extracted from a linear fit to measured iR-free
polarization curves at low current densities (< 100 mA/cm?) plotted over a logarithmic current

density scale:

2303-R-T 1OER
AE =—-"1 —_— 43
OBR oy - F © (io,OER . Tf) (43)
2.303-R-T
Tafel Sl =— 44
afel Slope o (44)

Measured begin of life (BOL) Tafel-slopes for OER catalysts in this work have been 45 mV/dec for
a novel IrO2/TiO; catalyst with low iridium loading (0.25 mgy, /cm?) and 52 mV /dec for a Bench-
mark IrOg/TiO; catalyst (2 mgr, /cm?). This is in good agreement to the results obtained by Bernt
et al. for similar catalysts (45 to 50 mV/dec) [16] [10]. For a temperature dependent calculation
of the OER activation overpotential, an analysis of measurement data at different temperatures
is necessary. Figure 10 contains the iR-free cell voltage of a PEMWE cell at 40 °C, 60 °C and
80 °C, measured in a 5 cm? active area laboratory cell setup. The used MEA is based on Nafion®
117 with an IrO,-TiOs OER catalyst (Umicore Elyst Ir75 0480) at a loading of 1.23 mgy, /cm?.
The cathode side uses a Pt-C HER catalyst (Tanaka TEC10V50E) at 0.31 mgp;/cm?. Using a
logarithmic scale for the current density, the Tafel-slopes can be extracted from the linear curve fits
in the low current density regime <100 mA /cm?. The resulting Tafel-slopes are relatively constant
at ~ 52 mV/dec for all three temperatures. At 60 °C this would correspond to a value of v, ~ 1.3,

which is within the range of 0.5 to 2.5 given in [100]. In order to calculate the activation overpo-

1-107° ¢
[ —41,1 kJ/mol
(io,0er" Tf)(T) = 0,145 (A/cm?) - e~ RT
E
ﬁ 1,2-1077
=~ 1-1077 L S
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Figure 11: Fitted anode OER exchange current density times electrode roughness factor
(io,omr - 7f) over inverted temperature. The analysis is based on the measurement data from
figure 10. An Arrhenius approach is well suited to describe the temperature dependence.

tential AEogR, also the product of exchange current density and roughness factor (ig orr -7 f) has
to be extracted from measurements. Using the data shown in figure 10, the values of (ig,0rr - 7f)
can be fitted to match the measured iR-free cell voltage curves. Figure 11 shows the values for

(40,0rR T f) over the inverted temperature 1/T. Using a logarithmic scale for the effective exchange
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current density in (A/cm?), a linear trend is visible and thus an Arrhenius approach can be used to
describe the temperature dependence. The resulting parameters for rate constant and activation
energy are shown in equation 45:

(45)

(oo 7 )(T) = 0145 () -xp L1 03/l

RT

With the kinetic parameters Tafel-slope and (ig,omr - 7f) obtained from measurement data as
shown in both figures 10 and 11, the activation overpotential AEogr can be well described in
the relevant temperature range. Nevertheless, the parameters are only valid for the OER catalyst
used and, strictly speaking, only at atmospheric pressures and for the specific setup with which
the data was recorded. For any other OER catalyst and for higher operating pressures, individual
parameters have to be determined. However, the IrO,-TiOy OER catalyst (Umicore Elyst Ir75
0480) used represents a good standard for PEMWE anodes and thus relatively good estimates can
be made with the obtained kinetic parameters.

Transport Overpotentials

The third major source of overpotentials are transport overpotentials. These can be caused by
various mechanisms. On the one hand, proton transport in the electrodes causes sheet resistances
which are not represented in the high-frequency resistance (HFR) of the cell when the system
is analyzed with EIS. The sheet resistances become visible at lower frequencies than the HFR
(typically between 0.1 to 10 kHz) and produce the so-called 45°-region in the Nyquist plot [102].
On the other hand, real mass transport overpotentials can be caused by depletion of the water
at the reaction zone, e.g. due to local dry running, or an enrichment of the product gases due
to restrained removal. Furthermore, mass transport overpotentials can have a strongly nonlinear
behavior and, due to the complexity of the multiphase gas-water flow, have so far been sparsely
investigated in the field of PEMWE [103]. Following the analysis by Bernt and Gasteiger [16] for
electrodes with optimized ionomer content, the proton transport resistance in anode and cathode
accounts to ~ 20 mV and mass transport losses to ~ 30 mV at 3 A /cm? and atmospheric pressure.
Assuming linear behavior, both proton and mass transport losses would sum up to a lumped

2. For the further analysis in this thesis, this lumped

transport resistance of Ry ~ 17 m{) cm
resistance Ry is used to account for modeling transport overpotentials AFy. according to the

following equation:
AEy =i Ry (46)

Cell Efficiency

In general, calculating the energetic efficiency 7 of a technical process is done by normalizing the

useful net energy output by the net energy input:

useful energy output
n= - (47)
energy input

In this context, it is important to emphasize that different efficiencies can result for the same
process depending on how the system boundary is placed. The first approach to evaluate the
efficiency of a PEMWE cell is to compare the energy content of the produced hydrogen with the
electrical energy input to the cell. Depending on which reference value is used for the energy

content of hydrogen, slightly different values result. If the hydrogen is subsequently utilized as a
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material, the higher heating value (HHV = AH? = 286 kJ /mol) is often used as the reference value.
In comparison, the lower heating value (LHV = 242 kJ/mol) differs by the standard enthalpy of
vaporization of water (AHap n,0 = 44 kJ/mol). However, the LHV is also almost equal to the
minimum electrical energy requirement for water splitting AG® = 237 kJ/mol and is thus often
used as a reference value if the hydrogen is for example subsequently used to generate electricity in
a fuel cell. As it was shown already in equations 31 and 32, specific enthalpies or energy quantities
AH can be translated into an electrical potential difference F using the Faraday constant F and

the number of electrons transferred z, with z = 2 for water electrolysis:

o AH

== (48)

Thus, with equation 48 also electrical potential differences can be used directly to evaluate the

electric or voltage efficiency of the cell, e.g. in reference to the HHV of hydrogen nely,y :

AH® AL By 148V

lelsny AI{el,in % Ecell Ecell ( )
For nelyyyy and nel, ., the respective reference potentials are lower at 1.25 V and 1.23 V:
125V
o = 50
Nelruy Eeen (50)
123V
Telago = Ecell (51)

However, the voltage efficiency 7 of the cell does not account for permeation losses of the product
gases. Therefore, to calculate the real cell (or stack) efficiency ncen, the voltage efficiency needs to
be multiplied with the faradaic efficiency 1 which relates the usable hydrogen molar flow 1, ous

to the molar flow of total produced hydrogen 7, produced

ﬁH,ot hH,e +2'7.l07t iH,e +iO,t
N = - 2,0U =1— QIi)rm 21‘:1_ 2Pr1‘n 2,07 (52)
NH,,produced NH,,produced Lcell
Necell = Nel * Nt (53)

The faradaic efficiency varies with current density with low values in the part load regime and
approaches high values close to 1 at high current densities. This topic is discussed more into detail

in sections 2.8 and 5.3.

System Efficiency

Finally, the overall efficiency of a PEMWE system npgmwe is influenced by several additional
energy consumptions and losses of the systems auxiliary components like pumps, power electronics,
safety and control equipment, heaters, coolers etc. Nevertheless, to simplify the calculation of the
overall system efficiency, a lumped balance of plant efficiency ngop can be generated. However,
it has to be stated that in contrast to 7., the BOP efficiency npop depends not on the current
density 4, but on the relative normalized system power Psys which in turn strongly depends on the
definition of the systems maximum current/power density. Thus, to use the following equation 54,

the relation of current density ¢ to the correspondent relative system power needs to be known.

NPEMWE = 7e1(%) - ¢ (7) - 1BOP (Pays) (54)
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Typically, ngop is &~ 90 % for most of the operating range [11]. However, especially in the lower
partial load regime, ngop can be lowered significantly due to the relatively high constant power
consumption of BOP components compared to the actual electrolysis stack power and furthermore
due to the poor transfer characteristics of the power electronics below ~ 20 % net load [104].
A straightforward way to model the BOP efficiency curve is to assume a constant BOP power
consumption of 2.5 % of the PEMWE system peak power, which is a typical value for larger
systems between 1 and 100 MW [105]. In this case, the maximum BOP efficiency is reached at
the systems maximum power. Additionally, the transfer efficiency of the power electronics for
intermediate and high normalized power greater 20 % is also assumed to be constant and reaching
high maximum values 7pel max > 95 % [106]. Combining both assumptions results in equation 55
for ngop:

0P (Pays) = —2 000 (59)

sys

Figure 12 shows the calculated curve (straight blue line) of npop (equation 55) for a constant
BOP power consumption of 2.5 % of the peak power and a maximum power electronics efficiency
Npel,max = 97.5 %. Furthermore, figure 12 contains the BOP efficiency curve extracted from real life
data of the Energiepark Mainz 6.5 MW peak power PEMWE system from Siemens (dashed blue
line). Here, npop is derived from the total system efficiency (HHV) given in [14] and the Siemens
Silyzer PEMWE system polarization curve given in [11] which allows for a calculation of 7. The
missing faradaic efficiency 7¢ to obtain ngop is modelled for operating parameters of 35 bar cathode
pressure and 60 °C cell temperature assuming a Nafion® 117 based MEA. The resulting synthetic
polarization curve closely resembles the given Siemens Silyzer polarization curve from [11]. The
dot-dashed line in green in figure 12 shows a 10 % optimized npop curve of the Energiepark Mainz
system. As the modelled ngop curve is in the corridor of the current and optimized Energiepark
Mainz npop curves, it should be a reasonable approximation of real BOP efficiencies over the

power range of larger PEMWE systems with peak powers greater 1 MW. Figure 12 shows also

o
[
T

0,7
A ngop from literature

06 |

05 [ ngop from literature, optimized by 10 %
[ Psys — Ppop

014 i WBOP(Psys) = SysP— * Npel, max
L sys

03

L
0,2 ,‘
01 _! N (pel, maxy=0,975 = const.

o 01 02 03 04 05 06 07 08 09 1
Normalized system power Py (-)

Pgop = 0,025 - Bax = const.

Balance-of-Plant efficiency ngq

Figure 12: BOP efficiency curves over the peak power normalized system power Py of the En-
ergiepark Mainz Siemens Silyzer system extracted from literature data [14] [11], blue dashed line
and 10 % optimized BOP efficiency green dot-dashed line. The straight blue line shows the syn-
thetic BOP efficiency for an assumed constant BOP power consumption of 2.5 % of the system
peak power and a maximum power electronics efficiency of 97.5 %.
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that ngop(Psys) is zero for peak power normalized powers smaller than the constant BOP power.
As the electrolyzer stack has its zero power and current density at Psys = Pgop, a slightly different

BOP efficiency calculation is convenient for a current density based calculation and visualization

of npEMWE- P
stack

Pstack + PBOP

Here, the electrolyzer stack power P,k is used, which is defined by the following equation 57:

BOP (Z) - * Tlpel,max (56)

Pstack = Psys - PBOP (57)

2.8 Operation Characteristics

In this chapter the influences of the operating parameters temperature, pressure and current density
as well as a variation of the membrane thickness on the overall PEMWE cell and system efficiency
is discussed. All calculations shown in the following are based on the theory, equations and data

presented in the preceding chapters.

Influence of Temperature and Pressure on Cell Voltage

Figure 13 contains PEMWE cell polarization curves for three different temperatures (40 °C, dot
symbols, 60 °C, triangle symbols and 80 °C, square symbols) at 10 bar cathode pressure and at-
mospheric anode pressure. In addition for 60 °C, the polarization curves for 1 bar (dashed line)
and 100 bar (dot-dashed line) cathode pressure are shown as well. For all curves, a Nafion® 117
membrane at a water content of A = 21 and anisotropic swelling in through-plane direction only is
assumed. This swelling only in through-plane direction is most likely to happen at dry mounting
of the membrane in the cell and subsequent hydration inside the fully built cell setup where the
membrane is fixed in the in-plane direction by the PTLs. It is clearly visible, that higher tem-
peratures significantly lower the cell voltage due to a lowered membrane resistance and a lowered
activation overpotential. At a cell voltage of 1.8 V, the current density can be more than doubled
from 0.6 A/cm? at 40 °C to 1.3 A/em? at 80 °C. However, using thinner membranes, the reduction
in cell voltage at increased cell temperature is less intense, as the share of the membrane resis-
tance in total cell resistance is lowered as well. Furthermore, an increase in operating temperature
can be detrimental for the stability of various cell components such as membranes, electrodes and
PTLs. For a future large scale application where high service life ideally up to 90,000 h [12] is
desired, a limitation to intermediate temperatures around 60 °C seems a good trade of between
high efficiency and sufficient stability [107] [108] [109].

In contrast, an increase in cathode pressure causes an increase in cell voltage of approximately
33 mV per decade at 60 °C, which is constant over the current density range. Though the com-
pression of hydrogen in the PEMWE cell itself is efficient compared to the use of external compres-
sors [110], at high cathode pressures also the Faraday efficiency decreases due to permeation losses
of the product gases. Thus, determining an optimum operating pressure for a PEMWE system
is a difficult multiparametrical task and depends strongly on the pressure target value which is
demanded by the application for which the hydrogen is produced. Looking at future large scale
applications, where the produced hydrogen is to be subsequently transported over long distances,
cryo-hydrogen seems to be a reasonable form of storage. In this case, the hydrogen production
pressure of the PEMWE system can be limited to low values between = 10 bar to 20 bar [111]. As

shown by Tjarks et al. [112], this rather low pressure level is well suited for high current density
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Figure 13: Calculated polarization curves for a MEA based on Nafion® 117 with a water content
of A = 21 (anisotropic swelling only in through-plane direction) at three temperatures (40 °C,
60 °C and 80 °C) and 10 bar cathode pressure and 1 bar anode pressure. For 60 °C, also curves
for 1 bar and 100 bar cathode pressure are included.

operation with thin membranes. Thus, for the further analysis of the cell and system efficiency, a

cathode pressure of 10 bar and atmospheric anode pressure are chosen.

Influence of Membrane Thickness on Cell Voltage

As mentioned before, a significant share of losses in PEMWE cells arise due to the membrane
resistance. Thus, using thinner membranes can effectively reduce the cell voltage with the greatest
effect at high current densities. In order to visualize the possible loss reduction and lowering of
the cell voltage, figure 14 contains calculated polarization curves for PEMWE cells using Nafion®
membranes of different thicknesses at 10 bar cathode pressure, atmospheric anode pressure and
60 °C. Comparing the current density at a cell voltage threshold for 70 % (LHV) voltage efficiency
at 1.79 V shows a possible increase from 0.9 A/cm? for Nafion® 117 (178 pum dry thickness)
to 2.1 A/cm? for Nafion® 212 (51 pm dry thickness) and 2.8 A/cm? (28 pm dry thickness) for
Nafion® XL. If a theoretical 15 pm membrane would be possible to manufacture and integrate
into a PEMWE cell/stack, even a 3.7-fold increase in current density up to 3.4 A/cm? would be
gainable. Using a 60 % (LHV) voltage efficiency threshold at 2.08 V instead of 70 % (LHV), the
attainable current densities are ~ 2.5 to 3 times higher, reaching 5.5 A /cm? for Nafion® 212 and
7.5 A/cm? for Nafion® XL,

Influence of Membrane Thickness on Power-Specific Iridium Loading

As illustrated above, thin membranes allow for a significant increase in current and power density
of a PEMWE system and thus also directly facilitate the realisation of lower power specific anode
side iridium catalyst loadings. To discuss this effect in more detail, figure 15 shows the relationship

between the membrane thickness and the achievable power-specific iridium loading at 70 % (LHV)
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Figure 14: Calculated polarization curves for PEMWE cells with different membrane thicknesses
from current industry standard of 178 um (Nafion® 117) down to a theoretical value of 15 pm.
The assumed membrane material is Nafion® at a water content of A = 21 (anisotropic swelling
only in through-plane direction). The cell temperature is 60 °C, anode pressure is at 1 bar and
cathode pressure at 10 bar.

voltage efficiency and an anode catalyst loading of 1 mgr,/cm? at temperatures of 40 °C, 60 °C

and 80 °C. The main takeaways are:

e Reducing the membrane thickness drastically from about 178 pum to 15 um would reduce the

power-specific iridium loading by about half an order of magnitude.

e The same power-specific iridium loading can be reached for Nafion® 212 at 80 °C as for
Nafion® XL at 60 °C. Thus, at lower membrane thicknesses, high operating temperatures

are less crucial for reaching high efficiency and low power-specific iridium loading.

e Also at very low membrane thicknesses, still a 10 to 20-fold reduction of the anode side
catalyst loading is necessary to reach power-specific iridium loadings in the target region

around ~ 0.01 gr,/kWr7g o (Luv) for a future large scale application of PEMWE.

Influence of Membrane Thickness on Faraday Efficiency

In contrast to the significantly improved voltage efficiency, the faradaic efficiency is lowered when
using thinner membranes. As discussed before, Nafion® membranes are gas tight in terms of
convectional transport, but gases can nevertheless permeate through the membrane material. Ac-
cording to equation 11 and 18, the molar flux of hydrogen and oxygen due to permeation is indirect
proportional to the membrane thickness. Thus, thinner membranes increase the permeation losses
and decrease the faradaic efficiency of the cell. Furthermore, a second effect comes to play with
product gas transport across the membrane which was already briefly explained before: The oxygen
which is permeating or transported via water from anode to cathode is only lowering the faradaic
efficiency of the cell as it is reacting back to water at the cathode catalyst layer (besides small

oxygen fractions up to 700 ppm that can still be present in the cathode gas stream due to edge
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Figure 15: Calculated values for power-specific iridium loading in dependence of operating tem-
perature and membrane thickness for a PEMWE cell with 1 mgy, /cm? anode catalyst loading.

effects [113]). In contrast, the permeated hydrogen is causing a security problem at the anode side.
It is not reacting back to water at the anode catalyst layer and persists in the anode gas stream.
The lower explosive limit for hydrogen in oxygen is at ~ 4 % and with a 50 % safety margin,
a hydrogen concentration at the anode side of 2 % should never be exceeded during operation.
To visualize these two effects, Figure 16 shows the influence of a lowered membrane thickness on
faradaic efficiency as well as on the critical minimum current density below which the hydrogen

concentration at the anode side is exceeding 2 %. At the depicted operating conditions, for all
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Figure 16: Calculated faradaic efficiency curves for different membrane thicknesses at 60 °C and
10 bar cathode and 1 bar anode side pressure. Minimum current densities for less than 2 %
hydrogen in oxygen are marked by dotted lines.

membrane thicknesses a faradaic efficiency greater 99 % is reached for current densities above ~

2 A/cm?. Thus, the effect of the reduced faradaic efficiency on the cell efficiency is limited, as
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with thinner membranes also higher current densities are possible as discussed before and shown
in figure 14. Nevertheless, the minimum current densities for less than 2 % hydrogen in oxygen
are increasing by an order of magnitude for a reduction of dry membrane thickness from 178 um
(0.2 A/cm?) to 15 um (2.4 A/cm?). This is especially restraining an operation of cells with thin
membranes at low current densities: A very high cell efficiency could be reached, but operation
without a recombination catalyst will produce flammable gas mixtures at the anode side. There-
fore, without a recombination catalyst, a tuning of maximum current and power density of the
system is necessary to allow operation at both high efficiency and safety. In the case of an emer-
gency stop of the electrolyser (= instant reduction of current density to i = 0 A/cm?), usually the
high pressure tubings and vessels downstream of the electrolyser stack should be rapidly discon-
nected via solenoid valves and the cathode compartment of the cell or stack should be vented to
reduce the hydrogen pressure quickly. Additionally, also a purging of the anode side compartment
with compressed air can be helpful to prevent a possible hydrogen accumulation due to permeation

processes of the still present hydrogen inventary in the MEA.

Cell Efficiency at Variable Membrane Thickness

Since, as already described, the faraday efficiency and the voltage efficiency develop in opposite
ways when the membrane thickness is reduced, a separate presentation of the cell efficiency in
dependence of the membrane thickness is useful. Two graphs show the development of the calcu-
lated cell efficiency over the current density for different membrane thicknesses at 60 °C (figure
17) and 80 °C (figure 18) at 10 bar cathode and 1 bar anode pressures. As both figures show
a qualitatively similar general behaviour with only quantitative differences, they are discusses at

once in the following. Two general trends for the cell efficiency are visible when lowering the
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Figure 17: Calculated cell efficiency for PEMWE MEAs at 60 °C based on Nafion® membranes of
different dry thicknesses at a water content of A\ = 21 (anisotropic swelling only in through-plane

direction).

membrane thickness: In the low current density regime up to ~ 1.5 A/cm?, the highest obtainable
cell efficiency can be reached with thicker membranes as the faradaic efficiency is higher and the
voltage efficiency is still high, also for thick membranes. In contrast, at current densities higher
than ~ 1.5 A/cm?, the trend is inverted and cells with thinner membranes reach significantly

~

higher efficiencies than cells with thicker membranes. At 60 °C and 60 % (LHV) as the lower cell
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Figure 18: Calculated cell efficiency for PEMWE MEAs at 80 °C based on Nafion® membranes of
different dry thicknesses at a water content of A = 21 (anisotropic swelling only in through-plane
direction).

efficiency threshold, it seems possible to reach current densities as high as 7.5 A /cm? with Nafion®
XL membranes. Even higher current densities around 9 A /cm? could be possible at 80 °C. Looking
at a higher cell efficiency threshold of 70 % (LHV), the curves for different membrane thicknesses
are closer together and the maximum current densities are significantly reduced. However, a cell
equipped with a Nafion® XL membrane would still reach 2.5 A/em? at 60 °C and 3.5 A/cm?
at 80 °C - in both cases a ~ 3-fold higher maximum current density is reached than for cells
with Nafion® 117. Based on both figures, the definition of the maximum operating point and its

influence on the final system efficiency will be discussed in the following.

System Efficiency at Variable Membrane Thickness

Compared to the cell efficiency described above, which can be given as a straightforward function
of current density, the system efficiency depends on the more or less arbitrary definition of a
maximum operating point of the PEMWE cell or stack. Thus, in this last section on the operation
characteristics, the effect of two different maximum working points at 60 % and 70 % (LHV)
cell efficiency is visualized and explained. Again, the results are shown for 60 °C and 80 °C cell
temperature with all other operating parameters staying the same. Additionally, the calculated
minimum current densities for a hydrogen in oxygen content less than 2 % are marked for each
curve.

Looking at the first two figures 19 and 20 for a maximum current density set at 60 % (LHV) cell

efficiency reveals several key findings:

e The maximum system efficiencies are only slightly different for 60 °C and 80 °C (= 1 %
higher at higher temperatures) and are furthermore only weakly lowered when using thinner
membranes (~ 1 % difference between Nafion® 117 with 178 pm dry thickness and a fictive
Nafion® with 15 um dry thickness).

e Mean system efficiencies over the operating range are close to 60 % (LHV) for all membrane

thicknesses.
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Figure 19: Calculated system efficiency for PEMWE MEAs at 60 °C based on Nafion® membranes
of different dry thicknesses at a water content of A = 21 (anisotropic swelling only in through-plane
direction). The maximum current density is set at the downward crossing of the cell efficiency curve
with a 60 % (LHV) threshold. Additionally, calculated minimum current densities for a hydrogen
in oxygen content in the anode product gas of less than 2 % are marked for each curve.
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Figure 20: Calculated system efficiency for PEMWE MEAs at 80 °C based on Nafion® membranes
of different dry thicknesses at a water content of A = 21 (anisotropic swelling only in through-plane
direction). The maximum current density is set at the downward crossing of the cell efficiency curve
with a 60 % (LHV) threshold. Additionally, calculated minimum current densities for a hydrogen
in oxygen content in the anode product gas of less than 2 % are marked for each curve.

e Operation at 80 °C allows for higher maximum current densities, with a stronger effect for
thin membranes (e.g. up to 11 A/cm? for the fictive Nafion® with 15 pm dry thickness and

still up to 9 A/cm? for Nafion® XL).

e The minimum current densities for less than 2 % hydrogen in oxygen content in the anode side

product gas are shifted towards higher current densities at higher operating temperatures.

e The current density turndown ratio without recombination catalyst (= the maximum current
density divided by the minimum current density for operation at less than 2 % hydrogen in

oxygen) is lowering with thinner membranes and higher temperatures. A maximum value of

30



2 THEORY OF PROTON EXCHANGE MEMBRANE WATER ELECTROLYSIS

12 is reached for Nafion® 117 at 60 °C. A minimum of 3.2 results for a fictive Nafion® with

15 pm dry thickness at 80 °C.

Changing the definition of the peak power set point to 70 % (LHV) cell efficiency leads to the

results shown in figures 21 and 22. Again, several key findings can be gathered:
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Figure 21: Calculated system efficiency for PEMWE MEAs at 60 °C based on Nafion® membranes
of different dry thicknesses at a water content of A = 21 (anisotropic swelling only in through-plane
direction). The maximum current density is set at the downward crossing of the cell efficiency curve
with a 70 % (LHV) threshold. Additionally, calculated minimum current densities for a hydrogen
in oxygen content in the anode product gas of less than 2 % are marked for each curve.
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Figure 22: Calculated system efficiency for PEMWE MEAs at 80 °C based on Nafion® membranes
of different dry thicknesses at a water content of A = 21 (anisotropic swelling only in through-plane
direction). The maximum current density is set at the downward crossing of the cell efficiency curve
with a 70 % (LHV) threshold. Additionally, calculated minimum current densities for a hydrogen
in oxygen content in the anode product gas of less than 2 % are marked for each curve.

e The achievable maximum system efficiencies are about 5 % higher than the ones for a 60 %

(LHV) cell efficiency peak power definition. However, none of cells with different membrane

thicknesses has a maximum system efficiency higher than 70 % (LHV).
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e The course of the system efficiency curves is very similar to the ones obtained with 60 %
(LHV) cell efficiency peak power definition in terms of maximum and mean system efficiency

differences at varying membrane thicknesses.

e As the minimum current densities for less than 2 % hydrogen in oxygen in the anode side
product gas are invariant with the peak power current density definition, the current density
turndown ratios for a safe operation without a recombination catalyst are significantly lowered
approaching a minimum value of 1.1 for a fictive Nafion® with 15 pum dry thickness at 80 °C,

which is equivalent to a single constant working point.



3 MAIN RESEARCH QUESTIONS

3 Main Research Questions

With the theoretical background from the previous chapters and the analysis conducted in the
last section towards PEMWE operation characteristics, several research questions towards cell
improvement strategies can be derived, that arise when PEMWE is to be used on a large scale at
an installation rate of &~ 100 to 200 GW /year.

As shown in figure 15, in order to reach the target values of 0.01 gr./kWrg o (Luv) for the power
specific iridium loading of PEMWE anodes, two measures have to be taken at once: The first
one is the use of thin membranes (= 50 ym) to increase the power density and the second one is
the application of improved or newly developed OER catalysts with 10 to 20-fold lower iridium
loading around 0.1 mgy,/cm?. Furthermore, thin membranes allow for an effective lowering of the
CAPEX for PEMWE systems due to a significantly higher maximum operating current density
while keeping high efficiency. As an example, the use of a Nafion® XL membrane with 28 pm
dry thickness instead of a Nafion® 117 membrane with 178 ym dry thickness could theoretically
allow for a ~ 3-fold increase in current density, as shown in figure 17. Thus, at ~ 50 % share
for the stack in total system CAPEX [50], the use of thin membranes has the potential to lower
the overall CAPEX by ~ 40 %, or with ~ 1000 to 2000 EUR/kW CAPEX cost [11], a direct cost
reduction of 400 to 800 EUR/kW might be possible. However, all the effort in reducing the power
specific iridium loading and CAPEX is to no purpose, if the system shows significant degradation
and shortened lifetime. Furthermore, not only low cost but also the ecological impact of PEMWE
systems is of high relevance.

Therefore, the main questions regarding the use of thin membranes and low-loaded OER catalysts

in future large scale PEMWE systems which shall be addressed by this thesis are listed below:

e Does the operation of PEMWE systems for hydrogen production in future energy systems
have a positive effect in terms of lowering of the overall greenhouse gas emissions compared

to fossil hydrogen production? What is the impact of higher current densities on the results?

e Is the fabrication, integration and operation of thin MEAs (e.g. Nafion® XL) in PEMWE
cells possible? Are the achievable current densities and voltage efficiencies in line with the
calculated results? Is the high power density and heat generation associated with high current

density operation posing a problem?

e [s the hydrogen permeation from cathode to anode side influenced by high current density

operation?
e How stable are iridium OER catalysts and what are the main influences in their stability?

e How is the performance of PEMWE cells with low iridium loaded anodes using tailored

catalyst designs and what are the long-term catalyst degradation rates?
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4 Methods & Experimental Techniques

4.1 Electrode and MEA Preparation

For the experiments both industrial MEAs (Greenerity GmbH, Germany) and self-made MEAs
where used. In the following, the electrode and MEA preparation techniques applied for producing
self-made MEAs are explained.

Electrode Preparation

Starting from the catalyst powders, the first step towards functional PEMWE electrodes is the
preparation of catalyst inks. For the cathodes a HER catalyst based on platinum nanoparticles
supported on highly disperse carbon (46.7 wt% Pt/C TEC10V50E by Tanaka, Japan on Vulcan
XC72 carbon) was used. In contrast, for the anode side OER depending on the actual conducted
experiments two different catalysts were used: An IrO5 based catalyst (Elyst Ir75 0480 by Umicore,
Germany with 75 wt% Iridium content) on a TiO5 support and an Ir-black catalyst (Alfa Aesar
IrOy 2H50 Premion). All catalyst inks were prepared by mixing catalyst powder, analytic grade
isopropanol or acetone and ultrapure water with Nafion® ionomer solution (20 wt% of ionomer
content, type D2021 by IonPower, USA) on a roller mill with 5 mm zirconia grinding balls (=
1 g/ml ratio of weight of zirconia balls to mixing recipient volume) for 24 h at 180 rpm. Plastic
recipients were used for mixing and were sealed with Parafilm® to prevent random opening of the
bottles during mixing. Special care has to be taken when initially pouring the solvent in non-oxidic
PGM powders (e.g. Ir-black, Pt-C catalysts) to prevent ignition. Thus, for safety reasons the ink
components are blended in a glovebox under nitrogen atmosphere.

With the finished inks, various processes can be used to manufacture electrodes for PEMWE
cells [114]. For the electrodes in the present work, Mayer-rod coating was used exclusively. Here,
the catalyst ink is coated on a substrate (typically high temperature resistant plastic film) by the
use of Mayer-rods (K Bar, RK PrintCoat Instruments Ltd) of different sizes to obtain different
coating thicknesses. The coating machine used to drive the Mayer-rods in a controlled speed (= 3
cm/s) over the plastic decal film (typically 50 pm thick PTFE foil from Angst+Pfister, Germany)
was a K Control Coater by RK PrintCoat Instruments Ltd. To achieve a good coating quality, a
thoroughly cleaned glass pane support with a bubble-free, clean plastic film on top, adhered by
isopropanol, is essential. The plastic film is ideally of a conical shape with the wider section at
the beginning of the coating to prevent wrinkling at the edges when the coating rod moves over
the film. After the coating process, the decal films need to be dried to remove all solvent from the
electrode layer. This is done at room temperature first until the coating looks superficially dry,
followed by about 0.5 h to 1 h in a ventilated oven at 60 °C. Subsequently, the coated decal films

can be die cut to obtain the desired active area format.

MEA Preparation

In the next step, a hot-press is used to produce MEAs from the previously coated electrodes on
plastic decal films and membranes. The hot-pressing technique is characterized by an increase of
the temperature of the press plates above the glass-transition-point of the membrane ionomer and
ionomer phases of the electrodes. Thus, when applying an elevated pressure by the press on the
sandwich of membrane and electrodes, membrane ionomer and ionomer phases of the electrodes fuse
together at their interfaces. In this way, a durable composite, the membrane-electrode-assembly

(MEA), is formed. The assembly process starts with sandwiching membrane and the electrode
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decals blister-free between cleaned and dust-free Kapton® foils. The cathode and anode decals
are weighed before the hot pressing and need to be aligned accurately in the middle of the membrane
with the film sides pointing to the Kapton® foils. Expanded PTFE sheets on both sides of the
sandwich (Gylon®7 Type 3545, 2 mm thick, Garlock®, ENPRO Industries Inc.) on top of the
Kapton® foils are used to balance the pressure on the surface during hot-pressing. The sandwich
is pressed for 3 min at 155 °C and 2.5 MPa (Collin P200 hot-press). Finally, the plastic decal films
are removed carefully and weighed to calculate the catalyst loadings based on the ink recipes and
the weight differences of the decal films before and after hot-pressing. The MEAs are now ready

for use in the different cell hardwares.

4.2 Electrochemical Cells & Stacks

In this work, several questions concerning PEMWE cells are addressed with respect to their appli-
cability for large-scale hydrogen production in the GW scale. This also requires different specialized
cells and stacks, which were either developed in-house, reused from earlier developments at ZAE
Bayern, or provided by industry partners. The three different systems used in this thesis are

depicted in figure 23 and are described in the following.

Single Cell, 5 cm? Active Area

The basic laboratory cell setup (see figure 23, panel a)) used in this work was originally developed
by Bernt and Gasteiger [16] at ZAE Bayern and Chair of Electrochemistry, Technical University
of Munich (TEC-TUM). The cell setup is suitable for pressurized operation up to 30 bar on both
anode and cathode side and for high temperatures exceeding 80 °C. Furthermore, the cell design
is optimized for low loss operation by using gold-plated flow fields and a high quality anode side
PTL sinter material (from Mott Corporation, USA) with a porosity of ~ 50 % and a thickness
of 280 £+ 10 pm. In combination with the well balanced pressure distribution over the flow field
active area, the cell reaches a typical overall electronic resistance (= total electronic resistance of
the cell setup and electronic contact to MEA) of ~ 12 mQcm? [16]. With these specifications, this
high-performance cell setup is well suited for testing PEMWE limitations at high current density
operation.

The cell assembly is done following the description in [16] using hard-stop PTFE flat gaskets
(nominal thickness 250 pum) for sealing and thin PTFE subgaskets (nominal thickness 10 um) at
anode and cathode side of the cell for short-circuit protection at the edges of the PTLs. The gasket
thickness was chosen in order to reach a good compression of the cathode side carbon paper PTL
(TGP-H-120T from Toray, no MPL, 20 wt% PTFE, 370 um uncompressed thickness) and thus also
a good overall cell compression of = 1.7 MPa on the active cell area [16]. Expanded PTFE sheets
(Gylon®, Type 3545, 2 mm thick, Garlock®, ENPRO Industries Inc.) are used on both sides of
the cell between the current collectors and the end plates for a balanced pressure distribution in
the cell. A maximum torque of 10 Nm was set on each of the 12 bolts of the cell, with several

intermediate steps until reaching full stress.

Galvanic Redeposition Free Single Cell, 5 cm? Active Area

In addition to the existing laboratory cell design, another specialized 5 cm? cell (see figure 23,
panel b)) was developed. The basic design is based on the previously described 5 cm? cell hardware
(ZAE/TEC-TUM), but deviates in a crucial point: For the determination of a possible catalyst
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Figure 23: Photographs of the three different cell designs used in this thesis: a) 5 cm? single cell; b)
5 cm? galvanic redeposition free single cell; ¢) 30 cm? industrial short stack with 10 cells, H-TEC
Systems GmbH ELS-30

dissolution under real operating conditions, all the parts in contact with the media (deionized
water, hydrogen and oxygen) must either be made of inert material (glass or plastic) or, in the
case of metals, a stable PGM coating (e.g. platinum or gold) must be applied on all surfaces.
This is necessary because the dissolved precious metal ions from the catalyst (iridium, platinum)
could redeposit on non-noble metal surfaces in the cell setup such as titanium or stainless steel and
would thus no longer be detectable in the process water [115]. Therefore, a two-piece monopolar
plate design is used with a flow field plate made from 3 mm titanium grade 2 sheet metal with

laser-cut serpentine flow field (equal 1 mm land and 1 mm channel spacing) which is fitted into
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a plastic body made from POM or PTFE for the mechanical support and media supply. The
titanium flow field is gold plated (0.5 pm PVD and 5 pm galvanic coating on top). At the face
sides of the plastic body, PP fittings are used for connection to the test rig tubing. At the cathode
side, a carbon paper PTL is used (TGP-H-120T from Toray, no MPL, 20 wt% PTFE, 370 pm
uncompressed thickness), whereas at the anode side an expanded titanium metal sheet (250 pum
thickness, Sylatech, Germany) with 5 pym platinum coating is employed as PTL. Hard-stop PTFE
flat gaskets (nominal thickness 250 pm) are used for sealing and thin PTFE subgaskets (nominal
thickness 10 pum) at anode and cathode side protect the cell setup from short-circuiting due to
sharp edges or fibres of the PTLs. Finally, 10 mm stainless steel endplates are used together with
4 MBS bolts for cell compression. A maximum torque of 5 Nm is applied on all bolts in several steps

until reaching full stress. The cell is designed for temperatures up to 80 °C at ambient pressure.

Industrial Short Stack (H-TEC Systems GmbH), 30 cm? Active Area

For the long term experiments conducted within the framework of the Kopernikus P2X project
phase II, several industrial stacks where provided by the project partner H-TEC Systems GmbH.
The ELS-30 type stacks (see figure 23, panel c)) had an active cell area of 30 cm? and a maximum
of 10 cells. Thus, a power rating of ~ 1 kW was achieved at the nominal operating parameters.
Nevertheless, H-TEC’s stack configuration is transferable to larger active cell areas and already
optimized for large-scale deployment. A very similar design is used also in H-TEC’s MW class
stacks ELS-450 with 450 cm? active cell area. Thus, despite the relatively small cell areas, the test
results can be used for the optimization of future PEMWE systems in the MW power class. The
H-TEC stacks ELS-30 are designed for a maximum operating pressure of 30 bar at the cathode
side and a maximum operating temperature of =~ 60 °C. However, the process water flow needs to
be adjusted to maintain a maximum temperature increase of 5 K between water inlet and outlet
at the anode side. All different cell potentials in the stack are accessible from the outside by fine
titanium pins welded to the mono- and bipolar plates. Thus, all individual cell voltages can be
monitored and cell impedances can be analyzed by EIS during prolonged testing of the stack. The
industrial stacks were always equipped with industrial MEAs and were not opened or modified due
to non-disclosure agreements. Thus, no further information can be given about internal parts or

design features of the stacks.

4.3 Test Environment

In order to run and examine PEMWE cells and stacks, a controlled test environment is necessary.
In the course of this work, two different test systems were planned, purchased and commissioned at
the electrochemistry lab at ZAE Bayern in Garching. The first system is a single cell PEMWE test
station from Greenlight Innovation, Canada and the second a single cell / short-stack test station

for up to 10 cells from Fuelcon, Germany. Both systems are briefly presented in the following.

Greenlight Single Cell Test Station

The single cell test rig from Greenlight Innovation (type nr. G-16-1640) is suitable for fully
automated test procedures controlled by scripts. It allows independent pressure adjustment of
anode and cathode up to 30 bar by pre-pressure control and temperature control of the cell up
to 80 °C by heating cartridges, fans and a feed water preheater. A maximum of 10 ml/min of

water can be supplied to either anode (standard) or cathode with an HPLC pump, also during
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pressurized operation. The process water is used only once (no water cycling) and is drained
off after passing the cell. Anode and cathode gas streams can be diluted using nitrogen, oxygen
(anode) or hydrogen (cathode). The test stand uses a Gamry Reference 3000 potentiostat with 30 A
booster. This allows common potentiostatic or galvanostatic measurement methods as well as EIS
to be performed on single cells. Furthermore, the test rig is equipped with a mass spectrometer
gas analyzer (Cirrus 3XD, MKS, UK), which allows precise on-line measurements of hydrogen
permeation to the oxygen side.

For measuring catalyst dissolution, a dedicated process water cycle was developed and integrated
into the test rig. Here, only glass or plastic components with contact to the media are used in
order to prevent galvanic redeposition of PGM catalyst species on non-noble metal surfaces. A
membrane pump (KNF, Switzerland) transports the anode side process water via PTFE/PE tubes
from the setup recipient (1 to 1.5 1 borosilicate glass bottles, Schott, Germany) to a mixed-bed resin
(Leycopure, Leyco, Germany) deionizer cartridge integrated in a borosilicate glass bottle (VWR,
Germany) to clean the process water from ionic impurities. The polishing filter can be bypassed
during testing in order to prevent removing also possible PGM catalyst species from the water.
After leaving the deionizer, the water enters the cell setup where a small fraction is electrolysed
or transported to the cathode side via electroosmotic drag. The surplus water exits the cell mixed
with the produced oxygen. On the way back to the setup tank, a valve allows water samples to be
tapped. The cell heating during catalyst dissolution tests with the specialized cell setup is done
by the process water stream alone. Therefore, the setup tank glass bottle is placed on a heater
plate which is set to a certain power to reach the desired cell temperature in steady-state. A small
volume of =~ 10 ml effluent water from the cathode compartment is intermediately stored in a

plastic bottle with an overflow tube in order to be able to take also cathode water samples.

Fuelcon Stack Test Station

For testing single cells at high current densities, larger single cells and cell stacks up to 10 cells,
another fully automated test station (Evaluator-S 70620) was purchased from Fuelcon AG (now
Horiba-Fuelcon GmbH, Germany). Similar to the single cell test rig also with this system the
PEMWE test items can be examined at pressures up to 30 bar and temperatures up to around
80 °C. In contrast to the single cell test rig, the power supply is significantly larger with a maximum
current of 600 A and a maximum voltage of 30 V. Also the process water treatment differs, as
considerably higher water flows of up to 2 1/min for each side need to be handled by the system.
Thus, the water is not drained off after passing the cell but is instead cycled in the test rig.
This requires the use of high capacity ion exchange cartridges (5 1 volume, Leyco, Germany) to
constantly clean up the process water from ionic impurities released by the cell setup or parts of
the test rig. The cell/stack heating is done typically by the process water flow alone, though a
connection of heater cartridges and fans is possible as well. Similar like the potentiostat paired
with the booster in the Greenlight single cell test rig, a combination of a high-output power supply,
several smaller four-quadrant power supplies for fine control, and an EIS analyzer is used in the
stack test rig. With this setup, EIS is possible in the whole DC current range up to 600 A at AC
frequencies up to 20 kHz and 5 A maximum AC amplitude. In order to do automated EIS at all

10 cells without manually changing sense cables, a multiplexer unit is integrated.
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4.4 Electrochemical Test Procedures

For the analysis of PEMWE systems, two basic diagnostic methodes, polarization curves and EIS,

are of special importance. Both methods are briefly explained in the following.

Polarization Curves

As explained in section 2.7, every electrochemical cell has a certain voltage to current characteristic
which depends on the reversible voltage at the actual operating conditions and additional losses
due to irreversibilities. In order to record these polarization or Ul curves as comparably as possible,
it is necessary to keep the operating parameters temperature and pressure as constant as possible
or at least to use the same procedures repeatedly for comparative measurements [116]. In this case,

systematic errors still exist, but in relative terms the error between two measurements becomes

smaller. Most experiments in this work have been conducted at ambient pressure. Therefore,
especially a relatively constant cell temperature during testing was desired.
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Figure 24: Anode inlet (green dotted line) and outlet (blue dashed line) temperature of the H-TEC
ELS-30 stack (see figure 23, panel c)) during current cycling between 0.1 A/cm?, 1.75 A/cm? and
2 A/em? for 10 min each step. The water flowrate at the anode side is set to 1 L/min (3.3 ml/(min
cm?) and the anode inlet temperature setpoint is 60 °C.

Figure 24 shows the anode water inlet and outlet temperatures of an industrial stack (H-TEC
ELS-30, 10 cells; see figure 23, panel ¢)) during a current cycling for 10 min for each current
density at 0.1 A/cm?, 1.75 A/em? and 2 A/cm?. The water flow was constant at 1 1/min and the
system was set to maintain a stack inlet temperature of 60 °C. The resulting maximum deviation
of the inlet temperature during testing was +0.5 K (after longer runtimes and with good control
stability even smaller around +0.2 K as visible in figure 24). The temperature dependence in
cell voltage is ~ 5 mV /K, obtained from a measurement at constant current density of 1 A/cm?
with the same stack and MEAs once at 60 °C and at 50 °C. Translating the temperature into a
voltage perturbation, a maximum error of £2.5 mV due to the test systems temperature control
quality of £0.5 K results for the used stack and MEAs. Nevertheless, this value can be different
for different systems (stack and MEAs), but should in general be of the same order of magnitude

for comparable PEMWE systems.
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Figure 25, panel a) shows the polarization curves for a MEA based on Nafion® 117 for three
different temperatures (40 °C, 60 °C and 80 °C). The catalyst loadings are 1.23 mg./cm? at
the anode (Umicore Elyst Ir75 0480) and 0.31 mgp;/cm? at the cathode (Tanaka TEC10V50E).

Usually, polarization curves are recorded in current control mode. Thus, several current density
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Figure 25: a) Polarization curves (straight lines) for three temperatures (40 °C, 60 °C and 80 °C)
for MEA based on Nafion® 117. Both cathode and anode side pressures are at ambient level.
The MEA has electrodes with catalyst loadings of 1.23 mgy, /cm? at the anode (Umicore Elyst
Ir75 0480) and 0.31 mgp;/cm? at the cathode (Tanaka TEC10V50E). Dashed lines show the HFR
corrected iR-free cell voltages. The 5 cm? laboratory cell (see figure 23, panel a)) uses a pla-
tinized (0.5 pm platinum, coated by Umicore Galvanotechnik, Germany) titanium sinter (Mott
Corporation, USA) as anode side PTL. b) Corresponding HFR values obtained by electrochemical
impedance spectroscopy (EIS).

steps are held for a certain time (/~ 10 min) in order to reach a steady state in the cell or stack
temperature and thereby also in the cell voltage. As the polarization curves of PEMWE show
a strong non-linear behaviour at low current densities, a smaller distance of measuring points
is appropriate here. Typically, the lowest current density chosen is between 0.05 and 0.1 A/cm?.
Especially for further analysis of the catalyst activity, a higher resolution in the low current density
region is advantageous. After ~ 1 A/cm?, in the linear region of the polarization curve, the point
spacing can be higher without loss of information. In dependence of the used cell and MEA system,
mass transport losses can occur at high current densities which in turn cause nonlinear behaviour
of the polarization curve. If these nonlinearities are only weakly pronounced, it is not essential to
reduce the point spacing again.

In addition to the full cell voltage polarization curve recorded in a scheme as described above, a
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high frequency resistance (HFR) corrected, iR-free polarization curve can give more insight into
the loss structure of the PEMWE cell. To obtain the iR-free cell voltage, the pure ohmic voltage
losses, which are calculated by multiplying the HFR, values, depicted in figure 25 panel b), with
the respective current densities, are subtracted from the full cell voltage values of the polarization
curve. Thus, in the ideal case, the remaining iR-free polarization curve shows the sum of all non-
ohmic overpotentials present in the cell at different current densities. In the case of PEMWE,
the anode activation overpotential is the highest non-ohmic overpotential present. Therefore, in a
first approximation and especially at low current densities, the iR-free polarization curve closely
resembles the anode activation overpotential. The HFR, in turn, can be obtained by EIS which
is usually performed during the recording of the polarization curve at all or some of the current

densities.

Electrical Impedance Spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) is a versatile measurement method for determining
the impedance (= complex electrical resistance) of an electrochemical system over a wide frequency
range. EIS on PEMWE cells typically uses a current excitation and measures the amplitude and
phase of the voltage response of the system. In order to obtain accurate results, the AC excitation
amplitude must be small compared to the DC current at the cell to remain within a sufficiently
small pseudo-linear range of the Ul characteristic. As a rule of thumb, a factor of 10 times
lower AC amplitude compared to DC current was used for the measurements in this work. The
frequency range relevant for the analysis for PEMWE cells is approximately between 20 kHz and
100 mHz. By measuring the impedance as a function of frequency, various resistances (e.g. high
frequency resistance (HFR), charge transfer resistance (Rc¢) and mass transfer resistance (Rair))
of the cell can be extracted from the resulting Nyquist plot by using equivalent circuit models
for the analyzed system. In the present work however, the main focus of applying EIS was to
determine the HFR of the cells at different current densities. Figure 26 contains Nyquist plots of
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Figure 26: Electrochemical impedance spectra for three temperatures (40 °C, 60 °C and 80 °C)
of a PEMWE cell (5 cm? active area, see figure 23, panel a)) at 1 A/cm? DC current density and
40 mA/cm? AC excitation amplitude. The used MEA is based on Nafion® 117. Both cathode
and anode side pressures are at ambient level. The MEA has catalyst loadings of 1.23 mgy, /cm?
at the anode (Umicore Elyst Ir75 0480) and 0.31 mgp;/cm? at the cathode (Tanaka TEC10V50E).

impedance spectra at three different temperatures (40 °C, 60 °C and 80 °C) recorded at 1 A /cm?
DC current density with 40 mA/cm? AC excitation amplitude. The same cell and MEA is used
as in figure 25. The HFR can be determined relatively easy from a Nyquist plot. It is the pure

ohmic resistance at the intersection of the impedance curve with the real axis in the high frequency
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region. As described above and shown in figure 25, the HFR can be used to subtract the ohmic
overpotentials from a recorded polarization curve and obtain an iR-free curve of the cell which
shows only non-ohmic overpotentials. For PEMWE cells, the remaining overpotential is, especially
at low current densities, mainly composed of the electrode activation overpotential of the anode
side catalyst. Thus, using polarization curves and EIS as an analysis tool in regular intervals

enables the identification of changes at the electrodes, in particular at the anode.

4.5 Additional Methods

In addition to the main experimental methods and techniques described before, several other ancil-
lary methods were used. These methods were employed, for example, in collaborative publications
by other authors or were applied by the author itself, but only to a minor extent. Therefore, the
presentation here is very brief and only for the sake of completeness. More detailed information is

given in the respective publications in the results chapter.

SEM

For the analysis of MEA cross sections and for visualization of PTL materials, a IB-19520CCP
cryo cross section polisher and a JSM-IT200 SEM, both from JEOL, Japan were used. The cross
section analysis was performed with the help of Matthias Kornherr from TEC-TUM, Munich.

ICP-MS

In order to measure the iridium concentration of water samples taken from PEMWE water cy-
cles, ICP-MS was used. ICP-MS measurements were performed by Julius Knéppel from HIERN,
Erlangen, with a NexIon 300 spectrometer from Perkin Elmer, USA.

LCA

To analyze the global warming impact of electrolytic hydrogen from renewable electricity and to
compare it with fossil hydrogen production by steam reforming, a standardized life cycle assessment
framework was used which was applied according to the ISO 14040 and 14044 standards (ISOa,
2006 and ISOb, 2006). The life cycle assessment framework and the calculations were set up and
performed by Kay Bareiss and Cristina de la Rua, ENS-TUM, Munich.

XPS

XPS measurements were performed at IrO,-TiOs OER catalyst powders to determine the iridium-
oxide film thickness on the TiOg support material. An Axis Supra System by Kratos, UK, was
used. The measurements were performed by Matthias Kornherr, TEC-TUM, Munich.
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5 Results

After the introduction to the field of PEMWE, the subsequent description of possible improvement
strategies on cell level and an explanation of the applied experimental methods, in the following
results chapter the research articles are presented which are included in this PhD thesis. At first
in section 5.1, a life cycle assessment (LCA) of hydrogen produced by PEMWE under different
energy system scenarios is done to investigate the possible reduction in global warming potential of
electrolytic hydrogen compared to conventional hydrogen production by steam methane reforming
(SMR). In section 5.2, the thermal limitation of PEMWE at high current densities due to necessary
heat removal is investigated followed in section 5.3 by an analysis of the hydrogen crossover in
PEMWE cells at high current densities. In section 5.4, the stability of Iridium based PEMWE
anodes is investigated with a dedicated setup to measure possible dissolved Iridium species in the
process water at anode and cathode side. Finally in section 5.5, the durability of low-iridium
loaded PEMWE MEAs is investigated in an industrial short stack over a period of 3700 h with a

focus on the catalyst.

5.1 Life Cycle Assessment of Hydrogen from Proton Exchange Mem-
brane Water Electrolysis in Future Energy Systems

The article ”Life Cycle Assessment of Hydrogen from Proton Exchange Membrane Water Electrol-
ysis in Future Energy Systems” [20] was submitted in July 2018 and published as an open access
article in the peer-reviewed journal Applied Energy in January 2019, distributed under the terms
of the Creative Commons Attribution 4.0 License (CC BY-NC-ND). The permanent web-link to
the article is https://doi.org/10.1016/j.apenergy.2019.01.001 .

In this study we analyze the possible reduction potential in global warming footprint of hydrogen
production when using PEMWE instead of the reference process steam methane reforming (SMR).
A life cycle assessment is used as a framework for the analysis. At first, the basic working principles
of both reference process SMR and PEMWE are explained and compared to gain insight into the
physical limits of their respective energy consumptions and associated direct COs emissions for
the production of a unit amount of hydrogen. In a next step, the core element of the PEMWE
system, the cell stack, is modelled into detail for a current state-of-the-art and an improved future
configuration at a reference net electric power rating of 1 MW. Also the other necessary system
components of a PEMWE besides the stack, such as facilities, pumps, power electronics and pro-
cess technology, are integrated in the analysis but at a lower level of detail. As the origin of the
input electricity plays a crucial role for the global warming footprint of hydrogen from PEMWE;,
three current and future energy scenarios are modelled: In the first scenario grid electricity based
on the German energy mix from 2017 is used to supply the PEMWE system, whereas in the second
scenario an extrapolated theoretic grid electricity for the year 2050 with higher share of renewables
is used. Finally in the third scenario, electricity exclusively from renewable sources (PV and wind

energy) is used for the production of electrolytic hydrogen. The main results of the LCA are:

1. For all energy scenarios the material based emissions for the PEMWE stack and the PEMWE
system balance of plant are small compared to the emissions by the used electricity. Even
for the case with 100 % renewable electricity feed of the PEMWE, the footprint of stack and
system is not more than 4 % of the overall emissions.

2. A significant reduction in carbon dioxide emissions associated with the production of hydro-
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gen from 11.5 kgco, eq/kgn, for the reference SMR process to 3.3 kgco, eq/kgn, for PEMWE
in combination with 100 % renewable electricity is possible. However, electrolysis with the
current German grid electricity (2017 values) produces about 2.5 times more carbon dioxide
per kg of hydrogen as if a SMR process is used for the hydrogen production. Also in the
future (2050), grid electricity has a considerably higher specific CO2 emission per kWh than
electricity from renewables like wind energy and PV systems and thus also the specific emis-
sions for hydrogen from PEMWE in combination with future grid electricity are still quite
high at 11.6 kgco,,eq/k8H, -

. Higher current densities and lowered catalyst loadings significantly reduce the critical ma-

terial usage (iridium, platinum, copper, titanium etc.). Nevertheless, the direct influence
on carbon dioxide emissions due to material reduction is very small as the electricity con-
sumption and the associated carbon footprint to produce the electricity is the governing

factor.

. The standard databases for LCA (ecoinvent v3.3 was used in this study) are relatively old

and static. Therefore, projections for future developments with improved or new technology
can give misleading results with quite high specific global warming potentials. Especially
feedback effects due to a rising share of renewable energy in all sectors can not be represented
in the analysis in a straightforward way. The specific carbon dioxide emissions for hydrogen
production by PEMWE driven by renewable electricity should be significantly lower than
the value obtained in this study. Nevertheless, also with our ”conservative” approach, a
significant reduction of about 70 % is shown for electrolytic hydrogen from PEMWE fed
with 100 % renewables compared to fossil hydrogen from SMR.

Author Contributions

K.B., C.d.I.R. and M.M. conceived and developed the idea. K.B. coordinated the work and devel-
oped the energy scenarios. M.M. and K.B. established the PEMWE inventory. K.B. and C.d.L.R.
set up the LCA framework. K.B. performed the LCA calculations. K.B., C.d.1.R. and M.M. wrote

the manuscript. All authors discussed the results and revised the manuscript.

44



5 RESULTS

Applied Energy 237 (2019) 862-872

Contents lists available at ScienceDirect

Applied Energy

journal homepage: www.elsevier.com/locate/apenergy

Life cycle assessment of hydrogen from proton exchange membrane water | )

Check for

electrolysis in future energy systems

Kay BareilR?, Cristina de la Rua®, Maximilian Mockl®, Thomas Hamacher®

2 Technical University of Munich, Department of Electrical and Computer Engineering, Chair of Renewable and Sustainable Energy Systems, Lichtenbergstrasse 4a, D-85748
Garching, Germany
® ZAE Bayern, Electrochemical Energy Storage, Walther-Meifner-Str. 6, D-85748 Garching, Germany

HIGHLIGHTS

® The paper provides a detailed inventory for a PEM water electrolyser system.

® An energy model was built to analyse the future energy mixes required by the system.
® LCIA results prove the relevance of the electricity mix for most impact categories.

® By 2050, the analysed system has less impact compared to the reference system.

ARTICLE INFO ABSTRACT

Keywords: This study discusses the potential of H, production by proton exchange membrane water electrolysis as an
Proton exchange membrane water electrolysis effective option to reduce greenhouse gas emissions in the hydrogen sector. To address this topic, a life cycle
(PEMWE)

assessment is conducted to compare proton exchange membrane water electrolysis versus the reference process -
steam methane reforming. As a relevant result we show that hydrogen production via proton exchange mem-
brane water electrolysis is a promising technology to reduce CO, emissions of the hydrogen sector by up to 75%,
if the electrolysis system runs exclusively on electricity generated from renewable energy sources. In a future
(2050) base-load operation mode emissions are comparable to the reference system. The results for the global
warming potential show a strong reduction of greenhouse gas emissions by 2050. The thoroughly and in-depth
modeled components of the electrolyser have negligible influence on impact categories; thus, emissions are
mainly determined by the electricity mix. With 2017 electricity mix of Germany, the global warming potential
corresponds to 29.5 kg CO, eq. for each kg of produced hydrogen. Referring to the electricity mix we received
from an energy model emissions can be reduced to 11.5kg CO, eq. in base-load operation by the year 2050.
Using only the 3000 h of excess power from renewables in a year will allow for the reduction of the global
warming potential to 3.3 kg CO, eq. From this result we see that an environmentally friendly electricity mix is
crucial for reducing the global warming impact of electrolytic hydrogen.

Life cycle assessment (LCA)
Energy modeling

1. Introduction energy economy, followed by the transportation sector, which con-

tributed with almost 18%. From the total amount of GHG emissions,

Climate change is at the top of today’s agenda in most countries and
many policies have been put in place to face this global challenge. The
European Union is approaching the deadline to reach the European
2020 climate and energy targets, but it has already established three
new key targets for 2030: (i) reducing greenhouse gas (GHG) emissions
at least by 40% compared to 1990 levels, (ii) increasing the share of
renewable energy at least to 32%, and (iii) improving the energy effi-
ciency at least to 27% [1]. Germany is a key player and aims to lead the
European energy transition by setting even more ambitious objectives.
The energy industry, in general, and the electricity sector, in particular,
have been identified as targets due to their high contribution to GHG. In
2015, 37% of the energy-related GHG emissions were produced in the

https://doi.org/10.1016/j.apenergy.2019.01.001

85% are related to the energy sector [2].

Electricity production in Germany from renewable energy sources
accounted to 3% of the total share in 1990, while it represented already
32% in 2016 [3]. The country expects to cover 80% of its electricity
demand from renewable energy sources until 2050 [3]. Most of this
energy will be produced from solar and wind power. Besides the clear
benefits of renewable energy sources for the environment, the in-
tegration of fluctuating energy sources in the energy system is still
under discussion. Its availability depends on weather and season as well
as on the time of the day. This intrinsic characteristic leads to situations
in which electricity production exceeds electricity demand and the
capacity of the electric system is surpassed [4]. Under these

Received 25 July 2018; Received in revised form 27 November 2018; Accepted 1 January 2019

0306-2619/ © 2019 Elsevier Ltd. All rights reserved.
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circumstances, energy storage is foreseen as one potential solution [5].
Schill [6] used an optimization model to determine the storage capa-
cities required for taking up renewable surpluses under several sce-
narios in Germany with three storage options: batteries, pumped hydro
storage and power-to-hydrogen. Taking into account the German ex-
pectations for 2050 in terms of renewable energy, the use of hydrogen
can be seen as a promising solution [7,8]. Electrolytically produced
hydrogen can help balancing the electric grid (storage), while also
providing an energy carrier to be used in other sectors. A good example
is the mobility sector. The need for decarbonizing mobility has placed
hydrogen in a better position for future alternatives. Fuel cell vehicles
(FCVs) convert hydrogen into electrical energy through a fuel cell. They
do not emit any exhaust pollutant but water and have a longer driving
range compared to battery electric vehicles (BEVs) [9-11].

Besides its potential for balancing the electric grid and dec-
arbonizing the mobility sector, hydrogen is essential for a variety of
industrial processes. Around 65 Mtons of hydrogen are produced yearly
worldwide [12]. More than 90% of the hydrogen is used by two main
industries, the petroleum recovery and refining industry (47%) and the
ammonia production industry (45%) [13-15]. Hydrogen offers a ver-
satility which makes it valuable for achieving the 2030 and 2050 tar-
gets from different perspectives. However, before deciding which
pathways should be addressed first, it is necessary to study the whole
supply chain of hydrogen production and to estimate the potential
environmental impacts. This way it will be possible to identify critical
issues and processes and propose measures to improve them. For that
purpose, we present a life cycle assessment (LCA) of hydrogen pro-
duction by proton exchange membrane water electrolysis (PEMWE)
under different future energy scenarios.

2. Hydrogen production methods

Hydrogen can be supplied through several routes. A first division
can be done based on the energy source used in the production.
Hydrogen can be produced from both fossil energy sources and re-
newable energy sources [16]. To date, 48% of the hydrogen has been
produced from natural gas, 30% from heavy oils and naphtha, and 18%
from coal. From a technological perspective, there are four main pro-
duction methods: (i) hydrocarbon reforming, (ii) hydrocarbon pyrolisis,
(iii) biomass processing, and (iv) water splitting. Steam methane re-
forming (SMR) is the most common technology among the hydrocarbon
reforming technologies, while electrolysis is the most established and
well-known method in water splitting. The schematic processes of both
SMR and electrolysis are shown in Fig. 1.

2H,0 > 0,+2H
PEMWE ’ 2 2

Electricity AH = +286 kJ/mol
_ H
o % + — H,
—_—
4 — o,
o A
—> H,
CH, e
—» co,
AH = +165 kJ/mol
SMR

CH,+2H,0 - CO,+4H,

Fig. 1. Schematic drawing of the hydrogen production paths discussed in this
paper. The focus is on PEMWE technology, SMR is used as a reference only.
Electricity can be provided by renewables only or by a mixture of fossil power
plants and renewables.
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2.1. Steam methane reforming

The SMR method is a catalytic conversion of methane and steam to
hydrogen and carbon dioxide. The method entails three steps: re-
forming or synthesis gas generation, water-gas shift and gas purifica-
tion. The whole process happens under high temperatures and pressures
up to 3.5MPa. Eq. (1) shows the reforming process using methane as
feed:

CH, + H, O— CO + 3H, (AH3%g = +206 kJ/mol) @

In order to achieve a higher hydrogen yield a second step, the water-
gas shift reaction, is used according to Eq. (2):

CO + H, O— CO, + H, (AH3%g = —41 kJ/mol) 2
The net reaction of the SMR process is the sum of Eq. (1) and (2):
CH, + 2H, O— CO, + 4H, (AH%%g = +165 kJ/mol) 3)

With a net enthalpy of AH%g = +165 kJ/mol the reaction is en-
dothermic and needs external heat input. This is usually done by using
natural gas (mainly methane) also as a fuel for heating. It is evident that
in practice additional losses will occur. These are compensated by a
higher methane consumption than theoretically necessary. The most
significant loss is due to excess steam production [17]. The hydrogen
production efficiency of a SMR plant can be defined as the power flux of
the hydrogen produced divided by the power flux of the methane
consumed:

Py,

Psuel

_ mhy, LHVy,

7 = -
SMR mCH4-LHVCH4

@

The efficiency of exemplary industrial SMR plants calculated with
Eq. (4) is around 74% [18,19]. Thus, the production of 1 kg H, leads to
direct emission of about 8.8 kg CO,. Taking into account not only the
direct emissions from natural gas but the whole life cycle of the SMR,
total CO, emissions are naturally higher.

2.2. Water electrolysis

Among the water splitting technologies, electrolysis is the most ef-
ficient method. The oldest and most mature type is the alkaline elec-
trolyzer [20]. It consists of a cathode and an anode separated by a thin
porous ceramic diaphragm submerged in an alkaline electrolyte. A
newer generation of electrolyzers, also known as proton exchange
membrane water electrolyzers (PEMWE), does not use a liquid elec-
trolyte but a thin solid polymer electrolyte (membrane) instead [21].
This proton conducting membrane has a typical thickness of
60-200 um. Nafion® is commonly used in commercial systems. On both
sides of the membrane, thin electrodes of about 10 um thickness are
directly bonded to the surface. The electrodes contain noble metal
catalysts, typically platinum-based at the cathode and iridium-based at
the anode [22]. Some advantages of this technology are high energy
efficiency, the provision of highly compressed and pure hydrogen and
the flexible dynamic operation [23]. The still evolving PEMWE tech-
nology is currently more expensive compared to alkaline electrolyzers,
mainly due to the use of critical and valuable materials such as tita-
nium, platinum, iridium and the proton exchange membranes. Hence,
there are current development efforts aiming to reduce their required
amount [24]. The general operation process of a PEMWE cell is shown
in Fig. 2. De-ionized water is supplied to the anode side of the cell. The
membrane electrode assembly (MEA) is clamped between the porous
transport layers (PTL) and the bipolar plates. The porous transport
layers are typically carbon paper on the cathode side (thickness 280 pum,
compressed) and sintered titanium foam or felt (thickness 280 um) on
the anode side [25]. The bipolar plates are made from titanium as well,
and they usually feature channel-like structures (flow-field) for water
and gas transport. In some designs, spatially stretched titanium mesh is
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Fig. 2. Parts of a typical PEMWE cell.

also used to generate channels between the PTLs and the bipolar plates
[26]. Titanium is one of the few materials which are suitable for the use
on the anode side as it forms thin compact oxide layers, which are
highly stable under the PEMWE operating conditions of low pH and
high electrical potentials [27]. If a voltage greater than 1.23V is ap-
plied to the cell, the necessary Gibbs free energy (AGYs = 237 kJ/mol) is
supplied and the water is split with the integration of thermal energy
from the environment. The value of (AGSg = 237 kI/mol) is very close
to the lower heating value (LHV = 242 kJ/mol) of hydrogen and thus is
used synonymously in most publications [28]. For supplying the whole
reaction enthalpy of (AH%g = 286 kJ/mol) a minimum voltage of 1.48 V
is necessary. The cathode (negative terminal) produces hydrogen, while
the anode (positive terminal) produces oxygen according to the fol-
lowing reactions:

Anode: H, O— %02 + 2e” + 2H*

(5)
Cathode: 2H* + 2e~ — H, 6)
Sum: H, O— %02 + H, (AHYg = +286 kJ/mol) 7

The protons are conducted from the anode to the cathode through
the solid polymer electrolyte, whereas the electrons are driven through
the external electric circuit. The cell’s efficiency can be calculated from
the cell voltage E. with the following equation:

1.23V

Neell, LHV = Eo .
'Ce)

(8)

Under typical operating conditions, the cell voltages are between
1.5V and 2V [28]. The corresponding cell efficiencies are between 62%
and 82% based on LHV. The PEMWE system efficiencies with all uti-
lities (electronics, pumps, safety equipment, infrastructure, etc.) and
faradaic losses included to deliver H, at industry grade 5.0 (99.999%)
and 30 bar pressure are typically around 10-20% points lower than the
cell efficiencies [29] and are in the range of 50-70% (LHV). As can be
seen in Fig. 1, the direct CO, emissions of a PEMWE system are zero.
However, from a life cycle analysis point of view, the use of this tech-
nology for hydrogen production is associated with certain CO, emis-
sions. One important factor is the amount of emissions connected to the
production of the input electricity.

2.3. LCA reference values for hydrogen production

As described above, many technologies are currently available for
hydrogen production. They differ in many parameters, such as process
efficiency and energy requirements. Taking into account this variety, it
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is understandable that a large amount of hydrogen’s life cycle assess-
ment was published during the last decade. Lee and colleagues [30]
published recently the life cycle greenhouse gas emissions of hydrogen
production as a by-product from chlor-alkali processes. Under different
scenarios, hydrogen production creates 1.3-9.8 kg CO, eq. per kg of H,.
Utgikar and Thiesen [31] examined global warming and acidification
impacts of a combined advanced nuclear-high temperature electrolysis
plant. Producing 1 kg of H, leads to 2kg of CO, equivalent (eq.) and
0.15g H* eq. for each impact category. Cetinkaya [32] and her col-
leagues analyzed the global warming potential along the life cycle for
five methods of hydrogen production. Electrolysis using wind emerged
as the best option, emitting 0.97 kg CO, eq. per kg of H,, followed by
solar electrolysis, with 2.4 kg of CO, eq.. Conventional production of H,
in a steam reforming process with natural gas would emit 11.9kg of
CO, eq. per kg of H,. Dufour [33] also analyzed the impacts of elec-
trolysis using different electricity technologies. From all analyzed
sources, the production of H, using electricity from the grid leads to the
largest GHG emissions, 28 kg of CO, eq. per kg of H, respectively. The
study also assesses SMR with carbon capture and sequestration which
results in 3.3kg of CO, eq. In this direction, Verma and Kumar [34]
estimated the GHG emissions of hydrogen production from under-
ground coal gasification with and without carbon capture sequestra-
tion. Emissions were calculated to be 0.91 and 18 kg CO, eq. per kg of
H,.

Most articles focus on global warming potential, while few of them
include other impact categories such as cumulative energy demand,
acidification or eutrophication. One of them is the article published by
Hajjaji [35], which compares eight alternative ways for hydrogen
production including nine impact categories. Lastly, Wang and co-
authors [36] have investigated GHG emissions along the life cycle of a
new alternative to produce hydrogen, which couples chemical looping
combustion with steam reforming. This technology would produce 3 kg
of CO, eq. per kg of Ha.

In this regard, our paper aims to enlarge the current knowledge in
the field from two different perspectives. Most reviewed articles pro-
vide aggregated data of the PEMWE stack. In this sense, we have made a
big effort to describe each component of the stack as it is today and to
estimate the future expected improvements based on the work devel-
oped in the Kopernikus project Power-to-X [37]. Besides, most studies
analyze hydrogen production using a single energy technology as en-
ergy source, without considering the actual availability of that source
within the energy system. In our study, we have integrated the life cycle
analysis and an optimization energy model in line with the scope of the
study. This way it is possible to understand how the energy system will
react to the demand of hydrogen, and then to identify which energy
sources will provide the energy required by the PEMWE.

3. Life cycle analysis

Life cycle assessment (LCA) is one of the most established methods
for estimating the environmental performance associated to the life
cycle of products and services. The first LCA framework was published
by the Society of Environmental Toxicology and Chemistry [38]. After
many modifications, the practice of LCA was regulated and nowadays
its application follows the ISO 14040 and 14044 standards (ISOa, 2006
and ISODb, 2006).

The LCA comprises four phases: (i) goal and scope definition, (ii)
inventory of inputs and outputs, (iii) impact assessment, and (iv) in-
terpretation of results. This study will address the four stages as es-
tablished in the ISO standards.

3.1. Goal and scope of the study
The main objective of this study is to quantify the potential en-

vironmental impacts of hydrogen produced by PEMWE in Germany
under different energy scenarios. The LCA has been modeled from an
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Fig. 3. Scheme of the analyzed PEMWE system layout showing all essential
parts for hydrogen 5.0 production at 30 bar pressure, modified from [39,40].
The anode gas drying and purification system is optional and not necessary
unless the produced O, is used as well.

attributional approach as a cradle to gate system. However, it must be
noted that systems outside these boundaries might be affected by the
new demand of hydrogen. This is the case of the German electric
system. In order to reflect these consequences, the study includes results
from an energy model, described in Section 4, which will reflect the
potential German electric system under the new demand of H,. Fig. 3
shows the processes and components included within the system
boundaries. The chosen functional unit is defined as 1kg of dried hy-
drogen produced in Germany in a PEMWE plant, with a standard
quality of 5.0 and 30 bar pressure at 60 °C operating temperature. First,
de-ionized water is fed to the anode water-gas separation tank. To avoid
certain system degradation issues, water conductivity has to be lower
than 0.1 uS/cm [41]. The water is pumped to the cell stack, the core
part of the system. Previous to the stack there is an ion exchange resin
cartridge for maintaining a low water conductivity. The water leaves
the stack at the anode outlet together with the produced oxygen. It is
cycled back to the water-gas separation tank. A heat exchanger in the
anodic cycle allows the system to maintain a certain working tem-
perature. Typically the working temperatures are in a range between
60°C and 80°C [42]. The produced oxygen is usually vented. Gas
treatment of the oxygen (drying and purification) is only done if the
oxygen is used in a subsequent process. The water circulation is done on
the anode side. On the cathodic side of the stack in most cases no water
cycling is necessary because there is a net transport of water from the
anode to the cathode during operation due to the electro-osmotic drag
[43]. Hydrogen and water leave the stack at the cathodic outlet. The
gas-water mixture is cooled down close to ambient temperature and
liquid water is separated and drained back to the anodic water-gas
separation tank. The water-saturated hydrogen is fed to a catalytic de-
oxo purification device to reduce the oxygen content to a level of less
than 5ppm. A subsequent adsorptive dryer finally reduces the water
content to values lower than 5 ppm [29]. The pressure on the cathodic
side typically can reach up to 30 bar. In most cases, the oxygen side is
kept at ambient pressure for easier system design and less cross per-
meation [44]. Further obligatory system components are the power
electronics (rectifier and voltage transformer), control electronics and
safety equipment. In many applications the whole PEMWE system is
integrated in standardized 20 ft or 40 ft containers as depicted in Fig. 4.
The balance of plant (BOP) lifetime is assumed to be 20 years [45].
Although the technology is already quite developed, it is expected to
further improve in the near future. In addition, the energy mix in
Germany will also vary its current configuration to fulfill the policy
targets. For this reason, we have extended the initial time horizon from
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Fig. 4. Typical containerized PEMWE system in the 1 MW power range at
Windgas Hamburg, Reitbrook project site. (Copyright ©Uniper SE).

2017 to 2050, so that our results can reflect these changes.

Data for the foreground system has been collected from different
sources. An important part of the data has been taken from laboratory
measurements and was reviewed by several industrial partners. Other
sources, such as literature review, scientific articles and technical in-
formation from commercial sources, have been used when necessary.

Data for the background system has been taken from the ecoinvent
v3.3 database. Whenever the available datasets provided in the data-
base did not reflect the geographical and time horizon previously de-
fined in this study, they were modified using additional information.
The analysis has been modeled using the software SimaPro. There are
currently a large variety of impact assessment methods. The Joint
Research Centre (JRC) published in 2011 an extensive review of dif-
ferent methods using criteria such as completeness of the scope, en-
vironmental relevance and scientific robustness among others [46]. As
result of this review, they proposed an umbrella method, which com-
prises the best scored method for each impact category. Although the
use of this method could be appropriate, we have chosen the most
updated version of the ReCiPe Midpoint method to carry out this study
[47]. Some of the weaknesses highlighted by the review from the JRC
report have been surpassed in the most updated version. Besides, by
using one unique method for all impact categories, we can assume that
the underlying limitations and assumptions for each category are con-
sistent with each other. The following impact categories have been
included in the analysis:

e Climate change (CC)

e Ozone depletion (OD)

e Terrestrial acidification (TA)

e Human toxicity (HT)

e Particulate oxidant formation (POF)
e Particulate matter formation (PM)
e Metal depletion (MD)

3.2. Life cycle inventory

This section describes the different processes within the system
boundaries. Inventory data are shown as well in this section, together
with the main assumptions and hypothesis taken along the study.

3.2.1. PEMWE stack

The stack as the core component of a PEMWE system is basically a
connection of several single cells in series. This is schematically shown
in Fig. 5.

The individual cells of the same principle as shown in Fig. 2 are
separated by titanium bipolar plates. At the upper and lower end of the
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Fig. 5. Picture and simplified schematic drawing of a PEMWE stack of the lower
power class up to 100 kW. More powerful systems in the MW class are very
similar in their components, the main difference is the size of the active cell
area. (Picture: Copyright ©HIAT gGmbH).
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cell stack current collectors, mainly made of copper or aluminum [25],
are installed for the electrical connection. Thick end plates made of
aluminum or steel together with several bolts and sets of stacked flat
springs are used to ensure an even compression of the cells. The stack
lifetime of commercial systems is typically 40000-60000h and is
planned to reach 90000 h or roughly 10 years of continuous service in
near future systems [24]. The main parts prone to degradation are the
MEA and the anodic PTL [48]. These can be substituted by new com-
ponents in an overhaul process.

Table 1 shows an overview over some key parameters of the
PEMWE system, which are important for the LCA. Current state-of-the-
art values (2017) and their estimated development for the near future
are gathered. Today’s mean cell efficiencies are 70% at corresponding
cell voltages of 1.79V and current densities of around 1.5 A/cm? [28].
The system efficiencies including all utilities are about 10 percentage
points lower at 60% [28]. Typical anode catalyst loadings are 2 mg/cm?
iridium [22]. In contrast, the cathode catalyst loadings are about ten
fold lower with 0.2mg/cm? platinum. This is possible as the cathodic
reaction kinetics are several orders of magnitude faster [49]. The tita-
nium bipolar plate thickness in current state-of-the-art PEM electro-
lyzers is about 3 mm [50] as there are machined or etched channels on
both sides of the bipolar plates with depths of about 1 mm each [51].
Polysulfonic acid membranes for proton conduction (mostly Nafion®)
with thicknesses of about 200 um are used as electrolyte [42].

Research efforts are undertaken to intensify the current density and
to lower the catalyst loadings while keeping the high efficiency level
[42]. Also, design improvements are expected to reduce the material
usage, especially of the expensive and difficult to manufacture titanium
bipolar plates. Possible ways to achieve these goals are presented in the
following:

Table 1
Current and estimated near future PEMWE system parameters.

Parameter 2017 Near future
Cell voltage level (V) 1.79 1.79
Current density (A/cm?) 1.5 3
Power density (W/cm?) 2.7 5.4
Neeny (LHV) 0.7 0.7
Ngystem (LHV) 0.6 0.6
Anode Ir. loading (mg/cmz) 2 0.2
Cathode Pt. loading (mg/cmz) 0.2 0.05
Ti. bipolar plate thickness (mm) 3 0.3
Membrane thickness (um) 200 50
Single cell format (cm?) 500 1000
Stack lifetime (years) 7 10
BOP lifetime (years) 20 20
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® Reduced catalyst loadings: At the cathode for the hydrogen evolu-
tion reaction (HER), the platinum loadings can be reduced by a
factor of 8 from today 0.2mgy/cm® to 0.025mg, /cm® without
significantly influencing cell performance [52]. With a security
factor included for possible degradation issues, 0.05 mgp,/cm? seems
a reasonable value for cathode loadings for the near future. At the
anode, the oxygen evolution reaction (OER) is much slower and
therefore more catalyst surface area is necessary. As iridium is only
mined in a quantity of approximately 4 t/y [42], it was estimated by
Bernt et. al. that the power specific iridium loading should get down
to 0.01 g /kW at efficiencies similar to today’s (~ 70%) so PEMWE
can be used on a large scale with about 150 GW installation per year
[52]. By using improved catalysts with higher surface area, a ten
fold reduction of the iridium content down to 0.2mg, /cm? at in-
creased current densities of 3 A/cm? is assumed to be possible in the
near future.

Thinner membranes: A reduction of membrane thickness from
200pum to 50pum in the coming years seems a possible goal.
Experimental tests with thinner membranes showed good results
[25]. Similar reductions of membrane thickness were achieved in
PEM fuel cell technology [53,54]. This facilitates an operation at
higher current densities, as the ohmic resistance of the cell is sig-
nificantly reduced [42]. At the same time, it has to be ensured that
the permeation losses and degradation processes are not increasing
too much with the thinner membranes [55,56].

Thinner bipolar plates: Bipolar plates can be produced faster and
with less material usage by forging of thin sheet metal instead of
destructive milling or etching of thicker base material. Similar ap-
proaches were done in PEM fuel cell technology, where sheet metals
with thicknesses of 50 um are stamped or forged to manufacture
flow fields [57]. In PEMWE systems, with higher operating pressures
and thus tighter mechanical restrictions of the minimum bipolar
plate thickness, possible reductions are assumed to be ten-fold down
from initial 3mm [50] to 0.3 mm in the near future.

3.2.2. Gas purification

After passing the cathodic water-gas separator unit the produced
hydrogen is saturated with water vapor. The water vapor pressure de-
pends on the water-gas separator temperature. In most cases, this de-
vice is cooled down slightly above ambient temperature. Average va-
lues are assumed to be about 20 °C which corresponds to a water vapor
pressure of 23 mbar. At the cathode, total pressures of 30 bar result in a
water vapor content of about 770 ppm or 7 g H,O per kg of H,. Some
oxygen is also present in the cathodic product gas due to permeation
processes across the membrane. According to findings by Trinke et al.
[58] the mean oxygen impurity level is estimated to be about 800 ppm.
For removing these impurities, a de-oxo unit is used, which catalytically
cold burns the oxygen traces with hydrogen to water. The produced
water from the de-oxo unit, together with the water vapor from the
water-gas separator, is reduced to less than 5ppm by a subsequent
adsorptive drying process.

e De-Oxo
Different types of de-oxo purification units are available on the
market. One possibility is the use of platinum group metals to re-
move the oxygen content in the hydrogen gas stream in a catalytical
recombination device. The reaction is as follows:

2H, + 0, = 2H,0 9

While removing the 800 ppm of oxygen, about 15 g of H,O is pro-
duced per kg of H,. The product water from the de-oxo device to-
gether with the 7 g of H,0 per kg of H, from the gas-water separator
is subsequently removed in an adsorption process.

Adsorption Process

In most applications, silica gel is used as adsorbent. The silica gel
adsorbs water at its surface until it is completely covered and
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Table 2
Materials for a 1 MW PEMWE stack, state-of-the-art and near future.

Material (kg) 2017 Near future
Titanium 528 37
Aluminum 27 54
Stainless steel 100 40
Copper 4.5 9
Nafion® 16 2
Activated carbon 9 4.5
Iridium 0.75 0.037
Platinum 0.075 0.010

saturated [59]. Silica gel needs to be baked out before it can be used
again. Thus, to maintain a continuous drying process, two silica
tanks in a batch process are considered in the study. Energy and
material requirements to produce silica gel have been taken from
the literature [60]. Between 7100 and 8400kJ are required to
evaporate 1kg H,O from silica [59]. This results in an energy de-
mand of 0.05kWh per kg dried H, at 30 bar pressure.

The life cycle inventory (LCI) has been collected for each described
process. Taking into account the system parameters for 2017 and the
near future shown in Table 1, the required materials for a 1 MW stack
have been estimated. The total active cell area for a 1 MW stack is 37 m?
for state of-the-art and 18.5 m? in the future. Subsequently, the material
quantities have been estimated assuming a simple layered design as
shown in Figs. 2 and 5. Quadratic cell formats with active areas of
500 cm? for 2017 and 1000 cm? for the near future are chosen for es-
timating the size of the endplates and current collectors. Based on de-
monstration systems, the end plate thickness is assumed to be 10 cm
and the current collector thickness to be 5 mm. Furthermore, the mass
of the stainless steel bolts and screws is conservatively estimated. The
mass of sealing material and inlet and outlet fittings has been neglected.
Table 2 contains the LCI of the main materials for the state-of-the-art
and future 1 MW stack.

Titanium is the material that contributes the most to the total mass
of the stack in its current configuration. The need for a reduction of its
use is mainly driven by its high cost [61] and the difficulty of ma-
chining or etching thick titanium bipolar plates. It can be noticed that
the effect of higher power density, reduction of the bipolar plate and
membrane thickness and reduction of catalyst platinum group metal
loadings will lead to a strong decrease in material usage. Especially the
application of cost intensive materials like iridium, platinum and also
titanium and Nafion® is reduced by 85-95%. Only for the construction
materials aluminum and copper a higher usage can be assumed for the
future as the active cell area format is doubled.

3.2.3. Balance of plant

The BOP materials are more difficult to estimate, as there is only
few publicly accessible information from PEMWE system manu-
facturers, in most cases only in form of technical specifications as in
[62-64]. However, a rough estimation for the materials with a high
safety margin is attempted in the following. The assumed system is a
containerized solution in a standard 20 ft container with a structural
weight of 3.9t. The foundation is made from concrete realized by 4
point-foundations with a thickness of 25 cm each and a squared area of
1.5m edge length. The total weight of concrete for the foundation
amounts to 5.4 t. To ensure a sufficient water flow, a pump with 10 kW
is required. The power electronics, which includes the rectifier and the
voltage adaption, weighs 1t and the control electronics accounted for
100 kg of gross mass. In addition, some construction and process ma-
terial such as steel elements, plastic and stainless steel piping, ad-
sorbents and lubricants are included in the analysis. The integrated
system materials and their estimated masses are specified in Table 3.
Fig. 6 shows the mass shares of the BOP components and the PEMWE
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Table 3

Main materials and assumed masses of the PEMWE BOP.
Materials Mass (t)
Low alloyed steel 4.8
High alloyed steel 1.9
Aluminum < 0.1
Copper < 0.1
Plastic 0.3
Electronic material (power, control) 1.1
Process material (adsorbent, lubricant) 0.2
Concrete 5.6

Total mass: 14.6 t

electronics

27%

Gas :
purification & |
water !

treatment

Fig. 6. Mass shares of the components belonging to the electrolyzer system
(2017).

stack for 2017. It is clearly visible that the highest mass share (78%)
refers to construction elements (foundation, steel construction, con-
tainer) whereas only 5% is used for the actual electrochemical device,
the PEMWE stack.

4. Energy scenarios

After the static PEMWE system has been described, we investigate
the dynamic plant operation. Water splitting is an energy demanding
process using electricity and some heat. In our system, the heat is also
provided by electricity. From stoichiometry results, we know that 9 kg
H,0 are required for producing 1kg H,. In addition, 55kWh of elec-
tricity are necessary for water splitting at an efficiency of 60% LHV. The
choice of energy sources has an important impact on the results as
shown by Valente et al. in their extended reviews [65,66]. The energy
sources determine the GHG emissions as well as the cumulative energy
demand (CED) of the whole life cycle. The potential effects of the
electricity mix on our final results make a more detailed analysis of the
current and expected development of Germany’s energy system neces-
sary. There are numerous studies focusing on energy modeling in
Germany [67-70]. However all of them have their own assumptions on
different aspects which are not in line with our scope of research. In
addition most available studies are published in an aggregated and al-
ready interpreted form, which do not provide the necessary degree of
freedom. In our premise, we see FCVs as an important component in the
course of the energy transition concerning the mobility sector. For this
reason, an amount of H2 requirement was assumed, which is covered
by the PEMWE. The capacity expansion of PEMWE and the use of
available storage capacities, however are determined endogenously,
taking into account the hourly optimized electricity mix by the model.
In order to illustrate this complex approach, a linear optimization
problem tailored to this research question has been set up. We have
built an energy model to computationally answer the question about a
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future power mix. A linear optimization problem was described with
the open source model-generator “urbs” [71], which was created at the
chair of "Renewable and Sustainable Energy Systems” at TUM. The
model consists of 16 nodes (for every state of Germany) and does not
allow international energy exchanges. Each region (node) is connected
to its surroundings with transmission lines. Energy demands (electricity
and hydrogen) are given, which have to be covered by different tech-
nologies. Three premises were set:

1. A largely electrified private traffic is assumed to match the goal of
decarbonization in the private transportation sector. The analysis of
the average distance kilometers traveled per trip is based on re-
ference to [72]. Journey distances shorter than 250 km have been
assumed to be suitable to be operated by BEV. Due to the limited
battery capacity and longer charging time of BEV, hydrogen vehicles
are more suitable for longer journeys [73]. Thus, remaining mileage
is satisfied by FCV. The electricity requirement of BEVs is added
proportionally to the general electricity demand. The battery sto-
rage of the vehicles is not included in the power grid as storage.
From the analysis, we state 71% of the mileage is provided by BEVs
accordingly remaining mileage demand is covered by FCVs. BEVs
have an overall higher rate of efficiency (0.57 MJ/km) compared to
FCVs (0.73 MJ/km) [67]. Electricity consumption for BEV accounts
to 60 TWh, while covering H, demand including the efficiency of the
PEM system amounts to 35 TWh.

. The tolerated CO, emission limits is made up of the sectors energy
economy and private traffic in 2050. Total CO5 emissions are 80%
lower compared to 1990 emissions from private transport
(19 Gtons) and energy economy (43 Gtons).

. The maximum installable capacity of wind is calculated by the share
of non-occupied land like settlements, rivers or roads, in Germany.
From this share we assume an occupancy of 5% of suitable space in
Germany as not all useful space will be allocated to wind farms. By
assuming 5MW turbines in 250 m distance each, a potential of
20 MW/m? is available, which corresponds to 198 GW onshore ca-
pacity. This value is slightly higher than the 178 GW stated in [74]
(Scenario: “Energiewende- Referenz”) but much lower than the
930 GW from [75] as they allow a higher share of Germany for
wind-farming. The quality of a wind location is characterized by the
amount of full load hours of their corresponding wind time series
[76]. 1/3 of the capacity is assigned to very good wind locations
(the best third of each region). As a simplification, the remaining 2/
3 are assigned to the second best third of wind locations. The
maximum capacity of photovoltaic systems is not limited. The use of
conventional power plants is determined by the model.

To cover the energy demand, 0.1 TWh pump storage and 0.5 TWh
hydrogen storage are set as readily installed. The hydrogen storage
represents the capability of existing fuel storage as our hydrogen de-
mand results from FCVs. The efficiency of FCV is given with 0.73 MJ/
km [78] and for BEV (300 km range) 0.57 MJ/km [67]. The model
solves the problem cost optimally on an hourly time base by keeping
the direct maximum CO, emissions under a given limit. Finally, we
investigated the specific CO, emissions of the hourly electricity mix
which is plotted in Fig. 7. From the curve, we stated two different op-
eration modes of PEMWE and therefore two load profiles. For a future
hydrogen production via PEMWE, based solely on renewable energy,
we get 3000 full load hours as a result. The operation time will increase
to 8760 h when 40% of the energy is supplied by combined cycle gas
turbine (CCGT). All assumptions and further details are published in a
working paper [77]. The results from the two different scenarios are
shown in Table 4.

5. Results and discussion

In this section we present the potential environmental impacts
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Fig. 7. In descending order sorted CO, emissions curve; only direct CO, emis-
sions from burning fossil fuels in conventional power-plants are taken into
account. Energy from renewables do not have any emissions in the model
(figure taken from [77] and translated).

Table 4
Share of power generation from the different scenarios (%).
Power 2017 2050 2050
plant baseload baseload 3000h
[79] [77] [77]
Hard coal 15 0 0
Lignite 24 0 0
Nuclear 12 0 0
Natural gas 14 40 0
0il 1 0 0
Wind enery 17 39 65
Photovoltaic 6 21 35
Biomass 8 0 0
Hydro power 3 0 0

associated with the production of hydrogen by a PEMWE under three
different energy scenarios from a life cycle approach. The electricity
mixes resulting from the energy model for the different scenarios are
shown in Table 4. For today’s electricity mix, the GWP is 29.5 kg CO,
eq. for each kg of produced hydrogen as shown in Fig. 8. This amount is
reduced by 60% if the electricity required by the system is produced as
described in the 2050 base-load operation scenario. In this case, the
production of 1kg hydrogen causes the emission of 11.5kg CO,
equivalent. The most favorable scenario (3.3kg CO, eq.) assumes that

30
In detail: GWP for PEM electrolyzer in
the year 2050 (3,000 full-load hours)
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Fig. 8. Global warming impact from CO, emissions of the PEMWE system.
Emissions are separated into BOP, PEMWE Stack and Electricity. As BOP and
PEMWE Stack contribute with a maximum of 4% to the GWP, a pie chart is
added in the case of the scenario with 3000 full-load hours.
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the PEMWE is operating 3000 h using only electricity produced by re-
newable sources. Fig. 8 also shows the contribution of the different
system components to the GWP for the best case. The modeled com-
ponents of the PEMWE stack (near future design) have negligible in-
fluence, with less than 1%. The PEMWE BOP accounts for only around
4% while the electricity supply is responsible for 96% of total GHG
emissions. The contribution of the PEMWE stack and BOP is even lower
for the other scenarios. Comparing our results with Bukhardt et al. [80],
a distinctly higher proportion of nearly 20% is attributable to the
electrolyzer’s manufacture supply chain. This divergence can be ex-
plained, beside the material choice, by the lower power density of al-
kaline electrolyzers [28], the system is correspondingly larger than a
PEMWE. A comparison of the mass balance shows that the alkaline
electrolyzer (including foundation) weighs, with 30 tons, twice as much
compared to the PEMWE system examined in this study. Thus, hy-
drogen production by PEMWE with its high power density should result
in lower GWP compared to alkaline electrolysis when using the same
input electricity. Although the production of hydrogen in a SMR process
is out of the scope of our study, in the figure we have included the GHG
emissions associated to this technology (11.5kg CO, eq./kg of Hy) in
order to have a reference value. This value has been extracted from the
GaBi database.

Since hydrogen as fuel is a premise of our energy scenario, we
briefly describe how FCV can contribute to a sustainable transportation
sector for the year 2050. First of all, FCVs are more efficient (0.73 MJ/
km compared to internal combustion engine (1.2 MJ/km) [67]. Sec-
ondly, GWP of gasoline is around 84 g CO, eq. per MJ [81], which
results in 101 g CO, eq. per vehicle kilometer (vkm). Hydrogen from
PEM, even in base-load operation (11.5kg CO, eq./kg of H,) leads to
70 g CO, eq. per vkm (hydrogen from SMR will result in similar results).
Using the flexibility of PEMWE and matching the hydrogen production
with the fluctuating power generation of renewables (3000h) will
further reduce the emissions to 20 g CO5 eq per vkm.

The change of energy sources in the electricity mix over time does
not only contribute to the reduction of GWP but also to the cumulative
energy demand indicator. This indicator serves as reference to measure
the system’s efficiency in terms of energy consumed and produced,
considering the whole supply chain. The aim is not only to decrease the
CED of the system, but also to decrease the contribution of non-re-
newable energy sources. Therefore, in this paper we distinguish be-
tween renewable and non-renewable cumulative energy demand. The
result for the cumulative energy demand of the individual operating
modes is shown in Fig. 11. In the base scenario (2017), the production
of 1kg hydrogen requires around 550 MJ along the whole system.
Under the second and third energy scenarios, the CED is reduced by
23% and more than 53%, respectively. Producing 1 MJ of H, requires
around 4.6 MJ along the supply chain in the current scenario, but only
2.1 MJ in the best case scenario, 2050 (3000 full load hours). When
analyzing the indicator divided into the two subcategories, renewable
and non-renewable, it is possible to perceive that besides an improve-
ment in energy efficiency, there is also an increase in renewable energy
source’s contribution to the cumulative energy demand. In the current
situation, 77% of the CED has a non renewable source, which includes
fossil and nuclear energy. This value decreases by 15% when the
electricity is produced under the 2050 scenario with 3000 full load
hours. As in the case of GWP, we have included the CED from SMR as
reference. Although this process demands lower cumulative energy
along the supply chain compared to any other scenario, 99% of this
energy has a non renewable origin. Table 5 shows the potential en-
vironmental impact for each impact category under the three energy
scenarios. It can be noticed that the highest values for most categories
occur in the current scenario. However, there are two categories in
which the trend is different. Human toxicity decreases due to the phase-
out of lignite in scenario 2050 (8760 h) compared to the current sce-
nario, but it increases again in 2050 (3000 h) because of the high de-
mand of copper for the wind turbines. In the case of metal depletion,
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Table 5

Impact categories for PEMWE in 2017 and 2050.
Impact 2017 2050 2050
(unit) baseload baseload 3000 h
CC (kg CO; eq.) 29.5 11.6 3.0
OD (107 ° kg CFC-11 eq.) 2.6 2.6 2.3
TA (10~ 2 kg SO, eq.) 4.7 2.5 2.1
HT (kg 1,4-DB eq.) 24.8 3.9 5.6
POF (102 kg NMVOC) 3.4 2.0 1.3
PM (102 kg PM10 eq.) 1.6 1.2 1.1
MD (kg Fe eq) 0.53 0.93 1.5
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Fig. 9. Impact assessment results per functional unit from the following sce-
narios: (a) 2017, (b) 2050 (8760h), (c) 2050 (3000 h).

the potential impact is larger both in 2050 (8760 h) and 2050 (3000 h).
Although there is an important reduction of metals (titanium, iridium)
used in the PEMWE stack from 2017 to 2050, total MD increases due to
the higher share of wind (copper) and PV (silicon, iron) energy in the
electricity mix. From these results shown in Fig. 9, we see that the
electricity mix is crucial for reducing most environmental impacts, al-
though it might lead to the increase of some other categories. In order
to better understand the reasons behind these effects, it is necessary to
further investigate the impacts of each energy technology in each
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Fig. 10. Further environmental impacts. All impact categories are related to 1 kWh electricity.

energy scenario.

Fig. 10 shows the potential environmental impacts of producing
1kWh of electricity in each energy scenario, taking into account the
different contribution of each energy technology. As expected from the
results shown in Table 5, most environmental impacts associated with
the production of 1 kWh of electricity decrease in the energy scenarios
with higher share of renewable energy sources. In 2017, the environ-
mental impacts are mostly associated with fossil energy sources such as
lignite and hard coal. Biomass and natural gas also contribute to the
acidification potential and photochemical ozone formation. In the en-
ergy scenario 2050 (8760 h), all impacts are driven by natural gas. In
some categories, such as climate change or ozone depletion, this energy
technology represents more than 90% of the total impact, while in other

I
@

MJ / kg H,

3000 h SMR

2050

8760 h
2050

8760 h

2017 Reference
renewable M non renewable

Fig. 11. A significant reduction in energy from non-renewable is observed
starting from 2017 until 2050. In contrast to that, the amount of energy from
renewable sources is only rising moderately.
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categories, such as acidification potential or particulate matter, its
contribution does not exceed 50%. Lastly, in 2050 (3000 h), the lack of
natural gas as energy source leads to the reduction of most environ-
mental impacts. With a share of 35%, solar energy plays an important
role in most categories except in metal depletion, mainly associated
with wind energy.

Besides the potential environmental impacts included in a classic
LCA, the use of critical materials in the supply chains has recently be-
come a new important topic. The European Commission periodically
renews the list of critical materials. These depend on several para-
meters. The most important are:

o The importance of the material to the EU economy in terms of the
cost of material substitution (SIEI Index).

o The security of supply by the supplying regions depending on the
development of the respective government and trade performance.

Favorable substitution possibilities or reprocessing of these critical
raw materials have a risk-reducing effect on their evaluation in the
considered life cycle [82]. The platinum group metals are identified as
critical raw materials [83] in this study. It is estimated that the use of
iridium in the PEMWE stack can be reduced by 90% by 2050. The
platinum loading is reduced by 75%. To cover the H, demand from the
energy model an installed PEMWE power between 7 GW in full-load
and 20 GW in the 3000 h scenario is necessary. With a typical stack
lifetime of 7 years the iridium demand (excluding recycling) is between
0.8t and 2.1t per year in Germany only. In contrast, the average
worldwide production rate of iridium, which is a co-product of pla-
tinum, is between 3.5t [84] and 4t per year [42]. Therefore, it is
crucial to reduce their amount if PEMWE is seen as a roll-out tech-
nology for future energy systems. In addition FCV will need a certain
amount of platinum for their fuel cell stacks. However, this is outside
our system boundaries.

6. Conclusion

We have reported that for different impact categories of hydrogen
produced by proton exchange membrane water electrolysis, the
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influence of system components plays a minor role. Our investigation
has shown that mainly the composition of the electricity mix de-
termines the impacts like global warming potential. A reduction of the
used materials causes only very little reduction in global warming po-
tential. Nevertheless, there is a clear influence of material reduction on
the critical materials. Three different operation modes of the proton
exchange membrane water electrolysis were investigated; for each, a
specific process electricity was developed. Further investigation shows
that hydrogen production with proton exchange membrane water
electrolysis in the future (2050) is definitely an alternative to conven-
tional steam methane reforming production. However, the operation
mode by proton exchange membrane water electrolysis is flexible en-
ough for fitting into hours with volatile electricity production having
very high shares of renewables. Due to the flexibility of the plants,
proton exchange membrane water electrolysis can play an important
role in integrating renewables. With the appropriate storage capacity,
surplus of hydrogen produced can be used for later re-conversion to
stabilize future energy systems or as fuel for fuel cell vehicle. By sub-
sidizing fossil oil in the private transportation sector, even in the
baseload scenario, global warming potential is reduced by 30%. Due to
the capability of flexible load behavior, proton exchange membrane
water electrolysis can contribute to a high reduction of greenhouse gas
emitted by the transportation sector by up to 80%, as we have shown.
However, our results are subject to the restriction of using existing
databases for the background data. These data are based on state of the
art or based on older processes. In order to depict future value chains,
which also use electricity in production steps, these data sets would also
have to be updated for reasons of consistency which is outside of our
focus. Therefore, feedback effects of future energy mixes regarding in-
direct emissions cannot be taken into account. For further investiga-
tions of innovative technologies, new datasets should be created which
allow increases of efficiency in the production of energy production
technologies e.g. solar panels through a lower emission factor of used
electricity. This would further reduce the global warming potential of
renewable hydrogen production by proton exchange membrane water
electrolysis.
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5.2 Proton Exchange Membrane Water Electrolysis at High Current

Densities: Investigation of Thermal Limitations

This section contains the study ”Proton Exchange Membrane Water Electrolysis at High Current
Densities: Investigation of Thermal Limitations” [117]. The article was submitted in September
2019 and published in December 2019 (online) / January 2020 (print) in the International Journal
of Hydrogen Energy after peer-review process. The publisher Elsevier grants permission to reuse
this article in this thesis.

The permanent web link to this article is https://doi.org/10.1016/j.ijhydene.2019.11.144 .

One possibility to address the problem of limited iridium availability for large scale PEMWE
installation in the future is the operation at significantly higher current densities as todays state-
of-the-art (which is ~ 1.5 A/cm? [11]). To maintain high efficiency at high current densities,
also the cell voltage needs to stay reasonably low (for reference: 1.79 V correspond to nrpv =
70 %). This is feasible by reducing ohmic losses in the cell when using significantly thinner mem-
branes. In this study we show that it is technically possible to reduce the membrane thickness
from 178 pm (Nafion® 117) down to 30 um (Nafion® XL), integrate such thin MEAs into cell
hardware (5 cm? laboratory cell; see figure 23, panel a)) and reach very high current densities.
With MEAs based on Nafion® XL and current commercial standard catalysts and standard cata-
lyst loadings (Anode: Elyst Ir75 0480 by Umicore, Germany with 75 wt% iridium content, loading:
1.244-0,01 mgy, /cm?; Cathode: 46.7 wt% Pt/C TEC10V50E by Tanaka, Japan on Vulcan XC72
carbon, loading: 0.33+0.10 mgp;/cm?) it is possible to run the cell at up to 25 A/cm? at corre-
sponding cell voltages of ~ 3 V. Though this high cell voltage is not suitable for long term service,
the configuration allows operation at still very high current densities of 10 A /cm? and moderate cell
voltages of 2.05 V (electric efficiency nimv = 61 %). However, operation at high current densities
around 10 A /cm? is associated with high heat production in the cell from the remaining irreversible
losses. To analyze the temperature evolution in the MEA during high current density operation,
a one dimensional model of in-cell heat transport from MEA to flow field channels is built and
validated by in-situ temperature measurements inside the MEA. This is done by integrating thin
bare wire thermocouples into MEAs based on Nafion® 117. The experiments show temperature
differences from MEA to channel of up to 9.9 K at heat production rates of 7.8 W/cm? at low water
flow rates of 2 ml/(min cm?) in the anode side flow field only and up to 2.4 K at heat production
rates of 7.9 W/cm? at high water flow rates of 40 ml/(min cm?) in both anode and cathode side
flow fields. At high heat production rates, the model overpredicts the MEA temperature by about
50 %. However, the model is suitable for estimating the maximum MEA temperature at a certain
cooling water flow rate or for calculating the minimum water flow demand for sufficient cooling of
the cell. This means that for continuous operation of our Nafion® XL based MEA at 80 °C and
10 A/cm? at an efficiency nLpy = 61 %, a minimum anode side water flow of 25 ml/(min cm?)
would be necessary. If water flow is present on anode and cathode side of the cell, 10 ml/(min cm?)

are enough to keep the MEA below a critical temperature of 90 °C.
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ABSTRACT

In this work the thermal limitations of high current density proton exchange membrane
water electrolysis are investigated by the use of a one dimensional model. The model
encompasses in-cell heat transport from the membrane electrode assembly to the flow
field channels. It is validated by in-situ temperature measurements using thin bare wire
thermocouples integrated into the membrane electrode assemblies based on Nafion® 117
membranes in a 5 cm? cell setup. Heat conductivities of the porous transport layers, tita-
nium sinter metal and carbon paper, between membrane electrode assembly and flow
fields are measured in the relevant operating temperature range of 40 °C — 90 °C for
application in the model. Additionally, high current density experiments up to 25 A/cm?
are conducted with Nafion® 117, Nafion® 212 and Nafion® XL based membrane electrode
assemblies. Experimental results are in agreement with the heat transport model. It is
shown that for anode-only water circulation, water flows around 25 ml/(min cm? are
necessary for an effective heat removal in steady state operation at 10 A/cm?, 80 °C water
inlet temperature and 90 °C maximum membrane electrode assembly temperature. The
measured cell voltage at this current density is 2,05 V which corresponds to a cell efficiency
of 61 % based on lower heating value. Operation at these high current densities results in
three to ten-fold higher power density compared to current state of the art proton ex-
change membrane water electrolysers. This would drastically lower the material usage and
the capital expenditures for the electrolysis cell stack.
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Introduction

Hydrogen production by proton exchange membrane water
electrolysis (PEMWE) driven by renewable energy could be an
environmental friendly alternative to fossil fuel based hydrogen
production in a future energy system [1]. PEMWE has several
advantages compared to alkaline and solid oxid electrolysis: It
features high dynamic range and fast load change capability [2].
Furthermore, it can run in differential pressure mode. High purity
hydrogen can be produced at the cathode at elevated pressure
while the anode for the water splitting and oxygen evolution is
kept close to atmospheric pressure [3]. This operation mode,
together with a constant water transport due to electroosmosis
from anode to cathode, allows for a simplified system layout
where pure water is circulated at the anode side only at low
pressures using mainly plastic piping and metal free components
like water tanks or other parts of the system [4] to maintain high
water quality. At the cathode side stainless steel fittings and
piping can be used at the cell outlet to withstand high production
pressures up to several 10 bar or even more than 100 bar [5]
without the risk of contaminating the system with metal ions [6].
Nevertheless, one of the most outstanding features is the high
current density that can be reached with PEMWE systems.
Several publications report values up to 4 A/cm?[7,8], 10 A/cm? [9]
or even 20 A/cm? [10]. The possibility to go up to high current
densities while maintaining reasonably high efficiency poten-
tially opens the field for appreciable reductions in material usage
of the cell stack. This would lower the environmental footprint [1]
and enables cost reduction of the PEMWE system [11] which is
desirable for the facilitation of a large scale implementation of
this technology.

However, high current density and consequential high
power density goes along with an increase of voltage losses
resulting in a significant heat production in the cell. The ques-
tion then arises up to which cell heat production rate a safe
operation without overheating of the cell or stack and the
membrane electrode assembly is possible. In this context,
Frensch et al. [12] point out, that elevated operation tempera-
tures can intensify degradation effects. Especially the minimum
flow requirements for the water circulation in the flow fields for
the handling of a certain heat dissipation in the cell is of interest
for PEMWE cell stack and system architecture. To reveal the
influence of heat production rate on MEA temperature, a direct
measurement with an integrated sensor seems the best option.
In the closely linked field of proton exchange membrane fuel
cells (PEMFC) several publications address the topic of MEA
temperature measurement with sensors: He et al. [13] inte-
grated a thin film type sensor inside two Nafion® 112 mem-
branes to measure the MEA temperatureinreal-timeat0,2Vand
0,19 A/cm?. Another design was proposed by Ali et al. [14] with
thin film thermocouples deposited on Kapton foil on top of the
MEA in a polybenzimidazole-based high temperature proton
exchange membrane unit cell. Also flexible micro sensors
manufactured on thin stainless-steel substrates have been used
by Lee et al. [15]. Finally, thin wire thermocouples were used for
temperature measurements in PEMFCs by several authors
[16—20]. This concept seems to be a viable option also for PEMWE
cells. Nevertheless, in the field of PEMWE the publications that
deal with the thermal behaviour of the cell or stack during
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operation are mainly simulation based: Grigorievetal. [21] made
adetailed mathematical model of a PEMWE cell to find optimum
values for critical operating parameters. Besides several other
findings they identified a cell temperature increase from inlet to
outletof 3K tobe optimalin terms of heatremoval by water flow.
Olesen et al. [22] used a 3D PEM electrolysis cell model to analyse
different flow field designs at current densities up to 5 A/cm?.
They found high in-plane temperature differences in the
membrane up to 20,2 K. Another modelling approach, which
also incorporates in cell heat transport, was done by Aubras
et al. [23] to examine the impact of two-phase-flow on PEMWE
behaviour. Furthermore, Ojong et al. [24] used a semi-empirical
fully-coupled performance model of a PEMWE cell to determine
the effect of operating temperature and pressure, inlet water
flowrate and porous transport layer (PTL) thickness on mass
transport limitations at high current densities up to 5 A/cm?.
Garcia-Valverde et al. [25] proposed a lumped thermal capaci-
tance model of a PEMWE stack for analyzing the temperature
evolution during operation. They also measured the stack bulk
temperatures and compared them to their model results for
transient operation modes, but did not analyse the internal
temperature distribution in the cell. A similar approach with
modeling and experimental validation was published by Agbli
etal. [26] focusing on the dynamic temperature trend in PEMWE
stack and water tank during operation. Finally, Bock et al. [27]
made a detailed finite elements 2D heat conduction model of
PEMWE and anion exchange membrane water electrolyser cells
and used measured values for the thermal conductivity of
several different PTLs to calculate the MEA temperature and the
temperature distribution in the cell. Convective heat transfer
from the surface of the PTLs to the channels was not considered.
They report temperature differences from the bipolar plate to
the center of the MEA from 7 K to 17 K. However, to our knowl-
edge there is no publication with a direct in-situ and operando
measurement of the MEA temperature in a PEMWE cell. To close
this gap and to be able to validate theoretical models we devel-
oped a specialized MEA with integrated temperature sensor
based on a thin bare wire type K thermocouple and compared
the measured data with a simple analytical 1D model. This
model incorporates also the convective heat transfer from the
PTL surfaces to the water flow in the channels and will be
described in the following.

Thermal cell model
Heat production rate

For the water splitting reaction at standard conditions a total
energy amount of AHJs; = 286 kJ/mol is necessary of which a
minimum amount of AGJss = 237 kJ/mol has to be delivered in
form of electric energy. By application of the Faraday constant
the reaction enthalpy and Gibbs free energy can be related to a
certain cell voltage:

5728 _ 1 93V (1)
0
Ew :% = 1,48V @)

The corresponding minimum cell voltage (equation (1)) for



5 RESULTS

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 45 (2020) 1417—1428

1419

the start of the reaction is 1,23 V, whereas at least 1,48 V
(equation (2)) are necessary to deliver the total reaction
enthalpy. At operation between 1,23 V and 1,48 V the reaction
includes ambient heat to fulfill the total energy amount. Only
if the cell runs at voltages exceeding 1,48 V, also called ther-
moneutral voltage Ey,, excess energy is set free in form of heat.
As indicated above the values of AH and AG depend on the
state of pressure and temperature. Nevertheless, at ambient
pressure and moderate temperatures below 100 °C the dif-
ferences are small [28]. Therefore, only the standard condition
values are used for further calculations. The heat production @
in a PEMWE cell thus depends on the difference of the actual
cell voltage E. to the thermoneutral voltage Ey, and on the
current density i at which the device is running:

W= (Ecell - Etn) *1 (3)
Thermal balance

To establish the thermal balance of the PEMWE cell, all heat
and mass in- and outflows crossing the cell system boundary
have to be taken into account. Fig. 1 shows a graphic repre-
sentation of the cell and the flows crossing the system
boundary. Three main assumptions are made:

1. Adiabatic boundary condition: This assumption does not
hold for small single cells but is getting more realistic for
large active area format stacks with lower surface to vol-
ume ratio.

2. Negligible water consumption compared to water inflow:
Under typical operating conditions the total water inflow is
at least by a factor of ten higher than the water

negligible influence of gas outflow ‘I)'l 02.0ut

: Py )
My2 out MH20,0ut

| g RRXRXRXKXK,  horirs

L X X !

i 4 X

P X X |

i § § inegligiblewaterconsumption
i % ! compared to inflow

P X X

P X X

P X X

| XXX RXRXRXKKK S |

PEMWE cell
system boundary

Fig. 1 — Simplified PEMWE cell domain for establishing the
overall thermal balance for calculation of the outflow
temperature and mean cell temperature in dependence of
the water flow. The water consumption is usually small
compared to the total water flow and is therefore
neglected. Water inflow and outflow thus are assumed to
be equal. Furthermore, also the gas outflow of hydrogen
and oxygen is neglected and the cell is assumed to have
adiabatic borders.

consumption in the reaction. Thus, the inlet and outlet
water mass flows are assumed to be equal.

3. Negligible influence of gas outflow: The gas outflow also
transports a certain amount of heat out of the cell. But due
to the fact that the gas density is about a factor of thousand
lower compared to liquid water, the gas bound heat
transport is disregarded in the calculation.

This reduces the thermal balance of the cell to:

& =Mg20 * Cp20* (Tout — Tin) (4)

For a fixed inlet temperature T;, and a defined water mass
flow my,o the outlet temperature T,y can be calculated based
on the actual heat production rate @ and the specific water
heat capacity ¢, no0. Finally, also the cell mean temperature
can be calculated:

@

1
Tm = 5 (Tout + Tin) + Tin (5)

~ 2 Mo Cp.H20
Heat transport model - MEA to channel

However, the thermal balance of the cell just gives an integral
information about the outlet or mean cell temperature and
not about the internal temperature distribution. Fig. 2 shows a
closeup cross section of the internal structure of the PEMWE
cell used for the analysis in this study. The 5 cm? active area
cell design is the same as described in Ref. [29]. The MEA is
placed between the porous transport layers, a carbon paper at
the cathode side (Toray TGP-H-120T without micro porous
layer, PTFE content of 20 wt%, uncompressed thickness of
370 um and compressed thickness of 280 um) and a titanium
sinter at the anode side (Mott Corporation, 50 % porosity and
thickness of 280 um). On both sides the serpentine type flow
fields with channels of 1 mm width and depth and 0,7 mm
wide lands and single channel lengths (= straight part be-
tween sharp 180° deflections at the bottom and top) of 22 mm
complete the cell unit. According to the analysis done by Bernt
et al. [29] applying proper cell compression and using gold
coated flow fields produces about 10 mQ cm? of electric con-
tact resistance at the interfaces of the MEA and flow fields to
the porous transport layers (PTL). Hence, in a simple approach
there is 2,5 mQ cm? of contact resistance at each of the in total
four contact surfaces of the two PTLs. Another 2 mQ cm? ari-
ses by the bulk resistance of the carbon PTL [29]. The electric
resistance of the remaining parts, titanium sinter and the flow
fields, is negligible small. Using a Nafion 212 based MEA at an
exemplaric current density of 3 A/cm? and 80 °C cell temper-
ature, Bernt et al. report a cell voltage of 1,72 V [29]. At this
particular operating point 85 % of the heat is produced inside
the MEA, another 6 % at the interfaces of the MEA to the PTLs,
and 9 % outside the MEA in the carbon PTL and at the in-
terfaces of PTLs to the flow fields. Based on these numbers
(91 % of the heat production takes place inside or at the sur-
face of the MEA) an important simplification of the heat
transport model can be done by assuming the full heat pro-
duction to occur inside the MEA.

Asitisvisiblein Fig. 2, the flow fields are in direct contact to
the PTLs only at the top of the lands which is about 40 % of the
total flow field area. In order to use a 1D approach for the heat
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Fig. 2 — Cross sectional closeup view of membrane electrode assembly in the cell setup. All relevant parameters for
modelling the through plane heat transport from MEA to the channels are depicted.

transport modelling, it is assumed that the land area has the
same total heat transfer coefficient from MEA to channel as
the channel area itself. This simplification can be justified by
the relatively short ways the heat has to be conducted in the
titanium land to reach the channel. At an exemplary heat
conduction distance of 0,3 mm and a thermal conductivity of
the titanium of about 16 W/(mK) the conduction heat trans-
port coefficient would be high in the region of 50 kW/m?. Thus,
the titanium land acts similar to a cooling fin which adds only
a small thermal resistance on the way from PTL to channel.
However, a correct calculation of the heat transport through
the solid titanium land would need a 2D model similar to the
analysis done by Bock et al. [27].

In our modelling approach to reach the channels the heat
produced in the MEA needs to cross the PTLs first and couple
into the water flow at the interface of PTL to channel. Both
processes have a certain heat transport coefficient or thermal
resistance. Their calculation is described in the following.

Heat transport inside the PTL

Although the PTLs are porous and a complex two-phase-flow
of water and gases takes place in their void volume, the main
heat transport mode is via solid phase heat conduction. Thus,
the PTLs are considered as beeing “dry” in terms of their
thermal conductivity. For typical conditions the water flow
crossing the MEA and the PTLs from anode to cathode via
electroosmosis is about six times of the water consumption
with electroosmotic drag coefficients around 3 mol H,0O/
molH"at 80 °C and fully water saturated Nafion® type mem-
brane [30]. At the same time the molar gas flux of the hydrogen
evolved at the cathode is equal to the molar flux of the water
consumption whereas the oxygen molar gas flux evolved at
the anode is only half the value of the water consumption
molar flux. However, looking at the volumetric flow rates at
atmospheric pressure the hydrogen gas flow is about 1570
times the volumetric water consumption rate and the oxygen
gas flow is still 790 times the volumetric water consumption
rate. Therefore, inside the void fraction of the PTLs comparing
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the flow rates of gases and water cross flow results in a
volumetric share during operation of less than 1 % water and
more than 99 % gas at both cathode and anode side. Table 1
contains the dry thermal conductivities A of both the un-
compressed carbon paper (C-PTL) and the titanium sinter (Ti-
PTL) for three temperatures within the typical operating range
of PEMWE cells:

The materials were measured at ZAE Bayern, division En-
ergy Efficiency, in Wiirzburg (Germany) using a Netzsch LFA
467 HyperFlash light flash system. As the PTLs are thin plates
with an edge-length of about 80 times their thickness d, the
stationary heat transport coefficient U, in W/(m?K) can be
calculated with equation (6):

U= (©

Table 2 contains the calculated heat transport coefficients
for the two PTL materials. In the case of the carbon paper the
compression of about 25 % in the cell during operation may
have an influence on the thermal conductivity of the bulk
material. Nevertheless, the effect was assumed to be small
and was disregarded in the calculation. Thus, for the carbon
paper the dry and uncompressed values for A were used with
the compressed thickness of 280 pm for d.

The fluid and gas phase convective transport crossing the
PTLs is relatively small. For an exemplaric operating point at
65 °C PTL mean temperature, a temperature difference of 10K
across the PTLs and 3 A/cm?, the maximum transferable heat
fluxes via product gases outflow and electroosmotic water
crossflow are listed in Table 3 and compared with the solid
phase conduction heat flux.

Table 1 — Measured thermal conductivities of applied PTL

materials at 40 °C, 65 °C and 90 °C in dry state.

T (°C) A C-PTL (W/mK) A Ti-PTL (W/mK)
40 1,66 8,61

65 1,72 8,72

90 1,80 8,72
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Table 2 — Calculated heat transport coefficients of applied
PTL materials at 40 °G, 65 °C and 90 °C in dry state. L= L ©)

Dy Re Pr

T (°C) U, C-PTL (W/m’K) U, Ti-PTL (W/m’K) "
M - — As described in Ref. [3'1] the PrandFl num’?er .Pr is 'the ratio
65 6140 31140 of momentum, characterized by the kinematic viscosity v, and
90 6430 31140 the thermal diffusivity a:

The solid phase conduction heat fluxes are several orders
of magnitude higher than the maximum transferable
convective heat fluxes of the produced gases and the water
crossflow by electroosmosis. Hence, only the solid phase
conduction is used to model the heat transport across the
PTLs.

Convective heat transfer from PTL to channel

After crossing the PTLs the further heat transport takes place
in form of a convective transfer from the PTL surfaces to the
water flow in the channels on anode and cathode side of the
cell unit. With the product gas bubbles entering as well, a
complex two-phase-flow takes place in the channels. How-
ever, due to the fact that the water flow is externally
controlled, the water flow rate does not change with the rising
gas fraction in the channels. Thus, it is assumed that the
convective heat transfer coefficient for a certain flow regime
and water flow rate without gas bubbles represents a mini-
mum value. The real heat transfer coefficients considering
two phase flow with bubbles should be higher due to more
pronounced turbulence in the flow at a given externally
controlled water flow rate. Nevertheless, for simplification of
the model the heat transfer coefficients are calculated using
correlations for single phase water flow.

In the channels turbulent or laminar flow can be present.
Using the dimensionless Reynolds number, which represents
the ratio of inertia forces to friction forces in the flowing
medium, a distinction of the flow regime can be done [31]. At
Reynolds numbers below the critical value of 2300 the flow is
considered laminar, above this value the flow regime is getting
more and more turbulent [31]. The parameters for calculation
of the Reynolds number are the mean flow velocity u, the
hydraulic diameter Dy, of the channel and the kinematic vis-
cosity v of the medium:

@)

In the serpentine flow field channels at Reynolds numbers
below 2300, laminar flow is present. The following correlation
by Stephan [32] is used here for the calculation of the
dimensionless heat transfer coefficient, the Nusselt number
Nu:

3,657 0,0499
Nu = + i

tanh (2, 2641} 11,7 L) ®)

-tanhL

1-10%<L<10

According to Ref. [32] L is used as a dimensionless coordi-
nate and is defined by equation (9) using the single channel
length L, the hydraulic diameter of the channel Dy, and the
dimensionless Reynolds and Prandtl numbers:

Pr= a (10)

At flow rates higher than 2 ml/(min cm?), hydrodynamic
entrance has to be considered. This is done by applying
following additional correlation by Stephan [32] to correct the
Nusselt number obtained by equation (8):

Nuy =% a1

1

3
tanh |2,432 (ﬁ)

Increasing the water flow rate to values over 10 ml/(min
cm?) at temperatures around 80 °C leads to Reynolds numbers
exceeding the critical value of 2300 for the specific channel
dimensions of the analyzed cells flow field. Starting from
these flow rates, the Gnielinski correlation [33] for turbulent
flow with combined (thermal and hydrodynamical) entrance
is used to calculate the dimensionless heat transfer
coefficient:

(Re — 1000)Pr

£,
1+12,7\/% P —

0,5<Pr<500, 2300 <Re<10°

00 | vy

Nu =

(12)

@)
)

The friction factor £ for smooth tubes is calculated by the
Filonienko relationship [34]:

£=(1,82logRe — 1,64) (13)

After obtaining the dimensionless Nusselt numbers from
both correlations 8 and 12 the convective heat transfer co-
efficients « can be computed by using the thermal conduc-
tivity A of water at the local conditions (pressure and
temperature) and the hydraulic diameter of the channel Dy:

a_NuA
=5,

(14)

Atareference temperature of 80 °C and exemplary flow rates

Table 3 — Maximum transferable convective heat fluxes
by product gas outflow and electroosmotic water
crossflow at 65 °C PTL mean temperature, 10 K

temperature difference and 3 A/cm? compared with solid
phase conduction heat fluxes in applied PTL materials at
same conditions.

Heat flux inside/by (W/m?)
H,-gas-flow 45
0,-gas-flow 23
EO-water-flow 703
C-PTL 61400
Ti-PTL 311400
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of 2 ml/(min cm?) (laminar) and 40 ml/(min cm?) (turbulent) the
resulting convective heat transfer coefficients are 3800 W/(m?K)
calculated with correlation 8, 4200 W/(m’K) with additional
hydrodynamic entrance correction factor 11 and 35200 W/(m?K)
with correlation 12. In the special case of no active water cir-
culation at the cathode side, the water flow in the cathode flow
field is caused solely by water transported via electroosmosis
from anode to cathode. For a current density of 3 A/cm? the flow
rate due to electroosmosis in the cathode flow field is 0,01 ml/
(min cm?). Thus, the convective heat transfer coefficient calcu-
lated by equation (8) is considerably lower than with active
water flow and reaches values around 2500 W/(m?K).

MEA temperature calculation

Based on both above described heat transfer mechanisms the
resulting sum heat transfer coefficients for each side can be
calculated by:

1 1\
Uun = +
o (UPTL.an ach,an)

1 1\
Ucath = <U + >
PTLcath  Qchcath

Finally, itis assumed that the water flow in both anode and
cathode channels has the same temperature. This should be
also true in the case of no active water circulation at the
cathode side: Due to the fact thatin a cell stack the anode flow
field of the neighbouring cell with active water flow is situated
directly at the opposite side of the cathode flow field, also the
cathode flow field gets cooled from the water flow in the
neighbouring cell. Therefore, the calculation of the MEA
temperature is reduced to the following:

(15)

@~ Tepe (Uan + Ucath)

16
Uan + Ucath ( )

TMEA =

In the 1D model the channel temperatures are set equal
to the mean water temperature in the cell computed by
equation (5) for calculation of the mean MEA temperature.
However, for the calculation of the maximum MEA temper-
ature the outlet temperature from equation (4) is used. In the
special case of the comparison of experimental and model
values, the channel temperature is set to the flow field
temperature measured by a sensor in the titanium flow field
plates 2 mm behind the channels (experimental setup is
described into detail in the following section). In the model
all material values influencing the transfer coefficients are
evaluated at the cell mean temperature obtained by equa-
tion (5). Again, in the case of the comparison of experi-
mentally measured MEA temperatures with model results
the measured flow field temperature is used as the reference
for the material values.

Experimental setup
MEA preparation

All tests were performed with 5 cm? active area MEAs pre-
pared by a decal transfer method. As cathode catalyst for the
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hydrogen evolution reaction platinum nanoparticles sup-
ported on highly disperse carbon (46,7 wt% Pt/C TEC10V50E by
Tanaka, Japan on Vulcan XC72 carbon) was used. For the
anode side oxygen evolution reaction an IrO, based catalyst
(Elyst Ir75 0480 by Umicore, Germany with 75 wt% Iridium
content) on a TiO, support was employed. Both catalysts were
prepared as inks by mixing catalyst powder, analytic grade
isopropanol and ultrapure water with Nafion® ionomer solu-
tion (20 wt% of ionomer content, type D2021 by IonPower,
USA) on a roller mill with 5 mm zirconia grinding balls for an
entire day. Subsequently the inks were coated on low adhe-
sive PTFE foil (50 um by Angst+Pfister, Germany) by the use of
a Mayer-rod coating machine. The decals (= electrode on PTFE
foil) were then hotpressed on the different membrane mate-
rials using always the same parameters (3 min at 155 °C and
2,5 MPa). The applied membranes were Nafion® 117 (180 um
thickness), Nafion® 212 (50 pm thickness) and reinforced
Nafion® XL (30 pm thickness). To evaluate the catalyst loading
the PTFE decals were measured before and after hotpressing
with a microbalance (Mettler Toledo, Germany). For all MEAs
the anode catalyst loading was 1,24 + 0,01 mg;/cm? with an
ionomer content of 11,6 wt% relative to the total electrode. All
cathodes had loadings of 0,33 + 0,10 mgp/cm? with an ion-
omer to carbon ratio of 0,6/1.

Thermocouple integration in MEA

In order to measure the temperature inside the MEA during
electrolysis, a thin sensor was integrated in a specialized
setup presented in Fig. 3. A type K fine gage bare wire ther-
mocouple (Omega Engineering, USA) with a nominal wire
thickness of 75 pm and a junction thickness of 190 pm was
used as the sensor element.

To protect the thermocouple from the harsh environment
inside the MEA with pH values near 0 and to minimize influ-
ence on the thermoelectric potential by parasitic currents
from the electrodes or by potential shift due to proton
reduction on the metal surfaces, it needs to be electrically
insulated by a durable material. This was achieved by placing
the thermocouple in a PTFE micro tube with 300 pm inner
diameter and wall thickness of 150 um (Conrad Electronic,
Germany). As depicted, the MEA was composed by two half
MEAs consisting of anode and cathode, each hotpressed on an
individual Nafion® 117 membrane. During cell assembly the
shielded sensor was placed in the middle of the active area of
the cell between cathodic and anodic half-MEA. Due to the
relatively large dimensions of the sensor element, it was not
possible to use thinner membranes. Earlier tests with thinner
thermocouples have all been unsuccessful because of the
susceptibility to mechanical failure. However, the final setup
was robust and stable and could be used during the several
days long test campaign without deterioration. As shown in
equation (16) the temperature of the MEA should depend on
the heat transfer coefficients on anode and cathode side
outside of the MEA and on the heat production rate inside the
MEA. Thus, in a first approximation for any cell-MEA combi-
nation at same heat production rates and heat transfer co-
efficients also the same temperature should be measured in
the MEA. Operation at high cell voltage and lower current
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Anodic half-MEA

Cathodic half-MEA
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Fig. 3 — Cross sectional closeup view of 75 pm thin bare
wire type K thermocouple integrated in MEA. The MEA is
formed by two half MEAs based on two Nafion® 117
membranes with single electrodes laminated on only one
side each. To prevent influence on the thermoelectric
voltage during cell operation (potential shift by proton
reduction on metal surface or by parasitic current from
electrodes), the thermocouple is shielded by a PTFE
insulation hose.

density should thermally resemble high current density
operation at lower cell voltage, as long as the heat production
rates are equal in both cases. This makes it possible to use
thicker membranes with higher ohmic losses and conse-
quently steeper polarization curves for the specialized tem-
perature measurement setup instead of very thin MEAs with
low losses and flat polarization curves.

Test procedures

MEA temperature measurements

The MEA temperature measurements were done at two
different cooling water flow modes: A laminar low flow mode
with 2 ml/(min cm? at the anode side only and a turbulent
high flow mode at 40 ml/(min cm?) on both sides of the cell.
The high flow mode measurements were performed on a fully
automated teststation with water recirculation pumps for
high water flows up to 2 I/min (HoribaFuelcon, Germany). In
contrast, the low flow mode measurements were performed
on another fully automated test station (Greenlight Innova-
tion, Canada) with direct preheated feed water injection (no
water recirculation) by a precise HPLC pump to achieve a
constant laminary flow in the flowfield without pressure
spikes. In both cases the endplates of the cell were heated by
cartridge heaters to 80 °C and also the water inlet temperature
was set to 80 °C. The flow field temperature was measured by a
PT100 sensor placed in a drilled hole in the titanium flow field
block 2 mm behind the channels. The MEA temperature
sensor signal was processed by a handheld digital thermom-
eter (CHY Firemate, Taiwan) in order to have a floating mea-
surement circuit. After reaching steady state conditions the
zero current temperature was measured. Then the current

density was ramped up in steps of 1 A/cm? up to a cell voltage
threshold of 3,5 V. Every current density level was held for 5
min and the resulting temperatures in MEA and flow field
were recorded. Both anode and cathode side were kept at at-
mospheric pressure during the whole test (besides a small
dynamic overpressure at the cell inlet due to high water flow
during high flow mode as mentioned in the following section).

High current density tests

The high current density tests were performed on the same
test station as the high flow mode MEA temperature mea-
surements with water flows of 40 ml/(min cm?) on anode and
cathode side. The water inlet temperature was set to 80 °C and
endplates were heated by cartridge heaters also to 80 °C to
achieve isothermal starting conditions. To maintain a high
water quality throughout the whole experiments the water
was pumped through deionizer cartridges (Leyco, Germany)
before entering the cell. Both anode and cathode side were not
statically pressurized. However, due to the high water flow
rate a small overpressure of about 75 mbar is present at the
inlet of the cell at zero current. After heating up the cell to
steady state thermal conditions each cell was tested for a
short circuit fault by applying 1 V and checking the current
response. With no short circuit present the system was
switched to current control mode and polarization curves
were recorded by ramping up the current starting from 20 mA/
cm? to 1 A/cm?in five smaller steps and thenceforth in steps of
1 A/cm? up to a cell voltage threshold of 3,1 V. All steps were
held for at least 15 s.

Results and discussion

Fig. 4 shows the measured temperature difference (contin-
uous lines) between MEA and flow field/channel and the
correspondent model results (dotted lines) for the same con-
ditions as in the experiment for the two different flow regimes
in the cell. The maximum heat production rate in the test was
7,8 W/cm? during low flow measurement (green lines, triangle
symbols) with anode side only circulation at 2ml/(min cm?)
and 7,9 W/cm? during high flow measurement (blue lines, dot
symbols) with water circulation on both sides at 40 ml/(min
cm?). Both measured curves show an equal trend: As expected
the temperature differences rise with increasing cell heat
production up to 9,9 K (low flow) and 2,4 K (high flow) in a
relatively linear course. Only above a heat production rate of
4,3 W/cm? there is a deviation of the linear behaviour with
smaller increase in temperature difference. The model results
show a very linear behaviour with maximum temperature
differences of 13,8 K (low flow) and 3,6 K (high flow). However,
the relative differences between experiment and model re-
sults are comparatively high, especially at higher heat pro-
duction rates. For the low flow measurement the deviation is
between 32 % and 45 % and for the high flow measurement
between 16 % and 50 % in relation to the measured values. The
model therefore very likely overestimates the MEA tempera-
ture. Possible reasons for the deviation and the non-linear
behaviour at higher heat production rates could be an inter-
action between gas production and heat transport from the
PTL surfaces to the channel. With more gas present, the
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Fig. 4 — Comparison of modeled (dotted line) and measured
(continuous line) temperature rise over cell heat
production for low flow (green) with 2 ml/(min cm?) anode
side circulation only and high flow (blue) with 40 ml/(min
cm?) anode and cathode side circulation. (For interpretation
of the references to colour in this figure legend, the reader
is referred to the Web version of this article.)

convective heat transfer coefficient could be enhanced due to
higher turbulence in the channels. This would as well be an
explanation for the higher initial model to measurement dif-
ference in the laminar low flow experiment compared to the
high flow experiment: The laminar flow convective heat
transport coefficients are about a magnitude lower than the
heat transport coefficients during fully turbulent flow. Thus,
even a rather small perturbation of the laminar flow should
result in elevated convective heat transport coefficients
compared to the undisturbed case with no gas bubbles pre-
sent. Also measurement errors could play a role in the origin
of the differences between model and experiment. As it is
visible in Fig. 4 the sensor inside the PTFE micro tubing is still
quite large compared to the MEA thickness (approximately
400 um in wet state) which could result in inhomogeneities or
attenuation of the current density in the proximity of the
sensor and thus also in differences of the local heat produc-
tion rate compared to the undisturbed MEA area without
sensor element. Nevertheless, experimental and model re-
sults are still of the same magnitude. This makes it possible to
use the model as a tool to estimate the maximum expectable
temperatures in a MEA during high current density operation.

The polarization curves obtained in the high current den-
sity tests with different membrane types are depicted in Fig. 5.
The high operating temperature of 80 °C allows for an overall
high efficiency of the cells, as membrane resistance is lowered
and also activation losses are reduced [35]. It is clearly visible
that the ohmic losses are strongly reduced by using thinner
membranes which allows for a significant increase in current
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density. The 180 pm thick Nafion® 117 based MEA (diamond
symbols) shows the steepest polarization curve. At a cell
voltage of 2,02 V, which corresponds to a cell efficiency of
about 62 % (LHV), the cell reaches a current density of 3 A/cm?.
At the upper cell voltage limit in the test (3,1 V) a maximum
current density of 7 A/cm? is achieved. By changing the
membrane type from 180 pm Nafion® 117 to 50 pm Nafion®
212 the cell resistance, evaluated in the linear region of the
polarization curve between 3 A/cm? and 4 A/cm?, is reduced
by 103 mQ cm?. This MEA (triangle symbols) reaches 7 A/cm?
at 2,04 V and 18 A/cm? at the upper voltage limit. The third
MEA (dot symbols) with the thin reinforced Nafion® XL
membrane (30 um dry thickness) yields another 14 mQ cm? of
reduction in cell resistance and has the lowest losses and
reaches 10 A/cm? at 2,05 V and 25 A/cm? close to the upper
voltage limit at 2,9 V. The electric power density at this point is
72,5 W/cm? at an electric cell efficiency of 43 % (LHV). Taking
2 V as the upper operation limit with still reasonable cell ef-
ficiency greater 60 % (LHV) and because of increasing degra-
dation effects for higher voltages, the current density could be
doubled with the Nafion® 212 membrane and even more than
tripled with the Nafion® XL membrane compared to Nafion®
117 which in turn offers the possibility to use only a third of
active cell area to achieve the same hydrogen output. Suffi-
cient stability of the cell and all of its materials provided, also
the region above 2 V at high current densities around 15 A/cm?
could be used for short time overload operation, which would
especially be interesting for the coupling to intermittent
renewable energies like wind turbines or photovoltaics where
high peak powers occur for only short times [36,37].
However, the thinner membranes can also cause problems
like higher cross permeation of product gases [38] or

Todays typical PEMWE
operating range

T,=80°C
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Fig. 5 — Cell polarization curves and corresponding cell
efficiencies (LHV) for high current density tests with
Nafion® 117, Nafion® 212 and Nafion® XL based MEAs.
Water inlet and cell endplate temperature 80 °C, ambient
pressure at cathode and anode side, water flows of 40 ml/
(min cm?) on anode and cathode side.
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insufficient mechanical stability [39]. Furthermore, the tem-
perature inside the MEA should not overshoot a certain limit
for the membrane material at the high current densities
achieved. According to Barclay-Satterfield et al. [40] the elastic
modulus of Nafion® membranes decreases significantly with
rising temperatures: In a dry state the elastic modulus at 90 °C
is only about a fourth of the value at room temperature and is
further reduced to 1 % at 110 °C. Therefore 90 °C is taken as the
upper operation limit of the MEA temperature in this analysis.

Fig. 6 shows the area specific heat production rate (calcu-
lated by equation (3)) during the high current density tests. It
can be noticed that at todays typical maximum current den-
sities (marked region) below 2,5 A/cm? [28] the heat produc-
tion is low and reaches a maximum of about 1 W/cm? with
Nafion® 117. With higher current densities also the heat
production rate increases significantly in a nonlinear way: At
10 A/cm? the rate is 5,7 W/cm? with the Nafion® XL based MEA
and 7,6 W/cm? with the MEA based on Nafion® 212. The
highest heat production rate of 35,5 W/cm? is reached at a
current density of 25 A/cm? with the Nafion® XL based MEA.
Next to the heat production rate curves the maximum MEA
temperatures obtained by the model are noted for several
current density points for each MEA type. With the high water
flows of 40 ml/(min cm?) present on both sides of the cell, the
MEA temperature stays below 81 °C in the current density
range below 3 A/cm? for all membrane types. The temperature

Todays typical PEMWE
operating range T,,=80°C
40
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25
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" . TMEA,max,modeI
—e—heat production Nafion XL

Fig. 6 — Area specific heat production rate and model
results for maximum MEA Temperature during high
current density tests with Nafion® 117, Nafion® 212 and
Nafion® XL based MEAs. Water inlet and cell endplate
temperature 80 °C, ambient pressure at cathode and anode
side, water flows of 40 ml/(min cm?) on anode and cathode
side. The 90 °C limit for the MEA temperature is marked
yellow with diagonal marker lines. (For interpretation of
the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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Fig. 7 — Model results for temperature profile MEA to
channel at 5,7 W/cm? cell heat production and anode side
circulation only at 40 ml/(min cm?). Inlet temperature is set
to 80 °C. The corresponding current density would be 10 A/
cm? with MEA based on Nafion® XL.

in the Nafion® 117 MEA is quickly rising with increased cur-
rent density but does not reach the limit of 90 °C. Both Nafion®
212 and Nafion® XL based MEAs show a slower increase in
temperature. The limiting temperature of 90 °C is reached at
an area specific heat production rate of 15,9 W/cm? This
corresponds to 14,5 A/cm? of current density for the Nafion®
212 based MEA and 17,5 A/cm? for the Nafion® XL based MEA.
The calculated maximum temperature of 102,2 °C of the
Nafion® XL based MEA is probably unrealistic as the boiling
point of water should already be reached at the present at-
mospheric pressure conditions which identifies a limitation of
the model. However, maximum current densities around 10
A/cm? should be realistic to achieve in future systems as the
cell voltage is not too high (2,05 V) and the maximum MEA
temperature can be kept fairly below the limit also at high
operating temperatures of 80 °C.

For the exemplary current density of 10 A/cm? the calcu-
lated temperature profiles (mean values) in the cell are pre-
sented in Fig. 7 for anode side only water circulation with 40
ml/(min cm?) and in Fig. 8 for water circulation on both sides
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Cathodic flow channel

T.n = 80,5°C
Anodic flow channel

Ti-bipolar plate Ti-bipolar plate

Fig. 8 — Model results for temperature profile MEA to
channel at 5,7 W/cm? cell heat production and circulation
both anode and cathode side at 40 ml/(min cm?). Inlet
temperature is set to 80 °C. The corresponding current
density would be 10 A/cm? with MEA based on Nafion® XL.
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Fig. 9 — Minimum necessary circulation flow over cell heat production with water circulation at anode and cathode side (left)
and water circulation at anode side only (right). The green line (triangle symbols) marks the minimum flow necessary for
MEA temperature less than 90 °C. The blue line (dot symbols) marks the minimum flow necessary for cell inlet to outlet
temperature difference less than 5 K. Flows above 100 ml/(min cm?) are considered unrealistic due to high flow velocity in
the channels and subsequently high pressure drop in the flow fields. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)

with 40 ml/(min cm?). Between the two operating modes the
main differences are the lowered temperature level of the cell
(channel temperature 0,5 K cooler) and the steeper tempera-
ture gradient in the cathode carbon paper PTL due to the
higher convective heat transfer coefficient at the interface
between PTL to channel during water circulation at both sides.
Thus, during anode side circulation only the mean MEA
temperature is 1 K higher than with circulation on both sides
at the given conditions. This difference has to be considered
especially during PEM electrolysis system development for
choosing the right flow rate suitable for the selected system
design (single or both sides water circulation).

In order to summarize the findings of this study, Fig. 9
shows the necessary minimum flow rates for safe operation
within the thermal limits of a high current density PEMWE cell
or stack with MEAs based on Nafion® XL at a water inlet
temperature of 80 °C. The grey line (square symbols) marks
the necessary flowrate to compensate the water consumption
at the anode and the electroosmotic flow from anode to
cathode. The blue line (dot symbols) is the necessary mini-
mum flow rate to keep the temperature difference of cell inlet
to cell outlet lower than 5 K, under the premise that all heat
generated is transported out of the cell only by the cooling
water. Finally, the green line (triangle symbols) marks the
minimum flowrate to keep the maximum MEA temperature
below 90 °C. Flowrates exceeding 100 ml/(min cm?) (yellow
marked area) are considered unrealistic because of high flow
velocity in the channels and subsequently high pressure drop
over the flowfield. With water flow on both sides, the 5 K inlet
to outlet temperature difference criterion is decisive up to a
cell heat production of about 5 W/cm? or a current density of 9
A/cm? with a MEA based on Nafion® XL. For higher heat pro-
duction rates and current densities the minimum flow rate
requirement for a limited maximum MEA temperature below
90 °C becomes the leading criterion. For anode side only water
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flow the crossing point of both criterions is shifted towards
higher heat production rates and higher current densities. At
first sight this behaviour seems unexpected: For the same
water flow rate in the case of anode side only water flow the
MEA temperature is higher than for the anode and cathode
side water flow case as shown in Figs. 7 and 8. This would
actually shift the crossing point towards lower current den-
sities. However, for anode side only water flow the minimum
flow rate for keeping the cell inlet to outlet temperature dif-
ference lower than a certain value always needs to be twice
the flow rate which would be necessary for anode and cathode
side water flow. Because this second effect outweighs the first,
in total the crossing point is shifted towards higher current
densities.

Conclusion

In this study we investigated the thermal limitation of high
current density operation of PEMWE cells. In order to reveal
the behaviour of in-cell heat transport from MEA to flow field
channels we built a simple cell thermal balance model and a
1D internal heat transport model. Furthermore, we conducted
in-situ measurements of the MEA temperature during cell
operation. We measured temperature differences from MEA
to channel of up to 9,9 K at heat production rates of 7,8 W/cm?
at low water flow rates of 2 ml/(min cm?) in the anode side
flow field only and up to 2,4 K at heat production rates of 7,9
W/ cm? at high water flow rates of 40 ml/(min cm?) in both
anode and cathode side flow fields. Though the model over-
predicts the MEA temperature by up to 50 % at high heat
production rates, both model and measurements show
similar trend in temperature difference over heat production
rate. Thus, the model is suitable as a tool to estimate the upper
limit of the maximum MEA temperature and the cooling flow
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needed at high current density operation of PEMWE cells and
stacks. For three different MEA types based on Nafion® 117,
Nafion® 212 and Nafion® XL membranes high current density
tests were performed up to 25 A/cm? The heat production rate
is nonlinear increasing with current density which limits the
upper steady state operation point. At a cell inlet temperature
of 80 °C with a Nafion® XL based MEA, operation around 10 A/
cm? and 60 % efficiency (LHV) is possible at water flow rates of
25 ml/(min cm?) for anode side only circulation and 10 ml/
(min cm?) at anode and cathode side circulation to remove the
heat with less than 5 K temperature difference between cell
inlet and outlet and to keep the MEA temperature below 90 °C.
This allows for a reduction in active cell area to only one-third
compared to a Nafion® 117 based MEA. Higher current den-
sities are feasible (e.g. for short time overload operation), but
require very high water flow rates.
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5.3 Analysis of Gas Permeation Phenomena in a PEM Water Elec-
trolyzer Operated at High Pressure and High Current Density

In the following, the article ”Analysis of Gas Permeation Phenomena in a PEM Water Elec-
trolyzer Operated at High Pressure and High Current Density” [118] is presented. After submis-
sion in April 2020 and the peer-review process, the article was published in August 2020 in The
Journal of the FElectrochemical Society. The article is under open access, distributed under the
terms of the Creative Commons Attribution 4.0 License (CC BY). The permanent web link is
https://doi.org/10.1149/1945-7111/abaa68 .

As described in the previous section 5.2, the use of thin membranes reduces ohmic losses in PEMWE
cells and thus enables high current density operation at high electric efficiency. In this context,
thin membranes are one major part of the solution for the problem of extensive material con-
sumption (especially iridium) which comes along with a multi-GW /year installation of PEMWE
systems for future large scale green hydrogen production. However, when using thin membranes
also the permeation losses in the cell increase. This is especially critical for the hydrogen which
permeates from cathode to anode and which is not recombined to water at the anode catalyst layer
during PEMWE operation. Thus, the permeated hydrogen persists in the anode side product gas
stream and forms a flammable gas mixture at concentrations above ~ 4 % Hy in Os. In order to
investigate the occurring hydrogen permeation at high current density operation and high pressure
differences when using thin membranes, in this study experiments with MEAs based on Nafion®
117 (178 pm dry thickness) and Nafion® 212 (51 ym dry thickness) at 80 °C cell temperature are
conducted using a 5 cm? PEMWE cell (see figure 23, panel a)) in a fully automated test station
coupled to an on-line mass spectrometer gas analyzer. To validate the setup, a first set of perme-
ation measurements without PEMWE operation (no current flow) at different hydrogen pressures
is conducted. The results show a linear dependency of the permeation rate on the Hs partial
pressure at the cathode and are in good agreement to an established electrochemical permeation
measurement technique where the losses by permeation are compensated by hydrogen production
(PEMWE) or electrochemically driven hydrogen transport against the pressure gradient (hydro-
gen pump). The observed hydrogen permeation rates are 0.31 mA/(cm? bar) for Nafion® 117
and 1.10 mA/(cm? bar) for Nafion® 212. In a second step, permeation measurements during
PEMWE operation are conducted with MEAs at hydrogen partial pressures between 1 bar and
30 bar and operation up to 5 A/cm? with Nafion® 117 and up to 6 A/cm? with Nafion® 212. In
agreement with literature data, a significant increase of the permeation rates with current density
is observed, most pronounced for low pressures. Furthermore, an increase of the cathode ionomer
content from standard 0.6/1 ionomer to carbon (I/C) ratio up to 1.2/1, which goes along with a
diminution of the void fraction of the electrode, increases the Hy permeation especially at high
current densities. However, using cathodes with low I/C = 0.6/1 limits the permeation increase
with current density at 30 bar cathode pressure to ~ 16 % at 5 A/cm?. Using the results from the
permeation measurements allows for a calculation of the total cell efficiency, the product of electric
and faradaic efficiency, in dependence of the current density. For total cell efficiencies higher than
70 %, the operating range for Nafion® 117 is from 0.07 to 1.4 A /cm? for Nafion® 117 based MEAs
and 0.23 to 3.1 A/cm? with Nafion® 212. The corresponding dynamic stack power range is 0.11
to 2.5 W/em? (dynamic load spread factor of ~ 23) for Nafion® 117 and ~ 0.36 to 5.5 W /cm?
(dynamic load spread factor of ~ 15) for Nafion® 212.
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PEM water electrolysis (PEM-WE) could become a key compo-
nent in a future energy scenario based on renewable energy sources
by providing electrolytic hydrogen for energy storage as well as for
industrial processes and the mobility sector. Currently, only a small
share of the global hydrogen demand is served by PEM-WE due to
the relatively high costs associated with this technology.'” The
overall H, generation costs depend on the operating costs which are
governed by the electricity price and the investment costs for the
PEM-WE system. While electricity prices from renewable energies
have dropped significantly in recent years, with on-shore wind
electricity at ~0.06 US$/kWh in 2017,>* corresponding to electri-
city costs of ~3 US$/kgy, at 70% efficiency (based on the lower
heating value), reducing the investment costs for the PEM-WE stack
still presents a major challenge. Apart from reducing material costs
for stack components,” increasing the current density can be a way to
lower costs by reducing the total cell area required to achieve a given
hydrogen production rate. Recent publications show that current
densities of 5 A cm™2 and above are feasible,"® which is signifi-
cantly higher than typical values for state-of-the-art systems
(12 A crn*z).g However, ohmic losses, which are mostly attributed
to the membrane resistance, increase with current density and,
consequently, thinner membranes have to be used to retain a high
efficiency resulting in low operating costs (cf Results and Discussion
section for detailed analysis). On the other hand, thinner membranes
typically exhibit an increased gas crossover which presents a big
challenge for PEM-WE applications, since H, is often groduced at
elevated pressures,'® generally between 20 — 50 bar.>” However,
since H, is usually stored and distributed as a compressed gas or in
the liquefied form,'! PEM-WE operation at elevated H, pressure is
beneficial to reduce overall system cost.”'® Permeation of H, from
the cathode through the membrane to the anode compartment not
only reduces the faradaic efficiency of the electrolyzer, but can also
lead to the formation of explosive gas mixtures in the anode
compartment (the lower explosion limit for H, in O, is z4%),12
since H, does not oxidize on the iridium oxide based anode
catalysts.' O, crossover is less critical, since O, is usually produced

~These authors contributed equally to this work: M. Bernt and J. Schroter.
*Electrochemical Society Student Member.
**Electrochemical Society Fellow.

“E-mail: maximilian.bernt@tum.de

at ambient pressure and permeation rates are lower than for H,";
furthermore, O, can reduce to H,O on the cathode catalyst, so that
the accumulation of O, in the cathode compartment is minimal.'®

In state-of-the-art PEM-WEs, perfluorosulfonic acid (PFSA)
membranes such as Nafion” are used because they are mechanically
robust and generally provide a good compromise between ohmic
resistance and low gas permeability. Gas permeation rates for Nafion”
membranes as a function of temperature, relative humidity, and
differential pressure have been studied extensively in the literature
using ex situ measurement techniques.'®>> However, recent studies
show that permeation rates are different when measured under actual
PEM-WE operating conditions and that they exhibit a significant
dependence on current density.'>****> This phenomenon has been
ascribed to a more complex water transport within the membrane
during operation,? generally to a local pressure increase in the catalyst
layer or to H, super-saturation.** Additionally, the influence of
structural properties of the catalyst layer and the porous transport
layer (PTL) as well as the impact of different cell hardwares (applying,
e.g., different compressive forces on the membrane electrode assembly
(MEA)) is not fully understood yet**® and further research is required
to clarify how these factors influence gas permeation.

In this study, we use on-line mass spectrometry to determine H,
permeation rates during PEM-WE operation for a wide range of
current densities (0-6 A cm™2) and operating pressures (1-30 bar,
differential pressure) for MEAs with Nafion” 117 (thickness
~178 pm) and Nafion” 212 (thickness a51 pm) membranes.
Based on these results, the overall efficiency and the operating
range of MEAs with different membrane thicknesses is discussed.

Experimental

Membrane electrode assembly (MEA) preparation and cell
assembly.—The 5 cm? active area MEAs used in this study were
prepared b7y a decal transfer method that has been described
previously.” Iridium black (Heraeus Metal Processing, Ltd.,
Ireland) was used as catalyst for the oxygen evolution reaction
(OER) on the anode with loadings of 0.9 + 0.3 mg;, cm 2, while
platinum supported on Vulcan XC72 carbon (45.8 wt% Pt/C;
TEC10V50E from Tanaka, Japan) with loadings of 0.3 + 0.1 mgp,
cm~2 was used as a cathode catalyst for the hydrogen evolution
reaction (HER). The catalyst inks were prepared with catalyst
powder, solvent (2-propanol purity >99.9% from Sigma Aldrich,
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Germany), and Nafion® ionomer solution (20 wt% ionomer; D2021
from IonPower, USA). ZrO, grinding balls (5 mm diameter) were
added for the 24 h mixing procedure on a roller mill. The ink was
coated onto a 50 um thick PTFE foil (from Angst+Pfister,
Germany) using a Mayer-rod coating machine. To fabricate the 5
cm? active area MEAs, the electrodes were cut to size and then hot-
pressed onto Nafion” 117/212 membranes (178 um/51 pum thick;
from Quintech, Germany) for 3 min at 155 °C at a pressure of
2.5 MPa. The electrode loadings were calculated from the weight
difference of the PTFE decal before and after the transfer step,
measured with a microbalance (15 p1g; XPE105DR from Mettler
Toledo, Germany). The ionomer content was fixed at 8.9 wt% for the
anode while an ionomer to carbon (I/C) mass ratio between 0.6/
1-1.2/1 was used for the cathode electrodes.

As porous transport layers (PTLs), sintered titanium (Ti) (from
Mott Corporation, USA) with a porosity of ~50% and a thickness of
280 = 10 pm on the anode and carbon fiber paper (TGP-H-120 from
Toray, no MPL) with a thickness of 370 £ 10 um on the cathode
were used. A 10 um PTFE sub-gasket was used to prevent the MEA
from being cut by the sharp edges of the Ti PTL. The cell was sealed
with two 310 + 10 pm thick PTFE gaskets to achieve a ~25%
compression of the carbon PTL (corresponding to a compression of
~1.7 MPa), whereby the Ti PTL is assumed to be incompressible.

Electrochemical characterization.—All tests were performed on
a Greenlight E40 Electrolyzer Test Station equipped with a
potentiostat and a booster (Reference 3000 and 30 °A booster,
Gamry). The absolute pressure on the cathode was varied between
1.47 and 30.47 bar,, while the anode was kept at ambient pressure.
Taking into account the vapor pressure of water at 80 °C (0.47 bar)
this translates into H, partial pressures between 1 — 30 bar on the
cathode. Note that in the following, all pressure values refer to the
H, partial pressure and not to the total pressure in the cathode
compartment. Cell and reactant inlet temperatures were set to 80 °C
and DI water was supplied at a flow rate of 10 mlmin~"' to the
anode. Hydrogen was supplied to the cathode and oxygen to the
anode at flow rates between 50 and 200 ml min ' (note that all gas
flow rates are referenced to standard conditions of 0 °C and
1.013 bar). A &2 h lasting cell-warmup and a conditioning proce-
dure were performed before the measurements. During the con-
ditioning, the current density was ramped to 1 A cm 2 over 200 s
and held for 30 min. Three polarization curves with current densities
starting from 0.01 and increasing to 6 A cm™ were recorded after-
wards. Each current density step was held for 5 min followed by an
AC impedance measurement in a range of 20kHz-10Hz to
determine the high frequency resistance (HFR). During the H,
permeation rate measurements the current density was varied
between 0-6 A cm 2 with hold times from 90-180 min for each
current step. Additional polarization curves were recorded following
the permeation measurement at each H, pressure step as well as at
the end of test.

Hydrogen permeation rate.—The test setup used in this work to
determine the H, permeation rates is based on the analysis of the H,
volume fraction (on a dry basis) in the O, exhaust of the anode,
using a mass spectrometer (cf Fig. 1). A defined flow of dry H, gas
can be supplied to the cathode inlet of the electrolyzer cell, while
defined flows of H,O and O, gas can be supplied to the anode inlet.
The product gas at the anode outlet of the cell is typically a mixture
of H,O, O,, and H, that permeates from the cathode compartment
through the membrane into the anode compartment. Water is then
separated from the product gas by a heat exchanger and a water
separator unit implemented in the test station (E40 from Greenlight,
Canada), as shown in Fig. 1). The dry product gas, consisting of a
mixture of O, and H, is then analyzed by a quadrupole mass
spectrometer (Cirrus™3 from MKS). Thorium filaments are used to
ensure a sufficient filament lifetime in the highly corrosive O,
environment. The capillary which supplies the gas to be analyzed to

the mass spectrometer requires a minimum flow of 20 ml min~"'.
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Figure 1. Schematic flow diagram of the test setup used for gas permeation
measurements via mass spectrometry. Dry H, gas can be supplied to the
cathode, while H,O and O, can be supplied to the anode. Water is separated
from the product gases at the cell outlet by a heat exchanger and a water
separator. The dry product gas on the anode (a mixture of O, and H,) is
analyzed by a mass spectrometer. Measurements are performed at a
temperature of 80 °C and at H, partial pressures of 1-30 bar, while the
anode is being kept at ambient pressure.

Consequently, if the O, production rate during electrolyzer operation
is too low (i.e., at low current densities) or for the permeation cell
measurements (cf Fig. 2) where no O, is produced at all, additional
0O, gas needs to be supplied in order to ensure sufficient gas flow to
the capillary. The amount of O, supplied to the anode inlet (cf
Fig. 1) is regulated by a mass flow controller to achieve a total gas
flow at the anode outlet of at least 50 ml min~!. Furthermore, this
additional O, flow prevents the formation of explosive gas mixtures
in the anode gas stream (lower explosion limit for H, in O,: z4%'2).
Of course, the additional O, flow needs to be considered when
calculating the actual H, in O, content that would be obtained in a
PEM-WE (i.e., in the absence of adding O, to the anode inlet) that is
shown in Fig. 8.

During the measurements, the anode compartment is kept at
ambient pressure, while the H, partial pressure on the cathode is
varied between 1-30 bar. The pressure in the cathode compartment
is controlled by a back pressure regulator which requires a
continuous gas flow to maintain a constant pressure. Hence, an
additional H, gas flow of 50 ml min~! is supplied to the cathode
inlet during all measurements in order to ensure a sufficient gas flow
even at low current densities (i.e., at low H, production rates) and
during the permeation cell measurements (cf Fig. 2). A more detailed
description of the MEAs and the transport processes taking place in
the cell can be found in the following sections for the respective test
setups.

Theory of Gas Permeation

In this section, the mass transport mechanisms which are
responsible for H, gas permeation in a PEM-WE, namely diffusive
and convective transport are discussed briefly. For a more detailed
discussion of crossover mechanisms we refer to Ref. 27.

Diffusion.—In general, diffusion of H, from the cathode to the
anode can occur through the polymer phase as well as the liquid
phase in ionomeric membranes.’’ For Nafion" membranes the
contribution of diffusion through the polymer phase is very small
and it is generally assumed that diffusion through the liquid phase is
the dominating mechanism?'; a quantitative separation of the
permeation of various gases through a Nafion” membrane was also
given by Mittelsteadt and Liu.>° The diffusive H, flux according to
Fick’s law can be expressed as
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Figure 2. (a) Sketch of the here developed test setup to measure H, permeation
rates by quantifying the H, content in the O,-rich anode gas using a mass
spectrometer. For this, H, is supplied to the cathode (50 ml min~"), while the
anode is supplied with HO (10 ml mjn’]) and O, (50 ml min~" for P2 < 10 bar
and 100 ml min~" for pu2 > 10bar). (b) Sketch of the test setup used for
conventional electrochemical H, permeation rate measurements. H,
(50 ml min~") is supplied to the cathode, while the anode is supplied with
H,0 (50 ml min’l) and N, (50 ml mjn’l); the limiting current density obtained
at a potential of 0.4 V represents the H, permeation current. (c) H, permeation
rate as a function of H, partial pressure on the cathode for a Nafion” 117
membrane (red) and a Nafion” 212 membrane (blue) determined with the test
setup shown in Fig. 2a. The H, permeation rate for a Nafion” 212 membrane
determined with the electrochemical measurement method presented in Fig. 2b is
shown for comparison (green). The H, partial pressure normalized H, permeation
rate (in units of mA cm > bar ') was determined by a linear regression of the
measured permeation rates (dashed lines).

NG peff | Acy,
H, — Hy

(1]

Tmemb

Here, Acp, represents the H, concentration gradient between anode
and cathode. Assuming a negligible H, concentration in the anode
compartment compared to that in the cathode compartment, Acy, is
directly proportional to the partial pressure of H, in the cathode
compartment. Dﬁfzf is the effective diffusion coefficient of the
membrane which is a function of porosity and tortuosity,”” i.e., of
the water content of the membrane, while #,em, represents the
membrane thickness. Assuming a constant water content of the
membrane, the diffusive H, flux is expected to scale linearly with the
H, partial pressure on the cathode of the electrolyzer.

Convection.—Convective transport of H, dissolved in liquid
water due to a net water transport through the membrane is another
. - . 27

possible mechanism of H, crossover and can be described as

Nﬁ;’“v = VH,0 * CH, 2]

where vy, is the velocity of water moving through the membrane
and cy, is the concentration of dissolved H, in the water phase.
Differential pressure operation is a possible reason for a net water
transport and, consequently, a convective H, flux from cathode to
anode. Here, the total pressure difference between cathode and
anode, AP, would be directly proportional to the H, permeation rate
according to Darcy’s law?’
. . Py cath ~ AP

lelllzft press __ lelllsz press [, catl (3]

Tmemb

where py, cam is the H, partial pressure on the cathode, fmemn the
membrane thickness, and le};ff*p'ess a transport coefficient which
depends on the permeability of the membrane, the solubility of H, in
water, and the dynamic viscosity. If the pressure in the anode
compartment is much smaller than in the cathode compartment, the
partial pressure of Hj, pm,cam, €quals approximately the total
pressure difference, AP, and the convective H, permeation should
scale quadratically with py, catn -

Electro-osmotic drag of water is another possible source of
convective H, transport. Here, water is transported from anode to
cathode, at a rate which is directly proportional to the amount of
protons transported, i.e., to the current density.27

Nify® = Dt - pyy, o - [4]

Here, i is the current density and py, an the H, partial pressure on the
anode while D]‘};ag is a transport coefficient which depends on the
solubility of H, in water and the electro-osmotic drag coefficient that
describes the ratio of the number of water molecules dragged along
per proton. Since convective transport of H, due to the electro-
osmotic drag would occur from anode to cathode, it would actually
lead to a lower overall H, crossover flux from cathode to anode and
would only affect it during electrolyzer operation, i.e., when a
current is drawn.

Note that in the following, the term “permeation” is used to
describe the measured H, crossover from cathode to anode, even
though, strictly speaking, the term permeation would only apply to a
partial gradient driven transport (Eq. 1) and not to the convective
transport processes. Furthermore, H, permeation rates are referenced
to the dry thickness of the membranes.

Results and Discussion

H, permeation rates using permeation cell measurements.—
First, to validate the H, permeation measurement method based on
the quantification of the H, concentration in the O, exit stream of the
anode compartment of a PEM-WE by mass spectrometric analysis,
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the H, permeation rates through Nafion® membranes are measured as
a function of the H, partial pressure. The thus determined H,
permeation rates are then compared with those determined by the
well-established electrochemical method to quantify H, permeabil-
ities, which is based on the electrooxidation of H, that is permeating
through an MEA with the same membrane from a H,-filled
compartment into a N,-filled compartment of a fuel cell or
electrolyzer cell.'®*!

For the here used H, permeation measurement method that is
based on quantifying the H, concentration in the O,-containing
anode compartment, a Nafion' membrane is assembled between the
PTLs (Ti sinter on anode and carbon paper on cathode) in the cell
hardware (cf Fig. 2a). A mixture of O, (50 mlmin~"' for py, <
10 bar and 100 ml min~! for P2 > 10 bar) and H,O (10 ml min~ ")
is supplied to the anode inlet in order to ensure sufficient
humidification of the membrane as well as a sufficient gas flow to
the mass spectrometer (see Experimental section). On the cathode,
H, gas is supplied at a flow rate of 50 ml min~' and the H, partial
pressure is varied from 1-30 bar while the anode is kept at ambient
pressure. A hold time of 15 min is applied for each pressure step to
give the system enough time to stabilize and to obtain a constant
signal in the mass spectrometer. Each pressure step is measured
twice (once while increasing the pressure and once while decreasing
the pressure), and the dev1at10n between the obtained values was
always <0.4 mA cm™ (NO 02 mmol m?>s~ ). The averaged H,
permeation rates calculated from the mass spectrometer (MS) data
are shown in Fig. 2c as a function of H, partial pressure for a N. aﬁon
117 (referenced to a dry thickness of ~178 um) and a Nafion” 212
(referenced to a dry thickness of ~51 ym) membrane. For both
Nafion® 117 (red symbols/line in Fig. 2¢) and Nafion” 212 (blue
symbols/line in Fig. 2c), the permeation rate increases linearly with
H, partial pressure. Furthermore, the H, partial pressure normalized
permeation rate (i.e., the slope of the lines in Fig. 2¢) of the thin
Nafion” 212 membrane (1.10 mA cm ™2 barfl) is a factor ~3.5
higher compared to the Nafion” 117 membrane (0.31 mA cm 2
bar '), exactly matching the inverse of the thickness ratio between
the two membranes (178 pm/51 pm ~ 3.5). Both findings indicate
that diffusion-driven H, permeation according to Eq. 1 is the
dominating process, since the H, diffusion rate is directly propor-
tional to the H, partial pressure and to the inverse of the membrane
thickness (cf Eq. 1). If convective transport due to the pressure
difference between anode and cathode were to have a significant
influence, a quadratic dependency on H, pressure would be expected
(cf Eq. 3), which clearly is not observed in these measurement.

To validate the H, permeation rates obtained by quantifying the
concentration of crossover H, in O, with the mass spectrometer
setup (cf Fig. 2a), we will now compare them with the results from
an electrochemical measurement technique frequently used to
determine H, permeation rates.'®' The setup for this measurement
is described in Fig. 2b. An MEA is fabricated with a Nafion” 212
membrane and carbon supported platinum (Pt/C) electrodes (=0.3
mgpy cmfz) with a standard ionomer/carbon mass ratio of 0.6/1 on
both sides of the MEA. This MEA is then assembled between the Ti
sinter and the carbon paper PTLs in the same electrolyzer cell
hardware, and N, gas (50 ml min~ ') along with water (5 ml minfl)
are supplied to the anode compartment while H, (50 ml min~") is
supplied to the cathode compartment. A positive potential of 0.4 V is
applied to the anode and, consequently, H, permeating through the
membrane to the anode is oxidized to protons at the Pt catalyst (note
that the counter reaction in the H, compartment is the H, evolution
reaction), whereby the measured limiting current density represents
the rate of H, permeation through the membrane. This measurement
was performed for H, partial pressures from 1-30 bar and the results
are shown by the green symbols/line in Fig. 2c. The results fit
perfectly with the H, permeation rate obtained for a Nafion” 212
membrane with the mass spectrometer setup (cf Fig. 2a). On account
of this excellent agreement between these two methods, we consider
our test setup based on a mass spectrometer to analyze the H,
content in the O,-rich anode gas suitable for H, permeation
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measurements during operation of a PEM-WE which will be
discussed in the next section.

H, permeation rates during PEM-WE operation.—To determine
the H, permeation rate during electrolyzer operation, i.e., as a function
of the applied current density, the setup shown in Fig. 3a is used. MEAs
are fabricated based on either a Nafion 212 or a Nafion® 117 membrane
The anode electrode consists of Ir-black (0.9 + 0.3 mgy, cm™ %), while a
Pt/C cathode (0.3 + 0.1 mgp, cmfz) with a standard ionomer/carbon
mass ratio of 0.6/1 is used. The MEAs are assembled between Ti sinter
(anode) and carbon paper (cathode) PTLs in the cell hardware. After a
conditioning procedure described in the Experimental section, H,
permeation rates are measured for different current densities up to
5 Acmf2 for the Nafion” 117 membrane and up to 6 A cm ™2 for the
Nafion” 212 membrane. The maximum current density is determined by
an upper potential limit of 2.4 V. Permeation rates at a current density of
zero are recorded while a potential of 1.3V is applied to the iridium
anode. At this potential, the surface of the iridium catalyst is oxidized
and, consequently, exhibits a very low HOR activity."® This is crucial,
since H, oxidation on the anode would reduce the amount of H,
detected at the anode outlet by the MS and, therefore, would lead to an
underestimation of the H, permeation rate. The current measured during
the potential hold at 1.3V is <l mAcm 2 (<0.05mmolm 2s 1),
proving that the HOR activity of the iridium catalyst is negligible, which
is a prerequisite for the here used H, permeation rate measurements.
Furthermore, the potential hold at 1.3 V ensures that the anode catalyst is
never exposed to a reducing atmosphere. This is important since it was
shown that frequent cycling between a reducing and an oxidizing
atmosphere on the anode can lead to a significant alteration of
the catalyst properties, which could also influence H, permeation
measurements.

The obtained H, permeation rates for H, partial pressures
between 1 — 30 bar as a function of current density are shown in
Fig. 3b for a Nafion" 117 membrane and in Fig. 3c for a Nafion® 212
membrane. Full symbols along with full lines represent the data
measured while increasing the current density, whereas open
symbols along with dotted lines show the data obtained while
decreasing the current density. The error bars represent an overall
error of the H, permeation measurement based on the accuracy of
the mass spectrometer, fluctuations of the operating conditions, as
well as uncertainties related to the active area in the cell (a detailed
explanation can be found in the Appendix). Brown crosses give the
H, permeation rates measured with the permeation cell setup shown
in Fig. 2a. It can be observed that these values very closely match the
H, permeation rates for the Nafion” 212 membrane measured for the
setup shown in Fig. 3a during the potential hold at 1.3 V (cf Fig. 3c,
comparing the brown crosses and the symbols at 0 A cm™2), while
they are up to ~15% lower for the Nafion” 117 membrane (cf
Fig. 3b). A possible explanation for this deviation is an insufficient
humidification of the membrane in the permeation cell test setup
shown in Fig. 2a, where the membrane was equilibrated with liquid
water by supplying 5 mlyo min~' to the anode for ~2 h. However,
studies on the water uptake of Nafion’ membranes show that an
equilibration time of up to 150 h. can be required for a Nafion® 117
membrane at 80 °C.?° For the measurements performed with the test
setup shown in Fig. 3a, on the other hand, conditioning of the MEA
included a current hold at 1 A cm ™2 as well as several polarization
curves. This not only results in a longer overall conditioning time,
but also the transport of water from anode to cathode due to the
electro-osmotic drag during electrolyzer operation is expected to
lead to a faster equilibration of the membrane. Since in general a
longer equilibration time is expected for a thicker membrane, this
could explain why a difference in H, permeation rates at 0 A cm ™2 is
observed for the Nafion” 117 membrane (~15%, cf Fig. 3b), but not
for the Nafion” 212 membrane (cf Fig. 3c).

From Figs. 3b and 3c it can be observed that the H, permeation
rate increases with the current density for both membranes. With
both membranes, there is a hysteresis in the H, permeation rates,
with the values being lower while increasing the current density
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Figure 3. (a) Sketch of the test setup used for H, permeation measurements
with a mass spectrometer during PEM-WE operation. For this, H, is supplied
to the cathode (50 ml min’l), while the anode is supplied with H,O
(10 ml min™") and O, (50 ml min™" for py, < 10 bar and 100 ml min™ for
pu2 > 10bar). (b) H, permeation rate as a function of current density for
different H, partial pressures measured with a Nafion” 117 membrane at 80 °
C. (c) H, permeation rate as a function of current density for different H,
partial pressures measured with a Nafion” 212 membrane at 80 °C. Full
symbols along with full lines in b) and c) represent the data measured while
increasing the current density, whereas open symbols along with dotted lines
show the data obtained while decreasing the current density. The electrodes
of the MEA consist of iridium black (0.9 + 0.3 mg;, cm'z) on the anode and
of Pt/C (0.3 = 0.1 mgp, cm?) with a standard ionomer/carbon mass ratio of
0.6/1 on the cathode. Brown crosses give the H, permeation rates measured
with the permeation cell setup shown in Fig. 2a, i.e., for the membrane
without electrodes.

(solid symbols/lines) compared to when subsequently decreasing the
current density. A possible explanation for this phenomenon is that
even though a hold time of 90-180 min was applied at each
measurement point, the H, permeation rate was still not completely
constant (i.e., it was still slowly increasing with time), especially for
the measurements taken while increasing the current density.

The relative increase of the H, permeation rate with current
density is most pronognced for small H, partial pressures. For an
MEA with the Nafion 117 membrane, the H, permeation rate at a
pressure of 1 bar reaches a value of 3.3 mA cm™ ~ at a current density
of 5 A cm ™2, which is ~15 times higher than the expected value at
this H, partial pressure that is measured at 0 Acm 2 A similar
increase is observed for the Nafion” 212 membrane, where a value of
15.2 mA cm ™2 is reached at a current density of 6 A cm™, ~20 times
higher than the value obtained at 0 A cm™ 2. For higher operating
pressures, the relative increase is smaller, with only ~16% at
5Acm 2 and 30bar for the Nafion® 117 membrane, while the
permeation rate can be considered essentially independent of current
density (within the range of the measurement error) for the Nafion”
212 membrane at 30 bar. The observed increase of permeation rate
with current density has been shown frequently in the
literature,***3° albeit to different extents, which indicates a strong
influence of the measurement method and/or the cell setup (cell
hardware, PTL, MEA, etc.,) on this phenomenon.26 Possible reasons
for this current dependency will be discussed briefly in terms of the
simple models for H, transport through the membrane presented in
the Theory section. Diffusive flux of H, according to Eq. 1 only
depends on the H, concentration gradient between cathode and
anode, Acy,, the membrane thickness, fyemp, and the effective
diffusion coefficient, ng, i.e., it should not directly depend on
the current density. However, if one of the above mentioned
parameters were to be affected by the current density, this would
indeed lead to a current density dependence of the H, permeation
rate. For example, there are in principle two possibilities to increase
the effective H, concentration at/near the membrane/cathode inter-
face with increasing current densities, which have been discussed in
the literature'***>: either an increase in the local H, partial
pressure at the membrane/cathode interface due to limited removal
rates of the evolved H, or H, super-saturation in the ionomer phase
at high H, production rates (i.e., at high current densities). An
increased H, concentration in the ionomer phase at/near the
membrane/cathode interface either by an increased py, or by H,
super-saturation would directly translate into an increase of the
diffusive H, flow. With regards to the H, diffusion coefficient, De;f,
there are two possible effects which must be considered: (i) Dfé is
expected to increase with temperature, so that a local temperature
increase at the MEA due to the high amount of heat produced at high
current densities could lead to an increase of the H, permeation rate;
(ii) a change in the water content of the membrane with current
density could also affect ng. Due to the electro-osmotic drag water
is transported from anode to cathode, which could lead to a more
homogeneous water distribution across the membrane at high current
densities. However, this may be negatively affected by differential
pressure operation and the corresponding hydraulic water transport
from cathode to anode. For the conceivable variations in MEA
temperature and membrane water content, one would expect,
however, that the variation of Dﬁ‘;f could not account for the above
described more than 10-fold increase in the H, permeation rate.

Convective transport due to a total pressure difference between
cathode and anode was shown to be insignificant by the permeation
cell measurements presented in the previous section. There, the
permeation rate was found to be perfectly first order with respect to
prz (cf Fig. 2c), as predicted in the absence of a total pressure
difference driven flux (as discussed in the Theory section). Another
possible effect on H, permeation could be the convective flux of
water due to the electro-osmotic drag that is a function of current
density. However, since the electro-osmotic drag of protons goes
from the anode to the cathode, dragging along H,O and thus H,
dissolved in H,O, it would lead to a lowering of the overall H,

(0]
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permeation rate from cathode to anode with increasing current
density, i.e., the opposite of what we observe. Hence, the effect of
the electro-osmotic drag is either negligible or is compensated by
other effects which lead to an increase of H, permeation rate with
current density.

In recent studies, Trinke et al. suggested that H, super-saturation
in the ionomer phase of the cathode catalyst layer is the main reason
for the increase of the H, permeation rate with current density, and
that the extent of this increase depends on the mass transport
properties of the cathode catalyst layer.' The authors changed the
ionomer content in the cathode and, consequently, the void volume
fraction of the catalyst layer; they found that with increasing
ionomer content the mass transport overpotential increased similar
to what was shown previously by Rheinlinder et al.*> Additionally,
they observed a stronger increase of the H, ]permeation rate with
current density for a higher ionomer content.>' While they ascribed
this to an increasing degree of H, super-saturation in the ionomer
phase with current density, a partial pressure build-up at/near the
membrane/cathode interface could also explain this phenomenon. A
similar behavior was observed in the present study when the
ionomer/carbon (I/C) mass ratio in the cathode electrode was
increased from its standard value of 0.6/1 to higher values of 1.2/1
(cf Fig. 4). By increasing the cathode I/C ratio, the volume fraction
of ionomer in the cathode catalyst layer increases while its void
volume fraction decreases, as is shown in Fig. 4a. Here, the catalyst
volume fraction (V.,; gray bars) is determined from the measured
catalyst loading (L.,), the average density of the 45.8 wt% Pt/C
catalyst (pear =~ 3.1g cm73), and the measured cathode layer
thickness (#..m), as outlined in detail in Ref. 7 For the calculation
of the ionomer volume fraction (Vj,,, brown bars), swelling of the
ionomer due to water uptake is accounted for by considering a water
content of A = 21 (X being the moles of water per mole of sulfonic
acid group) for the applied operating conditions (liquid water at 80
"C),2 33 which leads to a ~80% volume increase of the ionomer
compared to the dry ionomer (for details, see Ref. 7). The void
volume fraction (Vy;q) then equates to Vygig = 100% - Veae - Vions
which becomes rather small at an I/C mass ratio of 1.2/1 (white bars
in Fig. 4a).

This low void volume fraction and the high ionomer volume
fraction in cathode electrodes with high I/C ratios has two possible
consequences: (i) a low V44 will likely impede the removal of the
evolved H, gas, which would lead to a partial pressure build-up at
the membrane/cathode interface and thus to an increase of the H,
concentration in the ionomer phase (as predicted by Henry’s law),
which in turn would increase the H, permeation rate acc. to Eq. 1;
and/or (ii) a high Vi,, might lead to a restricted transfer of the
evolved H, from the catalyst surface through the ionomer film
covering the catalyst surface into the open pore volume, which could
lead to H, super-saturation in the ionomer phase, which in turn again
would increase the H, permeation rate. While Trinke et al. suggest
that H, super-saturation is responsible for the increase of the H,
permeation rate with current density,®' a local H, pressure build-up
was also suggested to cause this effect. Both phenomena would lead
to an increase in the H, permeation rate with increasing current
density, which would be expected to be increasingly more pro-
nounced with increasing I/C ratio of the cathode electrode. This is
indeed observed for the H, permeation rate vs current density
recorded at 10 bar H, shown in Fig. 4b: between 0 Acm 2 and
4 Acm 2 the H, permeation rate increases by a factor of ~1.4,
~2.5, and ~3.3 for cathode electrode I/C ratios of 0.6/1 (green
symbols/lines), 0.9/1 (purple symbols/lines), and 1.2/1 (dark red
symbols/lines), respectively. If this were simply due to a local H,
partial pressure build-up at the membrane/cathode interface
(PH2,10cal())s PH2,locald) at 4 Acm~2 over that at 0 Acm > would
have to increase by the same factor. As pysjoca at 0 A cm ™2 must
correspond to the H, partial pressure in the cathode compartment
(PH2.cathode)s the H, partial pressure difference between the cathode
compartment and the membrane/cathode interface at a given current
density (Apcathode()) Would then correspond to p jocalty - PH2.cathode
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Figure 4. (a) Cathode catalyst layer volume fractions for three different
ionomer to carbon (I/C) ratios (by mass). V., represents the volume fraction
of the Pt/C catalyst, Vi, the volume fraction of ionomer equilibrated with
liquid water at 80 °C, and V,,;q the remaining electrode void volume. These
were determined by measuring the thickness and the areal weight of the
cathode catalyst layers (see text and reference7). (b) H, permeation rate as a
function of current density for cathode electrodes with different I/C ratios
measured with a Nafion” 117 membrane at 80 °C and a H, partial pressure of
10 bar. Full symbols along with full lines represent the data measured while
increasing the current density, whereas open symbols along with dotted lines
show the data obtained while decreasing the current; the MEAs are composed
of iridium black (0.9 + 0.3 mgy, cm?) on the anode and of PY/C (0.3 = 0.1
mgp, cm’%) on the cathode. The brown cross marks the H, permeation rate
measured with the permeation cell setup shown in Fig. 2a, i.e., for the
membrane without electrodes and without applied current.

Based on this, the increase of the H, permeation rate between
OAcm 2 and a given current density would be proportional to
AP cathode(iy/PH2,cathodes Which for the observed increase of the H,
permeation rate between 0 and 4 A cm ™2 at 10 bar (see above) would
amount to Apcahodeiy ~ 4 bar, &~ 15bar, and ~ 23 bar, for the
cathode electrode I/C ratios of 0.6/1, 0.9/1, and 1.2/1, respectively.

Assuming that Apgahodey produced by a hindered H, transport
through the void volume of the cathode electrode for a given cathode
electrode I/C ratio (i.e., for a given V,.;q) were independent of the
total H, pressure in the cathode compartment (P2 cathode), the
relative increase of the H, permeation rate between 0 A cm™ ~ and
a given current density would again be expected to be proportional
to Apcalhode(i)/pl—lz,calhodev so that it should diminish as PH2,cathode
increases. This would be consistent with the observations shown in
Fig. 3b and 3c, where the relative current density dependence of the
H, permeation rate diminishes with increasing puo cathode- While this
local H, pressure build-up seems to be a reasonable explanation for
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Figure 5. (a) H, permeation rate vs current density for cathode electrodes
with a standard I/C ratio of 0.6/1 (solid symbols/lines) and a high I/C ratio of
1.2/1 (open symbols, dotted lines) measured with a Nafion” 117 membrane at
80 °C and H, partial pressures of either 1 bar (purple) or 30 bar (turquoise).
Here, the average value of the data points measured while increasing and
decreasing the current is shown. Brown crosses give the H, permeation rates
measured with the permeation cell setup shown in Fig. 2a, i.e., for the
membrane without electrodes and without applied current. (b) H, permeation
rates for the same cathode electrodes and operating pressures as in a)
normalized by the permeation rates obtained at zero current. The MEAs are
composed of iridium black (0.9 + 0.3 mg;, cm™) on the anode and of Pt/C
(0.3 £ 0.1 mgp, cm?) on the cathode.

the increase of the H, permeation rate with current density, the effect
of H, super-saturation is another possible explanation.

In terms of the practical application of PEM-WE:s, a substantial
increase of the H, permeation rate with current density could be
problematic, since it would result in a lower faradaic efficiency and
could lead to the formation of a sufficiently high H, concentration in
the anode gas even at high current densities, possibly exceeding the
explosive limit. To illustrate the extent of an increasing H,
permeation rate with current density, the H, permeation rates
determined for Nafion” 117 MEAs with either the standard cathode
electrode I/C ratio of 0.6/1 (solid symbols/lines) or with the highest
here examined I/C ratio of 1.2/1 (open symbols, dotted lines) are
plotted in Fig. 5a for two different H, pressures in the cathode
compartment (Ppz camode): (1) for a H, partial pressure of 1 bar
(purple symbols/lines), where the strongest increase of the H,
permeation rate with current density is observed, and (ii) at an
application-relevant PEM-WE operating pressure of 30 bar (tur-
quoise symbols/lines). As expected, the increase of the H, permea-
tion rate with current density is more pronounced for cathode
electrodes with the high I/C ratio of 1.2/1 compared to the standard

I/C ratio of 0.6/1, both for 1 bar as well as for 30 bar. This clearly
demonstrates the importance of designing cathode electrodes with an
as low as possible I/C ratio, whereby for the standard cathode
electrode I/C ratio of 0.6/1e proton conduction related voltage losses
at 80 °C are <10 mV at 3 A cm >.” The relative H, permeation rate
at Pu2.cathode = 1 bar shown in Fig. 5b increases rather dramatically
from 0 to 4 A cm ™2, namely by a factor of ~9 (cathode I/C of 0.6/1)
and ~25 (cathode I/C of 1.2/1), consistent with the strong current
density dezpendence of the H, permeation rate at 1 bar reported in the
literature.>*>° While a similarly high factor at pys cahode = 30 bar
would lead to very poor if not unacceptable faradaic efficiencies, the
relative increase of the H, permeation rate at 30 bar is fortunately
quite small, corresponding to a factor of only ~1.1 (cathode I/C of
0.6/1) and ~1.6 (cathode I/C of 1.2/1). This shows that at realistic
PEM-WE operating conditions (i.e., at a H, pressure of 30 bar) and
for a cathode electrode which is optimized with regards to its mass
transport properties (i.e., with regards to its I/C ratio), the increase of
the H, permeation rate with current density is almost negligible. In
the following section, we will discuss the impact of the measured H,
permeation rates on the efficiency and the operating range of a PEM-
WE.

PEM-WE efficiency and operating range.—In this section, the
measured H, permeation rates will be used to discuss the overall
efficiency and the feasible operating range of a PEM-WE for the
membranes with different dry thicknesses investigated in this study
(Nafion” 117 and Nafion” 212 with ~178 yum and ~51 pum,
respectively). In today’s PEM-WEs, relatively thick membranes (e.
g., Nafion” 117) are used, because they are mechanically robust and
provide a good compromise between ohmic resistance and low gas
permeability.** However, thinner membranes offer a high potential
for reduction of H, generation costs,' as will be illustrated in the
following.

Figure 6a shows a PEM-WE polarization curve of an MEA with
a Nafion” 117 membrane at a temperature of 80 °C and a H, partial
pressure of 30 bar in the cathode compartment (the anode compart-
ment is kept at ambient pressure), which today would be operated at
a maximum current density of 1 — 2Acm 2 in a commercial
electrolyzer.’ In general, increasing the current density can be a way
to lower H, generation costs by reducing the total cell area required
to achieve a given target H, production rate, i.e., lowering the capital
expenditures. However, at higher current densities the cell voltage
increases significantly due to the high ohmic resistance of the thick
proton-conducting membrane, leading to a lower efficiency. This is
illustrated by the following voltage loss analysis, that was performed
analogous to how it was done in our previous work.” Briefly, the
overpotential for the OER (AEggr) was determined by a Tafel
analysis, based on a Tafel slope of ~45 mV dec™' (determined in the
10-100 mA cm ™2 region) and a mass activity of ~63 A g, '
(determined at an iR-free cell voltage of 1.5 V) and is represented
by the purple shaded areas in Fig. 6. Due to the fast kinetics of the
HER, the resulting HER overpotential (AEygg) is negligible as
shown in our previous studies.”*> The overpotential due to ohmic
losses (AEqpmic) was determined by multiplying the ohmic resis-
tance with the current density (AEumic = i-Rqo) and is illustrated by
the orange shaded areas in Fig. 6. The ohmic resistance (Rq)
represents the sum of the ionic resistance of the membrane
(Rmemb) and the electrical resistance (R) and is obtained by
extracting the high frequency resistance (HFR) from the measured
impedance spectra. The remaining overpotential (AE yanspor)s i.€.,
the difference between the measured cell voltage (E..;;) and the sum
of the reversible cell voltage (E.,), the OER overpotentials (AE
oEr)> and ohmic losses (AEgnmic), is attributed to transport phe-
nomena (AE transport — Ecell - (Erev + AE OER + Athmic))~ This
includes voltage losses due to proton transport in the catalyst layers
(REF ., RET ) as well as mass transport losses (AE,)" and is
represented by the green shaded areas in Fig. 6.

This analysis of the various voltage loss contributions shows that
at the highest current density of 5 A cm ™2 & 64% of the total voltage
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loss are due to ohmic losses (AEgymic) that are mostly due to the
proton conduction resistance of the thick Nafion” 117 membrane
(see orange shaded area in Fig. 6a). Since the electrical resistance
represents only a small fraction of the ohmic resistance (~12 mQcm?
for the setup used in this study’), reducing the ionic membrane
resistance offers the largest leverage to improve high current density
performance. Figure 6b shows the result of reducmg the membrane
thickness by a factor of ~3.5 by using a Nafion” 212 (51 um dry
thickness) instead of the Nafion® 117 (178 um dry thickness). With
the thinner membrane, the AEpmic contribution at the highest
current density of 5Acm™? is lowered by a factor of ~2, now
accounting for only ~44% of the total voltage loss. Simultaneously,
at the frequently used voltage efficiency target of 70% based on the
lower heating value (LHV) of H, (corresgonding to =~1.79 V), the
current density increases from 1.6 Acm 2 to 3.5 Acm 2 (see red
and blue dashed lines in Fig. 6), i.e., by a factor of ~2.3 for the MEA
with the thinner Nafion” 212 membrane. This increase of the stack’s
H, output translates directly into a stack cost reduction by a factor of
~2.3 while the same voltage efficiency is retained. From this
example, it becomes clear that minimizing the membrane thickness
offers great potential for cost reduction.

While the voltage efficiency of a thin Nafion” 212 membrane is
quite superior, it obviously exhibits a higher H, permeation rate
which results in a lower faradaic efficiency, especially if the
electrolyzer is operated at elevated pressure. In general, however,
pressurized electrolysis is beneficial compared to ambient pressure
operation, because it reduces the energy demand for subsequent
mechanical compression as well as the effort for gas drying due to
the lower water content at higher pressure.'”® Typical operatm%
pressures of commercial PEM-WEs are in a range of 20-50 bar,’
and a H, partial pressure of 30 bar is chosen here for the following
analysis. The overall efficiency taking into account the voltage
efficiency as well as the faradaic efficiency is presented in Fig. 7a for
MEAs based on a Nafion” 117 membrane (red lines in Fig. 7a) and a
Nafion® 212 membrane (blue lines). The voltage efficiency based on
the LHV of H,, Tvoltage> AN be calculated by dividing the reaction
enthalpy for water in its gaseous state, AH® (—242kJmol '
corresponding to an LHV-equivalent voltage of 1.25V) by the
actual electrical energy input determined from the operating cell
potential, E

—AH°
1 =|— 5
]vollage ‘ 2.F. Ecell ’ [ ]
The dashed lines in Fig. 7a show the voltage efficiency, 7, jg.- at a

H, partial pressure of 30bar, at ambient anode compartment
pressure, and at a temperature of 80 °C, as determined from the
measured polarization curves in Fig. 6 in combination with Eq. 5.
Obviously, the MEA with the thin Nafion” 212 membrane (blue line)
exhibits a higher voltage efficiency than that with the thick Nafion”
117 membrane, especially at high current densities, due to the lower
ohmic resistance as already discussed in Fig. 6.
On the other hand, the faradaic efficiency can be calculated as

lcell — IH, — [0,
Mfaradaic = i [6]
cell

where i.q is the current density at which the cell is operated—
corresponding to a certain theoretical H, production rate—and iy,
and io, are the H, and the O, permeation current densities in units of
mA cm™2 Let us first estimate the relative contribution of ig,
compared to iy, for the here considered PEM-WE operation with py,
~ 30 bar in the cathode compartment and with ambient pressure in
the anode compartment (corresponding to po, ~ 0.5 bar at 80 °C),
first looking into the case where no electrolysis current is applied:
even though ip, in PFSA membranes is very similar to iy, at equal
partial pressures of O, and H, (note: while the O, permeability is &2
times lower than that of HZ,M each mol of O, consumes two moles
of H, upon its reaction to H,O on the cathode catalyst), the ~60-fold
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Figure 6. PEM-WE single-cell (5 cm?) polarization curves at a temperature
of 80 °C and a H, partial pressure of 30 bar (the anode compartment is kept at
ambient Eressure) obtained for MEAs with thick vs thin membranes: (a) with
a Nafion 117 (178 pm dry thickness; red solid line); (b) with Nafion” 212
(51 pm dry thickness; blue solid line). The electrodes of the MEA consist of
iridium black (0.9 + 0.3 mgy, cm’?) on the anode and of Pt/C (0.3 % 0.1 mgp,
cm’?) with a standard ionomer/carbon mass ratio of 0.6/1 on the cathode. The
dotted black lines mark the reversible cell voltage at these conditions
(1.23 V), while the purple shaded areas represent the OER Kkinetic over-
potential losses (AEogr), the orange shaded areas mark the ohmic potential
losses (AEgnmic), and the green shaded areas represent the overpotentials due
to proton conduction resistances in the electrodes and mass transport
resistances of the evolved gases (AEyanspor). The dashed black lines
represent a voltage efficiency of 70% based on the lower heating value
(LHV) of H,, and the current density at which this voltage efficiency is
reached is marked for the Nafion” 117 membrane (red) and for the Nafion”
212 membrane (blue) in Fig. 6b (note that the voltage efficiency discussed
here does not include the faradaic efficiency which is discussed in the
following).

higher partial pressure of H, compared to O, equates to a ~60-fold
lower i, compared to iy,. Therefore, under these pressure conditions
and at 0 A cm™ ", io, is negligible compared to iy,. On the other hand,
under PEM-WE operation at ambient anode compartment pressure,
the O, permeation rate was found to increase by a factor of ~17
between 0 and 2 A cm—2"3 (analogous to what is observed for the H,
permeation rate; cf Fig. 5b), so that on the basis of this report the
ratio of iy, over ip, is projected to change to ~3/1 at 2 Acm 2
While this would not be entirely negligible anymore, the contribu-
tion of io, to the overall faradaic efficiency at >1Acm™> can
nevertheless be neglected, since the faradaic efficiency is well above
95% at current densities of >1Acm™2. Therefore, we have
neglected ip, in the following calculation of the faradaic efficiency
that is based only on the current dependent H, permeation rates



5 RESULTS

Journal of The Electrochemical Society, 2020 167 124502

taken from Fig. 3 (using the average value of the measurements
taken at increasing and decreasing current density), and which is
represented by the dotted lines in Fig. 7a. As expected, the faradaic
efficiency is higher for the MEA with the thick membrane,
especially at <0.5 A cm ™2, where the H, production rate is relatively
low compared to the losses due to H, permeation; again, as argued
above, the contribution of ip, to the faradaic efficiency is negligible
at such low current densities for the here considered PEM-WE
operation at a H, partial pressure of 30 bar and ambient pressure in
the anode compartment.

The overall efficiency, taking into account voltage losses as well
as losses due to H, permeation can now be calculated as

Thotal = nvnltage Nfaradaic [7]

and is represented by the full lines in Fig. 7a. An optimum in total
efficiency of 77% is achieved for the MEA based on a Nafion® 117
membrane at a current density of ~0.3 A cm™ 2. For the Nafion” 212
membrane, a maximum in efficiency of 75% is obtained at a
significantly higher current densuy of ~0.8 Acm™2 In general,
the MEA with the thick Nafion” 117 membrane shows a higher
efficiency compared to the thin Nafion” 212 membrane at low
current densities, where losses due to H, permeation are the
dominating effect (as discussed above the contribution by io, is
projected to be negligible at <1 A cm™2). At high current densities,
on the other hand, ohmic losses are dominating the overall efficiency
while faradaic losses are almost negligible. Consequently, the MEA
with the thin Nafion” 212 membrane exhibits a higher efficiency at
current densities above ~0.7 A cm™ 2. Considering that operation at
high current densities is preferred to reduce the electrolyzer stack
costs, a thin membrane would always be favorable in terms of
efficiency.

However, besides of the maximum efficiency at a certain
operating point, the dynamic operating range, i.e., the range of
current densities over which an electrolyzer can be operated, is
another important factor for the application of PEM-WEs, especially
in the context of an increasing share of renewable energy sources
and the resulting intermittent energy output. Defining a minimum
total efficiency of 70% (LHV basis) as a target for PEM-WE
operation, the MEA with the thick Nafion” 117 membrane could be
operated in a range from 0.07 — 1.4 A cm ™2 (cf red dashed bar in
Fig. 7b) and the MEA with the thin Nafion’ 212 membrane in a
range from 0.23-3.1 Acm 2 (cf blue dashed bar in Fig. 7b).
Translated into a dynamic stack power range (Pgack = Ecen X
icenn), this corresponds to ~0.11 — 2.5 Wem™2 and ~0.36 -
5.5Wcm 2 for Nafion” 117 and Nafion” 212, respectively. This
shows that when a minimum efficiency of 70% is the only criteria
that is taken into account, a reasonably large dynamic stack power
range with a factor of ~23 (Naﬁon® 117) and =15 (Naﬁon® 212) can
be achieved for both membranes.

For a practical application, however, the lower limit in current
density at which an electrolyzer can be operated will not be defined
solely by an efficiency requirement, but the H, concentration in the
anode compartment as a result of the H, permeation through the
membrane has also to be considered. Since the HOR activity of
iridium-based catalysts is negligible in the relevant anode
potentials,'® permeating H, will only be removed by the exiting
anode gas, so that the H, volume fraction (xy,) in the O,-containing
anode compartment can simply be calculated from the H, permea-
tion rates (in terms of iy,) from Fig. 3 and the PEM-WE current (icej)
under the assumption that a loss of O, on the anode due to
permeation to the cathode is negligible:

H, — in/(iHZ + 0.5 - icell) [8]

Figure 8 shows the resulting values of xy, vs current density for
dlfferent H, partial pressures for Nafion” 117 (Fig. 8a) and for
Naﬁon 212 (Fig. 8b). The lower explosive limit for H, in O, is
~4%.? but in a real system we assume that a safety factor of at least
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Figure 7. (a) Single-cell (5 cm2) PEM-WE total efficiency vs current density
for a Nafion” 117 (red) and a Nafion” 212 (blue) membrane at a temperature
of 80 °C, and a H; partial pressure of 30 bar while the anode compartment is
kept at ambient pressure. Dashed lines give the voltage efficiency, 7yorage
dotted lines give the faradaic efficiency, 7gyragaic. and full lines give the total
efficiency (see Eq. 7); note that the contribution of O, permeation to the
faradaic efficiency has been neglected here (see text). (b) Operating range at a
total efficiency of >70% referenced to the LHV of H, (with 100% LHV
corresponding to 1.25 V) for a Nafion” 117 (red dashed bar) and a Nafion”
212 (blue dashed bar) membrane. The vertical dashed black lines indicate the
current density below which the H, in O, content in the anode compartment
would exceed 2% (derived from Fig. 8). The MEAs are composed of iridium
black (0.9 + 0.3 mg;, cm’z) on the anode and of Pt/C (0.3 + 0.1 mgp, cm’z) on
the cathode.

two would be applied, which means that the H, in O, volume
fraction should not exceed 2%, a value which is marked by the
dashed red line in Fig. 8. At a H, partial pressure of 30 bar and a
temperature of 80 °C, this requlrement would result in a lower limit
for operation of 1.1 Acm™ for the Nafion” 117 membrane (cf
Fig. 8a), while safe operation would not be possible below
3.4 Acm 2 for the Nafion” 212 membrane (cf Fig. 8b). Taking
into account the current density range imposed by the efficiency
target of 70% LHV (cf Fig. 7) as well as the upper limit for xy, of
2%, the MEA with a Nafion” 117 membrane could only be operated
in a very small window of current densities from 1.1-1.4 A cm 2,
while both criteria cannot be fulfilled simultaneously for the Nafion”

212 based MEA. Therefore, without additional mitigation strategies
to lower the H, concentration in the anode compartment, the desired
PEM-WE operating conditions of 30 bar and 80 °C with a reason-
able dynamic range would not be possible with MEAs based on
either of the two membranes.

On the materials level, this issue could be addressed by using
membranes that have a higher proton conductivity to H, perme-
ability ratio (oy. /Py, ratio) than PFSA membranes,*® but so far
alternative membrane materials such as hydrocarbon (HC) based
membranes do not show a more than ~1.5 — 2 times higher oy /Py»
ratio than conventional PESA membranes.*®° While this would be a
benefit, it would still not provide a sufficiently large dynamic power
range; furthermore, the durability of HC based membranes still
needs to be improved.*® Therefore, other mitigation strategies have
currently to be employed in order to prevent the formation of an
explosive gas mixture at low current densities in a PEM-WE. A
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Figure 8. Volume fraction of H, (xy,) in the O,—containing anode gas vs
current density for PEM-WE operation at different H, partial pressures and
ambient pressure in the anode compartment at 80°C based on the H,
permeation rates in Fig. 3 (averaged over the values obtained with increasing
and decreasing current density) and Eq. 8: (a) for an MEA with a Nafion” 117
membrane (178 ym dry thickness); (b) for an MEA with a Nafion® 212
membrane (51 ym dry thickness). The red dashed lines mark the volume
fraction of 2% H, in O, which is considered as a safety limit in this work.

detailed analysis of different mitigation strategies for PEM-WE as
well as for alkaline electrolysis can be found in a recent study by
Trinke et al.>’ The simplest options are to reduce the operating
temperature and/or the H, pressure in order to reduce H, permeation
and to extend the operating range to lower current densities.
However, lower temperatures result in higher kinetic overpotentials
and lower proton conductivity, i.e., in a lower efficiency, while a
lower H, output pressure translates into a higher energy demand for
subsequent mechanical compression. Therefore, for electrolysis at
higher pressures, the formation of an explosive gas mixture even at
low current densities is generally prevented by the incorporation of a
H,/O, recombination catalyst to react the permeated H, to water.
Typically, a platinum catalyst is used, which can be placed at several
locations within the cell. In some instances, it is used in a gas
recombiner positioned downstream of the anode gas outlet or it is
deposited on the backside of the PTL.>° However, the former
approach still leaves the risk of a small volume of potentially
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explosive gas within the catalyst layer, PTL, and flow-field. Another
approach is the incorporation of a recombination catalyst into the
membrane, either dispersed within a certain region of the membrane
or introduced as an inter-layer, so that permeating H, and O, can
recombine to water inside the membrane, which was shown to lead
to a significant reduction of the H, in O, volume fraction in the
anode compartment.***? Of course, a recombination catalyst will
only reduce the risk of the formation of an explosive gas mixture but
will not improve the faradaic efficiency. However, as the analysis in
Fig. 7b shows, a sufficient dynamic operating range at a high
efficiency of >70% can be obtained despite of the faradaic losses.
Consequently, the implementation of a recombination catalyst is
currently the only approach to obtain a reasonable dynamic power
operating range for a PEM-WE with PFSA membranes.

Conclusions

In this study, we measured H, permeation rates during PEM-WE
operation at 80°C and various H, partial pressures for MEAs with a
Pt/C catalyst on the cathode, an Ir-black catalyst on the anode, and
PFSA membranes with different thicknesses (Naﬁon® 212 with
~51 pum and Nafion” 117 with ~178 um dry thickness). Based on
these results, a detailed analysis of the efficiency as well as the
possible operating range of PEM-WEs was presented.

First, in order to validate our test setup based on on-line mass
spectrometry, measurements of the H, permeation rate as a function
of H, partial pressure were performed in a permeation cell setup, i.e.,
without applying a current. A linear correlation of H, permeatlon
rate and H, partial pressure was observed w1th rates of 0.31 mA cm™
bar~' for a Nafion 117 and 1.10 mA cm™ bar~" for a Nafion” 212
membrane, indicating diffusion as the main crossover mechanism. A
good correlation of the results with a well-established electroche-
mical measurement method was observed, confirming the validity of
the results measured with the mass spectrometer.

In the second part, H, permeation rates for MEAs with Nafion”
117 and Nafion” 212 membranes were measured during PEM-WE
operation at 80 °C for H, partial pressures between 1 — 30 bar.
Consistent with the literature, a significant increase of the H,
permeation rate with current density was observed. This effect
increased with increasing ionomer to carbon (I/C) ratio of the
cathode electrode, and the possible causes for this phenomenon were
discussed. While the increase of the H, permeation rate is most
pronounced for low H, partial pressures and high cathode I/C ratios,
it can be reduced to a maximum of ~16% at 5 A cm* at a realistic
operating pressure of 30 bar by optimizing the I/C ratio of the
cathode electrode.

Finally, the impact of the measured H, permeation rates on the
dynamic range of a PEM-WE operated at a H, partial pressure of
30 bar and an anode compartment pressure of 1 bar at 80 °C was
discussed. The current density range over which a total efficiency (

, the product of cell voltage and faradaic efficiency) of >70%
W. rt the lower heating value (LHV) of H, could be achieved was
007 - 14Acm? for Naﬁon 117 based MEAs and
0.23-3.1 A cm™ > with Nafion” 212. This corresponds to a dynamic
stack power range of ~0.11- 25Wcm (a factor of ~23) for
Nafion 117 and of ~0.36-5.5 W cm ™ (a factor of ~15) for Nafion”
212. To utilize this dynamic range, however, a mitigation strategy to
avoid the formation of safety-critical H, concentrations in the anode
gas are required, which currently consists of the application of a
H,/O, recombination catalyst to the membrane, the porous transport
layer in the anode, to the stack hardware, or at the anode outlet.
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Appendix

Error calculation.—This section briefly explains the assump-
tions made to determine the measurement error of the H, permeation
rate as displayed by the error bars in Fig. 3 and 4. Three main
sources of measurement errors were considered to calculate the
overall error of the H, permeation measurement: (i) For the mass
spectrometer a total error oys = 3.2 % was determined based of the
inaccuracy of the calibration curve and fluctuations of the measure-
ment value over time; (ii) An overall error org = 2.7 % was assumed
for the components of the test station, i.e., for the inaccuracy of the
gas flow determined by the mass flow controllers and the limited
accuracy of temperature and pressure regulation; (iii) The largest
error is related to an inaccuracy when determining the active area for
H, permeation due to edge effects resulting from the assembly of the
MEA along with gaskets and subgaskets in the cell hardware. A
schematic drawing of the cell cross section is shown in Fig. A-1. The
area of the electrodes, Ag, is 5 cm? and is taken into account to
calculate the area specific current density. However, to determine the
area specific H, permeation rate an area of 5.76 cm? was assumed
(corresponding to the size of the window in the subgasket, Agg, i.€.,
24 x 24 mm) since H, permeation can in general occur through the
entire subgasket window. If one assumes that the increase in H,
permeation rate with current density is related to H, super saturation
in the catalyst layer as discussed in the previous sections, this effect
would of course only occur within the electrode area (5 cm?) and not
at the edge between electrode and subgasket. Consequently,
assuming an area of 5.76 cm® to determine the area specific H,
permeation rate would lead to an underestimation of the real value,
especially at high current densities where the effect of H, super
saturation is most pronounced. The resulting error which is a
function of the current density, i, can be calculated according to

Asg — Ag ) nHz(i) - nHz(i =0)
Asa ny, (i)

oaa (D) = [A-1]

The first term in Eq. A-1 denotes the difference between the area
of the subgasket window, Asg, and the electrode area, Ag, normal-
ized by Agg. The second term accounts for the fraction of the H,
permeation rate which is current dependent by subtracting the
permeation rate at zero current, ny,(i = 0), from the permeation
rate at a certain current density, ny, (i), normalized by ny, (i). For the
measured permeation rates shown in Fig. 3 this yields an error of

C-PTL

Cathode

Subgasket

F— 2amm —]
Ii 26 mm —|
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Figure A-1. Schematic drawing of the cell cross section between the flow
fields. Edge lengths of the electrodes, subgasket windows, PTLs, and gasket
windows are marked.

oaa+(@) = 0 — 11.9 % depending on current density and pressure.
Since this effect would lead to an underestimation of the H,
permeation rate, oaa, + (i) will be considered to determine the error
bars in positive direction in Figs. 3 and 4.

On the other hand, while the PTFE gaskets (thickness ~300 pm)
can be assumed as impermeable, the PTFE subgasket is only 10 um
thick and, hence, H, permeation through the subgasket is not
negligible (cf red arrow in Fig. A-1). This additional permeation
which is not accounted for in our measurement would lead to an
overestimation of the area specific H, permeation rate. The permea-
tion coefficient for PTFE is about ten times lower than for wet
Nafion"*! and the resulting error can be calculated as

AG — ASG . Tmemb [AZ]
Asg 10 - 156 + fmemb

OAA,— =

Here, Ag is the area of the gasket window (27 x 27 mm, cf Fig. A-1)
and Agg is the area of the subgasket window while #emp is the
membrane thickness and fsg the thickness of the subgasket. This

yields an error oas — = 9.0% for the@Naﬁon® 212 membrane and an
error opa,— = 17.0% for the Nafion 117 membrane which will be
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Figure A-2. (a) H, permeation rate as a function of current density for
different H, partial pressures measured with a Nafion” 117 membrane at 80 °
C. (b) H, permeation rate as a function of current density for different H,
partial pressures measured with a Nafion” 212 membrane at 80 °C. Full
symbols along with full lines in represent the original data (shown also in
Fig. 3) measured while increasing the current density, whereas open symbols
along with dotted lines show the data obtained in the repeat experiment. The
electrodes of the MEA consist of iridium black (0.9 + 0.3 mgy, cm’z) on the
anode and of Pt/C (0.3 £ 0.1 mgp, cm’®) with a standard ionomer/carbon mass
ratio of 0.6/1 on the cathode. Brown crosses give the H, permeation rates
measured with the permeation cell setup shown in Fig. 2a, i.e., for the
membrane without electrodes.
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considered to determine the error bars in negative direction in Figs. 3
and 4.

The total error for the H, permeation rate is then determined
according to

Tiotal,+ = \/Ulz\/ls + 07s + OXat [A-3]

This  yields total eIToIS  Oloal,+ = ;}.2 — 126 % and
Ootal,— = 9.9/17.5 % (Nafion 212 / Nafion 117) for the H,
permeation rates which is illustrated by the error bars in Fig. 3
and 4.

Repeat experiments.—In order to verify that the permeation rate
values for different MEAs shown in Fig. 3a and 3b are reproducible,
we did conduct a limited number of repeat experiments. The
permeation rates obtained from the repeat measurements (open
symbols and dashed lines) are compared to the original data (full
symbols and full lines) in Fig. A-2.

ORCID
M. Bernt @ https://orcid.org/0000-0001-8448-5532
J. Schréter @ https://orcid.org/0000-0001-7114-8502

References

1. K. E. Ayers, E. B. Anderson, C. Capuano, B. Carter, L. Dalton, G. Hanlon,
J. Manco, and M. Niedzwiecki, ECS Trans., 33, 3 (2010).

2. M. Carmo, D. L. Fritz, J. Mergel, and D. Stolten, Int. J. Hydrogen Energy, 38, 4901
(2013).

3. IRENA, Renewable Power Generation Costs in 2017, International Renewable
Energy Agency (2018).

4. Fraunhofer ISE, Current and Future Cost of Photovoltaics. Long-term Scenarios
for Market Development, System Prices and LCOE of Utility-Scale PV Systems,
Study on behalf of Agora Energiewende (2015).

5. K. Ayers, N. Danilovic, R. Ouimet, M. Carmo, B. Pivovar, and M. Bornstein,
Annual Review of Chemical and Biomolecular Engineering, 10, 219 (2019).

6. K. A. Lewinski, D. van der Vliet, and S. M. Luopa, ECS Trans., 69, 893 (2015).

7. M. Bernt and H. A. Gasteiger, J. Electrochem. Soc., 163, F3179 (2016).

8. M. Mockl, M. Bernt, J. Schréter, and A. Jossen, Int. J. Hydrogen Energy, 45, 1417
(2020).

9. A. Buttler and H. Spliethoff, Renew. Sustain. Energy Rev., 82, 2440 (2018).

10. F. Marangio, M. Pagani, M. Santarelli, and M. Cali, Int. J. Hydrogen Energy, 36,
7807 (2011).

11. A. Peschel, Fuel Cells, in press.

12. H. Janssen, J. C. Bringmann, B. Emonts, and V. Schroeder, Int. J. Hydrogen
Energy, 29, 759 (2004).

82

13

14.

15.

21.

22.

23.

24.

25.

26.

27.

28.

29.
30.

31.

32.

33.

34.

37.

38.
39.

40.

41
42

. M. Schalenbach, M. Carmo, D. L. Fritz, J. Mergel, and D. Stolten, Int. J. Hydrogen

Energy, 38, 14921 (2013).

T. Sakai, H. Takenaka, N. Wakabayashi,

J. Electrochem. Soc., 132, 1328 (1985).

P. Trinke, B. Bensmann, and R. Hanke-Rauschenbach, Electrochem. Commun., 82,

98 (2017).

. M. Doyle and G. Rajendran, inHandbook of Fuel Cells, ed. W. Vielstich,
A. Lamm, and H. A. Gasteiger (Wiley, New York: New York) p. 18 (2003).

. F. Barbir, Sol. Energy, 78, 661 (2005).

. S. S. Kocha, J. Deliang Yang, and J. S. Yi, AIChE J., 52, 1916 (2006).

. J. Zhang, H. A. Gasteiger, and W. Gu, J. Electrochem. Soc., 160, F616 (2013).

. C. Mittelsteadt and H. Liu, inHandbook of Fuel Cells, ed. W. Vielstich, H.

A. Gasteiger, and H. Yokokama (Wiley, New York: Chichester, UK) p. 345

(2009).

M. Schalenbach, T. Hoefner, P. Paciok, M. Carmo, W. Lueke, and D. Stolten, The

Journal of Physical Chemistry C, 119, 25145 (2015).

M. Schalenbach, M. A. Hoeh, J. T. Gostick, W. Lueke, and D. Stolten, The Journal

of Physical Chemistry C, 119, 25156 (2015).

H. Ito, N. Miyazaki, M. Ishida, and A. Nakano, Int. J. Hydrogen Energy, 41, 20439

(2016).

P. Trinke, B. Bensmann, and R. Hanke-Rauschenbach, Int. J. Hydrogen Energy, 42,

14355 (2017).

D. Bessarabov, A. Kruger, S. M. Luopa, J. Park, A. A. Molnar, and K. A. Lewinski,

ECS Trans., 75, 1165 (2016).

M. Stdhler, A. Stihler, F. Scheepers, M. Carmo, W. Lehnert, and D. Stolten, Int. J.

Hydrogen Energy, 45, 4008 (2020).

P. Trinke, P. Haug, J. Brauns, B. Bensmann, R. Hanke-Rauschenbach, and

T. Turek, J. Electrochem. Soc., 165, F502 (2018).

A. WeiB, A. Siebel, M. Bernt, T.-H. Shen, V. Tileli, and H. A. Gasteiger,

J. Electrochem. Soc., 166, F487 (2019).

G. Alberti, R. Narducci, and M. Sganappa, J. Power Sources, 178, 575 (2008).

S. A. Grigoriev, P. Millet, S. V. Korobtsev, V. I. Porembskiy, M. Pepic, C. Etievant,

C. Puyenchet, and V. N. Fateev, Int. J. Hydrogen Energy, 34, 5986 (2009).

P. Trinke, G. P. Keeley, M. Carmo, B. Bensmann, and R. Hanke-Rauschenbach,

J. Electrochem. Soc., 166, F465 (2019).

P. J. Rheinlénder, P. Peitl, M. Bernt, and H. A. Gasteiger, Meeting Abstracts, p.

1513, ECS Spring Meeting (2017).

T. A. Zawodzinski, T. E. Springer, J. Davey, R. Jestel, C. Lopez, J. Valerio, and

S. Gottesfeld, J. Electrochem. Soc., 140, 1981 (1993).

U. Babic, M. Suermann, F. N. Biichi, L. Gubler, and T. J. Schmidt, J. Electrochem.

Soc., 164, F387 (2017).

. M. Bernt, A. Siebel, and H. A. Gasteiger, J. Electrochem. Soc., 165, F305 (2018).

. B. Bensmann, R. Hanke-Rauschenbach, G. Miiller-Syring, M. Henel, and

K. Sundmacher, Appl. Energy, 167, 107 (2016).

D. Bessarabov, H. Wang, H. Li, and N. Zhao, PEM Electrolysis for Hydrogen

Production: Principles and Applications (CRC Press, Boca Raton) (2016).

A. Daryaei et al., ACS Applied Materials & Interfaces, 9, 20067 (2017).

A. Albert, T. Lochner, T. J. Schmidt, and L. Gubler, ACS Applied Materials &

Interfaces, 8, 15297 (2016).

C. Klose, P. Trinke, T. B6hm, B. Bensmann, S. Vierrath, R. Hanke-Rauschenbach,

and S. Thiele, J. Electrochem. Soc., 165, F1271 (2018).

. E. Price, Johnson Matthey Technology Review, 61, 47 (2017).

. D. Bessarabov, ECS Trans., 85, 17 (2018).

Y. Kawami, and E. Torikai,



5 RESULTS

5.4 On the Limitations in Assessing Stability of Oxygen Evolution Cat-
alysts Using Aqueous Model Electrochemical Cells

This section contains the study ”On the Limitations in Assessing Stability of Oxygen Evolution
Catalysts Using Aqueous Model Electrochemical Cells” [119]. The manuscript was submitted in
December 2020 and published as an open access article (Creative Commons Attribution 4.0 License
(CC BY)) in the peer-reviewed journal Nature Communications in April 2021. The permanent
web link to the article is https://doi.org/10.1038 /s41467-021-22296-9 .

One important challenge for future large scale PEMWE systems is achieving long term stabil-
ity of all parts to reach low maintenance cost. Especially the MEAs as the most critical part of
the cell/stack need to be highly durable. However, as the trend for future systems is towards a
lowered anode catalyst loading, in particular low anode catalyst degradation is of high importance
for a reliable long term operation. So far, the durability of catalysts for OER has rarely been
tested in real devices with MEAs, but mostly in model systems with aqueous electrolytes which
try to mimic the operating conditions of PEMWE in many aspects such as potential range and
pH. However, recent studies show that the stability of catalysts in real devices is several orders
of magnitude higher than the results obtained with aqueous model systems (AMS). Thus, this
gap in stability of the same catalysts tested in a real MEA versus tests in an AMS is adressed
and explained by this study. To elucidate the gap between MEA and AMS based catalyst stability
measurements, a well established method of ICP-MS coupled to a scanning flow cell (SFC-ICP-MS)
for the aqueous tests and a newly developed galvanic-redeposition-free MEA-based setup, where
the tapped water samples are tested for dissolved catalyst species also by ICP-MS, are used. The
GR-free setup counsists of a specialized cell (see figure 23, panel b)) and anode water cycle which
are made almost entirely from plastics or glass. Only the electric conducting parts such as flow
fields and porous transport layers/current collectors are made from titanium and have a noble
metal coating of gold or platinum. A commercial IrOy catalyst (Alfa Aesar) is applied as catalyst
material for all measurements. The results from the GR-free MEA setup show a five orders of
magnitude higher catalyst stability compared to the AMS setup. Several tests with the AMS show
that neither catalyst loading, electrolyte flow rate and presence of Ir-species in the electrolyte have
an influence on stability. Also a difference between electrode Nafion® ionomer contents can not
explain the visible stability difference. However, higher electrolyte pH-value and longer operation
time have a significant influence and improve the catalyst stability in AMS measurements. Vice
versa, running the MEA setup with a diluted sulfuric acid (0.1 mol HoSO,) instead of water de-
creases the catalyst stability, with a catalyst half-life of &~ 150 years for an operation with pure DI
water and only several days with acid. To rule out iridium deposition in the membrane, STEM-
energy dispersive X-ray (EDX) analysis is performed on several MEAs after test and only small,
insignificant amounts of iridium can be detected close to the anode catalyst layers. Thus, PEMWE
systems operated with DI water show a high anode catalyst stability compared to AMS during
uninterrupted operation. The main factors for the discrepancy are higher pH-values in MEAs than

estimated and a stabilization effect with time during prolonged electrolysis.
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On the limitations in assessing stability of
oxygen evolution catalysts using aqueous
model electrochemical cells

Julius Knoppel 125 Maximilian Méckl3, Daniel Escalera—Lépez1, Kevin Stojanovskim, Markus Bierling1'2,

Thomas Bshm'2, Simon Thiele® "2, Matthias Rzepka® & Serhiy Cherevko® '™

Recent research indicates a severe discrepancy between oxygen evolution reaction catalysts
dissolution in aqueous model systems and membrane electrode assemblies. This questions
the relevance of the widespread aqueous testing for real world application. In this study, we
aim to determine the processes responsible for the dissolution discrepancy. Experimental
parameters known to diverge in both systems are individually tested for their influence on
dissolution of an Ir-based catalyst. Ir dissolution is studied in an aqueous model system, a
scanning flow cell coupled to an inductively coupled plasma mass spectrometer. Real dis-
solution rates of the Ir OER catalyst in membrane electrode assemblies are measured with a
specifically developed, dedicated setup. Overestimated acidity in the anode catalyst layer and
stabilization over time in real devices are proposed as main contributors to the dissolution
discrepancy. The results shown here lead to clear guidelines for anode electrocatalyst testing
parameters to resemble realistic electrolyzer operating conditions.
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lobal warming is driving the transition from fossil fuels to

renewable energies. To support the transfer, economically

promising alternatives to petrochemical processes for all
sectors have to be established!. Owing to its high energy density,
low chemical complexity, and high efficiency, hydrogen is among
the best candidates for energy storage and distribution?~4. If
hydrogen production from water electrolysis (WE) is fully sup-
plied by renewable energy sources, greenhouse gas emissions can
be reduced by 75%°. Therefore, research funding on upscaling
WE technology is increasing®’. Currently, technologies, based on
liquid alkaline and acidic solid electrolyte are equally considered.
Classical alkaline electrolyzers lack the option of dynamic
operation necessary for direct coupling to fluctuating energy
sources, and solid electrolyte anion exchange membrane (AEM)
electrolyzers are not at a technology readiness level suitable for
upscaling®?. Acidic proton exchange membrane (PEM) electro-
lyzers consisting of membrane electrode assemblies (MEA),
which lack these disadvantages, are the preferred system for
upscaling in the short term!0.

It is generally accepted that acidic conditions and high
potentials at the anode side of PEM water -electrolyzers
(PEMWEs) where the oxygen evolution reaction (OER) takes
place, demand for materials with high catalytic activity, and
corrosion stability. Such criteria are only satisfied for electro-
catalysts based on scarce noble metals such as iridium (Ir) and, to
a lesser extent, ruthenium (Ru). Although their current imple-
mentation in PEMWE:s is not hampered by their cost, upscaling
fabrication of MEAs with these metals is expected to be a major
cost driver at the GW scale!-12, Therefore, a significant part of
research activities on WE are focused on the reduction of noble
metal content in PEMWE anodes!314,

For the state-of-the-art Ir catalysts, a cornerstone in funda-
mental research studies has been to maximize Ir utilization,
specifically, to increase their OER mass activity whilst reducing
noble metal content without a significant loss in activity!>16. The
use of high-surface-area catalyst supports!”-18, highly active
perovskites!®20, and multimetallic materials?!-?? are employed to
reduce the noble metal content. However, stability has to be
monitored as a second major descriptor in electrocatalyst design
and synthesis, as OER catalysis also triggers catalyst dissolution?3.

Activity and stability evaluations of newly developed catalysts
are performed ex situ in the classical three-electrode electro-
chemical cell setup with acidic electrolyte to simulate the acidic
pH environment of PEMWEs anodes in presence of Nafion?4-26,
Current-potential profiles are recorded and analyzed for activity
evaluation. For stability evaluations, however, more sophisticated

Agueous Model System

Membrane Electrode Assembly

methods were developed, such as electrochemical quartz crystal
microbalance?’, scanning flow cell (SFC) coupled to an induc-
tively coupled plasma mass spectrometer (SFC-ICP-MS)?%2%, and
post-analysis of electrolyte and catalyst layers3%-3l. However,
comparative data of catalyst stability in both systems show that
degradation in aqueous systems does not represent the conditions
in PEMWE32:33,

Recent results from our group, based on aqueous SFC-ICP-MS
measurements and end-of life data from PEMWE, indicate an
underestimation of the actual catalyst lifetime of several orders of
magnitude, ranging from days in aqueous to years in MEA28, In
this work, the relevance of S-numbers, a new metric for OER
catalyst lifetime estimation, measured in aqueous systems for real
application based on end-of-life data of PEM electrolyzers, is
discussed. As end-of-life data is rarely found for Ir-based elec-
trolyzers, the data set of a system using RuO, as anode material
published by Ayers et al.14 was compared with the same material
measured in SFC-ICP-MS. It was found that the PEM electrolyzer
outperforms the aqueous system by about three orders of mag-
nitude, leading to a significant increase in the estimated lifetime
of the electrolyzer in comparison to the same catalyst in the
aqueous system. A similar concept, the activity-stability factor,
was developed in parallel by Kim et al.34.

In this work, we aim to reveal the experimental factors
responsible for the observed OER catalyst dissolution differences
between aqueous model systems (AMS) and PEMWEs. We
evaluated how the parameters that diverge between the systems
such as catalyst loading, mass transport conditions, Nafion binder
content, and electrolyte pH influence Ir dissolution. Also, we aim
to determine the real dissolution rates of MEAs for PEMWEs
using a custom-made full cell setup devised to prevent galvanic
precipitation of catalyst dissolved species under OER operation.

Results and discussion

Iridium OER catalyst dissolution: aqueous model versus MEA
systems. The dissolution behavior of OER catalysts in AMS is
already well studied®®3>-37 Utilizing online measurements, the
dissolution behavior of OER catalysts under various electro-
chemical conditions has been shown. To put the results presented
in this section into context, it is important to highlight the
commonalities and differences between MEA and AMS. In AMS,
the employed electrolyte, mostly an acid or base, is diluted by the
reactant, deionized (DI) water. As schematically shown in Fig. 1a,
the reaction products, H, at the cathode side and O, and protons
at the anode side, as well as dissolution products, such as I3+,

Dissolution Comparison

a) b) Tire . 9
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" e []
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Aqueous MEA

Fig. 1 Degradation processes of OER catalysts in aqueous and polymer electrolyte. a Schematic drawing of degradation processes in a classical aqueous
electrolysis cell in aqueous electrolyte and b schematic drawing of degradation processes in MEA. ¢ Dissolution stability of IrO, under OER conditions in
aqueous electrolyte, measured in SFC-ICP-MS, and polymer electrolyte, measured in a precipitation-free MEA device, expressed in the S-number metric.
Measurements were carried out with a 5 min chronopotentiometry hold in aqueous electrolyte and over several days for MEA, typical timescales for the

devices. Source data are provided in the source data file.
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diffuse into the bulk. Hence, to measure dissolution, it is sufficient
to take aliquots of electrolyte from the solution. Utilizing flow
cells, which directly transport reaction products from the reaction
site downstream (if coupled) to analytical techniques such as ICP-
MS, the dissolution behavior can be directly correlated to the
electrochemical operation28-34-38,

To study the degradation behavior of MEA, a system with a
much higher degree of complexity, long-term measurements, and
end-of-life (EOL) data have been used thus far. Owing to the long
lifetime of MEA electrolyzers, however, EOL data are scarce.
Furthermore, measurements of dissolution products in MEA are
more complicated than in AMS. As schematically shown in
Fig. 1b, electrolyte and reactant are decoupled in MEA by placing
the polymer electrolyte between the electrodes and circulating DI
water as the reactant at the backside. Reaction products, H,, and
O, escape through porous transport layers at the respective
electrodes, whereas H is transported through the PEM towards
the reaction site at the cathode. In this system, dissolution
products of OER catalysts have two ways to escape the anode
catalyst layer: through the anode water cycle or the membrane
towards the cathode side. Furthermore, galvanic replacement
(GR) of dissolution products with stainless steel tubes, often
employed in MEA test setups, can lead to an underestimation of
dissolution®.

Hence, to reliably determine dissolution in MEA and
realistically compare results with AMS, several factors have to
be controlled. The water level in the anode compartment and the
water flow at the cathode outlet through electroosmotic drag have
to be monitored at all times%4!, Furthermore, the amount of
iridium depositing in the membrane has to be estimated. Also,
GR should be excluded as a measurement factor.

For such purpose, a dedicated MEA setup without metallic
parts in the anode water cycle was developed and employed in
this study. Cell components involved in electronic conduction,
namely titanium flowfields and current collectors, are coated with
gold or platinum to prevent GR. Samples are taken from the
anode water cycle and the cathode outlet and analyzed separately
by ICP-MS. The setup and flow scheme is shown in supplemen-
tary note 1. Water balance calculations, necessary to determine
the amount of dissolved iridium, are shown in supplementary
note 2.

To compare the dissolution stability of OER catalysts between
MEA and AMS, a commercially available IrO, catalyst is
measured in the aforementioned dedicated MEA system as well
as in an SFC-ICP-MS setup operated with 0.1 M H,SO,. Figure 1c
shows dissolution stability in both systems, displayed in the S-
number metric, a dimensionless descriptor that compares the
amount of oxygen evolved, calculated from the measured current
density at an estimated 100% faradaic efficiency towards OER,

n(0,)
n((Irz) )28' S-

numbers were calculated from constant current measurements of
5 minutes in AMS and several days in the MEA. Electrochemical
data and dissolution data for MEA experiments are available in
supplementary note 3. Electrochemical data, dissolution data, and
the integration areas for determining S-numbers in SFC-ICP-MS
are shown in Fig. 2. Both timescales are representative of the
respective system.

The S-number of IrO, in the SFC-ICP-MS is 6 x 10%. Although
with the used H,SO, electrolyte, a stronger adsorption of anions
on the surface is anticipated42, the measured S-number is
comparable to literature values measured in the non-
coordinating HCIO,, which range between 10% and 1052843-45,
Thus, although the influence of the electrolyte anion cannot be
fully ruled out, its role in the stability of IrOy is minor.
Remarkably, the observed S-number of IrOy in the MEA system

with the amount of iridium dissolved (S — number =
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Fig. 2 Dissolution profiles of IrO, catalyst spots in SFC-ICP-MS
measurements. a Applied current step and b, ¢ resulting dissolution of b a
baseline measurement at standard conditions (10 ug, cm~—2 catalyst loading,
200 pl min~ flow rate, fresh electrolyte, 33 wt% Nafion in the catalyst layer
and 0.1M H,SO4 (pH =1)) and ¢ with a variation of electrolyte pH. The
integration area for the calculation of S-numbers is highlighted by vertical
dashed lines. Source data are provided in the source data file.

exceeds the one observed in aqueous systems by almost five
orders of magnitude. Further experiments in AMS were under-
taken to unravel the reasons for this behavior.

Evaluation of model aqueous OER stability parameters. We
evaluated several parameters that generally differ in both systems
to determine the origin of the dissolution discrepancy between
AMS and MEA. (a) catalyst loading; (b) electrolyte flow rate; (c)
presence of electrochemically dissolved iridium species; (d)
Nafion content in the catalyst layer; and (e) pH were individually
varied during testing in the AMS (SFC-ICP-MS). All experiments
were carried out with the same IrO, catalyst powder as in pre-
viously shown MEA experiments.

Dissolution profiles of baseline measurement of IrO, catalyst
powder spots at a current step of IOOmAmgI,_1 (Fig. 2a) are
displayed in Fig. 2b. The full measurement protocol is shown in
supplementary note 4. Representative electrochemical and dissolu-
tion data for all experiments are shown in supplementary note 5.

The corresponding S-numbers for all experiments, determined
at a 30 s steady-state interval at the end of the current step?$, as
shown in Fig. 2a and b) are displayed in Fig. 3. All error bars are
acquired from at least three independent measurements. The
baseline measurement is hereby displayed in Fig. 3a).

Our first study focused on differences in catalyst loading
Although Ir loading in aqueous studies rarely exceeds 10 pg;, cm ™2,
loading in MEA is typically ~1-2 mg,cm~24. S-numbers of
catalyst spots with different loading is shown in Fig. 3b, where
loading is varied between 10 pg, cm~2 and 250 pg, cm~2. The
obtained S-number values are comparable and in the same order of
magnitude. Hence, we can exclude the influence of loading on the
dissolution discrepancy.

The second study was different SFC operating flow rates. Given
the flow rate uncertainty in PEMWE MEA systems, contrasting
with its precise control in our SFC-ICP-MS setup, we evaluated
the impact of SFC flow rate by variations within one order of
magnitude. The flow rate of electrolyte to the ICP-MS was here
varied between 66wl min~! and 740 pl min—!. S-numbers for
these experiments are virtually equivalent as shown in Fig. 3c. As
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Fig. 3 S-numbers of IrO, catalyst spots with varied conditions, measured in SFC-ICP-MS. a Baseline measurement. b Variation of loading. ¢ Variation of
flow rate. d Addition of pre-dissolved iridium in the electrolyte. e Variation of Nafion content in the catalyst layer. f Variation of pH. Red, dashed line:

baseline measurement (10 ug;, cm~2 catalyst loading, 200 pl min—" flow rate, fresh electrolyte, 33 wt% Nafion in the catalyst layer and 0.1 M H,5O,4 (pH =
1)), displayed for ease of comparison between b and f. Error bars were calculated as the standard deviation of at least three independent measurements.

Source data are provided in the source data file.

the flow rate effectively dictates the mass transport rate of
dissolved species from the electrode interface to the bulk
electrolyte, a possible Ir redeposition mechanism should be
affected by it as well. Based on the results obtained, these mass
transport phenomena do not seem to play a key role in the AMS-
MEA catalyst stability differences.

The third parameter variation tackled the dissolution-redeposition
equilibrium of Ir-dissolved species, which can occur during MEA
water circulation owing to low flow rates and slow mass transport in
thick catalyst layers. To simulate such conditions in AMS, and enable
a potential dissolution-redeposition mechanism, electrochemically
dissolved iridium has to be present in the electrolyte in relevant
concentrations. Therefore, Ir was electrochemically dissolved from
polycrystalline iridium3747 (see the experimental section for further
details) and then intentionally incorporated into the acidic electrolyte
used. The iridium concentration in the electrolyte is determined by
ICP-MS and adjusted accordingly. Figure 3d) shows the S-number of
IrO, spots measured with 1pg,l~! dissolved iridium in the
electrolyte. This value is similar to a recent publication, where Ir
concentrations in MEAs were measured. Also, it is in the same
order of magnitude as the concentrations measured in our MEA
study (see supplementary note 3). As observed with the previous
parameters, S-number values are comparable to the baseline
experiment. Hence, equilibrium states between dissolution and
redeposition are unlikely to largely contribute to the Ir dissolution
discrepancy.

The fourth evaluated parameter is the influence of Nafion
content in the catalyst layer on Ir dissolution. Unlike OER
rotating disk electrode experiments, where no Nafion is required,
it acts as a catalyst layer binder in SFC-ICP-MS to avoid particle
detachment. Figure 3e shows the S-numbers of IrOy spots with
different Nafion contents, varied here between 5 and 50 wt% vs.
the total catalyst content. Interestingly, the dissolution rate of
catalysts spots with 5wt% Nafion in the catalyst layer is
significantly larger from the other Nafion contents. Indeed, the
stability differs from baseline measurements by an order of
magnitude, with an S-number of 8 x 103. We hypothesize that, at
lower Nafion contents, dissolved iridium mass transport from the
catalyst layer to the electrolyte bulk might be more efficient. A
local saturation might hereby inhibit dissolution. As baseline
measurements have a Nafion content of 33 wt%, whereas MEA
electrodes were produced with 9wt% Nafion content in this
study, Nafion content will have a role in stability observations.
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However, different constraints have to be met for measurements
in both systems. In SFC-ICP-MS, Nafion predominantly acts as a
binder in the catalyst layer to avoid particle detachment. On the
other hand, in the more complex MEA system, Nafion has not
only an influence on the integrity of the catalyst layer, but also on
features such as contact resistance with the porous transport
layers (PTL). As Nafion contents employed in this study rather
open the gap between AMS and MEA instead of closing it, this
rather leads to an underestimation than an overestimation of the
stability discrepancy.

The fifth study carried out is the variation of the working
electrolyte pH value, varied here between 1 and 3 (experimental
dissolution profiles shown in Fig. 2¢). To ensure a similar ionic
strength, a sulfate salt was added to electrolytes with pH>1. The
resulting S-numbers, shown in Fig. 3f), significantly differ from
each other. Although the S-number metric obtained for pH 1.5 is
still similar to the reference measurement (pH 1), a significant
difference is observed for pH 2 and 3. Such difference in stability
is a factor of three: for pH 1, S-number = 6 x 10 whilst for pH=
3, S-number = 1.8 x 10°. It should be noted that local pH at the
electrode under OER conditions might be lower owing to the
worsened buffer capacity of electrolytes with higher pH*S,

MEA environments for PEMWE are, according to the
literature, highly acidic owing to the use of Nafion®0. The
observations, made here in AMS, however, indicate, that the
activity of protons in MEA electrolysis might be lower than
generally accepted. Further experiments in MEA systems have to
be conducted to unravel the magnitude of the differences.

Impact of pH in PEMWE operation: catalyst and MEA stabi-
lity. As shown in a previous section, of all parameters evaluated in
our study of model aqueous systems, pH is the only one with a
relevant impact on stability towards closing the gap. Hence,
measurements of IrO, in MEA were conducted with 0.1 M H,SO,
in the anode water cycle to investigate the influence of low pH
environments on dissolution. The operational principles in both
systems are schematically shown in Fig. 4a for MEA operated
with DI water and in Fig. 4b) for the MEA operated with acid.
S-numbers from liquid samples collected after 2 h operation are
displayed in Fig. 4c). Strikingly, the S-number of the conventional
system exceeds the one from the acid operated by more than two
orders of magnitude. In comparison to AMS, which operates with
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Fig. 4 Comparison of stability in different systems. a Working principle of
an MEA operated with DI water. b Working principle of an MEA operated
with 0.1M H,SO4. € S-numbers of MEAs operated with DI water and 0.1M
H,SO, after 2 h of measurement. The red, dashed line in ¢ indicates the S-
number of the AMS system. Source data are provided in the source

data file.
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S-numbers around 6 x 104, the stability difference to the acidic
operated MEA virtually vanishes. Its impact can be easily grasped
when calculating catalyst half-life estimated from S-numbers3,
For a DI water-fed MEA system, its value is ca. 150 years, whereas
for an acidified MEA it is just several days.

Post mortem scanning transmission electron microscopy
(STEM) cross-section micrographs of the MEA after 48h of
continuous operation at 2 A mgy !, shown in supplementary
note 7, reinforce the stark degradation differences found from
liquid sample analysis. Although the anode catalyst layer of the
DI water-operated MEA is virtually intact and iridium migration
into the membrane is non-existent, the anode catalyst layer of the
acidic operated MEA reveals exceptional signs of degradation.
Indeed, Au particles, originating from the partly dissolved
flowfield coating, of um diameter form in the membrane close
to the anode side. The cathode side of the conventional operated
MEA only shows signals of Pt and C, whereas iridium was
detected in the catalyst layer of the acidified MEA. Furthermore,
the MEA polarization curves indicate a shift in pH (for full
description, see supplementary note 8)°! and the anode flowfield
and current collector displays stark signs of degradation after the
experiment. (See supplementary note 9)

Impact of OER operating timescale in catalyst stability in AMS
and MEA. The different timescales have to be taken into account
when comparing AMS with MEA systems. For instance, the data
shown in Fig. 1c were measured over minutes for AMS and days
for MEA. Indeed, MEA systems have proven stable operation for
thousands of hours on the laboratory scale>? and in industrial
applications®3. Hence, we investigated if the short experimental
timescale in AMSs can be extrapolated to PEMWE systems, or
stabilization effects occur over large timescale operating
conditions.

SFC-ICP-MS measurements cannot be carried out for several
hours or even days. Thus, electrochemical measurements were
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Fig. 5 Long-term stability of IrO, in AMS and MEA environment.

a Loading-normalized total dissolved iridium amount at current densities of
0.2Amg, " and 2 Amg, ! in AMS and MEA, respectively; b S-numbers
calculated from the amounts of dissolved iridium. Lines displayed for ease
of interpretation. Error bars were calculated as the standard deviation of at
least three independent measurements. Source data are provided in the
source data file.

carried out in an H-cell configuration to represent an aqueous
model system operated at longer timescales. A 0.1 M H,SO,
electrolyte with sample collection with sample collection from
both compartments was used (see experimental). To have a side-
by-side comparison, samples from the developed GR-free MEA
system were taken from the anode water cycle and the cathode
water outlet. Calculations for obtaining mass losses are shown in
supplementary note 2.

Loading-normalized iridium dissolution for H-cell (IrOy
loading = 10 pg;, cm~2) and MEA measurements (anode IrOj
loading = 1 mg;, cm™2) are displayed in Fig. 5a. Current densities
were 0.2 Amg, 1 for AMS and 2 A mg, ! for MEA. At the
employed current density, the amount of dissolved iridium in the
aqueous system rose almost constantly throughout the experi-
ment after an early-stage stabilization. S-numbers (Fig. 5b) only
stabilized marginally from values of 7x10* to 2x10°. In
contrast, the iridium mass loss during DI water-operated MEA
experiments stabilized rapidly after the start to an almost constant
level. The S-numbers rose from an initial value of 107 in the first
hours to a value of 108 and stabilize after the first day of the
experiment at ~10° (compare supplementary information 2).

The results obtained in MEA are in heavy contrast with results
previously shown by Babic et al3°. In their experiment, the
authors observed fluctuating or, after an initial increase,
decreasing iridium concentrations in the electrolyte. Although a
direct protocol comparison is not feasible, a similar decrease of
iridium in the water feed was observed by Regmi et al.>%. Our
results clearly show the advantage of the employed metal-free
MEA setup, as the authors already pointed out a possible
interference of GR in their results. Thus, in all studies concerning
dissolution products of operational MEAs, GR should be taken
into account, as otherwise, it might result in misleading
conclusions.

Previous research would suggest a stabilization under long-
term operation on iridium-based catalysts owing to
crystallization®. Indeed, both aqueous and MEA systems should
eventually yield an equivalent degree of stabilization. For MEA
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systems, such stabilization is reached at an earlier stage given the
higher operating current density of 2 A mg;~! inherent to the
system compared with the current density of 0.2 A mg, !
employed in our H-cell setup. Because of the low operational
currents achieved in AMS, we cannot unambiguously proof such
a stabilization effect. A method to circumvent such limitation,
beyond the scope of this report, would be to perform studies on
high-current density achieving gas diffusion electrode-type
(GDE) reactors®>~57.

System breakdown of the dissolution discrepancy between
AMS and MEA. A comparison of these results reveals the
inherent differences between MEA and AMS. As shown in Fig. 6,
the differences in S-numbers between AMS (1) and MEA
decrease to less than one order of magnitude when circulating
diluted acid through the MEA water feed (2). These differences
cannot be related to a sole factor. Loading, flow rate, dissolved
species, timescale or Nafion content, although not relevant factors
in AMS, might play a role in MEA and have to be addressed in a
follow-up study. However, the higher complexity of the MEA
does not allow tangible conclusions on the main contributor.
When operating an MEA with DI water on the same timescale
(3), the S-number increases by two orders of magnitude, indi-
cating a pH shift between AMS and MEA as a main contributor
to the dissolution discrepancy. After 2 weeks of operation, the S-
number of the MEA increased by more than one order of mag-
nitude (4). At this timescale, based on lifetime calculations from
the S-number, the catalyst in the aqueous system would already
have been degraded completely. Hence, a stabilization on a larger
timescale can be treated as the second main contributor to the
dissolution discrepancy. As STEM-energy dispersive X-ray (EDX)
only detects small amounts of iridium in the membrane close to
the anode catalyst layer, iridium depositing in the membrane can
be ruled out as a large contributor.

Given the aforementioned results, we should now address past
preconceptions regarding local pH during PEMWE operation.
PEMWE anodes are assumed to operate under highly acidic

conditions due to protons generated at the anode side during
operation. However, literature is scarce regarding actual pH value
estimation under PEMWE operation. An initial review by Carmo
et al.!0 tentatively estimated a pH 2 value, whereas later
investigations reported pH values in the anode and cathode
water cycle of an MEA setup in a range between 5.6 and 3.5°3.
However, these results might not be representative for conditions
in the anode catalyst layer as the local pH can decrease owing to
proton generation in the water-splitting reaction. The results
shown in this study indicate that proton activity in MEA
environment is supposedly lower as estimated from the
concentrations. Thus, it is likely, that the effective pH in MEA
environment is less acidic as generally accepted in the literature.

These results indicate that future research should emphasize
more on two aspects of MEA development: real conditions in the
anode catalyst layer and effects in the catalyst/membrane interface.

Conclusions and outlook. In summary, we show that stability
measurements performed in AMS have to be treated carefully
regarding their relevance for long-term PEMWE applications.
The main effects contributing to the dissolution discrepancy were
identified as a discrepancy between estimated and real pH in
MEA and stabilization occurring over time.

Based on this research, the community should critically
evaluate the process of OER catalyst testing in AMS. Owing to
faster degradation, AMS might serve as an ideal system for
accelerated stress tests. For this purpose, GDE systems currently
under development might help to study OER catalysts in model
systems, which resemble the conditions in MEA much better.

However, those results should always be critically compared
with experimental MEA data to extract representative conclu-
sions. Furthermore, more focus should be put on the direct
evaluation of catalysts under MEA device operation. In particular,
a setup consisting of an MEA coupled to downstream analytics
would allow a better understanding of dynamic operation
conditions, relevant for coupling to renewable energies. We
believe that the results shown here will provide improved
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Fig. 6 Scheme on the proposed main contributors to the dissolution discrepancy. Schematic drawing of the factors contributing to the OER catalyst

dissolution discrepancies between AMS and MEA. Measurements in AMS exhibit an S-number of 6 x 104 (1). The discrepancy to an MEA operated with
acid (2), showing an S-number of 4 x 105, cannot be pointed to a single factor. Various factors such as flow rate, Nafion content, and timescale have to be
taken into account. The discrepancy of the MEA operated with acidic water feed to an MEA operated conventionally with DI water (3) of almost two orders
of magnitude, however, is related to a pH shift in the system. With a longer operation time (4), additional stabilization effects in MEA take place. Source

data are provided in the source data file.
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guidelines for future catalyst development and testing to mimic
realistic MEA operating conditions.

Methods

SFC-ICP-MS measurements

Electrode preparation. Electrodes were prepared by suspending commercial Alfa
Aesar IrOy - 2H,0 Premion catalyst powder in a mixture of 87.5% ultrapure water
(Merck Milli-Q), 12.5% IPA, and Nafion® perfluorinated resin solution (Sigma
Aldrich, 5wt%). Standard inks had an iridium concentration of 663 pgl=1, a
Nafion concentration of 332 ugl~! and a volume of 1 ml in a 1.5 ml Eppendorf
tube. Inks were sonicated for 10 min (4 s pulse, 2 s pause) and dropcasted as 0.2 pl
on a freshly polished glassy carbon plate (SSIGRADUR G, HTW). The quality and
diameter of the dropcasted catalyst spots (@ of ca. 1.3 mm) was screened by
employing Keyence VK-X250 profilometer.

For variations of loading and Nafion content, the concentration of iridium and
Nafion in the ink was adjusted to the desired loading and concentration. An IPA:
DI water ratio of 12.5:87.5, was employed in all IrOy inks, accounting for the
alcohol content in the Nafion solution.

Electrochemical measurements. Electrochemical measurements were carried out
with an SFC-ICP-MS?9, with the modifications described in ref. 28 in Ar-saturated
0.1 M H,SO, (Merck Suprapur) mixed with ultrapure water. The dropcasted spots,
acting here as working electrodes, were located with a top view camera to enable
vertical alignment with the SFC (@ 2 mm). A graphite rod served as counter
electrode, whereas a saturated Ag/AgCl electrode (Metrohm) was used as reference
electrode. ICP-MS measurements were performed with a NexIon 300 spectrometer
(Perkin Elmer), employing a flow rate of 208 ul min-! for reference measurements.
For the flow rate-dependence studies, flow rates were adjusted by tuning the speed
of the ICP-MS peristaltic pump. Daily calibration of the ICP-MS was performed
by freshly prepared standard solutions containing Ir (0.5 to 5 pgl~1), and Re

(10 pg1~1) as an internal standard. All current and dissolution rates shown in this
report have been normalized to the nominal loading of the spots.

For the variation of dissolved iridium in the electrolyte, iridium was
electrochemically dissolved in 0.1 M H,SO,4 by 1000 cyclic voltammograms
recorded in a potential range from 0.05 Vigyg-1.5 Vyyp®/47. The iridium
concentration was then determined by ICP-MS. Electrolyte and standards were
prepared from the electrolyte with dissolved iridium. A baseline measurement was
taken before cell contact.

For the variation of pH, the electrolyte was set to the corresponding H,SO,
concentration. To ensure electronic conductivity of the electrolyte in measurements
with a pH higher than 1, the total concentration of sulfate ions was set to 0.05 M
with K,SO4 (99.999% purity, Sigma Aldrich).

H-cell measurements

Electrode preparation. Electrodes were prepared from Alfa Aesar IrO,-2H,0O Premion
powder. Ink for electrodes was prepared with ultrapure water (Merck Milli-Q) at a
concentration of 283 ug1~! with a volume of 1 ml in an Eppendorf tube. The ink was
sonicated for 15 min (4 s pulse, 2 s pause) and dropcasted as 10 pl on a freshly cleaned
FTO plate, previously sonicated for 10 min sequentially in 2% Hellmanex III (Hellma
Analytics) solution, DI water, and ethanol, respectively. The resulting dropcasted Ir
catalyst exhibited a diameter of 6 mm and a loading of 10 pgcm—2.

Electrochemical measurements. Electrochemical bulk measurements were carried
out in a homemade H-cell. Each compartment was filled with 28 ml 0.1 M H,SO,
(Merck Suprapur diluted with Merck Milli-Q) before the experiment. The working
electrodes and reference electrodes (Basi, 3 M Ag/AgCl) were immersed in one
compartment whereas the counter electrodes (glassy carbon, SIGRADUR G,
HTW) were immersed in the other compartment. The compartments were covered
with Parafilm to avoid evaporation of electrolytes. Convection in the system for
equal distribution of dissolution product was enabled through Ar-purging of the
anode compartments. Samples were taken by an automated liquid handler (Gilson
GX-271). The electrochemical protocol (Gamry Interfacel000 B) was started after
the first sample was extracted. The total volume of electrolyte in both compart-
ments was kept between the initial 28 ml and 24 ml at any time.

MEA measurements

MEA preparation. For the experiments with the PEMWE setup, square format
5 cm? active cell area MEAs were prepared by a decal transfer method. As catalyst
for the OER at the anode side, the same Alfa Aesar IrO, 2H,0 Premion powder
was applied as in the SFC and H-Cell experiments. The anode catalyst loading was
1.03 +0.07 mg;, cm 2 for all tests. For the hydrogen evolution reaction at the
cathode side, carbon-supported (Vulcan XC72) platinum nanoparticles cata-

lyst (45.8 wt% Pt/C; TEC10V50E from Tanaka, Japan) with loadings of 0.30 £
0.14 mgp, cm~2 was used. To prepare the catalyst inks, catalyst powder, 2-propanol
(purity = 99.9 % from Sigma Aldrich, Germany), and Nafion® ionomer solution
(20 wt% ionomer; D2021 from IonPower, USA) are mixed for 24 h using a roller
mill and 5 mm zirconia grinding balls. The decals were coated with a Mayer-rod
coating machine on 50 um PTEE foil (from Angst+Pfister, Germany). Finally,
MEAs were hot-pressed (3 min at 155 °C, 2.5 MPa) using the decals and different

Nafion® membrane types 117 (180 um thickness), 212 (50 um thickness) and 211
(25 pum thickness). By evaluating the weight differences (+15 pg; XPE105DR
microbalance from Mettler Toledo, Germany) of the PTFE decals before and after
hot pressing, the individual catalyst loadings of the MEAs were calculated. All
anodes have an ionomer content of 9 wt%, whereas all cathodes have an ionomer to
carbon mass ratio of 0.6/1.

MEA measurements. To prevent any precipitation of dissolved Iridium in the cell
or in the test rig a special PEMWE setup was developed.

Cell. The cell uses a two-piece monopolar plate concept consisting of a metal
flowfield sheet and a plastic body. The flowfield plates are made from 3 mm grade
two titanium sheet with laser cut single serpentine channel (equal 1 mm land and
1 mm channel spacing). To prevent galvanic plating of iridium, the titanium
flowfield plates are gold-coated (0.5 um by physical vapor deposition and another
5 pum galvanic coating on top). Finally, the metal flowfield plates are inserted into a
fitted plastic body made from polyoxymethylene (aqueous tests) or polytetra-
fluoroethylene (second design for aqueous and diluted sulfuric acid tests). The
plastic body allows for media transport from the serpentine flowfield inside the cell
without contact to metal surfaces to the in- and outlet fittings made from poly-
propylene (PP) at the face sides of the monopolar plates. At the anode side, an
expanded titanium metal sheet (250 um thickness, Sylatech, Germany) with 5 um
platinum coating is used as a porous transport layer between MEA and flowfield.
The cathode side PTL is a carbon fiber paper (TGP-H-120 from Toray, Japan, no
MPL) with a thickness of 370 pm.

Test rig. A fully automated test rig (E40 by Greenlight Innovation, Canada)
equipped with a potentiostat and a booster (Reference 3000 and 30 A booster,
Gamry, USA) was used as the basis for the integration of a metal-free anode water
cycle and cathode exhaust water collector. Borosilicate glass bottles of 0.51 to 11
volume were used as the anode water cycle setup tank. A membrane pump (NF30
from KNF, Germany) and PE/PTFE tubes were used to feed the cell with water at a
rate of ~300 ml min~!. To maintain an elevated temperature of ~55-60 °C in the
cell, the setup tank glass bottle is tempered by a heater plate (IKA, Germany). To
initially clean the setup from ionic impurities a deionizer cartridge is used (Ley-
copure mixed bed resin from Leyco, Germany), which is bypassed during the actual
dissolution experiment. The anode water samples were tapped from the cycle
directly behind the cell. As there was no water cycling at the cathode side, the
cathode water samples were taken from the PP cathode exhaust water collector
bottle. Its reservoir volume was ~10 ml and was continuously flushed at the
cathode water exhaust rate of 8.2+ 0.4mlh—L

Measurement procedure. Before starting the dissolution tests, the anode water cycle
is cleaned up at elevated temperature for at least 12 h by running the water through
the deionizer cartridge to remove eventual ionic impurities released from the setup
(feed water processed by ULTRA CLEAR® TP ultrapure water system from Evoqua,
USA). After the cleaning period, the cartridge is bypassed and the first 10 ml water
sample (standard volume for all samples) is tapped from the cycle without contact
to the cell as a clean reference. In the next step, the cell is mounted and water is run
through the cell for 10 min without current. At the end, again 10 ml water is tapped
from the cycle. Subsequently, the current density was set to 0.2 A cm~2 for 10 min
and another water sample was tapped. Thereafter, the current is set to 2 A cm—2
where it stays for the rest of the experiment. Anode water samples are tapped after
holding intervals of 10 min, 30 min, 1 h, 1h, and successive every 24 h. Cathode
samples are taken for the first time 3 h after the start of the test and then also every
24 h. During the aqueous tests with fixed anode side water volume the tapped water,
the consumed water, and the water lost to the cathode by electroosmosis is replaced
by ultrapure feed water. In contrast, during the acidic tests and the aqueous tests
with variable water volume, the tapped, consumed or electroosmotically transported
electrolyte volume is not replaced and the initial volume of water or 0.1 M H,SO, is
gradually reduced. At the end of the dissolution test, both flowfields were purged
with nitrogen and the cell was held for at least 12h at 1.2V cell voltage to avoid
anode side catalyst reduction by permeating hydrogen from the cathode side or the
membrane. In addition, for the last two tests with gradually reduced water/acid
volume, polarization curves and electrical impedance spectroscopy were made to
reveal the end-of life performance of the aged MEAs. The MEAs are extracted in a
glove bag and stored under nitrogen until spectroscopic analysis/STEM graphs
were made.

Scanning transmission electron microscopy

Sample preparation. Samples were embedded in Araldite 502 epoxy resin and cured
overnight at 60 °C. Ultrathin sections with a nominal thickness of 100 nm were cut
with an RMC Boeckeler PowerTome using a Diatome ultra 45° diamond knife. The
sections were collected on copper grids for subsequent imaging via scanning
transmission electron microscopy.

Measurements. STEM micrographs were taken with a Zeiss Crossbeam 540 FIB-
SEM with annular STEM with a detector accelerating voltage of 20kV and probe
current of 300 pA. High-angle annular dark-field was chosen as imaging mode,
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5.5 Durability Testing of Low-Iridium PEM Water Electrolysis Mem-

brane Electrode Assemblies

The article ”Durability Testing of Low-Iridium PEM Water Electrolysis Membrane Electrode As-
semblies” was submitted in February 2022 and published in June 2022 in the The Journal of the
Electrochemical Society [120]. The article is under open access, distributed under the terms of the
Creative Commons Attribution 4.0 License (CC BY). The permanent web link is:
https://doi.org/10.1149/1945-7111/ac6d14 .

In this study we investigate the durability of PEMWE MEAs with low-iridium loaded anodes
compared to MEAs with a commercial benchmark anode catalyst. So far, there is no more active
and equally stable material for the catalysis of OER than iridium. However, iridium is one of the
scarcest elements on earth, its annual production (mining and recycling) is low at &~ 7 t/y [61] and
presumably can not be increased by several orders of magnitude. Thus, for a future multi-GW per
year installation of PEMWE systems, the power specific iridium loading needs to be significantly
reduced compared to current state-of-the-art systems. For reference, the current power specific
iridium loading is at ~ 0.75 gr./kWroywuv) (1.5 A/em? at 1.79 V [11]) whereas at a projected
future annual installation rate of > 100 GW/y, the power specific iridium loading needs to be as
low as ~ 0.01 gr, /kWroo vy [10] [70]. Besides using thin membranes for loss reduction and for
reaching high current densities, the development and use of new or improved OER catalysts which
enable low iridium loadings at comparable or better performance than benchmark catalysts is a
key factor on reaching the set goal. One possible improvement strategy is a reduction of the irid-
ium packing density from ~ 2.3 gr,em—? (Benchmark, Umicore Elyst Ir75 0480) to ~ 0.5 gr,cm ™3
by using a titanium dioxide support of lower surface area. This enables the manufacturing of
electrodes with reasonable thickness of ~ 5 um at loadings of ~ 0.25 mgy, /cm? [121]. This new
catalyst, which was developed within the Kopernikus P2X project and provided by the project
partner Heraeus GmbH, allows for an 8-fold reduction in iridium loading while keeping similar to
slightly better begin-of-life (BOL) performance compared to the Benchmark catalyst [70]. To test
the long term durability of the new developed catalyst compared to the benchmark catalyst, 5
MEAs with each type of anode catalyst (P2X catalyst loading: 0.25 mgy, /cm?; Benchmark cata-
lyst loading: 2 mgy, /cm?) based on Nafion® 117 membranes, are fabricated by the project partner
Greenerity GmbH and integrated in an industrial short stack from H-TEC Systems GmbH (see
figure 23, panel c)). During 3700 h, a typical operation of a PEMWE system in combination
with intermittent renewable energies is simulated by applying a continuous current cycling to the
stack between low (0.1 A/cm?), intermediate (1.75 A/em?) and high current densities (2 A/cm?)
with 10 min step holding time. Each week, all 10 cells in the stack are analyzed by polarization
curves and electrochemical impedance spectroscopy. Furthermore, selected individual MEAs are
analyzed by SEM at begin-of-life and after finishing the test to determine the thickness evolution
of the membranes. Finally, the P2X and Benchmark catalysts are analyzed ex-situ by XPS in
order to determine the iridium film thickness ratio on the non-conductive TiO2 support particles

of the catalysts. The main findings of the study are:

1. The begin-of-life performance of the new P2X catalyst is slightly better than the Benchmark
with a 30-fold higher mass activity at 1.5 V iR-free cell voltage at 8-fold lower iridium loading.

2. A stabilization of the initial higher electrode degradation of both catalysts occurs after

about 1000 h. An extrapolation of the catalyst mass activity data to the next logarith-
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mic time decade suggests only a moderate further increase in iR-free cell voltage at a rate
of & +1 pV/h for the P2X catalyst and ~ +0.25 ¢V /h for the Benchmark catalyst which
would be sufficiently low for industrial PEMWE applications with lifetimes in the 10* to
10° h region.

3. The measured HFR drops significantly during the test by ~ 25 % at a decreasing rate and
shows a trend towards stabilization at the end of the test. The falling HFR seems partly
caused by an increased membrane water content (which leads to higher conductivity and
swelling of the membrane into the pores of the PTLs which reduces contact resistances and
the effective membrane thickness) and partly by a membrane thinning visible at the MEA
cross sections analyzed by SEM of &~ 10 %. As the focus of the study was the long-term
catalyst performance, the true reasons for the falling HFR need to be clarified in a follow-up

study.

4. The mass activity ratio of P2X to benchmark catalyst levels out at ~ 4-5 at the end of the
test and is thus of the same order of magnitude as the iridium thin film thickness ratio of
the catalysts measured by XPS of ~ 2-3.
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Lowering the iridium loading at the anode of proton exchange membrane (PEM) water electrolyzers is crucial for the envisaged
GW-scale deployment of PEM water electrolysis. Here, the durability of a novel iridium catalyst with a low iridium packing
density, allowing for low iridium loadings without decreasing the electrode thickness, is being investigated in a 10-cell PEM water
electrolyzer short stack. The anodes of the membrane electrode assemblies (MEAs) of the first five cells utilize a conventional
iridium catalyst, at loadings that serve as benchmark for today’s industry standard (2 mg;, cm™2). The last five cells utilize the
novel catalyst at 8-fold lower loadings (0.25 mgy, cm 2). The MEAs are based on Nafion™ 117 and are tested for 3700 h by load
cycling between 0.2 and 2.0 A cm 2, with weekly polarization curves and impedance diagnostics. For both catalysts, the
performance degradation at low current densities is dominated by an increase of the overpotential for the oxygen evolution reaction
(OER), whereby the OER mass activity of the novel catalyst remains ~~4-fold higher after 3700 h. The temporal evolution of the
OER mass activities of the two catalysts will be analyzed in order to assess the suitability of the novel catalyst for industrial
application.
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A large-scale production of hydrogen by water electrolysis offers
the possibility to store large amounts of electrical energy from
fluctuating renewable sources. The chemically stored energy can
then be transported and used flexibly in terms of time and space.
Thus, an extensive defossilization of different sectors (mobility,
industry, heat) could be achieved and possible supply gaps could be
bridged more easily and cost-efficiently than with electrical storage
alone.'™

Several water electrolysis technologies exist: The three most
important are alkaline electrolysis (AEL), PEM (proton exchange
membrane) water electrolysis (PEMWE), and solid oxide electro-
lysis (SOE). The AEL is a long established technology that has been
implemented on the MW scale, with demonstrated electrolyzer
lifetimes of ca. 100,000 h.* Similar lifetimes have been achieved
for PEMWE, which is already available on an industrial scale as
well, but needs further development, especially with regard to mass
production.* On the other hand, the SOE technology is not yet
commercialized on the MW scale and its lifetime is at least one order
of magnitude lower compared to AEL and PEMWE,* so that the
latter two will likely be the most prominent technologies in the near
future. However, PEMWE has several advantages: Hydrogen can be
produced at elevated pressure (30 to 40 bar) with a highly dynamic
power range directly from purified water, whereby the H, quality
remains high even at higher pressures, and only few and simple
purification steps are necessary to reach high purity.’ In addition, the
current density at rated full-power is at ~2 A cm > for commercial
PEMWESs and thus about four-fold higher than that of AELs
(0.5 A cm™?), a difference which will very likely increase further
in the future®.

“Present address: Freudenberg FST GmbH, Bayerwaldstr. 3, 81737 Miinchen,
Germany.
“BE-mail: maximilian.moeckl @zae-bayern.de
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In order to achieve a significant impact of renewable hydrogen,
very large production capacities have to be installed in the coming
decades. Bernt et al.® estimated the necessary electrolysis power
installation for a full defossilization of the mobility sector (i.e., a
complete replacement of fossil transportation fuels) until the end of
the 21st century to be in the range of ~150 GW/year. Although most
of the materials for the PEMWE are available in sufficient quantities
even for such large scale-up rates, the resource constraints of the
platinum group metals that are required for the PEMWE catalysts are
very critical. At the cathode, typically platinum on a carbon support
(at current loadings of ~0.5—1.0 mgp, cm ™ 2) is used to catalyze the
hydrogen evolution reaction (HER), whereas at the anode iridium
based catalysts (at current loadings of ~2 mgy, cm™?) are used for
the oxygen evolution reaction (OER).7 However, the currently high
platinum loadings at the cathode are less of a concern, as they can be
reduced by an order of magnitude without any performance losses,
due to the fast kinetics of the HER in the acidic PEMWE
environment.>1° In contrast, the OER kinetics at the anode are
very slow, so that any lowering of the iridium catalyst loading leads
to decreasing efficiencies at the same current density, in the best case
amounting to an additional kinetic overpotential at the anode of
~50 mV for a 10-fold reduction in iridium loading.®'""*> In practice,
with current iridium catalysts, the anode loadings cannot be reduced
to below ~0.5 mg;, cm ™2, as this results in anode catalyst layers that
are too thin to achieve a homogenous electrical contacting of the
electrode. Lower loadings would require catalysts with a much
reduced iridium packing density (in terms of g, cm ° electrode):®''
these are difficult to achieve, since there are no electrically
conductive support materials that are stable at the high anodic
potentials of the PEMWE anode. Since there is currently no equally
stable and active alternative for iridium as anode catalyst for a
PEMWE,>'*!* 4 strong increase in PEMWE deployment could lead
to a shortage of iridium. According to a platinum group metal
(PGM) market repor‘[,15 the iridium demand in 2018 was ~6.8t,
reasonably consistent with the estimated iridium supply of ~8.4 t in
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2018 (based on the South African production of ~6.8 t and the South
African share of the world-wide iridium production of ~81 %.]6) For
an electrolyzer efficiency of 70% referenced to the lower heating
value (LHV; corresponding to a cell voltage of 1.79 V), current
commercial PEMWEs yield a current density of ~1.5 A cm 2 and
have an anode catalyst loading of ~2mg;, cm™ 2 resulting in an
iridium-specific power density of ~0.75 g;/kW. Thus, with the
currently installed PEMWE technology, only ~10 GW of newly
installed PEMWE power per year would already require ~7.5t of
iridium per year, which would essentially consume the entire world-
wide iridium supply, and thus would not allow for the large-scale
deployment of PEMWEs at the above mentioned rate required to
defossilize the transport sector.

To overcome this obstacle, recent studies suggest the need for a
substantial reduction of the anode iridium loading to at least
0.25-0.4 mggcm 2317 or, more precisely, to loadings that are
low enough to reach iridium-specific power densities of ~0.01
21/kW at 70%y v that are estimated to be necessary for a large-scale
PEMWE deployment.® One option to reduce the iridium-specific
power density at a given iridium loading is to reduce the non-kinetic
performance losses of a PEMWE, so that higher current densities
and thus higher power densities could be obtained at the same cell
voltage and efficiency. By far the largest share of non-kinetic losses
is currently caused by ohmic resistances due to proton conduction
across the relatively thick membranes (~180 ym for Nafion” 117).'
If thinner membranes are used, a substantial fraction of these losses
can be eliminated. Laboratory experiments with thinner membranes
(conducted with conventional catalysts loadings and at 80 °C)
reached current densities at an efficiency of 70%y yv ranging from
~3.3 Acm 2 (90 um Aguivion” C98-09S5)") to 4.0 Acm 2 (50 um
Nafion” 212%%) all the way up to ~4.8 Acm 2 (30 um Nafion
XL2Y); this may be compared to ~1.7 A em 2 for a ~180 pm thick
Nafion” 117 membrane under the same conditions.'>'® Thus,
reducing membrane thickness can result in an up to ~3-fold increase
in current density at the same cell voltage/efficiency, corresponding
to a ~3-fold increase in power density. However, when using thin
membranes, the increasing product gas crossover must be taken into
account. From a safety perspective, the hydrogen crossover from the
cathode to the anode side is particularly important. The use of thin
membranes can severely limit the minimum current density where
the system can be operated safely without countermeasures. 52223
Possible mitigation strategies for excessive hydrogen crossover
include the incorporation of chemical recombination catalysts into
the membrane electrode assembly (MEA),>*~7 or the integration of
recombination catalysts either at some point in the O, outlet stream
at the anode side of the electrolyzer or at the back side of the anode
porous transport layer (PTL).?®

Based on the above discussion, simply using thinner membranes
can increase the power density by a3-fold, so that with a conven-
tional iridium loading of 2mgycm 2 iridium-specific power
densities of ~0.25 gi/kW at 70%y v should be reachable. As a
matter of fact, this was demonstrated for an MEA based on a 50 ym
Nafion® 212 membrane with an anode iridium loading of
~1.6mgycm > and a cathode platinum loading  of
~0.30 mgp cm 2, operated at 80 °C and ambient pressure.® A
further lowering of the iridium-specific power density, however,
requires a reduction of the anode iridium loading. As shown in
references® and,? current commercial OER catalysts that are based
on a thick, electrically conductive IrO, coating applied on a non-
conductive TiO, support (for example Umicore Elyst Ir75 0480,
further on referred to as ‘Benchmark catalyst’) are limited by the
insufficient in-plane electrical conductivity and the inhomogeneity
of the thin electrode layers that result at low iridium loadings of
approximately <0.5 mgy, cm 2. This could be remedied by an
electrically conductive support material on which the active iridium
particles are finely dispersed, in analogy to the carbon supported
platinum catalysts (Pt/C) that are used at the cathode (e.g., the
thickness of an only ~0.03 mgp, cm 2 cathode electrode based on a
~5wt% PUYC catalyst is =11 pum.®) Possible candidates are

antimony-doped tin oxide (ATO0),>**' niobium-doped titanium

oxide (NTO),**** or tungsten doped titanium oxide.*
Nevertheless, the long-term stability of these support materials in
the acidic environment of a PEMWE is still under investigation.
Another approach toward low loadings is the use of iridium thin-
films which can be coated directly on highly structured membranes>
or on nano structures (e.g., whiskers) on the membrane surface.’¢

Within the framework of the Kopernikus P2X project,®’ the
partners Greenerity GmbH, Heraeus Deutschland GmbH & Co. KG
and Technical University of Munich (TUM) investigated a catalyst
concept that would allow for low iridium loadings without
decreasing the electrode thickness, i.e. a concept that would offer
a reduced iridium packing density in the electrode. It is based on
utilizing a non-conductive TiO, support material coated with a thin
layer of an amorphous, hydrous iridium oxide (a-IrO(OH),), as
shown by Tovini et al. for the Benchmark catalyst,”® but utilizing a
low specific surface area TiO, support.®® With this approach, a
substantial reduction of the iridium packing densit;/ from
~2.3 g]rcmf3 for the Benchmark catalyst to ~0.5 g;.cm™ " for the
newly designed catalyst is possible (further on referred to as "P2X”
catalyst),®® which now enables the preparation of sufficiently thick
electrodes of, e.g., ~5 um at iridium loadings of 0.25 mgy, cm 2
(with the Benchmark catalyst, this loading would result in an
electrode thickness of only ~1 pm, too thin for a well-performing
electrode®). In addition to enabling thicker electrodes at low iridium
loadings, this new P2X catalyst was shown to enable a ~8-fold
reduction in iridium loading at even a ~50 mV better begin-of-life
(BOL) performance compared to the Benchmark catalyst.> Part of
this better performance can be attributed to the higher intrinsic
activity for the oxygen evolution reaction (OER) of the a-IrO(OH),
coating of the P2X catalyst compared to the more crystalline and
thus less OER active IrO, of the Benchmark catalyst.*>*! However,
a platinum-coated PTL is required for the P2X catalyst, owing to the
lower intrinsic conductivity of a-IrO(OH), compared to crystalline
1r0,.%*? In combination with a 50 m thick Nafion” 212 membrane,
the performance of MEAs with the P2X catalyst at a loading of
0.27 mgy, cm 2 is projected to yield a current density of ~4 A cm >
at 1.79 'V (i.e., at an efficiency of 70%yyv) when operated at 80 °C
and ambient pressure,”® which would correspond to an iridium-
specific power density of ~0.04 g;,/kW, within a factor of 4 of the
above stated long-term target (in comparison, the projected value for
the Benchmark catalyst under the same conditions is ~0.4 glr/kW”).

Apart from the initial performance of a new catalyst, however, its
long-term stability is another important factor for its use in actual
applications. PEMWE systems should have a long service life, so
that the at the moment still high investment costs of 1000 to 1400 $/
kW (with near-future projected costs for large scale production of
~400 $/kW*?) are as low as possible when translated into operating
time, whereby commercial PEMWEs already have a lifetime of
/100,000 h.* However, testing a new catalyst over such a long
period is difficult to implement in practice, especially in the early
stages of catalyst development. Yet, as will be shown, even shorter
operating times of several thousand hours can provide a robust initial
indication of catalyst durability, which is done most efficiently in a
short stack configuration. Therefore, 5 MEAs each with the
Benchmark and the P2X catalyst were tested at 60 °C and ambient
pressure in a 10-cell PEMWE short stack with an active area of
30 cm? over a period of 3700 h, cycling the current density between
0.2, 1.0, and 2.0 Acm™2. Every week, full polarization curves were
recorded, together with acquiring the high frequency resistance
(HFR) of each cell. This allowed to determine the cell voltage
degradation rate as well as the iR-free cell voltage degradation rate
as a function of current density. Furthermore, a Tafel analysis of the
iR-free cell voltages at low current densities allowed for a
quantification of the OER mass activity vs. time for the two different
catalysts, providing further insights into the relative stability of the
new P2X catalyst compared to the commercial Benchmark catalyst.
Finally, the observed evolution of the HFR over time will be
discussed.
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Experimental

Membrane electrode assemblies (MEAs) and test stack.—
30 cm? active area MEAs based on Nafion” 117 membranes were
prepared by Greenerity GmbH according to the specifications of the
used stack type ELS-30 with 10 cells from H-TEC Systems GmbH.
A commercial carbon-supported platinum catalyst was used for the
cathode electrodes with a loading of 0.3 mgp cm™2 for the HER.
Two different catalysts were used on the anode side as described by
Bemt et al.®® : i) a commercial Benchmark catalyst consisting of
mostly crystalline IrO, deposited as thick film on a high surface area
TiO, support (75wt% iridium; Elyst Ir75 0480 from Umicore,
Germany); ii) the newly developed P2X catalyst based on hydrous
iridium oxide deposited as thin film on a lower surface area TiO,
support (49.2wt% iridium from Heraeus, Germany; note that the wt
% iridium for this catalyst batch is slightly higher than that reported
in reference®®). The Benchmark catalyst was applied at a loading of
2.0 mgy, cm ™2, resulting in an anode electrode thickness of ~7.4 ym,
while the P2X catalyst was applied at a loading of 0.25 mg;, cm™2,
resulting in an anode electrode thickness of ~3.5 um. The MEAs
were assembled in a 10-cell short stack by H-TEC Systems in two
groups. The first five cells contained the MEAs with the Benchmark
catalyst and the last five cells the MEAs with the P2X catalyst.
Platinized titanium PTLs were used on the anode side to prevent
progressive passivation of the titanium in contact with the electrode
and to ensure a low contact resistance.*>** All 11 individual bipolar/
monopolar plate potentials are accessible from the outside by fine
pins, which allow monitoring of the individual cell voltages and of
individual impedance spectra. The stack has a water inlet and
water/O, outlet at the anode side and a single H,/water outlet at
the cathode side. Thus, water feed and flow field purging is possible
at the anode side of the stack only. Although the outflowing water at
the cathode side could in principle be tested for dissolved iridium
species by ICP-MS as shown, e.g. by Knoeppel et al.,* the
measurements however would be biased by the contact of the water
to non-noble metal surfaces in the stack which would lead to
galvanic redeposition of iridium species.*’

Short stack test station and operation.—A fully automated test
station from Horiba-Fuelcon was used for conducting the short stack
test. It is equipped with an impedance meter (True-Data-EIS from
Sensotech, Germany) in combination with a multiplexer. This allows
sequential impedance measurements to be made at any DC current
within the range of the electrical power source on all 10 cells in the
stack without changing the connections during the test. Furthermore,
all individual cell potentials were recorded simultaneously during
the whole test.

The temperature of the stack was controlled via the anode water
circuit, whereby the water temperature at the inlet of the stack was
kept at 60 °C. Higher operating temperatures around 80 °C would in
principle be beneficial for an accelerated stress test, but the
temperature in this study was limited to 60 °C based on the
recommendation by the stack manufacturer. In order to achieve a
relatively uniform temperature distribution in the stack and to avoid
excessive in-plane temperature differences across the flow fields
(with a maximum temperature difference between inlet and outlet of
~5 K at 20A cmfz), the water flow rate was set to
3.3 ml/(min cm?).>' To ensure continuously high water quality,
only highly purified make-up water was used (water processed by
ULTRA CLEAR® TP ultrapure water system from Evoqua, USA).
Additionally, a two stage cleanup system was installed in the anode
water recirculation loop, comprising a larger deionization vessel (5 L
resin volume) behind the main feed water pump and a second
smaller cartridge (250 ml resin volume) close to the stack, both filled
with mixed bed resin (Leycopure from Leyco, Germany). The
second cartridge and all further tubing and fittings on the remaining
water path to the stack were made from plastics (SAN, PP or PTFE)
to prevent metal ion leaching into the feed water, and thus possible
ionic contamination of the MEAs.*®
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X-ray photoelectron spectroscopy.—To investigate the near-
surface chemical state and composition of the P2X and the
Benchmark catalyst, X-ray photoelectron spectroscopy (XPS) was
performed using an Axis Supra System (Kratos, UK). XPS spectra
were recorded with a monochromatic Al Ko source (1486.6 eV) at a
pass energy of 40 eV, using a step size of 0.05 eV and a dwell time
of 1000 ms. XPS samples were prepared by finely dispersing the
catalyst powders in a mixture of 2-propanol (purity > 99.8%, from
Sigma Aldrich, Germany) and ultrapure water (Milli-Q° 1Q 7005
water purification system from Merck, Germany), and then drop-
casting the resulting ink on a non-conductive Gylon® substrate (type
3545, from Garlock, USA). Infrared radiation was used to evaporate
the solvent. Before insertion into the ultra-high vacuum chamber for
analysis, the samples were dried at 50 °C under vacuum overnight.
The samples were analyzed without sputter cleaning, and the C 1s
line of adventitious carbon at 284.6 eV was used to correct the
binding energies of all recorded spectra. Data treatment was carried
out using the program CasaXPS with application of a Shirley
background.

MEA cross sections and scanning electron microscopy.—Cross
Sections from a pristine Benchmark and P2X MEA sample as well
as a Benchmark and a P2X MEA harvested after the durability test
from the short stack were investigated via scanning electron
microscopy (SEM). For this, small snippets cut from the active
area of the MEAs were sandwiched between copper tape and
polished with a cryo cross Section polisher (IB-19520CCP from
JEOL, Japan) at —80 °C and at an acceleration voltage of 6kV,
followed by a fine-mode step at 4 kV. Afterwards, the cross Sections
were examined with a scanning electron microscope (JSM-1T200
from JEOL, Japan) in order to evaluate the membrane thicknesses at
BOL and EOT.

Electrochemical measurement procedures and test se-
quences.—The stack test was started by a warm-up phase of several
hours without applying a current and with water circulation only in
order to reach a steady water inlet temperature of 60 °C and to heat
up the stack. The water inlet temperature was kept constant, and
cathode and anode side were kept at ambient pressure during the
whole durability test. After a subsequent conditioning for 20 min at
0.1 Acm 2, the first galvanostatically controlled BOL polarization
curves for all 10 cells of the short stack were recorded, stepwise
changing the current from 33 mA cm 2 t0 2.2 A cm ™2 (11 steps) and
allowing for an equilibration time of 10 min at each current density.
At 02, 1.0, and 2.0 Acm 2, galvanostatically controlled AC
impedance spectra for each cell were recorded at 15 frequencies,
ranging from 15kHz to 150 mHz. The perturbation current ampli-
tude was 0.5A (=0017Acm %) at 02Acm % and 5.0A
(=0.17 Acm 2 at 1.0 Acm 2 and 2.0 A cm ™2 in order to maintain
a linear system response at a reasonable signal to noise ratio. The
high frequency resistance (HFR) for each cell in the stack was
obtained at a fixed frequency of 6.9 kHz, which consistently
represents the first measuring point after the real axis intercept in
the Nyquist plot.

After BOL characterization, the stack was subjected to a
durability protocol that consisted of repeatedly cycling the current
density between three levels for 10 minutes each, namely 0.1, 1.75,
and 2.0 Acm 2. This protocol emulates an intermittent operation
without any shut-down phases, i.e., avoiding periods at open-circuit-
voltage (OCV) in order to prevent catalyst dissolution by repeated
reduction/oxidation events.*® After each 7 day period of continuous
current cycling (i.e., after every 168 h or after every set of 336
current cycles), another set of polarization curves and impedance
spectra was recorded according to the above mentioned scheme.
This procedure was continued over ~3700 h.

At several points during the &3700h durability test, certain
events that are not part of the above durability test sequence (system
maintenance, external errors by auxiliary equipment, etc.; see
Table I) forced a short shut-down of the test station. The first
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Table 1. List of events that required a temporary shut-down of the test station during the 3700 h durability test. The right-hand column shows the

time during the durability test at which a given event occurred.

Event type

Occurence (h)

exhaust line blocked

water supply system maintenance

critical software updates

maintenance of security relevant system components

polarization curve directly after such an event was always recorded,
but was not used in the regression analysis of the degradation rate
and of the OER mass activity evolution, due to the observed
transient performance increase after each of the shut-down and
start-up cycles. This is caused by a change in the catalyst surface
properties of the iridium of the OER catalyst (reduction to hydrous
iridium oxide during the OCV period upon shut-down, and re-
oxidation to iridium oxide after start-up), which was shown to
temporarily affect its OER activity.*® However, all of these thus
biased performance data are depicted as red symbols in the presented
performance/OER mass activity versus time plots (Figs. 3, 4, 6 and
7).

Results and Discussion

XPS based estimation of the relative iridium utilization of the
catalysts.—X-ray photoelectron spectroscopy (XPS) measurements
were carried out to estimate the ratio of the active (hydrous) iridium
oxide film thickness on the TiO, support between the P2X and the
Benchmark catalyst.

Considering that only the outermost surface of the (hydrous)
iridium oxide film is catalytically active for the OER, and assuming
a (hydrous) iridium oxide film thickness (#,,) of more than a few
monolayers, the ratio of fg, of the Benchmark catalyst over that of
the P2X catalyst (fgim (Benchmark)/fiim (P2x)) Would correspond to the
ratio of the iridium utilization (uy,) of the P2X catalyst over that of
the Benchmark catalyst (it (p2x)/U1r (Benchmark))- On the basis of the
known iridium content of the catalysts, of the specific surface areas
of the TiO, supports (estimated to be ~100m?>g ' for the
Benchmark catalyst and ~50 m>g~! for the P2X catalyst), and
assuming the deposition of a homogeneous (hydrous) iridium oxide
film, Bernt et al. estimated that #m, (Benchmarkyfiiim (p2x) &~ 6 nm/2 nm
~ 3.0/1,>° which in turn suggests that the iridium utilization of the
P2X catalyst should be ~3-fold higher for the P2X catalyst (i.e.,
Uty (P2x)/Unr (Benchmark) =~ 3.0/1). In this case, if the surface-normal-
ized, so-called specific OER activity of the two catalysts were to be
the same, the P2X catalyst would be expected to have a ~3-fold
higher mass activity for the oxygen evolution reaction (OER).
However, since the specific OER activity of hydrous iridium oxide
(as is the case for the P2X catalyst) is ~<10-fold higher than that of
iridium oxide (as is the case for the Benchmark catalyst),‘m’41 the
beginning-of-life OER mass activity of the P2X catalyst should be
~30-fold higher than that of the Benchmark catalyst, which is in
reasonably good agreement with the experimentally observed ~37-
fold higher OER mass activity.*

Alternatively to the approach taken by Bernt et al.,* the relative
thickness of the (hydrous) iridium oxide films between the
Benchmark and the P2X catalyst can also be estimated by the
following XPS analysis of the Ir 4p3,, and the Ti 2p intensities (here
taken as the sum of Ti 2py,, and Ti 2p3,) of the (hydrous) iridium
oxide film and the TiO, support, respectively. Qualitatively, it is
obvious already from the XPS data shown in Fig. 1, that the ratio of
the Ir 4ps/, over the Ti 2p intensities (i.e., of the areas under the two
spectral features) is much smaller for the P2X compared to the
Benchmark catalyst, indicating a substantially thinner (hydrous)
iridium oxide film thickness.

In order to quantify this observed difference, the following
considerations and approximations are taken: (i) both XPS features

350
1180, 2380, 3220
1270, 1370, 2040, 3530

3050

f'-:n ‘
> .
&j’ Ir 4p;;, Ti2p
>, >
= Ti2p o
< satellites
D
£

L L L L L A L
= . X
o Ir 4p,;, Ti 2p .
> E
2] [T}
< c
ks o
£ W"”"Q’j 11]

500 490 480 470 460
Binding Energy (eV)

510

Figure 1. X-ray photoelectron spectra of the P2X (green line) and of the
Benchmark (blue line) catalyst samples. Ir 4ps), signals of the (hydrous)
iridium oxide films and Ti 2p signals of the TiO, supports are recorded with
a step size of 0.05 eV. The thin black line represents the Shirley background
that was subtracted to obtain the peak areas given in Table II.

occur in a rather narrow binding energy range (=~455-505¢eV), so
that the kinetic energy of the photoelectrons is also very similar
(~982-1032 eV); (ii) for such a narrow kinetic energy range, the
inelastic mean free path (A) of the Ir 4ps, and the Ti 2p
photoelectrons is essentially identical (=~3.0 nm based on Shea and
Dench;49) (iii) for essentially identical A values, the instrumental
sensitivity factor ratio of the Ir 4ps;, and the Ti 2p features
corresponds to the ratio of their Scofield cross-sections; (iv) the
radius of the TiO, particles is at least 2-fold larger than \ (for the
estimated 100 m? g~ ! BET TiO, support of the Benchmark catalyst,
ITio, & 7 nm;>’ ) and, v) the (hydrous) iridium oxide film homo-
geneously covers the TiO, support. For a hypothetical planar
geometry, the (hydrous) iridium oxide film thickness (#zm) on the
TiO, support could then be calculated based on the following
equation (equation (1) in reference,”’ corrected, however, for the
wrong sign in the original publication):

[1]
(Iti2p) /(S 2p)

thiim = i~cos(9)~ln[l +

Here, Iyp,, and It o, are the experimentally measured peak
intensities for a given catalyst, sir4p,, and sy; 2, are the Scofield
cross-sections,’' and @ is the angle between the surface normal of a
planar sample and the photoelectron analyzer (for a planar sample,
0 =0° in the XPS system used here). For the non-planar samples
used here, 6 is not anymore constant, but assuming that the size and
the morphology of the Benchmark and the P2X catalyst are similar,
the spatial variation of 6 should also be similar, so that the ratio of
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taim Of the Benchmark catalyst over that of the P2X catalyst can be
estimated as:

ln(l (Ui dp3.,) / GS1raps ,2))
(i 2p) / (57 2p) Benchmark 2]

(T dp30) / (ST dpy.p)
(i2p) [G1i2p)  Jpoy

Iilm (Benchmark) /ffilm (P2X) &
In ( 1

Based on the data tabulated in Table II, this yields a (hydrous)
iridium film thickness ratio of im Benchmark)/fiim (p2x) = 2.1/1. This
is clearly smaller than the film thickness ratio of ~3 that was
estimated by Bernt et al.*® by assuming that the BET surface area of
the TiO, support of the Benchmark catalyst would be ~100 m* g~ ".
While the latter assumption is reasonable, the actual TiO, BET
cannot be determined, but if the true value were ~67 m* gfl, the
iridium utilization ratio obtained via the BET-based estimate and via
our XPS analysis would be identical. Owing to the uncertainty in the
TiO, BET estimate, we consider the XPS-based iridium utilization
ratio of ~2.1 to be the more reliable value.

MEA performance and long-term performance degradation.—
For a first overview of the performance of the new P2X anode
catalyst compared to the Benchmark anode catalyst over the course
of the long-term performance test, Fig. 2 shows a comparison of the
averaged polarization curves for both MEA types at beginning-of-
life (BOL; squares), after 890 h (circles) as well as at the end-of-test
(EOT) after 3700 h (triangles). Figures 2a and b show the polariza-
tion curves and the HFR values at 60 °C and ambient pressure,
averaged over the five MEAs with the Benchmark anode catalyst at a
loading of 2.0 mgy, cm™2 (error bars represent the standard devia-
tion), while Figs. 2c¢ and d show the analogous data for the P2X
catalyst at a loading of 0.25 mgy, cm 2. The solid lines in Figs. 2a
and c represent the measured cell voltages (E..) and the dashed
lines the iR-free cell voltage (Eir.free), corresponding to E.g
corrected by the HFR (Eir_free = Ecen — i - HFR). The HFR values
were obtained from the electrical impedance spectra recorded at
three current densities (0.2, 1.0, and 2.0 A cmfz) and were used for
the iR-correction of several current densities, as marked by the gray
shaded areas in Fig. 2.

A first inspection of the data in Figs. 2a and c reveals the good
reproducibility of the cell voltage performance of each set of five
MEAs, expressed by the small error bars: The maximum variation
occurs at the highest current density of 2.2 A cm™2, with less than
+22 mV at BOL and less than 16 mV at EOT. A closer look at the
BOL polarization curves (squares) reveals a ~20 mV lower cell
voltage (solid lines) and iR-free cell voltage (dashed lines) of the
P2X catalyst MEAs compared to the Benchmark catalyst MEAs over
the whole current density range, with the HFR values of both MEA
types being identical (~185 mQcm?). Thus, the higher initial
performance of the P2X catalyst at an 8-fold lower iridium loading,
as reported by Bernt et al.'' for 5cm? active area single-cell
measurements, can also be observed for the measurements in a
30 cm? active area 10-cell short stack shown here. Calculating the
iridium-specific power density at a cell voltage efficiency of 70%y v
(=1.79 V), the P2X catalyst MEAs reach a value of 0.11 gi/kW,
which is ~10-fold lower than the 1.0 g;/kW obtained for the
Benchmark MEAs.

Looking at the temporal evolution of the iR-free cell voltage
(dashed lines in Figs. 2a and c), which allows for a closer inspection
of the evolution of the anode catalyst activity, two aspects stand out:
first, for both catalyst types, the iR-free cell voltage performance and
thus the catalyst activity decreases (visible by the up-shift of the iR-
free polarization curves) and second, this performance decay is
clearly most pronounced during the first 890 h (circles) compared to
the following 2810 h until EOT. Over the first 890 h, the Benchmark
catalyst MEAs show an average Eir.gee increase at 1Acm™2 of
~50 mV, whereas the average Eigr_fe. Of the P2X catalyst MEAs is
slightly higher, amounting to ~70 mV. In contrast, for the following
2810 h there is no change visible for the Benchmark catalyst MEAs
and a less than ~15 mV increase for the P2X catalyst MEAs. In fact,
the iR-free EOT performance of both MEA types is approximately
the same, with the iR-free cell voltage of the P2X catalyst MEAs at
2.2 A cm 2 being only ~12mV higher than that of the Benchmark
catalyst MEASs, even though the former have an 8-fold lower iridium
loading.

When again considering the non-corrected cell voltages (solid
lines in Figs. 2a and c), a further effect becomes apparent for both
MEA types. The slope of the E.. vs. current density curves at
current densities greater than 0.5 A cm™> clearly decreases with
time, which is caused by a decreasing HFR, as shown in Figs. 2b and
d. The overall HFR decrease over the 3700 h of testing is ~25% on
average, but slightly more pronounced for the Benchmark catalyst
MEAs (from 186 to 134 mQ2 cm2) than for the P2X catalyst MEAs
(from 184 to 145 m(2 cmz). This leads to the phenomenon that at
high current densities, the HFR drop for the Benchmark MEAs is
strong enough to overcompensate the catalyst activity decay,
resulting in a slightly higher current density of 1.18 Acm 2 at
EOT at the 70% yv efficiency benchmark (i.e., at 1.79 V) compared
to BOL, whereas the current density of the P2X catalyst MEAs at the
same voltage decreases slightly to 1.04 Acm 2 at EOT. When
evaluating the iridium-specific power densities at 70%y gy for the
two MEA types at EOT, there still remains a ~7-fold advantage of
the P2X compared to the Benchmark catalyst MEAs (0.13 g;,/kW for
the former and 0.95 §1r/kW, respectively). At the highest current
density of 2.2 Acm™~, also the P2X catalyst MEAs show slightly
higher EOT performance compared to BOL, due to the HFR
decrease outweighing the catalyst activity decay.

To better quantify the above observations and to gain more
insights into the MEA performance degradation mechanisms, we
will next discuss the degradation rates at different current densities.
Due to the weekly recording of polarization curves and impedance
spectra, a closer look at the MEA performance degradation is
possible. Figure 3 shows the temporal evolution of the mean cell
voltages (E.¢y) for both the Benchmark catalyst MEAs (Figs. 3a) and
the P2X catalyst MEAs (Fig. 3b) at three current densities,
corresponding to the low, mid, and high power density regime
(0.2 A cm 2 (squares), 1.0 A cm 2 (circles), and 2.0 A cm 2 (trian-
gles)). As mentioned before, all red marked symbols represent
biased polarization curves due to preceding shut-down events (listed
in Table I). Looking at the evolution of E.. over time reveals two
clearly distinguishable time-dependent phenomena at 0.2 and
1.0 Acm % in the time period from BOL up to 1000 h, the cell
voltage shows an initially rather fast increase that gradually levels
off, whereas in the subsequent time period, from ~1000 h onwards,

Table II. Summary of the analysis of the Ti 2p (sum of Ti 2py,, + Ti 2p3/,) and of the Ir 4p3,, XPS features obtained for the P2X and the Benchmark
catalyst. The Shirley background corrected areal intensities (I1; 2, and /.4y,,,) are determined from Fig. 1 and the Scofield cross-sections (st; 2, and

S1r4p,,,) are taken from reference 51.

Catalyst XPS features Areal Intensity / Scofield cross-section s
P2X Ti 2p1n + Ti 2p3p 2776 791

Ir 4pspp 5747 5.59
Benchmark Ti 2pypp + Ti 2p3p 616 7.91

Ir 4pspp 7592 5.59

100



5 RESULTS

Journal of The Electrochemical Society, 2022 169 064505

2 I Ia) iilencihrnal:k Catlalyst'(z,o :ng‘J(;mz) o Ic) 'I’ZX(l:ataI;rst (GI.ZS n;g‘Jcr;lz) I 2
AT 1,.260°C pun=pozambent [ Tun=60"C puy=pu=ambient 2]

20 -F 0, ' 1 =5 | 120
S‘ | |—4—3700h L |—v—3700h ‘ S‘
@ 19 F ; )
[s)] r | =]
% 18| § %
= 1.7F 3 =

1.6 oot i i

- e i 1T

1.5 - g;

i [ 1 1 1 1 ' 1 ? [ : s
o~ (o]
200 _I 1 L ] : L] !’_ _I |l 1 1 i L YI_ 200
5~ [bk . C L o : B
£ 160} s : - ; - 160 €
@ [0 3 4 S : ' ] X
w 120 C1 L I s ' 1 1 st s 120 W
T : . . : : ; : . . . T
0.0 05 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0

Current Density (A cm™) Current Density (A cm™)

Figure 2. Averaged polarization curves of 30 cm? active area Nafion” 117 based MEAs (from 5 MEAs each, with error bars representing the standard deviation)
at BOL (squares) as well as after 890 h (circles) and 3700 h (triangles) of the load cycling durability test (switched every 10 min between 0.1, 1.75, and 2.0 A
cm’z), recorded with a 10-cell short stack at ambient pressure and 60 °C anode water inlet temperature (3.3 mlypo/(min cmz)): (a) of the MEAs with the
Benchmark anode catalyst at a loading of 2.0 mg;, cm ™ %; (c) of the MEAs with the P2X anode catalyst at a loading of 0.25 mg;, cm 2. The same Pt/C based
cathode catalyst is used for both MEA types at a loading of 0.3 mgp, cm ™2, The solid lines show the measured cell voltages (E.ep), while the dashed lines
represent the iR-free cell voltage corrected by the HFR (Eir_fiee). b) & d) Averaged HFR values and standard deviation for the two sets of MEAs, determined
from impedance measurements for all cells at three different current densities (0.2, 1.0, and 2.0 A cm ™). The iR-correction is done by using the same HFR value
for several current densities, as marked by the gray shaded areas in the figure.
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Figure 3. Temporal evolution of the mean cell voltage during prolonged load cycling (switched every 10 min between 0.1, 1.75, and 2.0 A cm ) of a 10-cell
short stack at 60 °C anode water inlet temperature and ambient pressure: a) average and standard deviation of E. of the five Benchmark catalyst MEAs
(2.0 mgy, cm’z); b) average and standard deviation of E.; of the five P2X catalyst MEAs (0.25 mg;, cm’z). The E; values are taken from weekly performed
polarization curves at the current densities of 0.2 A cm ™ (squares), 1.0 A cm ™2 (circles), and 2.0 A cm™> (triangles). The average cell voltage degradation rates
are evaluated between 1000 h and 3700 h for each current density by means of a linear regression fit (dashed black lines). All red marked symbols show values
from polarization curves which were recorded directly after a shut-down event of the test station, and thus are excluded from the regression analysis (a complete
list of shut-down events is given in Table I).

the evolution of E..; with time is rather linear. The increase of E . and —8 uV/h for the Benchmark and the P2X catalyst MEAs,
during the first ~1000 h is more prominent for the P2X catalyst than respectively), which can be attributed to the decrease of the HFR
for the Benchmark catalyst, consistent with the results shown in with time (see 2b and (d)) that positively affects the cell voltage.
Figs. 2a and c (i.e., comparing the performance at BOL and after Overall, the degradation rates evaluated between 1000 and 3700 h
890 h). From a1000 h onwards, the cell voltages remain almost are consistently lower (or more negative) for the Benchmark catalyst
constant at the low current density of 0.2 A cm ™ (reflected in low MEAs compared to the P2X catalyst MEAs.

rates of voltage change of —1 and +5 ' V/h for the Benchmark and Comparing our data with long-term test results from other groups
the P2X catalyst MEAs, respectively), and even show a clearly reveals a similar behavior, with a stabilization of the cell voltage at

decreasing trend at the high current density of 2.0 A cm™ 2 (with —18 around 1000 h, following an initial phase with higher degradation
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rates. Siracusano et al.>® report an initial degradation rate of
~90 pV/h during a 1000 h steady-state test at a rather high current
density of 3.0 A cm 2, which attenuated to 33 pV/h during the last
300h, and they attribute this rather slow stabilization to mass
transfer resistances or to a change of the oxidation state of the
anode catalyst surface. However, their MEAs feature an IrRuOx
catalyst at the anode side and are based on thinner, 90 gm Aquivion~
membranes, which renders a quantitative comparison with our data
in Fig. 3 difficult. Also Danilovic et al.”>* show averaged cell voltage
data for a long-term electrolysis test (60,000 h) of two different
industrial stack design evolution levels, whereby the cell voltage
change rates are highest during the first 1000 h. However, there are
also results in the literature where such an initial increase or
nonlinear change is not immediately visible. In a publication by
Rakousky et al.,** the cell voltage evolution is shown during
galvanostatic operation at 2.0 A cm ™2 for 400 h, using a platinized
anode PTL. The cell voltage remains at a stable level while the HFR
shows a gradual decrease of the ohmic cell resistance by ~10%,
which the authors attribute to a reduced contact resistance between
the PTLs and the electrodes, caused by a gradual membrane creep
into the pores of the PTLs. Since the change in ohmic resistances (e.
g., contact resistances and membrane resistances) over the course of
a durability test can mask the effect of catalyst degradation on the
cell voltage evolution, a better understanding on the long-term
stability of different catalysts can be obtained by analyzing the iR-
free cell voltage evolution.

Using the cell voltages and the HFR values from the regularly
performed polarization curves and impedance measurements, a
closer look at the electrode aging can be taken by evaluating the
temporal evolution of the iR-free cell voltage. Figures 4a and b thus
show the mean iR-free cell voltage for the Benchmark and the P2X
catalyst MEAs, respectively, determined at three current densities
0.2, 1.0, and 2.0 A cm™?). Again, measurement points that were
recorded directly after shut-down events of the test station are
marked in red and are not used for the analysis. For both MEA types,
the electrode aging is most pronounced during the first 1000 h. The
average performance decay in this initial time period at the three
different current densities ranges between ~30-50 mV for the
Benchmark catalyst MEAs, while it is somewhat larger for the
P2X catalyst MEAs (=60-80 mV). Interestingly, however, the iR-
free cell voltages at the three different current densities are
essentially identical after 1000 h, which is due to the initially
~25-30 mV superior performance of the P2X catalyst MEAs
(despite its 8-fold lower iridium loading), owing to the substantially

higher intrinsic OER activity of the P2X catalyst compared to the
Benchmark catalyst.

Following the stabilization of the iR-free cell voltages after the
first 1000 h, both MEA types show only single-digit ¢V/h changes
of the iR-free voltage, when determined by a linear regression
analysis between 1000 h and the EOT at 3700 h. At 0.2 A cm ™2, the
mean iR-free cell voltage of the Benchmark catalyst MEAs is
increasing at a rate of +1 pV/h, whereas that of the P2X catalyst
MEAs shows a clearly higher increase of +6 pV/h, pointing toward
a faster decay of the OER activity of the P2X catalyst compared to
the Benchmark catalyst. At the higher current densities of 1.0 and
2.0 Acm™2, the degradation rates should in principle be equal or
higher (i.e., more positive), since any possible mass transport related
resistances in the electrodes would be expected to become more
prominent at higher current densities. Surprisingly, however, the ©V/
h changes of the iR-free cell voltage at 2.0 Acm 2 are lower,
namely -1 xV/h for the Benchmark catalyst MEAs (i.e., 2 uV/h
lower than at 0.2 A cm ™ 2) and +1 V/h for the P2X catalyst MEAs (
i.e., 5 uV/h lower than at 0.2 A cmfz). This, we believe, must be due
to small errors in the quantification of the absolute values of the
HFR, as is illustrated by the following analysis: Assuming that the
degradation rates of the iR-free cell voltage of the P2X catalyst
MEAs at 20 Acm > were to be at least the same as that at
0.2 Acm™2 (i.e., +6 pV/h), its iR-free cell voltage at 20Acm™2
and 3700 h would have to be at least ~14 mV higher (from A 5 pV/
h 2700h ~ A 14mV), which would be obtained if the HFR
measured at 3700 h were to be ~7 m§) cm® higher (from 7 m§ cm?
2.0 Acm 2 &~ 14 mV), which amounts to a difference of only ~5%
of the measured HFR between 870-3700 h (~2160-145 m2 cm?, see
Fig. 2(c)). As this corresponds to the expected accuracy of our HFR
measurements, one must conclude that the iR-free cell voltage
change rates at 2.0 A cm ™2 cannot be determined reliably to better
than approximately =5 ;V/h. On the other hand, for the analysis of
current densities of 0.2 Acm™2 or below, the absolute error in
determining the iR-free cell voltage is an order of magnitude lower
and, in addition, it can be assumed that any mass transport effects are
also negligible at such low current densities, so that an analysis at
0.2 A cm™? or below should allow for a rather accurate quantifica-
tion of any changes of the OER catalyst activity over time.
Therefore, we will next examine the OER mass activity evolution
of the two types of anode catalyst by conducting a Tafel analysis in
the low current density region.
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Figure 4. Temporal evolution of the mean iR-free cell voltage during prolonged load cycling (switched every 10 min between 0.1, 1.75, and 2.0 A cm ™) of a
10-cell short stack at 60 °C anode water inlet temperature and ambient pressure: (a) average and standard deviation of Eir_s.e Of the five benchmark catalyst
MEAs (2.0 mgy, cm’z); (b) average and standard deviation of Eig_.. of the five P2X catalyst MEAs (0.25 mgy, cm’z). The EiR_free Values are taken from weekly
performed polarization curves and impedance measurements at the current densities of 0.2 A cm ™2 (squares), 1.0 A cm ™2 (circles), and 2.0 A cm ™2 (triangles).
The average iR-free cell voltage degradation rates are evaluated between 1000 h and 3700 h for each current density by means of a linear regression fit (dashed
black lines). All red marked symbols show values from polarization curves which were recorded directly after a shut-down event of the test station, and thus are
excluded from the regression analysis (a complete list of shut-down events is given in Table I).
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Figure S. Tafel plot of the iR-free cell voltage vs. the logarithm of the
current density for the two different MEA types at BOL (squares) as well as
after 890 h (circles) and 3700 h (triangles) of the load cycling durability test,
recorded at ambient pressure and 60 °C anode side water inlet temperature
(same data as the dashed lines in Figs. 2a and c): (a) of the Benchmark anode
catalyst (at 2.0 mgy, cm 2); b) of the P2X anode catalyst (at 0.25 mgy, cm 2).
A linear regression fit between 33 and 100 mA cm™2 is used to obtain the
Tafel slopes (dashed lines). Additionally, the OER mass activities of the
catalysts at Eir_ree = 1.5 V are determined by the value of the respective
fitted Tafel line at Eigge.=1.5V. OER mass activity values at
Eir free = 1.5V and Tafel slopes are given in the legend inside the figure.

OER mass activity evolution of the benchmark and the P2X
catalyst.—To gain better insight into the change of the OER kinetics
of both catalysts, Figs. 5a and b show the averaged Tafel plots (i.e.,
Eir free Vs. the logarithm of the current density) at ambient pressure
and at 60 °C anode water inlet temperature of the five Benchmark
and the five P2X catalyst MEAs, respectively, recorded at BOL
(squares) as well as after 890 h (circles) and 3700 h (triangles) of the
durability test (same data as shown by the dashed lines in Figs. 2a
and c¢). A linear regression fit of the data between 33 and
100 mA cm ™2 is used to obtain the Tafel slopes (dashed lines in
Fig. 5). Considering the negligible overpotential for the hydrogen
evolution reaction (HER) at the here used cathode loadings of
0.3 mgpcm 2 (gupr < 5mV at 1 Acm 2%) and the expected
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Figure 6. a) Temporal evolution of mean OER mass activity at 1.5 V iR-free
cell voltage (ambient pressure, 60 °C anode water inlet temperature) for the
Benchmark catalyst MEAs (circles, 2.0 mg;, cm™~2) and for the P2X catalyst
MEAs (squares, 0.25 mgy, cm 2. b) Temporal evolution of the OER mass
activity ratio between the P2X catalyst and the Benchmark catalyst MEAs.
All red marked symbols show values from polarization curves, which were
recorded directly after a shut-down event of the test station (for a complete
list of shut-down events see Table I).

negligible mass transport resistances at low current densities, the
fitted Tafel lines should very closely represent the OER activity of
the two catalysts. Consequently, the OER mass activities of the
catalysts at an iR-free cell voltage of 1.5V are determined from
current density values of the fitted Tafel lines at Eig_free = 1.5V,
normalized by the anode catalyst loading.

In line with the results presented in the previous figures, two
major findings stand out: At first, the P2X catalyst exhibits a ~30-
fold higher initial mass activity at Eirfe.= 1.5V of 910 A/gy
compared to 32 A/gy for the Benchmark catalyst (see legends in
Figs. 5a and b). This is due to the fact that the former consists mostly
of the more OER active hydrous iridium oxide, while the latter
consists of less OER active iridium oxide® (note that the pristine
Benchmark catalyst was shown to consist of a ~50/50 mixture of
crystalline and amorphous IrO,.*®) The higher OER mass activity of
the P2X catalyst is also reflected in its rather low initial Tafel slope
of 45mV/dec (see legends in Figs. 5a and b) that is typical for
hydrous iridium oxide based OER catalysts®®; while the higher Tafel
slope of 52 mV/dec obtained for the Benchmark catalyst is typical
for iridium oxide based OER catalysts.**® Second, both catalysts
show a decline in OER mass activity and an increase in Tafel slope
over the course of the prolonged cycling test. The OER mass activity
decline is clearly more pronounced for the P2X catalyst than for the
Benchmark catalyst, with the P2X catalyst’s OER mass activity
decreasing by a factor of ~12 to 75 A/gy, after 3700 h, in contrast to
only a factor of ~2 in case of the Benchmark catalyst, namely to
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Figure 7. Double logarithmic plot of the mean OER mass activities at 1.5 V
iR-free cell voltage (recorded at ambient pressure, 60 °C anode water inlet
temperature; same data as in Fig. 6) for the Benchmark catalyst MEAs (blue
circles, 2.0 mg, cm ) and for the P2X catalyst MEAs (green squares,
0.25 mg;, cm ). The dashed lines are linear regression fits of the logarithm
of the OER mass activities (ii“"w’ , in units of A/gy,) versus the logarithm of
time (t, in units of h): log (i 515V =
(=0.114 + 0.015)-log(r) + (1.593 + 0.046) for the Benchmark -catalyst
MEAs and log(ii""V) = (=0.553 + 0.037)-log(t) + (3.760 + 0.117) for
the P2X catalyst MEAs (excluding the data taken directly after a shut-down,
marked in red).

16 A/gy, after 3700 h. At the same time, the Tafel slope of the P2X
catalyst increases from 45 to 61 mV/dec, suggesting a gradual
transformation of the hydrous iridium oxide into iridium oxide®.
An increase in Tafel slope is also observed for the Benchmark
catalyst, namely from 52 to 72 mV/dec, which may be indicative of
the gradual transformation of the initially partially amorphous
iridium oxide into predominantly crystalline iridium oxide over
extended times at high anodic potentials.’*>°

In order to obtain a better resolution of the time evolution of the
OER mass activities, the weekly recorded polarization curves were
also subjected to the same type of Tafel analysis. The results are
shown in Fig. 6, whereby the red marked symbols represent the
measurements that directly followed a system shut-down event (as
mentioned above, the OER activity of the anode catalysts increases
after system shut-downs during which the anode got exposed to
crossover hydrogen, an effect that had been discussed previously*®).
Figure 6a shows the temporal evolution of the OER mass activity for
the P2X catalyst (squares) and the Benchmark catalyst (circles),
while Fig. 6b shows the evolution of the ratio of the OER mass
activities of the P2X catalyst over that of the Benchmark catalyst.

As expected based on the literature,*>*' the P2X catalyst based
on hydrous iridium oxide is significantly more active at BOL than
the Benchmark catalyst (~30-fold, as shown in Fig. 6b) that is based
on a mixture of amorphous and crystalline iridium oxide®®. The
temporal evolution of the OER mass activity reflects the above
observed relatively fast rise in cell voltage and iR-free cell voltage
over the first 1000 h (see Figs. 3 and 4, respectively), with both
catalysts showing a relatively fast initial drop in the OER mass
activity over the first 1000 h (see Fig. 6a), whereby the OER activity
of the P2X catalyst drops much more rapidly, so that its OER mass
activity benefit over the Benchmark catalyst shrinks to ~6-fold after
1000 h (see Fig. 6b). This initially fast decay, however, is followed
by a rather slow decrease over the remaining 2700 h until EOT, at
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which point the OER mass activity benefit of the P2X catalyst seems
to stabilize at a factor of ~4. Considering that the OER activity is
highest for hydrous iridium oxide and lowest for crystalline iridium
oxide,*® we believe that the rather fast OER mass activity decay of
the P2X catalyst in the first 1000 h observed here is due to a gradual
conversion of the hydrous iridium oxide phase at the high anode
potential during electrolysis to an amorphous iridium oxide phase,
which over longer times becomes more crystalline.**>* On the other
hand, the Benchmark catalyst that starts out with a roughly 50/50
mixture of amorphous and crystalline iridium oxide, experiences a
much slower OER activity decay, presumably due to an intrinsically
slower conversion of amorphous to crystalline iridium oxide. Over
much longer times than the 3700 h examined here, we would thus
expect that the intrinsic OER activities of the two catalysts should
become identical, which in terms of OER mass activity would imply
that the P2X catalyst should retain a long-term OER mass activity
benefit over the Benchmark catalyst by a factor that corresponds to
the iridium utilization ratio, namely ~2.1 (see Section 3.1).

Zero-order estimate of the longer-term catalyst-specific degra-
dation rates.—While it would be desirable to test the performance of
the P2X anode catalyst and to compare it to the performance of the
Benchmark catalyst over much longer times, this is unfortunately not
practical. However, in the following we will attempt to project the
decay of the catalytic activity of the two catalysts on the basis of the
OER mass activity data shown in Fig. 6. As described above, the
OER mass activity at a low iR-free cell voltage (here 1.5V) is a
good quantitative descriptor for catalyst performance, since it is
determined at very low current densities (i.e., between
33-100 mA cm 2, see Fig. 5), where other voltage losses (e.g., due
to mass transport resistances) and correction errors (e.g., due to
imperfect HFR correction) have only minimal influence. Therefore,
we need to emphasize that the thus projected voltage losses are only
those that can be ascribed to OER mass activity losses and that
possible additional voltage losses due to other aging mechanisms are
not included (e.g., buildup of interfacial contact resistances, changes
in mass transport resistances, membrane/ionomer degradation, etc.).

In order to project the catalyst mass activity losses over time, its
functional dependence on time would have to be known. As the
latter is not directly evident in Fig. 6, we have replotted the OER
mass activity data from Fig. 6 in terms of the logarithm of the mass
activity versus the logarithm of time in Fig. 7. Here, the data at BOL
(nominally after 1 hour) are excluded, because the stack had been
preconditioned at the manufacturer’s site over the course of several
tens of hours at different operating conditions, so that the mass
activity values directly at the start of our experiment (BOL) do not
represent the initial state of the catalyst. For the mass activities
obtained from the second polarization curve after ~200 h (first point
shown in Fig. 7) and for any later measurements, however, this
uncertainty in time is negligible. Surprisingly, the logarithm of the
mass activity versus the logarithm of time follows a perfectly linear
relationship for both catalysts between ~200-3700 h, marked by the
dashed linear regression lines in Fig. 7 (note that the red data points
that represent data taken directly after a shut-down event were
excluded from the fit). While the fundamental mechanistic reason for
this empirically observed relationship is unclear, it does hold over
about 1.3 decades in time, so that it should serve as a reasonable
zero-order estimate for projecting the drop in mass activity over
another decade of time, i.e., from the end-of-test at ~3700h to
~40,000 h. The measured values for the OER mass activity at an iR-

free cell voltage of 1.5V after 3700 h (i¥'339,,) are 15.3 Algy, for

the Benchmark catalyst and 61 A/gy, for the P2X catalyst, whereas

the extrapolated values for i;’;(&(a\(){m n are 11.7+0.4 A/g;, for the

Benchmark catalyst and 16.4 +1.5 A/g,, for the P2X catalyst
(marked by the dashed lines in Fig. 7; the fitting Egs. are given in
the Fig. caption; the uncertainties of the extrapolated mass activities
are calculated by using the standard errors of the slopes of the fits
which are +£0.015 for the Benchmark catalyst and +0.037 for the P2X
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Figure 8. Temporal evolution of the HFR acquired at 0.2 Acm™ - and
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were acquired during prolonged load cycling test (switched every 10 min
between 0.1 A cm’z, 1.75A cm 2 and 2.0 A cm’z) at 60 °C anode water
inlet temperature and ambient pressure.
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catalyst, in such a way, that a minimum-maximum corridor for the
extrapolation from 3700 h onwards is set). These extrapolated values
including the propagated uncertainties would give a mass activity
ratio of about 1.4 + 0.1 at 40,000 h. While this is somewhat less than
the ratio of 2.1 that we estimated as the final ratio by our XPS-based
analysis of the iridium film thickness ratio (Section 3.1), it is
nevertheless reasonably close considering that the estimate involves
an extrapolation over an order of magnitude in time.

Assuming that this projection of the time dependence of the OER
mass activity is valid, one can then estimate the kinetic voltage loss
that is solely due to the OER mass activity loss. For this, we assume
that the OER kinetics are described by simple Tafel kinetics (as
suggested by Fig. 5), that the overpotential for the HER is
negligible,® and that the ohmic losses due to membrane and contact
resistances are properly accounted for by the HFR. In this case, the
iR-free cell voltage (Eir _fee) in the absence of other mass-transport
related losses can be described by the following equation that is a
modification of the equation that was derived by Neyerlin et al. for
the iR-free cell voltage in PEM fuel cells (see equation (11) in
reference>®):

2.303-R-T
ER_free = 1.5V + ——
[¢7Y
i+
log . 2 3]
Licerip V10731 (po, sz)-f(T))

Here, 1.5V represents the iR-free cell voltage at which the OER
mass activity (i;rl"“'sv), in units of A/gy) is specified, «, denotes the
anodic transfer coefficient, and the prefactor 212# before the

logarithm term is the Tafel slope 7S in (mV/dec). Within the
logarithm, i denotes the current density and ix the current density lost
by gas crossover (both in units of A cm ™), Ly o is the OER catalyst
loading (in units of mgy, cm™~2), 102 is a unit conversion factor, and
the last two factors, f(po,. pu,) and f(T), are gas partial pressure
and cell temperature dependent terms (for details, see Eq. 11 in
). Based on the projected loss in OER mass activity

reference

between end-of-test (3700 h) and 40,000 h (see Fig. 7 and above
discussion), one can use Eq. 3 to project the kinetic voltage loss that
is solely due to the OER mass activity loss, assuming that the Tafel
slope does not change significantly over that time (a reasonable
assumption based on the negligible change of the Tafel slope
between 890 and 3700 h, see Fig. 5), thus using the Tafel slope
values determined at 3700 h (given in Fig. 5) as an estimate:

- %(1.5V)

!m (3700 h)
AER-free 37000 — 40,0000 = TS3700 0008 | =5y, — (4]
!m (40,000 h)

Inserting the above extrapolated mass activity values into Eq. (4), the
iR-free voltage of the Benchmark catalyst MEAs would be projected
to increase by 9 mV between 3700 and 40,000 h, equating to a
projected average degradation rate of ~+0.25 V/h between 3700
and 40,000 h. In contrast, an increase of 35 mV between 3700 and
40,000 h (or ~+1.0 pV/h) would be projected for the P2X catalyst.
An interesting corollary of Eq. 4 can be drawn for the case when the
performance loss of a PEMWE is governed by a loss in OER mass
activity that follows the behavior shown here (i,

log(iX1Y)) o log(1)), the expected loss in iR-free cell voltage
of the PEMWE would be proportional to the logarithm of time (i.e.,
EiR—frcc & l()g(l‘))

For the projected degradation rates (albeit with a high degree of
uncertainty), the new P2X catalyst seems to be a promising approach
to significantly lower the iridium-specific power density over time
scales that are relevant for industrial electrolysis applications. There
is, however, a note of caution with regards to the above lifetime
extrapolation for the IrO,/TiO, core-shell type catalysts used here.
This has to do with the fact that a loss of iridium by dissolution
would not be expected to affect the OER mass activity of the
catalysts until the IrO, shell would be depleted to an extent that the
IrO, coverage of the TiO, core would become incomplete. At that
point, the OER mass activity decrease would be expected to
accelerate, which we did not observe during our 3700 h test. For
the Benchmark catalgfst, the thickness of the IrO, shell was estimated
to ~~10 monolayers,® so that one might expect this effect to become
visible after an iridium loss of on the order of ~80% (assuming that
an average of two monolayers would still form a complete shell); for
the P2X catalyst with an IrO, shell thickness of ~5 monolayers
based on our XPS analysis, this effect might become visible after an
iridium loss of on the order of ~60%. Unfortunately, we did not
perform any measurements to determine whether there might be a
significant loss of iridium from the anode electrode, which would
limit the validity of our lifetime estimation of the catalyst. For
follow-up studies, we therefore will use extended diagnostic
methods to quantify a possible loss of iridium from the anodes
during operation.

Finally, we should mention again that this zero-order estimate of
the long-term catalyst-specific degradation rates cannot be used for a
complete MEA or even cell/stack lifetime estimation, as several
other degradation mechanisms may occur (ionomer, membrane,
interfacial contact resistances, etc.), which we did not investigate
in this study.

Analysis of the HFR decrease over time.—Finally, we want to
take a closer look at the decrease of the HFR that is observed over
the course of the short stack durability test. Figure 8 shows the
averaged HFR values acquired at 0.2 A cm ™2 of the five individual
cells during the complete 3700 h test period for both the Benchmark
(blue dots) and the P2X MEAs (green squares). Both MEA types
show a similar behavior: After a rather fast decrease of the HFR
from its initial value of ~185 m§) cm? to ~165 mS2 cm? after 500 h,
the HFR continues to decrease more gradually until the EOT after
3700 h. At EOT, the average HFR of the Benchmark catalyst MEAs
has decreased by ~52 m2 cm” compared to BOL, which is slightly
more than the decrease of ~39 mQcm?® observed for the P2X
MEAs; however, considering the rather large standard deviation of
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the HFR for each MEA type, this difference is likely not significant.
The overall mean HFR at EOT for all 10 cells is ~~140 m$2 cm?,
corresponding to a ~45 m{) cm® or ~25% decrease compared to
BOL.

In general, a gradual decrease of the HFR during extended
PEMWE has been observed by other researchers**>>>’_ In principle,
the decrease of the HFR over time can have three different reasons,
namely: (i) a 5gradual increase of the water content of the membrane
over time,® which increases the intrinsic conductivity of the
ionomer®’; (ii) a gradual intrusion of the membrane into the pores of
the PTL, which decreases the effective membrane thickness""(’z;
and, (iii) a thinning of the membrane due to ionomer chemical
degradation.”*%*®* In this context, we want to note that also
membrane degradation can limit the PEMWE MEA lifetime.
Typically, a 10% loss in fluoride inventory is considered a failure
criterion for Nafion” membranes.%® As the aim of our study was to
conduct a comparison of the durability of the Benchmark and the
P2X catalyst, a detailed analysis of the HFR decrease over time was
not in our focus. Post-mortem SEM cross-sectional analysis sug-
gested a minor thinning of the membranes over the course of the
durability test (on the order of ~10%), but there was no indication of
any loss of mechanical integrity of the membrane that could possibly
affect the OER mass activity data.

Conclusions

To validate the durability of a novel low-iridium OER catalyst,
we cycled five MEAs with the new low-iridium-loading catalyst at
0.25 mgcm 2 and another five MEAs with a Benchmark OER
catalyst at 2 mg;, cm ™2 together in a 10-cell industrial short stack
from H-TEC Systems between 0.1 Acm 2, 1.75Acm 2> and
2.0 A cm™2 for 10 min each during 3700 h. Polarization curves and
impedance spectra were recorded weekly for every cell in the stack,
which allowed for a thorough Tafel-analysis at low current densities
and evaluation of the mass-activities of the two different OER
catalysts as a function of time over the course of the test campaign.
The new catalyst with a significantly lowered iridium packing
density shows a 30-fold higher BOL mass-activity at 1.5 V iR-free
cell voltage compared to the Benchmark catalyst. Both types of
MEAs show an initially faster increase in iR-free cell voltage during
the first ~1000 h which is significantly less pronounced for the rest
of the test. The mass activity ratio between the low-iridium loaded
catalyst and the Benchmark catalyst decreases during the test and
gradually levels out to a value of ~4 between 1000 and 3700 h. We
attribute the rise in iR-free cell voltage visible for both catalyst types
(more pronounced for the at beginning-of-life more amorphous
novel low-iridium-catalyst and less pronounced for the more crystal-
line Benchmark catalyst) not to a loss of active material, but to a
gradual change in the oxidation state of the surface layer of the
catalyst particles from a more active, amorphous hydrous iridium
oxide in the beginning to a less active, crystalline IrO, during
operation. The extrapolated long term degradation rate for the low
loading catalyst anodes is higher (=+1.0 ;¢V/h) than for the bench-
mark catalyst anodes (=~+0.25 ;V/h), but still acceptable low for an
industrial application with an additional iR-free cell voltage increase
of only ~35mV starting from 3700h onwards to a projected
40,000 h stack lifetime.
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6 Conclusion

The aim of this work was to investigate the possibilities of improving PEMWE at cell level in
such a way that it can be deployed on a large scale in the future with very high installation rates
of around ~ 100 GW /year. Two key measures were identified: 1) The use of thin membranes,
which greatly reduce ohmic losses in the cell and enable up to 3-fold higher current and power
densities while maintaining high voltage efficiency of 70 % (LHV). This can save critical materials
and cost. 2) The use of improved OER catalysts with about 10 to 20-fold lower iridium load-
ing to achieve, together with the use of thin membranes, a low power-specific iridium loading of
about =~ 0.01 g, /kWrgyirv to avoid an iridium shortage at the aforementioned deployment rates.
Several questions arise from these two central measures with regard to practicality, which were
investigated in a total of five publications.

In the study presented in section 5.1, a life cycle analysis of hydrogen production with PEMWE in
future energy systems was performed. It was shown that using only wind power and photovoltaics
for the electricity supply of the electrolysis process, a strong reduction of greenhouse gas emissions
by about 2/3 compared to the reference process of steam reforming of natural gas is possible.
Since the LCA was prepared using static databases, as is common practice, the future greenhouse
gas emissions for hydrogen production with PEMWE are very likely to still be significantly lower
than the calculated values. A higher current density also reduces the material consumption for
the PEMWE cell stack. However, the savings in greenhouse gas emissions due to the reduction
in material use are very small compared to the greenhouse gas emissions due to electricity supply,
even in the purely renewable scenario.

In the second study (section 5.2), it was shown that the use of thin membranes down to 30 ym
dry thickness (Nafion XL) in PEMWE cells is possible in principle and extremely high current
densities up to 25 A/cm? can be achieved. However, high cell voltages close to 3 V and thus very
low voltage efficiency around 40 % and presumably high degradation limit the operation at these
extreme values. In addition, the high heat production in the cell at high current densities can lead
to cooling problems. However, a model of heat transport in PEMWE cells from MEA to flow fields,
verified with in-situ measurements of the MEA temperature, shows that operation with over 60 %
(LHV) voltage efficiency up to 10 A/cm? seems possible using Nafion XL as membrane material
with a still modest cooling water flow of 25 ml/(min cm?).

The hydrogen permeation already discussed in the theory section could show an increase with
current density. This could lower the Faraday efficiency as well as raise the minimum current
density for falling below the 2 % hydrogen in oxygen limit on the anode side. Therefore, hydrogen
permeation in PEMWE cells was measured in the third study (section 5.3) for Nafion® 117 and
Nafion® 212 at cathode pressures ranging from 1 bar to 30 bar and temperatures from 40 °C
up to 80 °C. Using in-line mass spectrometry, a strong dependence of the permeation rate on the
current density was found, especially for low cathode pressures, even at usual I/C ratios of 0.6
of the cathode. However, the increase is significantly less pronounced for operation at elevated
cathode pressures. For example, for Nafion® 117, a 15-fold increase at 1 bar cathode pressure
from 0 A/cm? to 5 A/em? and of only 16 % at 30 bar cathode pressure between 0 A/cm? and
4 A/cm? could be determined. Higher I/C ratios further increase the hydrogen permeation rates.
The results show that safe operation with thin membranes at high cell efficiencies greater 70 %
(LHV) and moderate hydrogen pressures up to 30 bar on the cathode side is only possible using a
recombination catalyst.

In order to reach high deployment rates for PEMWE systems, CAPEX and OPEX needs to be as
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low as possible. An important influence in OPEX is the stability of the PEMWE stack and its most
sensitive part, the MEA. Especially the anode side OER catalysts need to be durable under harsh
operating conditions. However, the stability of OER catalysts is usually tested in aqueous model
systems e.g. via current cycling in an RDE setup. The measured stabilities in AMS are unrealistic
when compared to long term test results in real devices. Therefore, it is important to elucidate the
differences between OER catalyst stability in AMS and in MEAs in real PEMWE devices. In the
fourth study contained in this thesis (section 5.4), plausible OER catalyst dissolution rates were for
the first time measured during operation in a real PEMWE MEA and compared to measurements
obtained in AMS. In order to do so, a dedicated, galvanic redeposition-free PEMWE cell and test
rig was developed. The results show, that the OER catalyst dissolution during uninterrupted oper-
ation of a PEMWE cell is comparably low, resulting in a calculated catalyst half life of &~ 150 years
for pure hydrous IrO, at todays standard catalyst loadings of ~ 1 mgy, /cm?. The high differences
in stability between AMS and MEA measurements of ~ 10%-10° can be attributed mainly to a
difference in estimated and real pH value in the MEA and to a stabilization effect occurring over
time. Hence, for a realistic direct measurement of the stability of new or improved OER catalysts,
especially at low PGM loading, it is important to use MEA-based systems instead of AMS.

The last study of this thesis (section 5.5) was dedicated to the long term testing of low iridium
loaded MEAs with a focus on catalyst durability. Here, 5 MEAs with a benchmark OER catalyst
at a loading of 2 mgy,/cm? and 5 additional MEAs with a newly developed low iridium pack-
ing density low-Ir OER catalyst at 0.25 mgy, /cm? were tested in an industrial short stack with
30 cm? active area for 3700 h. A current cycling profile with low, intermediate and high current
density steps was used, which simulated the operation during coupling to intermittent renewable
energies. Weekly diagnosis of all cells in the stack via polarization curves and EIS revealed two
main degradation effects: The cells show an initially stronger increase in iR~free cell voltage up to
1000 h, which is leveling out slowly during the following 2700 h of testing. This effect seems to
be caused by electrode aging and is more pronounced for the low-iridium loaded MEAs. However,
the extrapolated rate is low enough to allow for an operation of the low-iridium loaded MEAs
up to about 40.000 h at only moderate iR-free cell voltage increases of =~ +1 pV /h, compared to
~ +0.25 pV/h for the benchmark catalyst MEAs. Furthermore, a drop in HFR of all cells by
about 25 % from begin to the end of the testing is visible. This seems partly to be attributed to a
change in water content of the membranes during prolonged electrolysis but also to a thinning of
~ 10 % of the membranes which has been quantified also by SEM graphs of MEA cross sections for
begin of life and end of test samples for both catalyst types. As membrane degradation can also
drastically limit the PEMWE lifetime, this effect needs to be further investigated in a dedicated
follow-up study.

Summarizing the main results of this work, it is possible to reach low enough power specific iridium
loadings of PEMWE cells to allow for a large scale implementation of this technology in the near
future (= 10 to 20 years). Thin membranes and low-loaded catalysts are the keys to achieve low
power specific iridium loading and allow for a significant reduction in CAPEX due to high current
density operation. The stability of iridium based OER catalysts, also at low catalyst loadings of
0.25 mgr,/cm?, was found to be high enough for long-term operation when using adequate oper-
ational strategies with mainly uninterrupted operation and minimized shut-down-start-up cycles.
However, several unsolved issues were identified, which have to be tackled in the future. The use of
thin membranes has many benefits, but calls for the integration of a recombination catalyst in the

MEA or the PEMWE cell to allow safe operation over a wide current density range. Furthermore,

109



6 CONCLUSION

possible membrane thinning needs to be adequately detected and the underlying mechanisms have
to be explained in order to be able to find solutions to mitigate this detrimental effect which could
drastically curtail PEMWE stack lifetime.
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