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Abstract 

Hydrogen produced via the electrochemical splitting of water in a proton exchange membrane 

water electrolyzer (PEM-WE) is a promising alternative energy carrier to promote the transition 

to renewable energies. The PEM-WE system is technically already quite advanced, however, 

there are still some hurdles that have to be passed to enable a large-scale application. Although 

today’s commonly used OER (oxygen evolution reaction) catalysts would be sufficiently active, 

the high iridium packing density hampers the fabrication of electrodes with sufficiently low 

iridium loadings. Lowering the iridium loading while still maintaining a high OER activity can 

e.g., be achieved by the dispersion of iridium-nanoparticles on electrically conductive 

antimony-doped tin oxide (ATO). The Ir/ATO catalyst not only exhibits a lower iridium 

packing density but also a significantly higher mass activity compared to commercially 

available catalysts. Beside the activity, the long-term stability is crucial. A method typically 

used to assess performance and durability of OER catalysts is the RDE (rotating disk electrode) 

method using aqueous electrolytes. 

However, RDE cannot be used in the case of Ir based OER catalysts for OER, since the lifetimes 

obtained differ from lifetimes obtained from MEA (membrane electrode assembly) 

measurements by orders of magnitude. This is due to the extensive accumulation of oxygen 

bubbles and the accompanied shielding of active sites within the catalyst layer when using an 

RDE setup. The accumulation of oxygen bubbles results locally in high potentials and 

consequently rapid catalyst degradation. When additional ultra-sonication is applied during the 

measurement, the accumulation of oxygen bubbles and thus the accompanied degradation can 

be avoided. Comparing commonly applied stability protocols performed in either an RDE or an 

MEA setup reveals that none of them can be used with an RDE setup. Hence, an accelerated 

stress test (AST) for an MEA configuration is proposed, in which times of operation alternate 

with idle periods. Leaving the cell at open circuit voltage (OCV) during the idle period leads to 

the formation of a hydrous iridium oxide, which in combination with the passivation of the used 

Ti porous transport layer (PTL) results in an additional interfacial resistance. The latter is 

responsible for the gradual decrease in performance over the course of load/idle cycling. 

However, when polarizing the cell at 1.3 V during the idle periods, a stable performance can be 

maintained, as reduction of the iridium oxide surface can be prevented therewith. Applying a 

Pt-wire as a reference electrode, which is centrally laminated between two membranes, 
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unambiguously proves that an additional contact resistance at the OER electrode is responsible 

for the decaying performance during the OCV-AST.  
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Kurzzusammenfassung  

Wasserstoff, welcher durch die elektrolytische Spaltung von Wasser in einem 

Protonenaustauschmembran-Wasserelektrolyseur (PEM-WE) erzeugt wird, ist ein 

vielversprechender Energieträger für den Übergang von fossilen zu erneuerbaren Energien. 

Auch wenn die Technologie der sauren Wasserselektrolyse bereits weit vorangeschritten ist, so 

müssen dennoch einige Herausforderungen gemeistert werden, um einen großskaligen Einsatz 

zu ermöglichen. Zum Beispiel verhindert eine hohe Packungsdichte von Iridium die 

Herstellung homogener Katalysatorschichten bei niedrigen Iridium Beladungen, obwohl die 

Aktivität im Hinblick auf die Sauerstoffreaktion (OER) der gängigsten Katalysatoren eigentlich 

ausreichend wäre. Eine Möglichkeit zur Reduktion der Ir-Beladung bei gleichzeitig ausreichend 

hoher katalytischer Aktivität ist das Abscheiden von Iridium-Nanopartikeln auf einem 

elektrisch leitfähigem Antimon-dotierten Zinnoxid (ATO), wodurch eine hohe Iridium 

Dispersion erzielt werden kann. Der synthetisierte Ir/ATO Katalysator zeichnet sich nicht nur 

durch eine geringe Iridium Packungsdichte, sondern auch durch eine deutlich höhere OER 

Aktivität im Vergleich zu kommerziellen Katalysatoren aus.  

Neben der OER Aktivität ist bei der Anwendung auch die Langzeitstabilität entscheidend, 

welche häufig mittels der rotierenden Scheibenelektroden (RDE) Methode ermittelt wird. Die 

damit bestimmte Lebensdauer ist jedoch um Größenordnungen kleiner, als jene, die in 

Messungen im Realsystem (d.h. in einem PEM-WE) ermittelt werden. Während einer RDE-

Messung können sich Sauerstoffblasen innerhalb der Katalysatorschicht anreichern was dazu 

führt, dass ein Teil der Katalysatorschicht ionisch abgeschirmt wird. Dies führt zu einem 

signifikanten Potentialanstieg an den noch zugänglichen, aktiven Oberflächen, was wiederum 

zur Degradation des Katalysators führt. Eine Anreicherung von Sauerstoffblasen während der 

RDE Messung kann durch die Anwendung von Ultraschall verhindert werden, was allerdings 

im Fall von Nanopartikeln nicht praktikabel ist. Ein direkter Vergleich etablierter 

Stabilitätsprotokolle, gemessen sowohl mittels RDE als auch in einer 

Membranelektrodeneinheit (MEA) zeigt deutlich, dass die Stabilität gemessen mittels RDE um 

Größenordnungen kleiner ist und keines der Protokolle die Stabilität von OER Katalysatoren 

verlässlich wiedergibt. Aus diesem Grund wurde ein beschleunigter Alterungstest (AST) für 

die MEA-Konfiguration entwickelt, bei welchen zwischen Betrieb und Leerlaufphasen 

gezykelt wird. Während der Leerlaufphasen bildet sich ein Iridium-Hydroxid (Ir(OH)x) aus, 

welches in Kombination mit der Passivierung des Ti-PTLs (poröse Transportschicht) zu einem 
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zusätzlichen Kontaktflächenwiderstand und damit einhergehend zu einer Verschlechterung der 

Leistung führt. Durch die Einführung einer Pt-Referenzelektrode konnte zweifelsfrei gezeigt 

werden, dass der zusätzliche Widerstand auf einen Kontaktflächenwiderstand auf der Anode 

zurückzuführen ist.  
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1 Introduction  

Nowadays the impact of greenhouse gas emissions on the climate change is undeniable. In 

Germany the average temperature increased by 1.9 °C1 within the last decade (2011 – July 

2020) compared to a reference period between 1881-1910 and if no action is taken, it is expected 

to rise even further.2 This would result in more frequent ecological disasters (e.g. droughts and 

flooding) and a rising sea level – just to mention some consequences of the climate change. 

Even though the overall greenhouse gas emission in Germany was reduced significantly from 

1990 (1.249 Mt - eq. CO2) to 2019 (810 Mt - eq.CO2)
3, the goal is to obtain a neutral 

greenhouse gas balance by 2050. The biggest share to the total emission arises from the energy 

sector and industry (437 Mt-eq.CO2 in 2019)3, wherefore alternative process flows and energy 

carriers are needed. Hydrogen can make a major contribution with respect to the energy 

transition, since it is a versatile energy carrier. It can serve as a flexible and on-demand energy 

carrier or as raw material in industry (e.g. ammonia synthesis). Moreover, it can be used as a 

fuel for fuel cell driven vehicles in the mobility sector. Hence, hydrogen can serve as a 

sustainable energy storage and supply medium in the long-term. Therefore, the federal cabinet 

of Germany approved the national hydrogen strategy in 2020, promoting the opportunity to 

meet the climate protection goals for 2050, while providing a framework to establish and 

endorse reliable hydrogen technologies.4-5 The CO2-emission free generation of hydrogen 

(green hydrogen) is an indispensable requirement to successfully accomplish the 

decarbonization of the energy demand. This will be achieved if the energy is provided by 

renewable energies exclusively. However, the share of renewable energies to the overall energy 

supply in 2019 in Germany was only 17.1%.6 Bareiß et al.7 showed that the CO2-balance (kg 

CO2-eq./ kg H2) is greatly influenced by the electricity mix and that with today’s electricity mix 

in Germany, the global warming impact (kg CO2-eq./ kg H2) for hydrogen produced via water 

splitting in a PEM-WE (Proton Exchange Membrane Water Electrolyzer) is 3 times higher 

compared hydrogen produced via conventional steam reforming. Thus, the CO2-balance is 

affected adversely, as long as hydrogen is not produced by renewable energies exclusively.  

Considering that hydrogen is already widely used in the chemical industry (e.g. ammonia 

synthesis) and that new process flows using hydrogen should be established (e.g. steel industry), 

the demand for hydrogen will increase significantly.5 Hydrogen produced via the 

electrochemical splitting of water in a PEM-WE bears great potential due to its flexibility, high 

pressure and current density operation as well as the degree of purity of the produced hydrogen.8 
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Therefore, the installation of additional electrolyzer systems (targeting 5 GW) are aimed for 

and should be operated by 2030, resulting in an annual increase on the order of hundreds of 

MW to add up to 5 GW in 9 years.5 Although the technology of a PEM-WE is already quite 

advanced and some companies already provide electrolyzers in the MW-range,9-10 there are still 

some obstacles that have to be solved in order to provide a large-scale application of PEM-WEs. 

Due to the harsh environment during operation such as high anodic potentials and low pH, the 

choice of catalyst is limited to platinum group metals (PGM), mostly platinum and iridium. 

Besides the catalyst costs, the availability of iridium is a major concern when targeting GW-

scale PEM-WE applications.11 Hence, a reduction in iridium loading is a necessity, which is 

tackled by the development of new catalysts. One possibility is the deposition of iridium nano-

particles on a porous and highly conductive support material (e.g., antimony doped tin oxide).12 

The synthesis of new catalysts can be time-consuming and is often done on a laboratory scale, 

yielding only a few milligrams. Reliable screening tools, such as scanning flow cell 

measurements (SFC)13-15 or rotating disk electrode (RDE)16 measurements are often used to 

assess catalyst activity and stability, requiring only a small amount of catalyst. The lifetimes 

obtained from these measurements, however, are orders of magnitude lower than those 

measured in a PEM-WE system.17 Therefore, the long-term stability has to be assessed in a 

PEM-WE system, which not only requires a larger amount of catalyst (on the orders of grams 

rather than milligrams) but also the development of meaningful accelerated stress tests (ASTs). 

Within this PhD-thesis, some of these challenges will be analyzed and tackled in more detail.  
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2 Proton Exchange Membrane Water Electrolysis  

The proton exchange membrane water electrolyzer (PEM-WE) provides an efficient way to 

produce hydrogen via the electrochemical splitting of water. A schematic of a PEM-WE is 

depicted in Figure 2.1, where a polymer based proton exchange membrane serves as an ionic 

conductor between anode and cathode as well as an electrical insulation and a gas barrier. On 

each side of the membrane the respective catalyst layer is attached, which provides sufficiently 

high catalytic activity for the desired electrochemical reactions. Aside from a high catalytic 

activity, the catalyst should also constitute a high electrical conductivity as well as a high 

porosity for the transport of water and the removal of the generated gas. To ensure sufficient 

proton conductivity, an ionomer is usually added to the catalyst layer. This setup is often 

referred to as the membrane electrode assembly (MEA) and represents the core component of 

a PEM-WE. The MEA is sandwiched between a titanium based porous transport layer (PTL) 

on the anode and a carbon fiber based gas diffusion layer (GDL) on the cathode, maintaining a 

proper water and gas transport and distribution. At both ends, a bipolar plate (BP) is completing 

the sell setup, providing electrical and thermal conductivity.  

 

Figure 2.1 Schematic of a proton exchange membrane water electrolyzer (PEM-WE) cell setup (the single 

components are not drawn to scale), depicting the MEA as the main component of the cell including the prevailing 

electrochemical reactions on each cathode and anode, as well as both diffusion media and the bipolar plates.  

As depicted in Figure 2.1, the prevailing electrochemical reaction at the anode (positive 

electrode) is the electrochemical oxidation of water, namely the oxygen evolution reaction 

(OER; see equation 2.1) and the concomitant formation of protons (H+), electrons (e-) and 

oxygen (O2). While the protons driven by an electric field can move through the membrane to 

the cathode (negative electrode), the electrons are passed through an external electrical circuit 
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and are recombined with the protons to form hydrogen (H2) via the hydrogen evolution reaction 

(HER; see equation 2.2). The overall reaction in a PEM-WE is depicted in equation 2.3. Both 

gases (H2 and O2) are removed via the gas diffusion medium (cathode) or the porous transport 

layer (anode) to the gas outlets. Often water is only supplied to the anode side of the cell. Due 

to the electro-osmotic drag, however, water molecules will be transported through the 

membrane along with the protons during operation, thereby humidifying the cathode catalyst 

layer. 

OER:   𝐻2𝑂 → 2𝐻
+ + 2𝑒− + 

1

2
𝑂2 2.1 

HER:  2𝐻+ + 2𝑒−  →  𝐻2 2.2 

𝛴:        𝐻2𝑂 →  𝐻2 + 
1

2
𝑂2 

2.3 

 

2.1 Efficiency and Voltage Losses  

The production of hydrogen via the electrochemical splitting of water is one way to efficiently 

store energy, which is essential to use the full capabilities of renewable energies. Compared to 

the well-known alkaline water electrolysis, a PEM-WE bears the advantage to operate at high 

current densities (>2 Acm-2
geo) and high pressures (up to 165 bar),18-19 while covering a wide 

power density window.20 However, operating at higher pressures the overall efficiency will be 

reduced due to a cross-permeation of both oxygen and hydrogen. In the following section, the 

individual performance limiting losses are evaluated. 

2.1.1 Thermodynamics  

In order to electrochemically split water, both thermal as well as electrical energy input is 

required and is represented by the reaction enthalpy (∆𝐻𝑅
0) of the net water electrolysis reaction 

(see equation 2.3). Since the reaction enthalpy of both hydrogen and oxygen is 0 kJ mol-1 at 

standard conditions of 298 K and 1 bar partial pressure per definition, the reaction enthalpy can 

be represented by the formation enthalpy of liquid water (Hl,H2O), which is -286 kJmol-1 at 

standard conditions (oxygen and hydrogen partial pressure of  1 bar; T = 298 K).21 The reaction 

enthalpy can be derived from the contributions of both the change in entropy (SR), representing 

the disorder of the system, as well as the change in Gibbs free energy (∆𝐺𝑅
0 = 237 kJmol-1 at 

standard conditions), the maximum work provided by the system as shown in equation 2.4. 

∆𝐻𝑅 = ∆𝐺𝑅 + 𝑇 ∙ ∆𝑆𝑅 2.4 
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If the system is operated at equilibrium and no additional losses occur, the reversible potential 

(𝐸𝑟𝑒𝑣
0 ) will define the minimum electrical work that is required to allow the splitting of water. 

The reversible potential can be calculated by using the defined Gibbs free energy at standard 

conditions, the Faraday constant (F = 96485 Asmol-1) and the number of electrons/charge 

transferred (z) during the reaction (equation 2.5). By definition, the reversible potential for 

electrolytic cells is negative, however, in the electrolysis research community the absolute value 

is commonly used.  

𝐸𝑟𝑒𝑣
0 = |−

∆𝐺𝑅
0

𝑧 ∙ 𝐹
| = 1.229 V 2.5 

If the thermal energy required is not provided externally, the system must provide enough 

energy (∆𝐻𝑅
0) to sustain the reaction and the so called thermoneutral potential (𝐸𝑡ℎ

0 ) can be 

calculated by equation 2.6.  

𝐸𝑡ℎ
0 = |−

∆𝐻𝑅
0

𝑧 ∙ 𝐹
| = 1.481 V 2.6 

When operated below 𝐸𝑡ℎ
0 , the electrolyzer requires heat input from the environment in order 

to maintain the electrolyzer temperature. Moreover, the reversible potential (𝐸𝑟𝑒𝑣)  is also 

influenced by the temperature and activity of each individual species participating in the 

reaction (ai) and can be derived by the Nernst equation (equation 2.7), where R represents the 

ideal gas constant (8.314 Jmol-1K-1).  

𝐸𝑟𝑒𝑣 = 𝐸𝑟𝑒𝑣,𝑇
0 − 

𝑅 ∙ 𝑇

2 ∙ 𝐹
ln (

𝑎𝐻2𝑂

𝑎𝐻2 ∙ √𝑎𝑂2
) 2.7 

The activity of both hydrogen and oxygen can be approximated by the partial pressure 

normalized to the standard pressure (1 bar) and since the activity for liquid water is one, 

equation 2.7 can be simplified to equation 2.8.  

𝐸𝑟𝑒𝑣 = 𝐸𝑟𝑒𝑣,𝑇
0 − 

𝑅 ∙ 𝑇

2 ∙ 𝐹
ln

(

 
1

𝑝𝐻2
1𝑏𝑎𝑟

∙ √
𝑝𝑂2
1𝑏𝑎𝑟)

  2.8  

The reversible potential at different temperatures can be derived from equation 2.9.22  

𝐸𝑟𝑒𝑣,𝑇
0 = 1.2291 V − 0.0008456 V ∙ (𝑇 − 298.15 K) 2.9  
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Considering that commonly the operation temperature of an electrolyzer is around 80 °C and at 

atmospheric total pressure (1 bar), where the water vapor pressure is 𝑝𝐻2𝑂 = 0.47 bar, so that 

the oxygen and hydrogen partial pressures are 0.53 bar, e.g., equation 2.7 – 2.9 yield a 

reversible potential of 𝐸𝑟𝑒𝑣,80 °𝐶 = 1.168 V.  

Due to different losses, which will be explained in further detail within the next sections, the 

potential deviates from the ideally reversible potential, wherefore the cell efficiency (휀𝐶𝑒𝑙𝑙) is 

one important parameter of the system. The cell efficiency represents the energy derived from 

a system (output) compared to the energy required to operate the system (input) and can be 

derived from equation 2.10, where 휀𝐹𝑎𝑟𝑎𝑑𝑎𝑖𝑐  represents the Faradaic efficiency and 휀𝑉𝑜𝑙𝑡𝑎𝑔𝑒 

represents the voltage efficiency.  

휀𝐶𝑒𝑙𝑙 = 휀𝑉𝑜𝑙𝑡𝑎𝑔𝑒 ∙  휀𝐹𝑎𝑟𝑎𝑑𝑎𝑖𝑐 2.10  

As already mentioned, gas permeation through the membrane reduces the overall efficiency, 

which is captured by the Faradaic efficiency and depends on the materials used (membrane 

thickness and composition), the operation conditions (i.e., temperatures and pressure) as well 

as the current density applied. The Faradaic efficiency can be calculated by the actual amount 

of hydrogen produced (�̇�𝐻2,𝑟𝑒𝑎𝑙) , where crossover losses are accounted for versus the amount 

of hydrogen theoretically (�̇�𝐻2,𝑡ℎ𝑒𝑜) produced (equation 2.11).  

휀𝐹𝑎𝑟𝑎𝑑𝑎𝑖𝑐 = 
�̇�𝐻2,𝑟𝑒𝑎𝑙

�̇�𝐻2,𝑡ℎ𝑒𝑜
 2.11  

The voltage efficiency (see equation 2.12) can be calculated by the ratio of the amount of energy 

theoretically required (∆𝐻𝑅
0) and the actual energy provided by the system at a certain cell 

voltage. 

휀𝑉𝑜𝑙𝑡𝑎𝑔𝑒 = |−
∆𝐻𝑅

0

2 ∙ 𝐹 ∙ 𝐸𝐶𝑒𝑙𝑙
| =

𝐸𝑡ℎ
0

𝐸𝐶𝑒𝑙𝑙
  2.12 

When liquid water is supplied to the cell, the voltage efficiency must be calculated based on the 

higher heating value (HHV), where the system must provide enough energy to evaporate water 

(∆𝐻𝑉,𝑉𝑎𝑝,𝐻2𝑂
0 = 44 kJmol−1). If the efficiency of the individual steps is of interest or if the 

hydrogen is used in an application, where the condensation of water has no advantage, the lower 

heating value (LHV) will be used. In Table 2.1 both the enthalpies related to the HHV as well 

as the LHV are listed.  



7 

 

Table 2.1 Enthalpy (∆𝑯𝑽,𝑯𝟐𝑶
𝟎 ) of water splitting for both water being in the gaseous state (LHV) and water being 

in the liquid state (HHV) as well as the corresponding thermoneutral voltage (∆𝑬𝒕𝒉
𝟎 ). 

 ∆𝐻𝑉,𝐻2𝑂 
0 [kJmol-1] ∆𝐸𝑡ℎ

0  [V] 

lower heating value (LHV) 242 1.25 

higher heating value (HHV) 286 1.48 

In a full electrolyzer plant, beside the stack efficiency itself, the whole balance of plant (BoP), 

amongst other compressor, heaters, etc. needs to be elaborated when calculating the system 

efficiency.  

2.1.2 Kinetic Losses  

Both electrochemical reactions, the OER (anode) as well as the HER (cathode), require a certain 

additional amount of energy for the reaction to occur at a given rate, expressed by the so-called 

activation overpotential (𝜂𝑎𝑐𝑡). The overpotential depends on the type of catalyst used as well 

as the operation pressure and temperature. The activation overpotential caused by the kinetics 

of the respective reaction leads to an increase in cell potential and thus to an irreversible loss in 

performance. The relationship between activation overpotential and current density can 

generally be described by the Butler-Volmer equation: 

𝑖𝑐𝑎𝑡ℎ𝑜𝑑𝑖𝑐/𝑎𝑛𝑜𝑑𝑖𝑐 =  𝑖𝑜  ∙ 𝑟𝑓 ∙ [exp (
𝛼𝑎 ∙ 𝐹 ∙ 𝜂

𝑅 ∙ 𝑇
) −  exp (

𝛼𝑐 ∙ 𝐹 ∙ 𝜂

𝑅 ∙ 𝑇
)] 2.13 

where 𝑖𝑐𝑎𝑡ℎ𝑜𝑑𝑖𝑐/𝑎𝑛𝑜𝑑𝑖𝑐 describes the current for the forward and backward reaction in each half-

cell and 𝑖𝑜 is the exchange current density, which is a kinetic constant that describes the reaction 

rate at equilibrium and which depends on the electrocatalyst and electrolyte used. Note that here, 

for convenience 𝜂act was simply expressed by 𝜂. rf is the roughness of the electrode, correlating 

the real surface area of the electrocatalyst with the geometric surface area of the electrode 

(cmsurface
2 /cmelectrode

2 ) . 𝛼𝑎 and 𝛼𝑐 describe the anodic and cathodic transfer coefficient and 

usually range between 0 < 𝛼𝑎,𝑐 < 1. 𝛼 represents the symmetry of the energy barrier for a redox 

process and the number of electrons involved in the rate determining step (rds). The difference 

between the applied potential and the reversible potential is the so-called overpotential (𝜂), 

being positive for a cathodic and negative for an anodic reaction. T is the temperature at which 

the system is operated, F the Faraday constant, and R is the ideal gas constant. In the following 

section, the overpotential of the HER and OER are analyzed individually.  
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Kinetics of the hydrogen evolution reaction 

The hydrogen evolution reaction on the cathode is commonly catalyzed by a platinum based 

electrocatalyst and it is well known that due to the fast kinetics of the HER on Pt the resulting 

overpotentials (𝜂𝐻𝐸𝑅 ) are rather small,23-25 wherefore equation 2.13 can be linearized to 

describe 𝜂𝐻𝐸𝑅: 

𝜂𝐻𝐸𝑅 = 𝑖𝐻𝐸𝑅 ∙  
𝑅 ∙ 𝑇

(𝛼𝑎 + 𝛼𝑐) ∙ 𝐹 ∙ 𝑖0,𝐻𝐸𝑅
∙

1

𝐿𝑃𝑡 ∙ 𝐴𝑃𝑡
= 𝑖𝐻𝐸𝑅 ∙  

𝑅 ∙ 𝑇

(𝛼𝑎 + 𝛼𝑐) ∙ 𝐹 ∙ 𝑖0,𝐻𝐸𝑅
∙
1

𝑟𝑓
 2.14 

where 𝛼𝑎 and 𝛼𝑐  represent the symmetry coefficients of both the anodic (hydrogen oxidation) 

and the cathodic (hydrogen evolution) reaction. The exchange current density for the HER is 

represented by 𝑖0,𝐻𝐸𝑅 and is usually orders of magnitude larger (500 mA cm-2
Pt)

23 than for the 

oxygen reduction reaction (2.5 ∙ 10-5 mA cm-2
Pt),

26 wherefore the assumption of small 

overpotentials is valid. 𝐴𝑃𝑡 is the electrochemically available Pt surface area in cm²Pt mg-1
Pt and 

𝐿𝑃𝑡 is the platinum loading in mgPt cm-2
electrode.  

Kinetics of the oxygen evolution reaction 

The Butler-Volmer equation considers both the forward and backward reaction and shows an 

exponential increase in current with overpotential. At high overpotentials, however, the 

contribution of the reverse reaction becomes negligible, wherefore the Butler-Volmer equation 

can be simplified (see equation 2.15), as shown here for the OER at high overpotentials.  

𝑖𝑂𝐸𝑅 = 𝑖𝑜  ∙ 𝑟𝑓 ∙ [exp (
𝛼𝑎 ∙ 𝐹 ∙ 𝜂𝑂𝐸𝑅

𝑅 ∙ 𝑇
)] 2.15  

Rearranging equation 2.15, the direct relation between current and overpotential can be derived 

and is called the Tafel equation, where TS is the Tafel slope, representing the overpoential (𝜂𝑂𝐸𝑅) 

required to increase the current by a factor of 10: 

𝜂𝑂𝐸𝑅 = 
2.303 ∙ 𝑅 ∙ 𝑇

𝛼𝑎 ∙ 𝐹
𝑙𝑜𝑔 (

𝑖𝑂𝐸𝑅
𝑖0,𝑂𝐸𝑅 ∙ 𝑟𝑓

) = 𝑇𝑆 ∙ 𝑙𝑜𝑔 (
𝑖𝑂𝐸𝑅

𝑖0,𝑂𝐸𝑅 ∙ 𝑟𝑓
) 2.16 

Plotting the iR-free (corrected for ohmic resistances, see chapter 2.1.3) cell voltage, measured 

against a stable reference potential (e.g., a reversible hydrogen reference electrode), versus the 

current on a logarithmic scale (Figure 2.2), the Tafel-slope (TS) can be determined from the 

slope at low current densities (grey dashed line). The exchange current density can be 
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determined by extrapolating the fitted Tafel slope to the reversible cell voltage (i.e., to 

𝜂𝑂𝐸𝑅 =  0).  

 

Figure 2.2 Tafel plot of EHFR-free vs log(i) measured at 80 °C and ambient pressure in an MEA. An IrO2/TiO2 

(75 wt.-% Ir; Elyst Ir75 0480 from Umicore, Germany) catalyst was used on the anode (1.9 mgIrcm-2
geo), while a 

Pt/C (45.8 wt.-% Pt; TEC10V50E from Tanaka, Japan) catalyst was used on the cathode (0.09 mgPtcm-2
geo). The 

Tafel slope was determined between 0.01 A cm-2
geo and 0.1 A cm-2

geo (gray shaded region), where mass-transport 

losses can be neglected.  

Choosing the right current range, where only the kinetic losses of the OER are dominant and 

where the HER kinetics and other losses such as proton transport within the electrodes or mass 

transport limitations are negligible, is crucial for a proper TS determination. At low current 

densities (10 -100 mAcm-2
geo) this criterion is fulfilled, yielding a TS of 50 mVdec-1. The TS 

measured herein is in good agreement with the values reported by Bernt et al.,27 where the TS 

for the same IrO2/TiO2 based catalyst varies between 45 – 50 mVdec-1 and with the values 

reported by Matsumoto and Sato28, where the TS for a sputtered and thermally prepared IrO2 

ranges between 40 – 56 mVdec-1. Since there is a strong correlation between the hydration state 

and morphology of the iridium and its OER activity, the TS for crystalline IrO2 is usually higher 

than the one measured for amorphous IrOx (see chapter 5.6), which is known to be more active 

towards the OER.29-30 The TS can give an indication of the rate-determining step of the 

electrochemical reaction. While a TS of 40 mVdec-1 indicates that an electrochemical step is 

rate-determining (see equation 2.17), a TS closer to 60 mVdec-1 would indicate that a chemical 

step subsequent to the first electron transfer step is rate-determining (see equation 2.18).31-33 

Here, S illustrates a (active) surface site.  
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S − OH𝑎𝑑𝑠  ↔ S − O + H+ + 𝑒− 2.17 

S − OH𝑎𝑑𝑠  ↔ S − 𝑂− + H+ 2.18 

In order to extract the right kinetic information, a proper determination of TS is crucial. As can 

be seen in Figure 2.2, the iR-free cell voltage deviates from a linear behavior at higher currents 

(> 200 mAcm-2
geo), which can be attributed to additional mass transport and proton conduction 

losses within the electrodes (see chapter 2.1.4).  

2.1.3 Ohmic Losses 

In addition to kinetic losses, the overall cell performance is also decreased by ohmic losses (𝑅), 

originating from electrical contact resistances (𝑅𝑒𝑙 ) as well as proton transport resistances 

through the proton exchange membrane (𝑅𝑖𝑜𝑛𝑖𝑐): 

𝑅 = 𝑅𝑒𝑙 + 𝑅𝑖𝑜𝑛𝑖𝑐  2.19 

The ohmic voltage losses can be represented by Ohm’s law (see equation 2.20), whereby 𝑅 is 

often referred to as the high frequency resistance (HFR).  

𝜂 = 𝑖 ∙ 𝑅 2.20  

Electrical resistances 

Electrical resistances are observed for the conduction of electrons through the cell components 

and their interfaces. Though highly conductive materials are used (i.e. carbon and titanium), an 

increased resistance at the interfaces is caused by geometrical junctions (i.e., low contact area) 

and possible resistive surface films as titanium oxide or hydrated iridium oxides. Depending on 

the applied pressure of the cell, Bernt et al.27 showed that the contact resistance measured ex-

situ (see chapter 3.2.5) for both the carbon as well as the Ti-PTL can vary between 

5 – 10 mcm². The contact resistance measured ex-situ, however, only accounts for the 

interface between the flow field (FF) and the carbon GDL as well as the interface between the 

FF and the Ti-PTL, wherefore the through-plane bulk resistivity of both materials needs to be 

considered as well. For Ti, the bulk resistivity is negligible, whereas the carbon bulk resistivity, 

according to the manufacturer, accounts for 2 mcm².27 Summing these values up, the total 

electrical resistance at a pressure of 1.7 MPa on the lands of the FF would be 12 mcm².27  
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Ionic resistances 

The bigger contribution to the ohmic losses stems from the resistance of proton transport 

through the polymer electrolyte membrane (𝑅𝑖𝑜𝑛𝑖𝑐), which can be calculated via the thickness 

of the membrane (𝑙𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒) as well as the conductivity of the membrane (𝜎𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒):
20  

𝜂𝑖𝑜𝑛𝑖𝑐 = 𝑖 ∙ 𝑅𝑖𝑜𝑛𝑖𝑐 = 𝑖 ∙
𝑙𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒
𝜎𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒

 2.21 

Both the operating temperature as well as the water content in the membrane (  
𝑚𝑜𝑙𝐻2𝑂

𝑚𝑜𝑙𝑅𝑆𝑂3𝐻
) 

significantly influence the proton transport:34 

𝜎𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒 = (0.005139 ∙  − 0.00326) ∙ exp [1268 ∙ (
1

303
−
1

𝑇
)] 2.22 

Here, 𝜎𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒 is in units of  cm-1, with T given in units of K. The water content of the 

membrane strongly depends on the pre-treatment and equivalent weight (EW  
𝑔𝑃𝑜𝑙𝑦𝑚𝑒𝑟

𝑚𝑜𝑙𝑅𝑆𝑂3𝐻
) of the 

membrane, the temperature as well as the relative humidity (RH).35 Assuming that the 

membrane is always exposed to liquid water at a typical operating temperature of (80 °C), the 

water content at 80 °C would be   21.36-38 This would result in a membrane conductivity of 

190 mScm-1 and is in good agreement with values reported experimentally.39 Hence, this 

equation can be used to estimate the conductivity of a Nafion® membrane.  

Since the membrane is exposed to liquid water, the wet thickness (𝑙𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒,𝑤𝑒𝑡) needs to be 

considered when calculating the ionic resistance. In this case, only the through-plane expansion 

is considered, since little in-plane swelling is assumed due to the extreme aspect ratio of the 

membrane and the mechanical constraint at the edges of the membrane when compressed 

between the gaskets. Therefore, the increase in thickness (∆𝑡𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒) can be estimated from 

the total increase in volume (∆𝑉𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒):
40  

𝑡𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒,𝑤𝑒𝑡 = 𝑡𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒,𝑑𝑟𝑦 ∙ (1 +
𝑀𝐻2𝑂 ∙ 𝜌𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒,𝑑𝑟𝑦 ∙ 

𝐸𝑊 ∙ 𝜌𝐻2𝑂
) 2.23 

where 𝜌𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒,𝑑𝑟𝑦 is the density of the dry ionomer (2 gcm-³ for Nafion®), 𝜌𝐻2𝑂 the density 

of water, 𝑡𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒,𝑑𝑟𝑦 the dry film thickness of the membrane and 𝑀𝐻2𝑂 the molar mass of 

water. For example, the film thickness of Nafion® 212 at 50%RH ( =  3.7) and 23 °C is 

50 µm,41-42 wherefore a dry film thickness of 45 µm can be assumed. This would lead to an 
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increase in membrane thickness of 50% at 80 °C compared to the nominal thickness at 23 °C 

and when exposed to liquid water (  21).  

2.1.4 Transport Losses 

Proton sheet resistance  

Catalyst layers usually consists of the electrocatalyst as well as a proton conducting ionomer, 

whereby commonly perflourinated sulfonic acid based (PFSA) polymers are used (see 

chapter 2.3.1). Since the proton conduction mechanism within the catalyst layer is similar to 

the one in the membrane, this leads to an additional ionic resistance often referred to as the 

proton sheet resistance (𝑅𝐻+,𝑎/𝑐). Contrary to the ionic resistance of the membrane, the effective 

proton sheet resistance (𝑅
𝐻+,𝑐/𝑎

𝑒𝑓𝑓
) depends on the current density, even if the current distribution 

were uniform across the entire catalyst layer thickness. In this case the effective proton sheet 

resistance would equal 1/3 of the proton sheet resistance (𝑅
𝐻+,𝑐/𝑎

𝑒𝑓𝑓
=
1

3
𝑅𝐻+,𝑎/𝑐).  Since the 

through-plane electrical resistance of an electro-catalyst layer is usually significantly lower 

compared to its proton sheet resistance, the utilization and thus the local current density is 

highest at the membrane||electrode interface, except at very low current densities, where it is 

approximately uniform. Hence, the change in catalyst layer utilization across the electrode 

thickness needs to be considered or otherwise the voltage loss due to the proton conduction in 

the electrode would be overestimated.43 Moreover, depending on the operation conditions (e.g., 

relative humidity) and the applied current density, the OER kinetics or the proton sheet 

resistance effect becomes dominating, thus influencing the current distribution within the 

electrode.44   

The effective proton sheet resistance of the PEM-WE anode can be expressed by the following 

term:44-45 

𝑅
𝐻+,𝑎

𝑒𝑓𝑓
= (

𝑅𝐻+,𝑎
+ 3

) 2.24 

𝑅𝐻+,𝑎 = 
𝑡𝑎

𝜎 ∙ 𝑉𝑖𝑜𝑛.𝑤𝑒𝑡/𝜏
 2.25 

where 𝑅𝐻+,𝑎 depicts the area-based proton sheet resistance (see equation 2.25) within the whole 

catalyst layer and 𝑅
𝐻+,𝑎

𝑒𝑓𝑓
 the effective proton sheet resistance responsible for the voltage loss 

during operation. In equation 2.25 𝑡𝑎 is the anode electrode thickness, 𝜎 the conductivity of the 

ionomer, 𝜏  the apparent tortuosity of the ionomer phase in the electrode and 𝑉𝑖𝑜𝑛.𝑤𝑒𝑡  the 
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ionomer volume fraction within the electrode when equilibrated with liquid water.27  is a 

correction factor (see equation 2.26), accounting for the utilization of the electrode at different 

current densities, which can be described as a function of 𝑅𝐻+,𝑎, 𝑖 and the 𝑇𝑆.46  

 = 𝑓 (
𝑅𝐻+,𝑎 ∙ 𝑖

𝑇𝑆
) 2.26 

where i is the current density at which the system is operated and 𝑇𝑆 the Tafel slope. At low 

current densities (  = 0 ) equation 2.24 would result in the correlation derived from a 

transmission line model (TLM), which is often used to model the impedance spectra of porous 

electrodes (see chapter 2.2.2).  

Commonly electrochemical impedance spectroscopy (EIS) is used to determine the proton sheet 

resistance within electrocatalyst layers. For this, the cell is usually operated with H2/N2 on the 

counter/working electrode (often referred to as “blocking” conditions), so that the charge 

transfer kinetics of the working electrode become infinitely large and a simplified TLM can be 

applied to extract the proton sheet resistance.47-48  

While the proton sheet resistance of the PEM-WE anode side can be derived from a Tafel 

kinetic approach, the proton sheet resistance on the PEM-WE cathode can be derived from the 

linear HER kinetics:43-44 

𝑅𝐻+,𝑐

𝑅
𝐻+,𝑐

𝑒𝑓𝑓
= 

𝛽

(
𝑒𝛽 + 𝑒−𝛽

𝑒𝛽 − 𝑒−𝛽
−
1
𝛽
)

 2.27 

with   

𝛽 = (
𝑅𝐻+,𝑐

𝑅𝐾,𝐻𝐸𝑅
) 2.28 

where 𝑅𝐻+,𝑐 is the area-based proton sheet resistance within the cathode and 𝑅
𝐻+,𝑐

𝑒𝑓𝑓
 the effective 

proton sheet resistance responsible for the voltage loss due to proton conduction within the 

cathode catalyst layer. 𝑅𝐾,𝐻𝐸𝑅  represents the charge transfer resistance of the HER on the 

cathode side:  

𝑅𝐾,𝐻𝐸𝑅 =
𝑅 ∙ 𝑇

(𝛼𝑎 + 𝛼𝑐) ∙ 𝐹 ∙ 𝑖0,𝐻𝐸𝑅
∙
1

𝑟𝑓
 2.29 
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Mass transport losses 

In order to run the electrochemical reaction, sufficient reactant, in this case water, needs to be 

supplied to the electrochemically active sites through both the porous transport layer as well as 

through the catalyst layer. At the same time, however, the produced gas needs to exit the cell in 

order to prevent any gas accumulation and thus blocking of active sides. One possible model to 

describe the transport losses in an electrolyzer is based on the assumption that the mass transport 

within the porous electrode is diffusion driven and can be described using Fick’s law:20, 49  

𝐽 = −𝐷𝑒𝑓𝑓 ∙ (
𝛿𝐶𝑖
𝛿𝑥
) 2.30  

where 𝐷𝑒𝑓𝑓 is the effective diffusivity of the species i, 𝐶𝑖 is the molar concentration and 𝐽 the 

diffusion flux. When the removal of produced gases is insufficient during operation, hydrogen 

and/or oxygen can accumulate within the electrode and lead to the blocking of active sites, thus 

slowing down the reaction. To account for these losses, Fick’s law can be coupled with the 

Nernst equation:49 

𝜂𝑑𝑖𝑓𝑓 =
𝑅 ∙ 𝑇

𝑧 ∙ 𝐹
ln (

𝐶𝑖
𝐶𝑖,0
) 2.31 

where 𝐶𝑖 is the concentration of the active species at the membrane||electrode interface and 

𝐶𝑖,0the concentration of the active species within the channels of the flow field.  

2.2 Electrochemical Impedance Spectroscopy 

2.2.1 Complex Impedance  

To obtain a more detailed picture about the individual performance losses occurring during 

operation, one commonly applied in-situ technique is electrochemical impedance spectroscopy 

(EIS). Impedance spectroscopy is a non-destructive technique, which can be measured during 

operation without altering the working conditions. It represents the frequency-dependent 

resistance of an electrochemical system upon application of a sinusoidal potential (Vt) or current 

(It) perturbation (equation 2.32). The resistance (R), measured in Ohm [], of an ideal resistor 

is independent of the applied AC frequency and both the applied perturbation and the measured 

response are in phase. In case of capacitive or inductive elements the corresponding response 

in current (I(t)) or potential (V(t)) can be shifted in phase by  (equation 2.33).50 
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𝑉𝑡 = 𝑉𝐴 ∙ sin (𝜔𝑡) 2.32 

𝐼(𝑡) = 𝐼𝐴 ∙ sin (𝜔𝑡 + ) 2.33 

where 𝑉𝐴 and 𝐼𝐴 are the individual amplitudes and 𝜔 the angular frequency (2𝜋𝑓).  

Using Ohm’s law (equation 2.34) the resistance can be determined by voltage over current. 

Based on this relationship the complex impedance �̂�(𝜔) is determined as the ratio of the 

complex voltage to the complex current (equation 2.35). From this the following expression for 

complex impedance (equation 2.36) can be derived, where 
𝑉𝐴

𝐼𝐴(𝜔)
 is the -dependent ratio of 

voltage to current amplitude. 

𝑅 =  
𝑉

𝐼
  2.34 

�̂�(𝜔) =  
�̅�(𝜔)

𝐼(̅𝜔)
 

2.35 

𝑍(𝜔) =
𝑉𝐴
𝐼𝐴(𝜔)

𝑒𝑗(𝜔) 
2.36 

with 𝑗 ≡ √−1.  

Applying Euler’s formula the complex impedance can be transformed into a polar form 

(equation 2.37).51  

𝑍(𝜔) = |𝑍| ∙ cos() + 𝑗 ∙ |𝑍| ∙ 𝑠𝑖𝑛() = 𝑅𝑒(𝑍) + 𝑗 ∙ 𝐼𝑚(𝑍) 2.37 

where 𝑅𝑒(𝑍)represents the real part of the complex impedance and 𝐼𝑚(𝑍) the imaginary part. 

Nyquist plots are often used to depict the complex impedance (Figure 2.3).  

 

Figure 2.3 Representation of a complex impedance (in a Nyquist Plot). Note that for electorchemical systems, it 

is common to plot –Im(Z) rather than Im(Z)  
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By using equation 2.36 the complex impedance of circuit elements can be calculated. An 

overview of the resulting complex impedance of simple circuit elements is given in table 2.2.  

Table 2.2 Complex resistance of circuit elements, where 𝐿 is the inductance [H] and 𝐶 the capacitance [F].   

 Resistor Capacitor Inductor 

𝑍(𝜔) 𝑅 
1

𝑗𝜔𝐶
 𝑗𝜔𝐿 

 

In an electrochemical system, multiple processes occur simultaneously during operation and 

hence, the recorded impedance is the sum of the impedances of the individual processes. Each 

process can be represented by an electrical circuit element using an equivalent circuit model 

(ECM), and by doing so the individual resistances can be extracted. The impedance in series 

(equation 2.38) and impedance in parallel rule both apply (equation 2.39). 

𝑍−(𝜔) =∑𝑍𝑘(𝜔) 
2.38 

𝑍||(𝜔) =  
1

∑𝑍𝑘(𝜔)
 

2.39 

Assuming a simple equivalent circuit model (Figure 2.4), the complex impedance can be 

calculated as followed:  

 

Figure 2.4 Equivalent circuit model of an RC-element, Zel||Zc  

𝑍||(𝜔) = 𝑍𝑒𝑙||𝑍𝐶 =
𝑍𝑒𝑙 ∙ 𝑍𝐶
𝑍𝑒𝑙+ 𝑍𝐶

=
−𝑗 ∙ 𝑅𝑒𝑙

𝑅𝑒𝑙 ∙ 𝐶 ∙ 𝜔 − 𝑗
 

2.40 

Equation 2.40 can be rewritten as  

𝑍(𝜔) =
𝑅𝑒𝑙

1 + (𝑅𝑒𝑙 ∙ 𝐶 ∙ 𝜔)²
∙ {1 − 𝑗 ∙ (𝑅𝑒𝑙 ∙ 𝐶 ∙ 𝜔)} 

2.41 

which when plotted in a Nyquist plot corresponds to a semicircle with a diameter of Rel.  
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2.2.2 Equivalent Circuit Model for a PEM Water Electrolyzer  

In an electrochemical PEM water electrolyzer cell multiple processes occur simultaneously and 

in order to capture all of the occurring processes and to obtain a proper determination of the 

single losses, the right choice for an equivalent circuit model is crucial. Overall one has to 

consider the contact resistances (Rcont.), the charge transfer (Rct) and proton sheet (RH+) 

resistances as well as the double layer capacitance (C) for both anode and cathode. Additionally, 

the resistance of the membrane (R) has to be accounted for. Mass transport losses, represented 

by a Warburg diffusion element (Zw), are neglected since the cell is supplied with an excess of 

liquid water and far from the limiting current density. In Figure 2.5 a widely used equivalent 

circuit model representing the impedance of an electrolyzer cell is depicted.  

Figure 2.5 Equivalent circuit model of a PEM water electrolyzer cell 

The contact resistance along with the purely ohmic resistance of the membrane are current 

independent and can be represented by a simple resistor, often referred to as HFR (see 

equation 2.42).   

𝐻𝐹𝑅 = 𝑅𝑐𝑜𝑛𝑡. + 𝑅 = 𝑅𝑐𝑜𝑛𝑡.
𝐶 + 𝑅𝑐𝑜𝑛𝑡.

𝐴 + 𝑅 2.42 

For each catalyst layer the double layer capacity (C) as well as the Faradaic charge transfer 

resistance (Rct) need to be considered and are represented by one or several R||C-elements. 

Often a constant phase element (CPE) is used instead of a pure C-element in order to account 

for the inhomogeneous (non-ideal) catalyst surface.  

Since both the OER as well as the HER are known to occur at the triple phase boundary 

(ionomer||catalyst||reactant-interface), the proton conduction within the catalyst layer needs to 

be considered and is represented by a resistor (RH+). The model widely used as an approach to 

depict the electrical network within a porous electrode (i.e., represents the green shaded or the 

grey shaded regions in Figure 2.5) is called transmission-line model (TLM, see 

equation 2.43).40, 52-53  
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𝑍𝑝𝑜𝑟𝑒 = 𝑍|| + 𝑍
∗
1 + 2 ∙ 𝑝 ∙ 𝑠[√1 − tanh ()2 − 1

tanh ()2
 

2.43 

with  

𝑍|| =
𝑍𝑝 ∙ 𝑍𝑠

𝑍𝑝 + 𝑍𝑠
 

2.44 

𝑍∗ = √(𝑍𝑝 + 𝑍𝑠) ∙ 𝑍𝑄 
2.45 

𝑝 =
𝑍𝑝

𝑍𝑝 + 𝑍𝑠
 

2.46 

𝑠 =
𝑍𝑠

𝑍𝑝 + 𝑍𝑠
 

2.47 

 = √
𝑍𝑝+𝑍𝑠

𝑍𝑄
  

2.48 

where 𝑍𝑝 is the impedance of the ionically conducting pore phase, 𝑍𝑠 is the impedance of the 

electron conducting solid phase, and 𝑍𝑄  represents the impedance of the electrolyte||solid 

interface.53 Here, a similar approach was used as in the study by Landesfeind et al.53 𝑍𝑝 

describes the ionic resistance within the electrode (𝑅𝑝𝑜𝑟𝑒 ), 𝑍𝑠  is defined by the electrical 

resistance within the electrode (𝑅𝑒𝑙), and 𝑍𝑄 is described by an R||C-element (equation 2.49), 

representing the charge transfer resistance (𝑅𝑐𝑡) and capacitive elements at the catalyst layer|| 

electrolyte interface (𝑄).  

𝑍𝑄 =
𝑅𝑐𝑡

𝑅𝑐𝑡 ∙ 𝑄𝑐𝑡 ∙ (𝑖𝜔)𝛼𝑐𝑡 + 1
 

2.49 

 

In Figure 2.6 the impedance spectra of a 5 cm² PEM-WE cell using two Nafion® 212 

membranes at two different current densities are depicted. At the cathode side, a Pt/C based 

catalyst is used for the HER. As shown in chapter 2.1.2, the kinetics of the HER on Pt/C is quite 

fast and therefore the associated charge transfer resistance assumed negligibly small. Hence, it 

is assumed that the ECM shown in Figure 2.5 can be simplified by removing the cathode circuit 

elements, and that the anode is dominating the impedance response. At high frequencies the 

impedance spectra exhibits a 45°-region (red dotted line) arising from the proton sheet 

resistance, with a subsequent semi-circle (green half-circle) representing the R||C-elements of 

the anode catalyst layer.  

In the limit of 𝑓 → ∞ , the capacitors in Figure 2.5 have zero resistance, hence the total 

impedance equals 𝑅𝑐𝑜𝑛𝑡.
𝐶 + 𝑅𝑐𝑜𝑛𝑡.

𝐴 + 𝑅 = HFR. Ideally, the HFR can be estimated from the 
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high-frequency intercept with the real axis of a Nyquist plot. Due to inductive effects at high 

frequencies, however, the HFR determined from the intercept is usually higher than the one 

obtained by using an ECM, where the inductance can be taken into account. Hence, one can use 

the intercept to estimate the HFR, for a precise determination however, the inductance needs to 

be considered. The contact resistances can be determined ex-situ (see chapter 3.2.5) and by 

subtracting the contact resistances in addition to the carbon-GDL bulk resistance (2 mcm²)27 

(the bulk resistance of the Ti-PTL is negligibly small), from the HFR, the membrane resistance 

can be determined. In a study by Bernt et al.,27 the overall contact resistance (flow-field||Ti-

PTL + flow-field||C-GDL) including the carbon-GDL bulk resistance was determined to be 

(12 mcm²).27 Assuming that the contact resistances account for 12 mcm² and that both 

Nafion® 212 membranes behave equally, this would result in a membrane resistance of 

40 mcm² for the depicted measurement in Figure 2.6, being in good agreement with what can 

be calculated by equation 2.21.  

A platinum-based catalyst is typically used for the HER, which exhibits fast kinetics towards 

the HER. As shown in chapter 2.1.2, the charge transfer kinetics can be estimated using a 

linearized Butler-Volmer approach (see equation 2.14). Assuming a typical Pt loading of 

LPt = 0.3 mgPtcm-2 and an electrochemically available Pt-surface area of APt = 60 m²PtgPt
-1, 44 

this would equate to a charge transfer resistance for the HER of 0.3 mcm². Compared to the 

overall resistance excluding the ohmic and the contact resistances (Figure 2.6; 

R110 mcm²), the charge transfer resistance at the cathode accounts for only 0.2% and is 

hence often neglected. This might be valid for low current densities, where the charge transfer 

of the anode is dominant and the charge transfer from the cathode is comparably small. At 

higher current densities, however, the contribution from the cathode becomes more significant 

(1.8%) and hence the contributions arising from the cathode, including charge transfer and 

proton sheet resistance have to be accounted for. In their study Bernt et al.27 also estimated the 

effective proton sheet resistance on the cathode and anode to be 2.5 mcm² and 

14 – 30 mcm² respectively. As will be shown later (chapter 4.6), the proton sheet resistance 

estimated by Bernt et al.27 for the anode matches quite well with the one measured in “blocking” 

conditions. Although the contribution of the proton sheet resistance within the cathode is 

smaller compared to the anode, one would need to determine the proton sheet resistance of the 

cathode and anode individually in order to justify any simplifications. 
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Figure 2.6 Electrochemical impedance spectrum of a PEM-WE anode during a voltage hold at 1.5 V (green curve) 

and 1.9 V (orange curve) of a 5 cm2 PEM water electrolyzis cell recorded at 80 °C, 1 bara,cathode, 1 bara,anode, and 

5 mLH2O min-1; MEA specifications: ≈2 mgIr cm-²MEA anode and ≈0.3 mgPt cm-²MEA  cathode loading, using two 

Nafion® 212 (50 µm) membranes and a 50 µm Pt-wire with a 9 µm PTFE insulation as a reference electrode (see 

chapter 4). 

Due to the sluggish reaction kinetics of the OER, the contribution arising from the charge 

transfer of the anode dominates the overall impedance. A more detailed analysis regarding the 

charge transfer kinetics for the OER as well as the proton sheet resistance of the anode is 

provided in chapter 4.6. 

Overall, the ECM for a PEM-WE cell is quite complex and an unambiguous determination of 

the single losses is rather challenging. Properly defined ECMs as well as a-priori knowledge of 

the system under study are required to obtain meaningful information from the impedance 

measurement. Moreover, by adjusting the conditions during operation (e.g., blocking 

conditions)40, 47 or using a reference electrode, the determination of individual parameters is 

possible.54-55 
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2.3  Materials and Components  

2.3.1 Polymer Electrolyte Membrane  

The most commonly used polymer electrolyte membrane is the Nafion® membrane from 

DuPont®, which is based on a perfluorosulfonic acid (PFSA) ionomer, comprising of a 

polytetrafluoroethylene (PTFE) backbone and sulfonic acid groups at the end of double ether 

perfluoro side chains (Figure 2.7).  

  

Figure 2.7 Chemical Structure of perfluorosulfonate membrane; For Nafion® m1, n=2, x =5-13, y= 1000.33   

PFSA based membranes offer a high thermal and chemical stability, along with a good 

mechanical strength, while still providing sufficiently high proton conductivity.42 The proton 

conductivity of the membrane, however, strongly depends on the hydration state and thus the 

water uptake () of the membrane: 

𝜔 [%] =  
𝜔𝑤𝑒𝑡 − 𝜔𝑑𝑟𝑦 

𝜔𝑑𝑟𝑦 
 2.50 

where dry is the dry mass of the membrane and wet is the mass of the hydrated membrane.  

More commonly the water content () of the membrane in terms of molecules of water (𝑚𝑜𝑙𝐻2𝑂) 

per sulfonic acid group (𝑚𝑜𝑙𝑆𝑂3𝐻) is used (see chapter 2.1.3):  

 = 
 ∙ 𝐸𝑊

𝑀𝐻2𝑂
 2.51  

where EW is the equivalent weight (gionomer molSO3H
-1) of the ionomer and 𝑀𝐻2𝑂 the molar mass 

of water (18 g mol-1). The water content of the membrane strongly depends on the activity of 

water and temperature. Usually, an electrolyzer is operated with liquid water, wherefore a 

change in water content during operation is highly unlikely and a fully humidified membrane, 

with sufficiently high proton conductivity can be assumed. One major drawback, however, is 

the decreasing proton conductivity due to the loss of water beyond 100 °C under ambient 

pressure conditions, which limits the operation range of PFSA based membranes at ambient 

pressure. Higher temperatures , however, would be beneficial due to i) improved kinetics (lower 

overpotential), ii) a decreased membrane resistance and iii) a lower reversible potential (less 
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heat to radiate).56-57 Operating the cell at temperatures beyond 100 °C while still maintaining 

the liquid state of water would be possible when operated at elevated pressures (e.g., 3 bara and 

120 °C).58 

Another main task of the membrane is preventing gas crossover of both O2 and H2 during 

operation, which can lead to the formation of explosive mixtures (4%H2 in O2), a more 

complex purification process for hydrogen in case a high purity is required (e.g., for use in a 

PEM fuel cell), 59 and a decrease in efficiency (see chapter 2.1). It was recently shown, that 

with increasing current density and increasing operation pressure hydrogen crossover 

increases.59-60 In order to operate the system at 70%LHV and within non-explosive regime, only 

a small operation range (1 – 2 Acm-2
geo) is feasible for a Nafion® 117 (150 µm) at 30 barcathode.

60 

A smaller ohmic overpotential by decreasing the membrane thickness would be desirable, but 

since the gas crossover is inversely proportional to the thickness of the membrane (see 

equation 2.52), a safe operation (outside of the explosion limit) at 70%LHV could not be 

realized with a Nafion® 212 (50 µm) membrane at 30 barcathode.
60 The permeation rate 𝑁𝑔𝑎𝑠

𝑝𝑒𝑟𝑚
 

can be estimated based on  

𝑁𝑔𝑎𝑠
𝑝𝑒𝑟𝑚 = 𝐾𝑃,𝑔𝑎𝑠 ∙

∆𝑝𝑔𝑎𝑠

𝛿𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒
 2.52  

where 𝐾𝑃,𝑔𝑎𝑠 denotes the permeability coefficient, 𝛿𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒 the thickness of the membrane, 

and ∆𝑝𝑔𝑎𝑠 the partial pressure difference between anode and cathode of the individual gas.  

One possible mitigation strategy is the incorporation of a recombination catalyst, into the 

membrane (i.e., Pt), catalyzing the recombination of hydrogen and oxygen would recombine to 

water, thus lowering the gas crossover and preventing the formation of an explosive mixture.61  

Moreover, during electrolyzer operation water is dragged along with protons via the electro-

osmotic drag (𝑛𝑑𝑟𝑎𝑔) from the anode to the cathode side, depending on the temperature and 

water content of the membrane. It was shown that the electro-osmotic drag varies between 

2.5 – 2.9 at 30 °C when operated with liquid water. At different temperatures, with liquid water 

𝑛𝑑𝑟𝑎𝑔 can also be derived from the following correlation, yielding in a slightly higher drag 

coefficient of 4 at 30 °C:39, 62  

𝑛𝑑𝑟𝑎𝑔 =  0.0134 ∙ 𝑇 + 0.03 2.53  

Within equation 2.53 T is in the units of K. 
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The drag of water through the membrane is an important parameter when designing the balance 

of plant (BoP) for an electrolyzer (e.g., pumps, recirculation, hydrogen processing).  

2.3.2 Hydrogen Evolution Catalyst  

From fuel cell literature it is well known that the kinetics of the hydrogen evolution reaction on 

platinum in acidic media are fast, and therefore a reduction in loading (to as low as 

0.05mgPtcm-2
geo) without any significant losses (< 3 mV) is possible.23, 25, 63 While in the 

beginning Pt-black was applied as a HER catalyst, the support of Pt-nanoparticles on highly 

conductive and high surface area carbon (250 m²g-1
Carbon)

45 allowed for a significant reduction 

in Pt-loading due to an improved utilization of the platinum. The spherical carbon particles 

(30 – 40 nm diameter) coalesced into highly structured primary agglomerates constitute a high-

structured support material that lead to highly porous electrodes. Owing the high volume 

fraction of carbon within the catalyst layer for a typical 50 wt.-% Pt/C catalyst, 3 – 5 µm thick 

catalyst layers with low Pt loadings can be prepared.64 Based on both the fast HER kinetics and 

the possibility to reduce the Pt-loading (wt.-% Pt) by using a high surface area carbon support, 

Bernt et al.65 showed that the Pt-loading on the cathode of a PEM-WE can be significantly 

reduced (to as low as 0.025 mgPtcm-2
geo) without any significant losses in performance.  

2.3.3 Oxygen Evolution Catalyst  

According to previously established so-called Volcano plots, evaluating the activity of different 

catalysts, iridium and ruthenium provide the highest activity towards the oxygen evolution 

reaction;66 however, due to the low stability of ruthenium at high potentials, iridium in the form 

of oxides is commonly the catalyst of choice.28, 66-67 Owing the relatively low specific surface 

area of iridium in state-of-the-art commercial catalysts and the thus low utilization of iridium, 

relatively high iridium loadings (2 mgIrcm-²geo) on the anode are used to ensure sufficiently 

high performance.20 A lot of effort has been put in reducing the anode catalyst loading and 

hence the overall catalyst costs over the past years, focusing on either increasing the intrinsic 

activity by alloying68-69 or increasing the specific surface area of iridium by, e.g., the use of 

support materials.12  

Even though it was shown that the activity along with the stability could be improved by mixing 

RuO2 with IrO2,
70-71 still a rather high loading of noble metal would be necessary to ensure a 

good performance. Therefore, the more feasible approach is the reduction of the overall noble 

metal content by the use of a support material. One of the most commonly used OER catalysts 

is IrO2 supported on TiO2 (e.g., IrO2/TiO2 with 75 wt.-% iridium; Elyst Ir75 0480 from Umicore, 
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Germany), where the electrical conductivity is provided through the IrO2 layer, since TiO2 itself 

has a rather low conductivity.72 Hence a high amount (75 wt.-% Ir) of iridium is necessary to 

ensure a continuous layer of iridium covering the TiO2, wherefore low loadings cannot be 

realized with this type of catalyst due to its high packing density (2.3 gIrcm-³) and the resulting 

very thin and inhomogeneous electrode layers at low loadings (<0.05 mgIrcm-2
geo).

65 In order to 

efficiently reduce the amount of iridium, a highly structured support material, that provides 

sufficiently high conductivity (>0.01 Scm-1) and is stable at the PEM-WE operating conditions 

(high potentials and acidic environment) is necessary.33 This approach would be similar to the 

design of the Pt/C catalyst used as an HOR catalyst and will be dicussed in further detail in 

chapter 5.2 (“Rational Design and Synthesis of Iridium Oxide Catalyst Supported on Antimony-

Doped Tin Oxide for High Oxygen Evolution Reaction Activity in Acidic Media”).   

2.3.4 Porous Transport Layers 

The two main tasks of the porous transport layer (PTL) in a PEM-WE are on the one hand the 

homogenous distribution of water (reactant) across the active area of the MEA, while at the 

same time efficiently removing the produced gases (hydrogen/oxygen) and ensuring good 

electrical connectivity between the electrode layer and the bipolar plates. A planar and smooth 

geometry with sufficiently high porosity and good electrical conductivity is needed to prevent 

any damage of the catalyst layer and the membrane (e.g., shorting, formation of hot-spots) and 

to ensure efficient mass transport of liquid water and gases. While on the cathode side carbon 

paper or carbon cloths are usually applied as gas diffusion layers (GDL), the high potentials 

which would lead to the oxidation and thus the corrosion of carbon (COR; see equation 2.54), 

excludes this type of material at the anode.  

𝐶𝑂𝑅: 𝐶 + 2𝐻2𝑂 → 4𝐻
+ + 4𝑒− + 𝐶𝑂2  2.54  

The state-of-the-art material for the PTL at the anode is titanium, due to its sufficiently good 

stability in the acidic environment and at high anodic potentials. However, one main 

disadvantage is the formation of a poorly conductive TiO2 surface film due to the oxidation of 

titanium at high anodic potentials, leading to an increased ohmic contact resistance,73 wherefore 

an additional coating is often used to prevent the passivation of the titanium.74-75 Besides a good 

electrical conductivity, the morphology, especially the porosity of the PTL is extremely 

important. If the pores are too small, mass transport limitations can easily occur due to the 

trapping of oxygen and water within the PTL. On the other hand, a high porosity (large pores) 

would enhance the gas transport but also result in a decreased electrical contact area. Therefore, 

a balanced design of the PTL is one of the main challenges in the design of a PEM electrolyzer 
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to improve catalyst utilization, electrical contact resistances, and mass transport.76-77 Commonly, 

sintered powder type materials or felts are used due to their adjustable porosity. While the 

porosity (50 – 80%) and pore sizes (20 – 200 µm) can be varied more freely for different felts, 

the sintered powder materials are more rigid, which is beneficial when operating at elevated 

pressures.33 

2.3.5 Bipolar Plates  

The bipolar plates provide the framework for an electrolyzer cell as well as a separation of 

adjacent cells within a stack, which is why they are also often called separator plates. They 

provide electrical contact between adjacent cells, while at the same time separating the different 

gas environments. Usually deionized water (pH 6 – 7) is fed to the cells, wherefore the 

requirements for the materials of choice are less specific than for PTLs or catalyst support 

materials. Nevertheless, bipolar plates have to provide sufficiently high electrical and thermal 

conductivity, mechanical stability and need to be gas-tight to prevent any gas-leakage between 

the single cells. Since they connect adjacent cells electrically with each other, they have to be 

stable at both high anodic and cathodic potentials. Titanium is often used to manufacture PEM-

WE bipolar plates, owing its excellent strength, high initial thermal and electrical conductivity. 

However, its surface passivation over time and the accompanied increase in electrical contact 

resistance leads to a decreasing performance over time,73 and similar to the PTL, an additional 

protective coating would be necessary to maintain the initially high electrical conductivity over 

the required lifetime of the system (10 – 20 years).20 Cheaper materials such as stainless steel 

are considered as an alternative; however, an additional coating to prevent corrosion is 

inevitable in this case. To prevent the formation of any potential weak spots, where corrosion 

might take place, a homogenous and continuous coating is essential. Contrary to the bipolar 

plates applied in fuel cells, the bipolar plates for electrolysis systems utilizing a small cell area 

do not necessarily require the implementation of a flow field.20 Depending on the operation 

conditions, the cell design and morphology of the PTL, a flow field might not be necessary to 

handle the mass transport of both produced gas and liquid water. 

2.4 Operation Conditions 

2.4.1 Temperature 

Commercial state-of-the-art PEM water electrolyzer operate at temperatures up to 60 °C,78-79 

though a higher operating temperature would be desirable to improve the performance. At 

higher temperatures not only the activation losses (ηact) as well as the ohmic losses arising from 
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the membrane would be lower, but also less electrical energy would be required due to a lower 

reversible potential at higher temperatures.11, 56 Babic et al. showed the impact of temperature 

on cell performance, where a significant decrease in cell voltage as well as ohmic resistance 

was observed when increasing the temperature from 60 °C to 80 °C.11 At elevated pressures 

(e.g., 3 bara) the operation of a PEM-WE beyond 100 °C (e.g., 120 °C), while still sustaining 

the liquid state of water, would be possible, however, the increased gas crossover at higher 

temperatures and pressures as well as the durability of the membrane under such conditions 

may be challenging. While C. K. Mittelstaedt showed that the chemical stability of state-of-the-

art membranes does not seem to limit the operation at elevated temperatures,56 the mechanical 

stability of the polymer especially at high differential pressures could bear a safety risk. 

Recently, Garbe et al. showed that, increasing the temperature while decreasing the membrane 

thickness, the hydrogen permeation increases significantly and that, when considering a safety 

limit of 2% H2 in O2, operating the cell at 120 °C and 3 bara with a thin membrane (Nafion®212; 

50 µm) at current densities <0.76 Acm-2
geo is not possible.58 Short side-chain PFSA polymers 

might be a promising option when aiming for higher temperatures due to their higher 

crystallinity observed, when compared to a long side-chain PFSA polymer at the same 

equivalent weight.11, 80 Although some promising material improvements were already 

established, the stability challenges for today’s commonly used PFSA polymers along with the 

temperature limitations for the ion-exchanging resins, which are used to ensure a high purity of 

the feed water, still determine the operation temperature for state-of-the-art PEM-WE.11  

2.4.2 Pressure  

Desirably hydrogen is stored at elevated pressures and depending on the application up to 

1000 bar (in case of a H2 fueling station) are required,81 while common state-of-the-art 

electrolyzers operate at a pressure up to 35 bar.78 Pressurizing hydrogen electrochemically 

would spare additional mechanical pressurizing steps and hence lower the maintenance and 

investment costs. An electrolyzer can be operated at either balanced pressure, where anode and 

cathode are operated at the same pressure, or at differential pressure, where the cathode is 

usually operated at higher pressures. From a thermodynamic point of view operating at elevated 

pressures is disadvantageous, since the absolute value of the reversible cell voltage would 

increase: 

∆𝐸𝑟𝑒𝑣 = 
𝑅 ∙ 𝑇

2 ∙ 𝐹
𝑙𝑛 (

𝑝𝐻2

𝑝𝐻2
∅
) 2.55  
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where 𝑝𝐻2
∅  is the pressure at standard conditions, 𝑝𝐻2the applied pressure, and ∆𝐸𝑟𝑒𝑣 the shift 

of the absolute value of the reversible cell voltage when operated at elevated pressure. 

Exemplarily, increasing the H2 partial pressure from 1 to 30 bar while keeping the O2 partial 

pressure constant would lead to a positive shift in 𝐸𝑟𝑒𝑣 of 50 mV at 80 °C. On the contrary, 

operating at higher pressures should be beneficial in terms of overpotentials caused by gas 

bubbles trapped within the catalyst layer, due to a decreased gas bubble size82-83 and improved 

mass transport.84 Bernt et al.27 showed that operating a PEM-WE cell at a cathode pressure of 

30 bara the cell voltage beyond 300 mAcm-2
geo is lower than what would have been expected 

from a thermodynamic point of view based on the performance data at 1 bara cathode pressure. 

Since the oxygen side was operated at ambient pressure in their study, the improved 

performance was attributed to an increase in partial pressure of hydrogen within the catalyst 

layer and thus decreased mass transport resistances on the cathode side. However, they also 

showed that at lower current densities the hydrogen permeation through the membrane is 

similar to the oxygen production rate and hence an explosive mixture can be formed on the 

anode (>4% H2 in O2).
85 Thus, operating at higher H2 pressures might be beneficial in terms of 

cost reduction, but the increased H2 permeation would lead to lower faradaic efficiencies and 

safety issues. Since the hydrogen crossover is not only a function of pressure but depends also 

on the thickness of the membrane,60 in future scenarios where thinner membranes should be 

applied in order to decrease the ohmic losses particularly at the envisaged high current densities, 

the hydrogen crossover and the accompanied safety issue will become even more important. To 

circumvent the formation of an explosive gas mixture, platinized current collectors or 

recombination catalysts within the membrane are proposed.83, 86 Nevertheless, reliable 

operation of a PEM water electrolyzer system for 20.000 h was shown by Ayers et al.,18 where 

the cathode was operated at pressures up to 165 bar while the anode was operated at ambient 

pressure.  

2.5 Degradation Phenomena  

2.5.1 Membrane  

One of the main degradation mechanisms observed for Nafion® based electrolytes is an 

increasing ohmic resistance11, 87 due to the presence of cations through either improperly treated 

feed water or due to corrosion of the used materials.88-90 By ion-exchanging the protons within 

the polymer electrolyte membrane as well as within the ionomer in both catalyst layers, the 

proton transport resistance increases, ultimately leading to the failure of the system. Sun et al.91 
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showed that after boiling a used membrane in sulfuric acid the initial performance can mostly 

be recovered and hence attributed the decreasing performance over time (7800 h) to cationic 

contamination. Commonly water purification ion-exchange (e.g., ion-exchnage resins) and 

corrosion-resistant coatings92 are applied to prevent cationic contaminations and quite recently 

Babic et al.93 proposed a CO2-assisted regeneration method, where cationic contaminations can 

be removed during operation. In addition to an increase in ohmic resistance, Fenton’s active 

cations (e.g., Fe, Ni) can promote the formation of radicals (e.g., OH, H) and thus the chemical 

degradation of the membrane through a peroxyl attack of the ionomer endgroup, which can lead 

to the formation of pinholes and cracks.94 Usually the extent of chemical degradation of the 

membrane is measured through the hydrofluoric acid (HF) release rate, a product which is 

formed during the radical attack of the endgroups. Since hydrogen terminating endgroups are 

assumed to be the preferred point of attack, modified Nafion® membranes are used nowadays, 

which show a significantly lower chemical degradation.95 It was also shown that the degradation 

of the membrane strongly depends on the relative humidity during operation and that operation 

at low relative humidity accelerates membrane degradation.96 This, however, seems to be less 

of an issue for PEM water electrolyzers, since they are commonly operated with liquid water.  

Other than the mentioned chemical induced degradation, mechanical stressors resulting in the 

deterioration of the membrane cannot be neglected. The main failure mechanisms caused by 

mechanical stress are the penetration of the membrane through large protruding particles or 

fibers from either the catalyst layer or the PTL as well as tear formation induced by temperature 

and RH changes.97-98 The Ti-based PTLs, which are commonly used at the anode side, are more 

stiff and rigid compared to the carbon GDL applied on the cathode. However, the risk of 

protruding fibers is quite high, especially when a fiber based PTL and thin membranes (< 50 µm) 

are used. Therefore, the fabrication of a smooth surface as well as a proper sealing within the 

cell is important.  

2.5.2 Catalyst Layer 

As already mentioned in chapter 2.3.3, IrO2 is the catalyst of choice due to its superior stability 

compared to RuO2.
99 According to the Pourbaix diagram, depicting the thermodynamic stability 

of metals as a function of potential and pH, IrO2 is stable at high potentials (>1.0 V) and over a 

wide pH-range.100 The desired crystalline IrO2 can be obtained through annealing, where a 

certain temperature (> 400 °C) is required to actually form a thick layer of crystalline IrO2 at 

the surface,29 while otherwise an amorphous hydrous Ir(OH)x will be formed. Even though the 

OER activity of an amorphous hydrous Ir(OH)x is higher than that of a crystalline IrO2,
14-15 its 
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stability is significantly lower. This was confirmed by recent studies, where a scanning flow-

cell (SFC) coupled with an ICP-MS (inductive coupled plasma mass spectrometry) is used to 

measure the iridium release rate during a linear voltage scan (LSV) in the OER regime, 

revealing the lower stability of iridium metal compared to an iridium oxide, annealed at 

different temperatures.13 Therefore, the hydration state along with the morphology of the 

iridium-oxide seems to be important regarding the lifetime and stability of the OER catalyst. 

Quite recently Kasian et al.101 showed that a change in hydration state during the OER seems 

to trigger the dissolution of iridium and, depending on the surface species and the overpotential, 

the dissolution proceeds via different routes. Nevertheless, these findings have to be considered 

with caution, since they are based on scanning flow cell measurements and, so far, these 

findings have not been confirmed in MEA measurements. Geiger et al.17 already showed that 

the lifetimes predicted based on SFC measurements differ quite significantly from the ones 

extracted from MEA measurements. This discrepancy is also reflected in the measurements 

carried out by Sun et al.,91 where iridium black was used as an OER catalyst during a 7800 h 

stability test and no degradation of the anode catalyst layer was observed, while SFC 

measurements predict a rather high dissolution for iridium black. Up to now, MEA 

measurements are necessary to assess the stability and lifetime of individual catalysts. This 

issue will be discussed further in Chapter 5.1 (Current Challenges in Catalyst Development for 

PEM Water Electrolyzers). 

Besides anode catalyst degradation, the carbon supported platinum cathode catalyst layer can 

degrade over time, where the following mechanisms are considered as the main cause for a loss 

in active surface area: i)  dissolution and agglomeration of smaller Pt-particles, resulting in a 

lower electrochemically active surface area (Ostwald ripening);102-103 ii) dissolution and 

reprecipitation of Pt-particles within the membrane;104 iii) carbon support corrosion.105 

However the proposed degradation mechanisms usually occur at high potentials 106-107 or when 

the potential is cycled. Since the potential of the cathode is usually close to the H2/H
+ reversible 

potential (0 V) during operation, a severe degradation of the cathode catalyst layer due to a 

loss in active surface area is not expected. Up to now, rather high Pt-loadings (0.1 – 0.5 mgPtcm-

2
geo) are commonly used20 and due to the fast kinetics of the HOR only a very large loss in 

electrochemically active surface area would lead to a measurable performance loss. Cathode 

catalyst degradation, however, will become more important if lower loadings are to be realized.  
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2.5.3 Porous Transport Layers and Bipolar Plates 

Often titanium based porous transport layers and bipolar plates are used and hence the 

passivation of titanium and the accompanied increase in contact resistance is one of the main 

issues. An additional coating might be applied to prevent the formation of a passivation layer.73 

The choice of material for a protective coating, however, is limited, since it has to withstand 

the harsh environment (low pH and high anodic potentials) without getting dissolved or 

passivated itself. At the same time, the material should be abundant and cheap in order to keep 

the additional costs at a minimum. The latter is hard to be satisfied, therefore, in consideration 

of all the aforementioned requirements, platinum is often used.73, 108 The bipolar plate itself 

already contributes significantly to the costs of a PEM-WE stack7, 18 and adding an additional 

layer of platinum would increase the costs even further. Just to give some numbers as a ballpark 

reference, the DOE (Department of Energy) target for the Pt-specific power density for PEM 

fuel cells in automotive applications in 2020 is 0.1 gPtkW-1,109 wherefore the additional 

amount of Pt added as a protective layer in a PEM-WE should be very low. In case a Pt coating 

thickness of 100 nm were required in order to prevent the passivation of titanium, this would 

result in an additional platinum loading of 0.5mgPtcm-2. Operating the electrolyzer at a power 

density of 5 Wcm-² (3 Acm-2 at 1.75 V), this would result in a Pt-specific power density of 

0.1gPtkW-1 and hence additional 2 €kW-1.110 Considering that the average long-term cost 

targets for a PEM-WE are 1000 €kW-1,111 the additional platinum coating would only 

constitute a share of 0.2% of the overall investment costs.  
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2.6 Hydrogen as an Energy Carrier  

In a future energy scenario, where energy is mainly provided via renewable energies, hydrogen 

as an energy carrier produced through the electrochemical splitting of water can play an 

important role. Hydrogen bears the advantage to serve as an energy carrier, as fuel for fuel cell 

vehicles and as feedstock in the chemical industry (e.g., ammonia, methanol). However, in 

order to meet the aimed climate protection requirements, a MW-scale production of hydrogen 

via electrolyzis is necessary (3800 GW would already be needed just to replace the worldwide 

fossil energy demand for transportation65).  

In consideration of both, the huge increase in capacity along with the inevitable coupling with 

renewable energies, the hydrogen production via polymer electrolyte membrane water 

electrolyzis becomes the most promising technology. Even though the energy consumption 

nowadays is quite similar for both systems, PEM-WE and alkaline electrolyzer systems (AEL) 

(4.8 kWh mN
-³) and is assumed to become even more similar until 2050, there is still a huge 

discrepancy in terms of capital expenditure (CAPEX).112 The production costs normalized to 

the produced amount of hydrogen are almost twice as a high for a PEM-WE system 

(7000 € (Nm³h-1)-1) compared to alkaline electrolyzis (4000 € (Nm³h-1)-1).112 Even though 

projections show that, the costs will eventually level out until 2050 due to the increased progress 

in PEM-WE technology development, an upscaling of the PEM-WE system is required for this 

cost reduction. Nevertheless, the PEM-WE technology bears the advantage of operating at high 

current densities (PEM-WE:1-2 Acm-2
cell vs AEL: 0.25-0.45 Acm-2

cell), enabling pressurized 

operation (PEM-WE:30-50 bar vs AEL: 10-30 bar) and offers a higher load flexibility (PEM-

WE:0-100% vs AEL: 20-100%).8 Since the hydrogen production rate scales linearly with the 

current density (omitting loss of hydrogen by cross-over to the anode compartment), the PEM-

WE technology (8.4 Nm³/m³cell) exhibits a roughly 4-times higher cell-area normalized 

hydrogen production rate compared to an AEL (1.9 Nm³/m³cell)
8 and in combination with its 

high flexibility and fast response time promotes hydrogen as an alternative carrier, when 

coupled with renewable energies.  

Up to now PEM-WE systems are often sold in small scales (1 MW) and the required materials 

and components are often custom made, wherefore the production costs of the individual 

components are rather high. In light of the fact that an annual increase in capacity in the GW-

range is necessary, the small-scale production of the individual components would turn into a 

large-scale production, thereby reducing the specific costs drastically. Nonetheless, this would 
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result in temporarily higher investment costs to provide the necessary infrastructure and 

production capacity until a certain threshold is reached. 

The most critical PEM-WE stack components are the membrane/ionomer, the PTLs, the bipolar 

plates, and the catalysts, the latter being the most critical one. Due to the scarcity of iridium and 

the fact that it is only obtained as a byproduct during, e.g., Pt or Ni-mining, a significant 

reduction of the iridium-specific power density (0.05 gIrkW-1) is necessary to realize a GW-

scale installation.65, 112 As an example, the total primary energy consumption of Germany in 

2016 was 13.525 PJ,113 which would correspond to an annual production of 100 MtH2 (based 

on the higher heating value of hydrogen 285.8 kJmol-1) if all energy sectors were to 

exclusively run on hydrogen gas as an energy carrier. The corresponding average electrical 

power needed to produce this hydrogen via PEM water electrolyzis would be in the range of 

500 GW. With state-of-the-art loadings (2 mgIrcm-2) and an average power density of 

4 Wcm-2, an iridium-specific power density of 0.5 gIrkW-1 can be achieved. Considering the 

annual mining rate of iridium of 7 tIr
112 (recycling of iridium is not considered in this example) 

this entire amount of iridium would allow to replace PEM-WE with a total power of 

14 GW/year, so that 50 years worth of iridium would be required just to produce H2 that would 

be needed for the energy supply of Germany. This example shows that a reduction of the 

iridium-specific power density of at least one order of magnitude is necessary to make hydrogen 

as an energy carrier competitive. 
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3 Experimental Methods  

3.1 Rotating Ring Disk Electrode  

Rotating ring disk electrode (RDE) measurements are often used as a screening tool to 

characterize the activity as well as stability of individual catalysts. Since only a small amount 

of catalyst (mg-range) is needed to characterize the catalyst, the RDE technique is favorable 

especially for the synthesis and screening of new catalyst materials. Usually a three-electrode 

electrochemical cell is used (Figure 3.1), where an interchangeable RDE PTFE or PEEK-holder 

(Pine Research Instrumentation, USA) with a 5 mm diameter polycrystalline Au-disk is used 

as a working electrode (WE), a reversible hydrogen electrode (RHE) as a reference electrode 

(RE), and a high-surface area Au-mesh as a counter electrode (CE). Commonly, the RE is 

separated from the main compartment via a closed electrolyte bridge (Luggin capillary). One 

issue that frequently occurs is the dissolution and redeposition of gold from the CE, wherefore 

an additional porous glass frit is applied to avoid the migration of dissolved gold into the main 

compartment. In order to minimize the overpotential of the CE, a high-surface area of the CE 

is required, wherefore meshes are commonly used. If one would manage to make the surface 

area large enough, then the current during the CV experiments may even be provided by the 

(pseudo-)capacitance of the CE and no dissolution would occur. As a reference electrode, a 

reversible hydrogen electrode was used, where a Pt-wire was exposed to a hydrogen atmosphere 

(1 bara) while being in contact with the electrolyte (0.1 M H2SO4). While H2SO4 can undergo 

two de-protonation steps (see equation 3.1 and 3.2), only the first de-protonation step (Ka110³) 

is considered to be complete and the second to be incomplete (Ka210-2), resulting in a proton 

concentration of roughly 0.11 M and thus a potential (𝐸𝑟𝑒𝑣(𝐻2/𝐻+)) of 57 mV vs the standard 

hydrogen potential (SHE) should be established at the reference electrode (see equation 3.3).  

𝐻2𝑆𝑂4(𝑎𝑞) + 𝐻2𝑂(𝑙) → 𝐻3𝑂
+(𝑎𝑞) + 𝐻𝑆𝑂4

−(𝑎𝑞) 3.1 

𝐻𝑆𝑂4
−(𝑎𝑞) + 𝐻2𝑂(𝑙) → 𝐻3𝑂

+(𝑎𝑞) + 𝑆𝑂4
2−(𝑎𝑞) 3.2 

𝐸𝑟𝑒𝑣(𝐻2/𝐻+) = 𝐸𝑟𝑒𝑣(𝐻2/𝐻+)
0 − 

2.303∙𝑅∙𝑇

𝐹
∙ 𝑝𝐻  3.3 

𝑝𝐻 = −log (𝑐(𝐻3𝑂
+)) 3.4 

𝐸𝑟𝑒𝑣(𝐻2/𝐻+) 
0  is the standard reversible potential (0 V) of a standard hydrogen electrode at 

standard conditions (pH = 0; 25 °C, 1.013 bara,H2), R the ideal gas constant (8.314 Jmol-1K-1), 

T the temperature and F the Faradays constant (96485 Asmol-1).  
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The pH can be calculated via the negative logarithm of the proton concentration (𝑐(𝐻3𝑂
+)) 

(equation 3.4). However, prior to each measurement the potential of the RE was determined by 

applying a Pt-disk exposed to a hydrogen purged electrolyte serving as a reference electrode, 

while the reference compartment was operated as a working electrode. Beside a change of the 

pH, a change in gas composition can lead to a shift of the reference potential (see equation 3.5). 

Hence, a tight sealing of the Pt-wire within the reference compartment is necessary to prevent 

any gas leakage and thus, a continuous shift in potential due to a change in gas composition. 

𝐸𝑟𝑒𝑣(𝐻2/𝐻+) = 𝐸𝑟𝑒𝑣(𝐻2/𝐻+)
0 − 

2.303 ∙ 𝑅 ∙ 𝑇

2 ∙ 𝐹
∙ log (𝑝𝐻2/𝑝𝐻2

0 ) 
3.5 

 

Figure 3.1 Schematic setup of a standard three-compartment electrochemical cell used for rotating disk electrode 

measurements, where a interchangeable disk-electrode with a polycrystalline Au-disk serves as a working 

electrode (WE), a Pt-wire exposed to a hydrogen atmosphere as a reference electrode (RE) and a high-surface area 

Au-mesh as a counter electrode (CE).  

Moreover, the right choice of the backing material used as a working electrode is important. 

Glassy carbon is unsuitable for OER measurements, since the carbon would corrode at high 

potentials106-107 and an additional current stemming from the COR would be measured. 

Platinum itself is active towards the OER,31 wherefore it would contribute to the measured 

current and should be excluded as disk material. Additionally, Geiger et al. recently showed 

that some disk electrode materials passivate over time, leading to an additional ohmic resistance 

that compromises stability tests.114 They recommended to either use gold or boron-doped 

diamond as a disk electrode. Since gold does not exhibit an activity towards the OER in the 

potential range usually considered during OER measurements (see Figure 3.2) ,115 an Au-disk 

was used throughout all measurements.  
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Figure 3.2 Electrocatalytic OER polarization curves of a bare Au-disk and a 11 wt.-% Ir/ATO catalysts. All 

measurements were performed in O2-saturated 0.1 M H2SO4, 25 °C. Catalyst loading: 3.7 μgIr/cm2
disk. Scan rate: 

5 mV/s. 2500 RPM. 

3.1.1 Electrode and Ink Preparation  

Prior to each measurement, the polycrystalline Au disk has to be polished with a 0.3 µm Al2O3 

polishing suspension (Buehler Ltd.) on a water-wetted polishing cloth (Micro Cloth Buehler 

Ltd.) in an eight-shaped pattern for at least 3 minutes. Since iridium was found to be adhesive 

to the Au-disk, wiping off the previous catalyst coating with either water or 2-propanol was 

insufficient to remove the whole coating, wherefore polishing prior to each measurements was 

unavoidable. After polishing, the disk was rinsed and sonicated in deionized water for at least 

3 times and 3 minutes. It is important to note that only the disk was sonicated, since 

interchangeable electrodes are not perfectly sealed and the electrical connections within the 

PTFE-holder corrode over time during sonication, resulting in a higher ohmic resistance. The 

whole electrode is handled carefully to avoid any contaminations, which would falsify the 

results. After reassembling the Au-disk into the holder, the catalyst ink is drop-casted onto the 

Au-disk and dried at atmospheric conditions. Catalyst inks were obtained by mixing the 

respective amount of catalyst (few milligrams) with either water or 2-propanol. No additional 

binder was usually added to the ink. The inks were sonicated at least 30 minutes before drop-

casting and the sonication bath temperature was maintained below 35 °C to avoid evaporation 

of the solvent. 
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3.1.2 Electrochemical Measurement Setup  

The used 0.1 M H2SO4 electrolyte solutions were prepared from high purity H2SO4 (Ultrapur, 

96%, Merck Millipore KGaA) and ultrapure water (18.2 MΩcm at 20 °C Merck Millipore 

KGaA). The gases Ar, O2, and H2 used for purging of the electrolyte were of high purity (6.0-

grade, Westfalen AG). The whole cell setup was boiled for at least three times in ultrapure water 

to ensure its cleanliness. An Autolab potentiostat (PGSTAT302N, Metrohm AG, Switzerland) 

and a rotator (Pine Research Instrumentation, USA) with a polyether ether ketone shaft were 

used to perform the electrochemical measurements. In the beginning, the non-compensated 

electrolyte resistance was determined in an Ar-saturated electrolyte by electrochemical 

impedance spectroscopy (EIS) from 100 kHz to 100 Hz at open circuit potential (OCP) with an 

amplitude of 10 mV. Afterwards, cyclic voltammograms in a potential range of 0.05 and 1.45 V 

and a scan-rate of 100 mV/s were recorded in an Ar-saturated electrolyte to convert all metallic 

Ir (0) (blue CV in Figure 3.3) into hydrous Ir-oxide (red CV in Figure 3.3) when evaluating the 

Ir/ATO catalyst. Additional CVs were recorded within the same potential range using a smaller 

scan-rate of 20 mV/s, in order to compare the size of the mass-normalized CVs within different 

measurements. Finally, the electrolyte solution was purged for at least 10 min with O2, and 

polarization curves to determine the OER activity were recorded from 1.2 VRHE to 1.7 VRHE at 

5 mV/s and 2500 rpm. Generally, these potential ranges were used, unless marked differently. 

Potentials are corrected for both the non-compensated electrolyte resistance and the potential 

of the reference electrode (vs RHE). 

  

Figure 3.3 Initial CV (blue) and after 30 cycles (red) of Ir/ATO (11 wt.-%) in Ar-saturated 0.1 M H2SO4 at 

100 mV/s and 25 °C. Catalyst loading is 44 μgIr/cm2
disk.  

0.0 0.5 1.0 1.5

-7.5

-5.0

-2.5

0.0

2.5

5.0

i g
eo

 [
m

A
/c

m
²]

E [V]



37 

 

3.2 Polymer Exchange Membrane Water Electrolyzer 

Compared to an RDE measurement, where only a few milligrams of catalyst are required to 

determine the activity of a catalyst, MEA-based measurements require much more catalyst (few 

hundred mg) to fabricate proper catalyst layers. Hence, after a successful pre-screening of the 

OER activity, the next step is to obtain the performance of the respective catalyst in an MEA. 

The cell setup used throughout the study was developed and presented in the publication 

“Influence of Ionomer Content in IrO2/TiO2 Electrodes on PEM Water Electrolyzer 

Performance” by M. Bernt and H.A. Gasteiger.27 A schematic is shown in Figure 3.4. 

 

 

 

Figure 3.4 Schematic cell setup of a 5 cm² cell.  

The core of the single cell consists of an MEA ((1) in Figure 3.4) sandwiched between a 

28010 µm thick carbon fiber GDL on the cathode (TGP-H-120T from Toray, no MPL, 

20 wt.-% PTFE; cf. (3) in Figure 3.4) and a 37010 µm thick sintered titanium PTL on the 

anode (Mott Corporation, USA; cf. (2) in Figure 3.4). Two 300 µm thick PTFE gaskets ((4) 

in Figure 3.4) frame the MEA setup to prevent any gas leakage, and an additional subgasket 

(thickness 10 µm) is used on the anode side to prevent an electrical shortening from protruding 

Ti-PTL fibers at the edges. The whole setup is placed between gold-coated titanium plates with 
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a single serpentine flow-field (5 cm²geo active area; cf. (5) in Figure 3.4), which is again framed 

by the copper current collectors ((6) in Figure 3.4). On each side, a 2 mm thick Gylon sheet 

(Type 3545, Garlock® ENPRO Industries Inc., USA; cf. (7) in Figure 3.4) is used to provide a 

homogeneous pressure distribution along with an electrical insulation. Mechanical stability is 

ensured by the two 25 mm thick aluminum endplates ((8) in Figure 3.4), compressed by 

twelve M8 screws tightened with a force of 20 Nm. While the titanium PTL is assumed to be 

incompressible, the desired compression of the carbon GDL (25%) was achieved by choosing 

the thickness of the PTFE gaskets (compressibility 3%)116 accordingly. Based on the different 

thicknesses and compressibility of the components used, a compression of 1.7 MPa over the 

entire land area within the active area of the cell should be achieved.27 Further details about the 

cell setup and design are described in the publication and PhD thesis by Max Bernt.27, 116    

3.2.1 Membrane Electrode Assembly 

An IrO2 supported on TiO2 catalyst (IrO2/TiO2 with 75 wt.-% iridium; Elyst Ir75 0480 from 

Umicore, Germany) as an anode catalyst and a platinum supported on Vulcan XC72 carbon 

(46.7 wt.-%Pt/C; TEC10V50E from Tanaka, Japan) as a cathode catalyst was used throughout 

the measurements. Catalyst inks were prepared by mixing the respective amount of catalyst 

with 2-propanol (purity ≥ 99.9%, from Sigma Aldrich) and Nafion® ionomer solution (20 wt.-

% ionomer; D2021 from IonPower, USA). Due to their high surface area, both materials tend 

to ignite in contact with 2-propanol, wherefore the mixing was done in inert atmosphere (N2) 

using a small glovebox. An example for both an anode as well as cathode ink composition is 

shown in Table 3.1. Based on a study by Bernt et al.,27 the ionomer content was adjusted to be 

11 wt.-% for the anode catalyst layers. ZrO2 grinding beads (5 mm diameter) were added and 

the whole solution was mixed for at least 24 h using a roller mixer (Erichsen, RK K Control 

Coater) to obtain a homogeneous suspension. Using the Mayer-rod (K Bar, RK PrintCoat 

Instruments Ltd) technique, the catalyst suspension was coated onto an ETFE foil (25 μm thick, 

FP361025 from Goodfellow, UK). The thickness of the electrode layers and thus the final 

loading (mgIr/Ptcm-2) was adjusted by using coating rods that yield different wet-film 

thicknesses.  
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Table 3.1 Example for ink compostions for both anode and cathode electrode layers, resulting in an average 

loading of 2.0 mgIrcm-2 and 0.2 mgPtcm-2 respectively. 5 mm ZrO2 grinding beads were used and Mayer-rods with 

different sizes to adjust the wet-film thickness and thus the loading.  

 
Catalyst 

[mg] 

2-propanol 

[mL] 
Nafion® [µL] 

ZrO2-beads 

[g] 

Coating rod 

[µm] 

IrO2/TiO2 942.3 1.01 582 6 60 

Pt/C 325.1 4.41 510 8 120 

 

After drying, 5 cm²geo electrode decals were cut at 25 °C and 20 kN using an automated plate-

press (Dr. Collin P 200 PM, Collin GmbH). A Nafion® 212 membrane (50 μm thick; from 

Quintech, Germany) was placed between the respective electrodes and sandwiched between 

Kapton® and Gylon® sheets (Figure 3.5). These additional layers were added to avoid 

contamination and mechanical destruction of the membrane electrode assembly and to ensure 

a homogenous pressure distribution. The whole assembly was hot-pressed for 3 min at 155 °C, 

applying a pressure of 2.5 MPa. Both electrode ETFE-decals were weighed before and after 

hot-pressing using a microbalance (± 1 μg; from Mettler Toledo, Germany) to determine the 

final weight of the anode and cathode catalyst layer within the MEA setup.  

 

Figure 3.5 Schematic Setup of a Membrane Electrode Assembly used for the Decal Transfer Step via Hot-Pressing 

3.2.2 Electrochemical Characterization  

In general, all electrochemical measurements of the MEAs were performed using an automated 

test station from Greenlight Innovation equipped with a Reference 3000 potentiostat and a 30 A 

booster from Gamry Instruments. The Emerald automation software was used to operate the 

test station. A BioLogic VSP 300 with a 20 A booster was used throughout the long-term study 

(see Chapter 5.6) as well as for all reference electrode measurements (see Chapter 4 and 

Chapter 5.7). Thermocouples placed within the flow-fields were used to control the temperature 

via the heating rods inserted in the aluminum end-plates and the fans externally placed on each 

side of the cell. The anode was continuously supplied with 5 mL min-1 deionized (DI) water 

that was pre-heated to 80 °C throughout all the measurements. During the warm-up the cell was 

heated to 80 °C under a nitrogen atmosphere and afterwards a current of 1 A cm-² was applied 
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for 30 min to condition the cell. Subsequently, by flushing the cathode counter electrode with 

dry H2 at 50 mL min-1 to ensure a stable reference potential and by supplying the anode 

electrode with 5 mL min-1 DI water, cyclic voltammograms (CVs) of the anode electrode were 

recorded. Usually, the CVs were recorded in a potential range of 0.05 V – 1.25 V at 20 mV s-1 

and 80 °C. For further evaluation, the second CV scan was used. A typical CV obtained for the 

used IrO2/TiO2 catalyst is shown in Figure 3.6.  

 

Figure 3.6 Cyclic voltammograms (CVs) recorded at 20 mV/s, 80 °C, ambient pressure, and 5 mLH2O min-1 

(anode)/ 50 nccm H2 (cathode). MEA specification: 5 cm² active-area with ≈1.9 mgIrcm-²geo anode and 

≈0.07 mgPtcm-²geo cathode loading using a Nafion® 212 (50 µm thick) membrane. 

Afterwards, by increasing the current density from 0.01 to 4 A cm-2 stepwise with a hold time 

of 5 min at each current step to ensure a stable cell voltage, five consecutive polarization curves 

were taken at ambient pressure (1 bara) and 80 °C. The last 10 s of the cell voltage at each 

current density were averaged and used for further evaluation (Figure 3.7 a). At each current 

density, additional AC impedance measurements were performed in a range from 100 kHz to 

1 Hz. To fulfill the criteria of linearity, while still maintaining a sufficient signal to noise ratio, 

the current amplitude at each current density was adjusted to less than 20% of the applied 

current, except for a current density of 10 mAcm-2
geo where it was 40%. The high frequency 

resistance was determined via the high-frequency intercept with the real axis in a Nyquist plot. 

The HFR was used to correct for the ohmic and electrical resistance (hollow symbols in 

Figure 3.7 b). The described measurement procedure was used as a standard protocol to 

characterize the cell and additional measurements were adjusted individually according to the 

aim of the study and are described within the respective chapter.  
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Figure 3.7 PEM-WE performance data at 80 C and ambient pressure a)  Ecell vs i performance (filled symbols) 

and HFR-free performance data (hollow symbols) with an anode water-feed of 5 mLH2O min-1; b) corresponding 

HFR values. MEA specification: 5 cm² active-area with ≈1.75 mgIrcm-²geo anode and ≈0.2 mgPtcm-²geo cathode 

loading using a Nafion® 212 (50 µm thick) membrane. 

3.2.3 Scanning Electron Microscopy  

Cross-sectional scanning electron microscopy (SEM) measurements were performed by using 

a JEOL JCM6000Plus NeoScope scanning electron microscope at an accelerating voltage of 

15 kV. Embedding the MEA in a room-temperature curing two-component epoxy (Epo Thin 2 

resin and hardener; Buehler Ltd.) and drying over night at 80 °C, the SEM samples were 

prepared. Using a SiC paper, the sample surface was ground in two steps (grade P320 and P1200, 

from Buehler Ltd.) and subsequently polished on a microcloth using a 9 µm diamond polishing 

agent. 

3.2.4 Electrical Conductivity Measurements – 4-Point Probe  

Using a 4-point-probe in-plane conductivity measurement (Lucas/Signatone Cooperation, USA) 

the electrical conductivities of catalyst layer decals were determined. By applying either 

different potentials or currents via the four collinearly aligned tungsten probes, the electrical 

resistance and thus the corresponding conductivity of the catalyst layer can be calculated. 
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3.2.5 Contact Resistance Measurements 

The contact resistances of the PTLs were measured with the test setup described by Bernt et 

al.27 Therefore, the PTL was framed with an insulating Kapton® foil (25 µm) to ensure that the 

electrical resistance is only measured along the PTL and sandwiched between two gold coated 

titanium flow-fields. The whole setup was then placed between two copper plates, which were 

electrically insulated by an additional layer of Gylon® to any external components. To simulate 

the contact pressure during operation within the cell, a pressure of ≈1.7 MPa was applied to this 

stack. Different currents were applied via the copper plates and by measuring the associated 

voltage drop across the stack, the electrical resistance (essentially equating to the contact 

resistance) was quantified.  
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4 Platinum Wire Reference Electrode  

4.1 Pt-Wire Reference Electrode Setup  

Electrochemical impedance spectroscopy is a powerful tool to determine and analyze individual 

performance losses within an electrochemical cell. However, if solely the full-cell impedance 

spectra of a PEM-WE system is measured, the contribution of the cathode to the cell impedance 

will usually be assumed to be negligibly small.40, 47 By applying a dynamic hydrogen electrode 

(DHE), where two Pt-wires are placed in proximity to the active electrode area, Li et al.117 

showed, that the impedance of the hydrogen electrode in a fuel cell (hydrogen side) is indeed 

smaller than that of the oxygen electrode, however, not negligible. Thus, in order to obtain an 

unbiased evaluation of the performance losses occurring during operation of each individual 

electrode, a determination of both half-cell spectra is necessary. A quite recent study by Sorsa 

et al.55 used a Pt/C-ring (40 wt.-% Pt/C) sprayed equidistantly around the active area as a 

reference electrode using this to separate anode and cathode impedance. They showed that the 

anode impedance spectrum consists of two separate semi-circles, which they ascribed to mass-

transport (high frequency arc) and charge transfer kinetics (low frequency arc). The 

interpretation of the cathode spectra, however, was more complicated. While the semi-circle at 

high frequencies was straightforwardly linked to the charge transfer kinetics, the interpretation 

of the inductive loop occurring at low frequencies was more challenging. Ultimately, they 

assigned the inductive loop to carbon corrosion of the cathode catalyst support, which they state 

has to be considered when fitting an equivalent circuit model (ECM) to the spectra.55 Since a 

non-linear potential profile in close proximity to the active electrode area or a small 

misalignment of the active electrode can lead to erroneous impedance measurements, a proper 

positioning of the reference electrode is essential.118-119 

Therefore, a similar approach, where the reference electrode is placed centrally between anode 

and cathode, and which is already applied successfully within lithium-ion batteries was 

considered.54 In a previous study by our group, an Au-WRE (gold wire reference electrode) was 

introduced to determine individual half-cell spectra of a lithium-ion battery.54 Herein, an 

insulated Au-wire was sandwiched between two separators and electrochemically alloyed with 

lithium in-situ to maintain a stable reference potential. Subsequent studies showed that with a 

proper design of experiments it is possible to separate and determine individual performance 

losses, such as the charge transfer resistance (Rct), the contact resistance (Rcont.) or the pore 
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resistance (Rpore) of the individual electrodes.53, 120 Hence, an approach similar to the Au-WRE 

was adapted to the MEA of a PEM-WE. In this case, a 50 µm thick Pt-wire with a 9 µm PTFE 

insulation (Goodfellow, Great Britain) was placed centrally between two 50 µm membranes, 

each coated with the respective catalyst layer. A schematic of the setup is depicted in 

Figure 4.1a along with an SEM cross-section of such an MEA (Figure 4.1b). As the Pt-WRE 

(wire reference electrode) is placed centrally within the cell, it is exposed to both H2 as well as 

protons (H+) during the measurement, wherefore its potential should be close to the reversible 

hydrogen potential (0 VRHE). Upon resuming operation, however, the gas composition at the 

tip of the wire might change due to the crossover of produced oxygen and the potential of the 

Pt-WRE would be determined by a mixed potential. The SEM cross-section in Figure 4.1b 

shows that the Pt-WRE is located centrally between the two half-cell membranes. A 

misalignment of the Pt-WRE (e.g., bending of the tip of the wire) towards one of the electrodes 

can lead to erroneous impedance measurements due to inhomogeneous current distribution or, 

in the worst case, an electrical shortening of the cell.  

 

Figure 4.1 a) Scheme of an MEA illustrating the placement of the Pt-WRE and the prevailing operation conditions. 

b) Cross-sectional SEM image of an MEA including a 50 µm Pt-WRE laminated between two 50 µm Nafion® 

membranes. 
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4.2 Reference Electrode MEA Fabrication 

Since the Pt-wire (Goodfellow, Great Britain) is covered with a thin (9 µm) PTFE insulation, a 

scalpel is used to carefully scratch off roughly 0.5 cm at the tip of the wire (MEA-side; see ① 

in Figure 4.2). The tip is centrally placed within the membrane and roughly 1 cm insulation at 

the end of the wire exiting the cell is also scratched off, which is used to electrically contact the 

wire (contact-side; see ② in Figure 4.2). The MEA-side of the wire is then dipped into a 

20 wt.- % Nafion® solution (20 wt. -% ionomer, D2021 from IonPower, USA) and dried at 

ambient conditions. The MEA fabrication itself is similar to the standard MEA fabrication 

method. Therefore, the prepared wire was placed centrally between two Nafion® 212 

membranes (50 µm thick, from Quintech, Germany) and together with the already prepared 

cathode and anode decal, the setup was hotpressed at 155 °C for 3 minutes at a pressure of 

2.5 MPa. An additional layer of PP foil (40 µm from Profol,Germany) was added at the 

interface with the cell hardware to provide additional mechanical stability (see ③ in Figure 4.2). 

By weighing the decals before and after hot-pressing, the actual weight of the electrodes was 

determined. Except when labeled differently, the loading was kept constant at 

0.3 ± 0.1 mgPt cm-²geo for the hydrogen cathode and 2.0 ± 0.1 mgIr cm-²geo for the oxygen anode.  

 

Figure 4.2 Scheme of an MEA assembly with a Pt-WRE. 

When assembling the Pt-WRE/MEA setup one has to make sure, that the Pt-wire is not placed 

in parallel with the heating rods of the cell (see Figure 4.3a). A parallel alignment of the Pt-

wire with the heating rods led to an electrical interference (similar to an inductive coil) and thus 

an instable and continuously increasing potential of the Pt-wire. Therefore, the Pt-WRE was 

always assembled perpendicular to the heating rods (see Figure 4.3b). 
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Figure 4.3 Scheme of the alignment of the Pt-WRE towards the heating rods of the cell.  

4.3 Electrochemical Characterization  

For the reference electrode measurements, an automated test station from Greenlight Innovation 

using a potentiostat equipped with a current booster (BioLogic VSP 300) was used to perform 

all electrochemical measurements of the MEAs. Throughout the whole measurement, the anode 

was supplied with 5 mLH2O min-1 deionized (DI) water and the temperature was maintained at 

80 °C. Compared to the standard protocol, after reaching the desired cell temperature of 80 °C, 

the cathode was flushed with dry H2 at 50 nccm at ambient pressure to assess the functionality 

of the reference electrode. When the Pt-wire is centrally placed, and ionically as well as 

electrically contacted, the potential of the wire should be close to 0 VRHE and also 0 V with 

respect to the H2 cathode potential. Afterwards the cell was conditioned at 1 A cm-2
geo for 

30 min. Polarization curves were taken at ambient pressure (1 bara), by either increasing the 

cell potential stepwise from 1.3 to 1.9 V or by increasing the current density stepwise from 0.01 

to 4 A cm-2.  Each potential or current step, was held for at least 5 min, while only the last 10 s 

of either the cell voltage and current density were averaged for each point. At the end of each 

current or potential step an electrochemical impedance spectrum of the cell was recorded from 

usually 100 kHz to 100 mHz, recording 10 points per decade and at each point at least 

5 repetitions were averaged. Both galvanostatic as well as potentiostatic measurements were 

performed. The amplitude was controlled between the WE&CE. In case it was measured in 

potentiostatic mode the amplitude was set to 5 or 10 mV, and in case it was measured in 

galvanostatic mode the amplitude was set to 20 mA for current densities between 

10 – 30 mAcm-2
geo, 40 mA for a current density of 50 mAcm-2

geo and 60 mA for current 

densities 100 mAcm-2
geo.  
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4.4 Analysis of the Electrochemical Impedance Spectra  

The aim of implementing a Pt-wire as a reference electrode was to obtain the spectra of anode 

and cathode, and thus the individual performance losses of the full-cell. Using a BioLogic 

potentiostat equipped with a current booster (BioLogic VSP 300), two impedance spectra can 

be recorded simultaneously, while the third one is calculated based on the two recorded ones. 

As a first indication that the Pt-WRE did not lead to any additional disturbances during the 

measurement, the full-cell spectra were considered first. In Figure 4.4, full-cell spectra of a Pt-

WRE cell are shown. The spectrum consists of an inductive contribution at high frequencies 

(>12 kHz) and a large semi-circle at lower frequencies, which is decreasing in diameter with 

increasing current density. Since the charge-transfer kinetics of the OER are significantly 

slower compared to the kinetics of the HER (see chapter 2.1.2), the large semi-circle is 

commonly attributed to the charge-transfer resistance of the OER (𝑅𝐶𝑇,𝑂𝐸𝑅 ),
121-122 and hence 

can be described by a simplified Butler-Volmer relation (high overpotentials; equation 4.1). 

Clearly, the decreasing diameter of the semi-circle observed with increasing current densities 

is in good agreement with the impedance response for Tafel kinetics (see equation 4.1). The 

HFR of the full-cell spectrum of 93 mcm²geo is in this case estimated from the intercept with 

the x-axis (Re(Z)), which, as will be shown later (chapter 5.7), is only slightly higher than the 

HFR obtained by a proper fit of an appropriate equivalent circuit fit. With the used cell setup 

the total electrical resistance (i.e., the sum of contact resistances between the GDL||flow-field 

and PTL||flow-field as well as the bulk resistances of the GDL and the PTL) is 12 mcm²geo
27 

as discussed earlier (chapter 2.1.3), while the ohmic resistance of one 50 µm Nafion® 

membrane at 80 °C when operated with liquid water ranges between  41 – 54 mcm²geo.
27 

Since the HFR is the sum of both the electrical as well as the membrane resistance, using two 

50 µm Nafion® membrane should result in a total ohmic resistance of 94 – 120 mcm²geo and 

is in good agreement with the recorded 93 mcm²geo, thus suggesting that the implementation 

of the Pt-WRE does not lead to any artefacts in the full-cell impedance measurements.  

𝑅𝐶𝑇,𝑂𝐸𝑅 ≈  
∆𝜂𝑂𝐸𝑅
∆𝑖

=
𝑅 ∙ 𝑇

𝛼 ∙ 𝐹
∙
1

𝑖
 

4.1 
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Figure 4.4 Electrochemical impedance spectra (100 kHz – 300 mHz) of the full-cell at different current densities 

(0.01 – 4 Acm-2
geo) of a 5 cm2 PEM water electrolyzis cell recorded at 80 °C and ambient pressure (1 bara,cathode, 

1 bara,anode), and 5 mLH2O min-1 at the anode. MEA specifications: ≈1.3 mgIr cm-²MEA anode and ≈0.3 mgPt cm-²MEA  

cathode loading, using two Nafion® 212 (50 µm) membranes and a 50 µm Pt-wire with a 9 µm PTFE insulation 

as a reference electrode. The frequencies given in the figure indicate the peak frequency of the respective semi-

circle.  

More interesting, however, are the individual contributions of both half-cells as a function of 

current density. Figure 4.5a and Figure 4.5b depicts the impedance spectra of the anode, while 

in Figure 4.5c and Figure 4.5d the impedance spectra of the cathode are shown, both measured 

simultaneously via the Pt-WRE while recording the full-cell spectra depicted in Figure 4.4. The 

HFR of the individual half-cell can be taken as a first indication, whether the reference electrode 

is placed properly and whether the impedance spectra can be used for further evaluation. Both 

the anode as well as the cathode HFR (50 mcm²geo), extracted from the intercept with the x-

axis, is close to but smaller than the HFR expected for a single 50 µm Nafion® membrane 

(53 - 66mcm²geo) for the used setup.27 The SEM already confirmed that the Pt-WRE is 

centrally placed between the two electrodes; however, the membrane seems to be thinned 

around the tip (see Figure 4.1), which would explain the somewhat lower HFR observed. 

Taking a closer look at the impedance spectra of the anode (Figure 4.5a), the spectra at low 

current densities are similar to the full-cell spectra, exhibiting an inductive branch at high 

frequencies (>12 kHz) followed by a semi-circle, with a diameter decreasing with increasing 
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current density. At current densities >100 mAcm- 2
geo, however, the spectra start to develop an 

additional inductive feature (see Figure 4.5b). While the observed decreasing semi-circle with 

increasing current densities agrees well with the decreasing OER charge transfer resistances 

according to the Tafel-relation (equation 4.1), and thus obviously represents the OER kinetics, 

the observed inductive feature at low frequencies cannot be explained easily. Although the peak 

frequency of the respective semi-circle is rather low (within the Hz-range; e.g., 1 Hz at 

10 mAcm-2
geo) for the R||C-element to represent the OER kinetics, the frequencies are similar 

to the peak frequency of the respective semi-circle within the full-cell spectra (see Figure 4.4). 

In case the observed semi-circles do not represent the OER kinetics but mass-transport losses, 

which is rather unlikely at these low current densities, no linear Tafel relationship should be 

obtained, since the OER kinetics would be influenced by mass-transport losses. Since, however, 

as will be shown later (see Figure 4.16), a linear Tafel relationship is observed, it is unlikely 

that the observed semi-circle represents mass-transport losses rather than the OER kinetics. 

Therefore, it is assumed that even though the frequencies are lower than would be expected for 

OER kinetics, the recorded semi-circle can be attributed to the OER kinetics.  
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Figure 4.5 Electrochemical impedance spectra of a) the anode at low and b) at high current densities, and c) the 

cathode at low and d) at high current densities of a 5 cm2 PEM water electrolyzis cell recorded at 80 °C and ambient 

pressure (1 bara,cathode, 1 bara,anode), and 5 mLH2O min-1 at the anode.  

The cathode impedance spectra depicted in Figure 4.5c and Figure 4.5d exhibit an inductive 

branch at high frequencies (>12 kHz), followed by a semi-circle, which gets inductive at 

frequencies <5 Hz. While at small current densities (Figure 4.5c) the semi-circle slightly 

decreases with increasing current density, it remains constant at current density 

>300 mAcm- 2
geo (Figure 4.5d). As the semi-circle observed can most likely be attributed to the 

charge transfer kinetics of the HER,121 and thus can be described by a linearized Butler-Volmer 

relation (equation 4.2), it is no surprise that no significant change with current density can be 

observed.    
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𝑅𝐶𝑇,𝐻𝐸𝑅 ≡
𝜕𝜂𝐻𝐸𝑅
𝜕𝑖

=
𝑅 ∙ 𝑇

𝑖𝑜 ∙ 2 ∙ 𝐹 ∙ 𝑟𝑓
 

4.2 

Assuming an electrochemical actvie surface area ECSA of APt,el=60 m²g-144 and a loading of 

LPt=0.3 mgPtcm-2
geo the roughness factor (rf) for a Pt/C cathode is rf=180 cm²Ptcm-2

geo. Using 

an exchange current density for the HER at 80 °C of i0,HER=250 mAcmmetal
-2,123 the estimated 

charge-transfer resistance for the HER would be RCT,HER0.34 mcm²geo. Clearly, the 

calculated charge-transfer resistance is two orders of magnitude smaller than the one measured 

(RCT,HER34 mcm²geo), but it is close to what was observed for a similar type of catalyst in the 

literature.55 The calculated charge-transfer for the HER is based on the assumption that the Pt/C 

catalyst is solely exposed to a hydrogen-rich atmosphere. During operation, however, produced 

oxygen can diffuse through the membrane from the anode into the cathode compartment and 

recombine with hydrogen at the Pt/C catalyst to water, reducing the overall partial pressure of 

hydrogen in the cathode compartment. However, the partial pressure of hydrogen would need 

to be significantly smaller to explain such a high overall resistance for the cathode, wherefore 

it is rather unlikely that the observed feature within the cathode impedance spectra represents 

the HER/HOR kinetics. Up to now, there is no straightforward explanation for the cathode 

impedance spectrum, however, using a less active HER catalyst or a membrane exhibiting a 

lower oxygen crossover might help to understand the cathode impedance features.  

4.5 Analysis of the Inductive Loop at Low Frequencies  

4.5.1 Electrical Circuit Setup – Cable Configuration 

Depending on the applied cable configuration (electrical circuit; Figure 4.6), two spectra are 

recorded during the measurement, whereas the third one is calculated based on the other two. 

Therefore, two different cable connections were used, where either the half-cell spectra of the 

cathode or the anode was calculated, in order to exclude any electrical interferences due to the 

used cable configuration.   
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Figure 4.6 Schematic of two different electrical circuits using the Pt-reference setup.  

In Figure 4.7, the individual half-cell spectra along with the full-cell spectra at 1 A/cm² are 

depicted. While the full-cell spectrum (blue shaded spectra) was measured in both cases and 

hence, is expected to remain constant, the individual half-cell spectra remain constant as well. 

In both cases the cathode spectrum consists of a large semi-circle and an additional inductive 

part at low frequencies (green shaded spectra), whereas the anode spectrum (red shaded spectra) 

comprises a smaller semi-circle at high frequencies followed by an inductive loop at smaller 

frequencies (<60 Hz). Since the obtained half-cell spectra are identical, any electrical 

interferences by the potentiostat due to the used cable configuration can be ruled out.  

 

Figure 4.7 Electrochemical impedance spectra of the anode (red spectra), the cathode (green spectra), and the full-

cell (blue spectra) at 1 Acm-2
geo of a 5 cm2 PEM water electrolyzis cell recorded at 80 °C and ambient pressure 

(1 bara,cathode, 1 bara,anode), and 5 mLH2O min-1 at the anode. Two different electrical setups were used (see Figure 4.6). 

The hollow black stars mark the characteristic frequency of 60 Hz in the individual spectra. Same MEA 

specifications as in Figure 4.4. 
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4.5.2 Influence of Membrane Thickness 

A change in oxygen crossover from anode to cathode according to the applied current,59 while 

recording an impedance spectrum, the applied amplitude can cause a fluctuation of the oxygen 

permeation and thus a change in oxygen concentration at the tip of the Pt-wire. In chapter 5.7 

it will be shown that the potential at the Pt-WRE is caused by the gas composition present at 

the tip of the wire: (i) if hydrogen is the prevalent gas, the potential will be close to the potential 

of a reversible hydrogen electrode (0 V); (ii) in case there is an excess of oxygen, the potential 

will be biased towards the thermodynamic potential of water splitting (1.18 V assuming 

standard activity of protons and oxygen at 80°C). Therefore, a small change of the prevalent 

gas composition at the tip of the wire during an impedance measurement can lead to a changing 

potential of the reference electrode. Since a stable potential of the reference electrode is a 

prerequisite for an unambiguous impedance measurement, a fluctuating reference potential can 

lead to erroneous impedance measurements.51, 124 Depending on the applied amplitude and the 

corresponding change in current and thus the amount of oxygen produced, the gas composition 

at the reference electrode can change during an impedance measurement if the local H2 and O2 

partial pressures at the electrode/membrane interface vary with current density (Figure 4.8; see 

chapter 5.7). 

 

Figure 4.8 Schematic of the change in gas composition at the Pt-WRE caused by the applied amplitude during an 

impedance measurement. The dotted lines represent the H2 and O2 concentration profiles within the membrane, 

showing a scenario where the local flux of O2 at the Pt-WRE position is >1/2 of the local flux of H2.  

Based on equation 4.3 the diffusion coefficient for oxygen (DO2) in Nafion® at 80 °C can be 

calculated to be 1.2 10 - 6 cm²s-1.125 In case, however, the diffusion of oxygen in water is 

considered to be the dominant path the diffusion coefficient is 4.1 10-5 cm²s-1.126-127  

𝐷𝑂2 = 3.1 ∙ 10
−3 ∙ exp (

−2768

𝑇
) [𝑐𝑚2𝑠−1] 

4.3 

For a diffusion length of x = 50 µm (from the electrode/membrane interface to the center of the 

Pt-WRE), this would result in a corresponding time constant (see equation 4.4) for oxygen 

diffusion in Nafion® and water of Nafion®  20 s and H2O  0.6 s.  
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𝐷
  4.4 

Schalenbach et al.128 showed that gas permeation can occur through both the solid phase (dry 

Nafion®) and water. Assuming that the time constant for oxygen permeation through a fully 

humidified 50 µm Nafion®212 membrane is in the order of seconds (0.6 – 20 s), the 

corresponding characteristic frequency would be 50 mHz – 1.6 Hz. As shown in Figure 4.7 

the inductive loop starts to occur at frequencies < 60 Hz. Additionally, the osmotic water drag 

can influence the water content within the membrane, thus shifting the characteristic time 

constant to lower frequencies. Considering the above estimates, a change in gas composition 

due to the applied current amplitude might be possible and might thus be responsible for the 

inductive loop at low frequencies. Using a thicker membrane at the anode side (see Figure 4.9), 

however, should shift the times constants to even lower frequencies (e.g., for a 100 µm Nafion® 

membrane the characteristic frequencies would be  10 mHz – 40 mHz). Therefore, a 100 µm 

Nafion® membrane was used at the anode, while a 15 µm membrane was used at the cathode 

(see Figure 4.10).  

 

Figure 4.9 Schematic of the influence of the membrane thickness on the characteristic time constant  

 

 



55 

 

 

Figure 4.10 Electrochemical impedance spectra of a) anode and b) cathode utilizing different membrane 

thicknesses at 0.2 Acm-2
geo of a 5 cm2 PEM water electrolyzis cell recorded at 80 °C and ambient pressure 

(1 bara,cathode, 1 bara,anode), and 5 mLH2O min-1 at the anode. MEA specifications: ≈1.80.2 mgIr cm-²MEA anode and 

≈0.21 mgPt cm-²MEA  cathode loading, using either (2) two Nafion® 212 (50 µm) membranes (light green and 

blue) or (1) a 100 µm Nafion® 212 membrane at the anode and a 15 µm Nafion® 212 membrane at the cathode 

(dark green and blue) and a 50 µm Pt-wire with a 9 µm PTFE insulation as a reference electrode. The blue star in 

Figure 4.10a marks an outlier recorded at 10 kHz during the impedance measurement of a 50 µmA/50 µmC 

configuration. 

The HFR recorded for both anode (50 mcm2
geo) and cathode (43 mcm2

geo) utilizing two 

50 µm membranes is in good agreement with what has been reported in literature.27 Assuming 

that the swelling behavior is similar for all Nafion® membranes (see chapter 2.1.3), this would 

result in an ohmic resistance of 19 mcm2
geo and 86 mcm2

geo for the 15 µm and 100 µm 

membrane respectively (light blue and green in Figure 4.10a and b). The recorded HFR of the 

100 µm membrane is with 60 mcm2
geo lower and the recorded HFR of the 15 µm membrane 

is with 35 mcm2
geo higher than expected (dark blue and green in Figure 4.10a and b). As was 

already discussed earlier, the membrane seems to be thinned around the Pt-wire tip and hence, 

it is possible that during the hot-pressing step the membrane creeps around the Pt-wire, resulting 

in a different HFR than expected. Clearly the impedance spectra look quite similar for both 

setups (a semi-circle representing the charge transfer kinetics), and the inductive loop still 

appears at similar frequencies for both cases and the utilization of a thicker membrane did not 

result in the disappearance of the inductive feature. However, since the HFR at the anode side 

is similar for both membranes (50 mcm2
geo vs 60 mcm2

geo) and assuming that the HFR has 

a linear relationship with the position of the Pt-wire, this would change the distance only by 
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12 µm and the characteristic time frequency to only 1 Hz. Although the change in membrane 

thickness was not large enough to prove that it has no influence on the inductive feature, it is 

highly likely that the thickness of the membrane does not affect the impedance loop and that 

the cause is related to some other phenomenon.      

4.5.3 Influence of the Applied Amplitude  

The applied amplitude should be selected carefully in order to maintain linearity.51 Therefore, 

different amplitudes were tested to exclude the influence of an incorrectly chosen amplitude. 

Figure 4.11 depicts the anode impedance spectra recorded at 80 °C and 1.6 V corresponding to 

a current of 0.66 Acm-2
geo, applying different voltage amplitudes (5 – 40 mV). As can be seen, 

independent of the chosen amplitude, the recorded impedance spectrum as well as the inductive 

feature remains constant and thus, the amplitude does not seem to be responsible for the 

inductive loop recorded at low frequencies. Moreover, by changing the magnitude of the 

amplitude, the local gas composition should change accordingly, being more pronounced at 

higher amplitudes. Since the extent of inductivity does not change with amplitude, this hints 

towards the gas composition not being responsible for the inductive loop.  

 

Figure 4.11 Electrochemical impedance spectra (100 kHz – 1 Hz) of the anode at 1.6 V (cell voltage) and different 

amplitudes of a 5 cm2 PEM water electrolyzis cell recorded at 80 °C and ambient pressure (1 bara,cathode, 1 bara,anode), 

and 5 mLH2O min-1 at the anode. MEA specifications: ≈0.8 mgIr cm-²MEA anode and ≈0.1 mgPt cm-²MEA  cathode 

loading, using two Nafion® 212 (50 µm) membranes and a 50 µm Pt-wire with a 9 µm PTFE insulation as a 

reference electrode. 
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4.5.4 Comparison with the Literature  

In the literature, different explanations can be found describing the origin of an inductive feature 

at low frequencies. Sorsa et al.55 used a Pt/C ring that was spray coated symmetrically on the 

membrane on the opposite site of the individual electrodes and electrically connected the Pt/C 

rings via a Pt wire sandwiched between the two half-cell MEAs. They simultaneously recorded 

the individual half-cell spectra while cycling the cell between 1 Acm-2 for 60 s and OCV for 

300 s. While in this case the reference electrode cannot be used to control the individual half-

cell potentials, since it deviates by roughly -200 mV vs SHE, it was used to record individual 

impedance spectra. They showed that the anode impedance spectra comprise two main 

processes, namely mass transport and charge transfer resistances. The latter is assigned to the 

semi-circle observed at lower frequencies (  10 – 200 ms corresponding to 100 Hz – 5 Hz) 

and is decreasing with current density, whereas the mass transport losses occur at higher 

frequencies (  0.8 ms corresponding to 1250 Hz) and increase with current density. Although 

it is rather surprising that the charge transfer kinetics are attributed to the RC-circuit at lower 

frequencies, since mass transport phenomena usually appear at lower frequencies than those 

described to the OER kinetics, the anode impedance spectra recorded within this study do not 

show any inductive feature. No frequency information is provided within the impedance spectra, 

wherefore it is hard to judge whether an inductive feature might be overlapped by the semi-

circles, since the cathode spectra show a distinct inductive loop at low frequencies, similar to 

the one recorded within our study (see Figure 4.5). Especially at higher current densities, the 

inductive loop observed in their cathode spectra becomes more pronounced in their study. 

Taking a closer look at the impedance spectra of the cathode, however, reveals an unlikely high 

HFR (250 mcm²geo) for the used Nafion® 115 membrane, for which no explanation was 

provided. Ultimately, they concluded that the inductive loop is caused by carbon corrosion of 

the cathode catalyst layer due to the formation of H2O2 and F- and that these processes would 

have to be considered when applying an equivalent circuit model (ECM) for fitting the 

impedance spectra.  

Kuhn et al.129 used an insulated carbon filament, where only the tip is in direct contact with the 

membrane. This type of reference electrode can only be used for impedance measurements, 

since the potential at the tip of the wire is undefined. In this case, the half-cell spectra during 

the operation of a PEM-FC were recorded. Within the cathode impedance spectrum they 

observed an additional inductive loop, which they attributed to oxygenated species adsorbing 

on the surface of the catalyst.129 While they did not elaborate it in further detail in their study, 
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they examined it further in a second study, where the same type of reference electrode was 

applied.130 Herein, the inductive loop present at low frequencies and within the cathode spectra 

exhibited a similar characteristic frequency at its maximum, pointing towards a potential 

independent process. They attributed it to the formation of OHad, indicating a chemical step 

within the reaction mechanism of the ORR.  

Schneider et al.131 operated a nine-fold segmented cell at sub-saturated conditions and 

simultaneously recorded the impedance spectra of the single cells. In the sub-saturated part of 

the cell they observed an additional inductive loop at low frequencies. They attributed it to the 

development of gas oscillation along the flow channels, since the applied sinusoidal signal can 

lead to a change in water concentration in the gas channels and thus, a change in membrane 

conductivity.131   

Lastly, Pivac et al.132 summarized and discussed several possible explanations describing an 

inductive feature at low frequencies in the impedance spectra of PEM-FC. It can either be 

ascribed to side reaction with intermediate species – such as adsorption processes on the catalyst 

surface or H2O2 or PtOx formation – or to water transport characteristics, e.g., a change in water 

generation or in proton conductivity. Ultimately, they concluded that the interpretation at low 

frequencies is still not straightforward.  

In summary, the only viable explanation for the observed inductive loop in our study might be 

an oscillation of the water content and flux within the membrane. Since the Pt-wire reference 

electrode applied in this study is centrally placed within the MEA and the water flux within the 

membrane can also change according to the applied amplitude and current, this might lead to 

the observed inductive feature due to a change in hydration state of the membrane. However, 

up to this point no clear evidence was found for the inductive loop recorded within this study.  

4.6 Analysis of the Anode Impedance Spectra  

Even though the inductive loop at low frequencies remains an open question, the inductive 

artifacts are only observed at high current densities within the anode impedance spectra 

(Figure 4.5b). To extract any kinetic information, however, the small current densities are 

sufficient (e.g., 10 – 100 mAcm-2
geo for the determination of the Tafel slope; see Figure 2.2). 

Hence, a simplified transmission line model was used to fit the anode impedance spectra at low 

current densities to extract the Tafel slope (i.e., the charge transfer resistance), the capacitance 

as well as the proton sheet resistance. Figure 4.12 illustrates the transmission line model used 

to fit the anode spectra.  
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Figure 4.12 One-dimensional transmission line model showing the inductance of the system (L) in series with the 

through-plane proton transport resistance of the membrane (R), the incremental proton sheet resistance (RH+), 

and the electrical resistance (Rcont.) mainly originating from the contact resistance at the electrode||PTL interface. 

These resistances are coupled with an incremental RC-element, describing the charge transfer kinetics (RCT) and 

the electrode capacitance (Ci) which is potential dependent. 

When fitting the anode spectrum at 50 mAcm-2
geo, none of these parameters was fixed and the 

recorded data as well as the obtained fit are depicted in Figure 4.13a. At high frequencies, the 

intercept with the x-axis depicts the HFR, followed by a 45° degree line representing the proton 

sheet resistance and a subsequent semi-circle associated with the charge transfer kinetics of the 

OER. The charge transfer resistance of the OER is non-linear, and the overpotential increases 

proportional to the logarithm of the current (Tafel kinetics; equation 4.5). Hence, due to the 

small current density applied, the charge transfer resistance is dominant and the obtained fit 

seems to match rather nicely. Since the residuals are randomly but equally distributed around 

the zero line and less than 5% (see Figure 4.13b), we assume that the underlying model 

represents the occurring processes quite well.  

𝜂 ∝ 𝑇𝑆 ∙ log (
𝑖

𝑖0
) 

4.5 
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Figure 4.13 a) Electrochemical impedance spectra (100 kHz – 1 Hz) of the anode at 50 mAcm-2
geo (black line) and 

the corresponding fit (blue circles) derived from the TLM model depicted in Figure 4.12 of a 5 cm2 PEM water 

electrolyzis cell recorded at 80 °C and ambient pressure (1 bara,cathode, 1 bara,anode), and 5 mLH2O min-1 at the anode. 

b) Corresponding residuals. MEA specifications: ≈1.3 mgIr cm-²MEA anode and ≈0.3 mgPt cm-²MEA  cathode loading, 

using two Nafion® 212 (50 µm) membranes and a 50 µm Pt-wire with a 9 µm PTFE insulation as a reference 

electrode. 

In table 4.1 the obtained parameters are listed. The HFR calculated based on the fit 

(45.7 mcm²geo) matches quite well with the HFR for a 50 µm Nafion® membrane obtained in 

the literature, illustrating that the Pt-WRE is centrally placed within the MEA.27 Bernt et al.27 

estimated the proton sheet resistance for an electrode containing 11.6 wt.-% to be between 

14 – 30 mcm²geo. Hence, the proton sheet resistance derived from the impedance fit 

(65.9 mcm²geo) is roughly twice as large as would be expected for a 12 wt.-% ionomer 

electrode. Usually, the proton sheet resistance is determined in so called “blocking conditions”, 

when the charge-transfer resistance is infinitely large.40, 47 In this case, however, the lowest 

current density (50 mAcm-2
geo) was used to determine the proton sheet resistance and thus, the 

charge transfer resistance might already have an impact on the fit of RH+. To ensure a proper 

determination of the proton sheet resistance, an additional impedance spectrum should be 

recorded, where the charge transfer kinetics are infinitely large (e.g., H2/N2 regime or at 

potentials below the OER regime) so that the ECM can be simplified. The charge transfer 

resistance can also be extracted from the polarization curve based on the Tafel relation 

(equation 4.6), once the proton sheet resistance as well as the ohmic resistance are accounted 

for. Based on equations 2.24 – 2.26, the effective proton sheet resistance can be calculated.  
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𝑅𝐶𝑇 =
𝑇𝑆

2.303
∙
1

𝑖
  4.6 

In Figure 4.14 the polarization curve as well as the iR- and RH+-free polarization curves along 

with the HFR are shown.  

Table 4.1 Physical parameters obtained by fitting the impedance spectrum recorded at 50 mAcm-2
geo (Figure 4.13a) 

with the TLM depicted in Figure 4.12.  

Parameter   

HFR 0.009  45.7 mcm²geo 

RH+ 0.013  65.9 mcm²geo 

RCT 0.370  1.85 cm²geo 

Capacity 0.446 F 89 mFcm-2
geo 

Alpha 0.965  

 

The charge transfer resistance at 50 mAcm-2 estimated based on the Tafel relation (equation 4.6 

with a Tafel slope of 52 mVdec-1 taken from Figure 4.14) results in 2.26 cm²geo. In comparison 

to the one calculated based on the here used TLM model (1.85 cm²geo; table 4.1), the 

difference is only 20%, which is quite reasonable. However, both the fitting of the impedance 

spectra as well as the determination of the Tafel slope are quite parameter sensitive, and a small 

deviation in one of the parameters would lead to a different result. For example, when the Tafel 

slope is determined between 0.01 – 0.05 Acm-2
geo yielding 48 mVdec-1, the charge transfer 

resistance calculated from equation 4.6 is 1.95 cm²geo, and hence differs by only 6% from the 

TLM fit in table 4.1. Therefore, the charge transfer resistance obtained from the impedance 

measurement matches quite well with the one estimated by the Tafel relationship. Since the 

double-layer capacity cannot be measured directly at higher potentials we assume that the 

capacity extracted from the CV at 1.25 V (see Figure 4.15) remains roughly constant. The 

capacity derived from the impedance measurement (89 mFcm-2
geo) is roughly half of the one 

deduced from the CV (157 mFcm-2
geo). Bernt et al.27 did not observe any difference in capacity 

within this range of ionomer content, wherefore this cannot explain this 2-times higher capacity. 

Nonetheless, they also observed a higher capacity extracted from the CV compared to the one 

they estimated based on the impedance measurement, which they attributed to the fast 

electrosorption processes during cycling and the associated pseudocapacitance.47 Up to now, 

we cannot explain this difference, but since there is no information on whether there is an 
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underlying redox-couple masked by the OER, we believe that the obtained capacities are 

sufficiently close to demonstrate the application of the Pt-WRE at this point.  

 

Figure 4.14 PEM-WE performance data recorded at 80 °C and ambient pressure. a) Ecell vs i performance (dark 

blue symbols), HFR-free performance data (light blue symbols), and the iR-and RH+-free performance data (purple 

symbols) with an anode water-feed of 5 mLH2O min-1 of an MEA including a Pt-WRE (100 µm membrane); inset: 

Tafel plots of EHFR-free and EHFR +RH+-free vs i (data from Figure 4.14a and table 4.1); Tafel slopes were determined 

between 0.01 A cm-2
geo and 0.1 A cm-2

geo (gray shaded region); b) corresponding HFR values (extracted from the 

intercept in the Nyquist plot). Same MEA specifications as in Figure 4.13. 

The second parameter of the CPE next to the capacitance is alpha, which accounts for any 

structural inhomogeneity of the electrode surface.133 As can be seen in table 4.1, the alpha value 

obtained from the impedance fit is sufficiently close to  = 1, which is expected for PEM-WE 

and PEM-FC electrodes. 

In summary, using a TLM for fitting the anode impedance spectrum recorded with the Pt-WRE 

at low current densities delivers physical parameters, providing a more precise depiction of the 

individual processes occurring during operation. 
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Figure 4.15 Cyclic voltammogram (CV) recorded at 50 mV/s, 80 °C, ambient pressure, and 5 mLH2O min−1 

(anode)/ 50 nccm H2 (cathode). Same MEA specifications as in Figure 4.13.  

As already mentioned, the determination of the Tafel-slope from the polarization curve is prone 

to errors, since all other occurring losses need to be accounted for. Hence, if one were able to 

derive the charge transfer resistances at each current density individually, a more precise 

determination would be possible. Therefore, the impedance spectra recorded during the 

polarization curve up to a current density of 1 Acm-2
geo was fitted using the TLM in Figure 4.12. 

At some point, the semi-circle of the charge transfer resistance merges with the 45° line of the 

proton sheet resistance and an unambiguous determination of RH+ is not possible, wherefore we 

kept RH+ = 65.9 mcm²geo constant during the fit (i.e., the value obtained for the fit at 

50 mAcm-²). Moreover, as already shown in chapter 4.4, the anode impedance spectra feature 

an inductive loop at low frequencies. To avoid any adulteration of the derived parameters due 

to the influence of the inductive loop, the fit was applied to a specific current and frequency 

range (see table 4.2).  

Table 4.2 Current and frequency range for the application of the TLM to analyze the anode impedance spectra  

Current density [mAcm-2
geo] Frequency-Range  

0.01-0.05 100 kHz-1 Hz 

0.10-0.20 100 kHz-2 Hz 

0.30-0.60 100 kHz-6 Hz 

1.00 100 kHz-122 Hz 
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Based on the charge transfer resistance obtained from the TLM as a function of the inverse 

current using equation 4.6, the Tafel slope can be determined (Figure 4.16). Independent of the 

current range the Tafel slope derived from the charge transfer equates to 43 mVdec-1 and thus, 

is roughly 10 mVdec-1 lower compared to the one obtained by a linearization of the polarization 

curve (see Figure 4.14a). Since the small current densities in this analysis have a greater impact 

on the Tafel slope, a small deviation at high current densities (e.g., due to a less accurate fit) 

would make less of a difference. In summary, if the charge transfer resistance is calculated 

based on equation 4.6, the charge transfer resistance for the used catalyst (IrO2/TiO2; Umicore) 

will be smaller than what has been derived from the polarization curve.  

 

Figure 4.16 Charge transfer resistance of the anode as function of the inverse current using equation 4.6; The 

charge transfer is estimated by applying the TLM to the anode the impedance data shown in Figure 4.5a and b. 

Same MEA specifications as in Figure 4.13. 

Besides the charge transfer resistance, the capacitance as well as alpha can be derived from the 

TLM and are depicted in Figure 4.17. While alpha remains rather constant and close to one, the 

anode capacitance determined from the anode impedance data increases with current. Although 

the capacitance is roughly half (90 mFcm-2
geo) of what is estimated based on the CV 

(Figure 4.15) at lower current densities (<250 mAcm-2
geo), at 1 Acm-2

geo the capacitance 

obtained from the anode impedance data (150 mFcm-2
geo) is close to the one obtained from the 

CV (157 mFcm-2
geo at 1.2 V).  

Even though only part of the anode impedance spectra was used to determine these single 

parameters, the values obtained are in good agreement of what would be expected. Up to this 

point, no explanation has been found for the inductive loop observed at lower frequencies and 

an unbiased impedance measurement and hence, fitting is not possible. Nevertheless, it was 

shown that by using the right TLM and only part of the recorded impedance spectra one can 
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still obtain physically meaningful parameters, which allow a more precise deconvolution of the 

individual processes occurring during operation.  

 

Figure 4.17 Capacitance (black circles) and alpha (blue squares) derived from the anode impedance as function 

of the current density; Both are estimated based on the TLM in Figure 4.12 from the impedance measurements 

recorded during the polarization curve (Figure 4.14). The same MEA was used as in Figure 4.13 
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5 Scientific Contributions  

The following sections show the scientific contributions made by this PhD research as 

published work in peer-reviewed journals. In section 5.1, the current challenges in catalyst 

development for PEM-WE are revealed, starting from the right choice of catalyst material, 

describing the reliability of catalyst screening tools, and exploring accelerated stress tests. The 

next section (5.2) deals with the development and characterization of a highly active OER 

catalyst, where iridium is deposited on conductive ATO, thereby enabling an OER catalyst with 

a lower iridium packing density, which is one prerequisite to enable large scale PEM water 

electrolysis.  

In order to accelerate catalyst development screening tools are necessary to access the activity 

and stability of newly developed catalysts. RDE or other half-cell based methods are commonly 

used. Therefore, in section 5.3, the frequently used method (application of constant current) to 

access the stability of OER catalysts using the RDE technique will be carefully evaluated. It 

will be shown, that the obtained stability is greatly influenced by the accumulation of oxygen 

bubbles within the catalyst layer. The shielding of active sites by oxygen bubbles leads to the 

loss in performance as well as to a loss of active material. In section 5.4, it will be demonstrated 

that the accumulation of oxygen bubbles during an RDE measurement can be prevented when 

additional ultrasonication is applied. Subsequently (section 5.5), it will be shown that neither 

the application of constant current or potential nor potential cycling can be used to estimate the 

lifetime of an OER catalyst using the RDE technique. The results obtained from RDE are 

directly compared to the stability measured in an MEA in a PEM-WE: while the catalyst 

operates stable in an MEA, a severe decrease in performance can be observed in RDE.  

Since it was shown that the RDE method cannot be used to determine the stability of an OER 

catalyst, accelerated stress tests are necessary to access the lifetime of an OER catalyst on a 

reasonable time scale. Therefore, in section 5.6, an AST mimicking the fluctuating power 

supply by renewable energies is proposed, where times of operation and idle periods alternate. 

During idle periods, an additional interfacial resistance was shown to develop leading to a 

decrease in performance and to the passivation of the Ti-PTL in combination with the formation 

of a hydrous iridium-oxide. By introducing a Pt-wire reference electrode it will be shown in-

situ in section 5.7, that an additional contact resistance at the anode is indeed responsible for 

the decrease in performance.   



68 

5.1 Current Challenges in Catalyst Development for 

PEM Water Electrolyzis  

The following review article “Current Challenges in Catalyst Development for PEM Water 

Electrolyzer” was submitted to Chemie Ingenieur Technik in July 2019 and accepted for 

publication in October 2019 as an open access article under the terms of Creative Commons 

Attributions License (CC BY 4.0).134 One can find the article under the permanent web-link: 

https://onlinelibrary.wiley.com/doi/full/10.1002/cite.201900101 

This review highlights the current challenges in catalyst development for PEM-WE. Although 

hydrogen production via electrochemical water splitting in a PEM-WE is a promising method 

with respect to the aimed decarbonization of the energy sector, one major obstacle is the harsh 

environment (high potentials and high acidity) during operation, which limits the choice of 

electrocatalysts to the platinum group metals. While the Pt loading on the cathode side can 

easily be reduced due to the fast kinetics toward the HER, the sluggish kinetics of the OER on 

the currently used iridium-based catalysts form an obstacle. Therefore, considering the 

abundance along with the costs for iridium a significant reduction in iridium loading (40-folds) 

is required to enable a GW-range application. It is shown that, in theory, a reduction of the 

iridium loading down to 0.05 mgIrcm-2
geo along with a significant decrease of the Ir-specific 

power density (gIrkW-1) is possible with today’s commercial catalyst materials.134 In a study by 

Bernt et al.65 it was shown, that low loadings of one commonly used catalyst namely an IrO2 

coated TiO2 support (IrO2/TiO2; Elyst Ir75 0480 from Umicore, Germany) result in 

inhomogeneous catalyst layers and thus in additional performance losses. Although, the activity 

of today’s iridium based OER catalysts might be sufficient, obtaining a homogenous catalyst 

layer at low iridium loadings requires the development of electrocatalysts with a lower iridium 

packing density (gIrcm-³) is needed. One approach would be to disperse nanoparticles of Ir or 

IrO2 on conductive high-surface area support materials (e.g., ATO), similar to the concept used 

for Pt/C electrocatalysts.  

To access the activity as well as stability of newly developed catalysts reliable screening tests 

are needed. Most commonly methods based on RDE or flow-channel configurations have to be 

used. While the activity measured in RDE vs MEA is within the same order of magnitude, the 

OER catalyst stability obtained from RDE (couple of hours) differs significantly from the one 

measured in an MEA (ten thousands of hours). It was shown that the fast increase in potential 

is associated with the accumulation of oxygen bubbles within the catalyst layer during an RDE 

https://onlinelibrary.wiley.com/doi/full/10.1002/cite.201900101
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measurement.115 Since neither RDE nor flow-channel measurements provide reliable stability 

results, accelerated stress tests are required to assess the long-term stability of electrocatalysts. 

An accelerated stress test, where times of operation alternate with idle periods to mimic the 

fluctuating power supply of renewable energies, showed that idle periods (no current is supplied) 

should be avoided in order to maintain a constant performance.    

Author contributions 

Fabrication of membrane electrode assemblies and electrochemical testing in a PEM-WE cell 

was performed by M.B., A.H.-W., C.S., and J.S. Fabrication of catalyst inks and 

electrochemical testing in RDE was performed by M.F.T. Analysis of the experimental test 

results was done by M.B., A.H.-W., M.T.F., C.S., and J.S. M.B. and A.H.-W. wrote the 

manuscript that was edited by H.A.G. All authors discussed the experimental results and revised 

the manuscript.  
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5.2 Iridium Oxide Catalyst Supported on Antimony -

Doped Tin Oxide for High Oxygen Evolution 

Reaction Activity in Acidic Media  

In this section the article “Iridium Oxide Catalyst Supported on Antimony Doped Tin Oxide 

for High Oxygen Evolution Reaction Activity in Acidic Media”135 is presented, which has been 

submitted to ACS Applied Nano Materials in November 2019 and accepted for publication in 

February 2020. Reprinted (adapted) with permission from (Iridium Oxide Catalyst Supported 

on Antimony-Doped Tin Oxide for High Oxygen Evolution Reaction Activity in Acidic Media; 

Alexandra Hartig-Weiss, Melanie Miller, Hans Beyer, Alexander Schmitt, Armin Siebel, Anna 

T. S. Freiberg, Hubert A. Gasteiger, and Hany A. El-Sayed; ACS Applied Nano Materials 2020 

3 (3), 2185-2196; DOI: 10.1021/acsanm.9b02230). Copyright (2021) American Chemical 

Society. 

The permanent web-link for the article is: 

https://pubs.acs.org/doi/pdf/10.1021/acsanm.9b02230 

In this study, one approach to design a catalyst with a lower packing density by using a high 

surface area (50 m²g-1) and highly conductive (2 Scm-1) ATO (antimony doped tin oxide) 

support material for iridium nanoparticles is demonstrated. The hydrothermal method was used 

to synthesize the ATO, which was calcined afterwards in an O2/Ar mixture at 600 °C. Iridium 

particles, aiming for a particle size of 3 nm to obtain the highest activity possible were 

synthesized using the polyol method. In a subsequent step, using an ethylene glycol solution, 

the iridium particles were deposited on the ATO. Aiming for different iridium loadings (wt.-% 

Ir) on ATO, the respective amounts of iridium and ATO were mixed. TEM images showed that 

the particle size of iridium (namely, 1.6 0.4 nm for 11.0 wt.-% Ir) was almost identical for the 

prepared catalysts containing different iridium loadings (wt.-% Ir), which was expected since 

the iridium nanoparticles were synthesized in a separate step. Additionally, the TEM images 

revealed the degree of dispersion changes with iridium loading, resulting in the highest 

dispersion at the lowest loading (11.0 wt.-% Ir).  

An RDE setup was used to analyze the electrochemical activity toward the OER of the different 

synthesized catalysts and of two commercially available catalysts (Ir-black und IrO2/TiO2) for 

comparison. The as-prepared iridium particles are of metallic nature and to prevent any 

additional oxidation current during the OER activity determination, the iridium was 

https://pubs.acs.org/doi/pdf/10.1021/acsanm.9b02230
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electrochemically converted to hydrous iridium oxide by potential cycling prior to OER 

measurements. Although a steady state CV was reached during cycling, XPS measurements 

showed that the outer surface layer consists of hydrous iridium oxide, while there is still some 

electrochemical inaccessible metallic iridium buried in the core.  

A comparison of the OER activity determined at room temperature and at a potential of 

1.5 VRHE showed an increasing mass specific activity with decreasing iridium loading for the 

Ir/ATO catalysts. The highest OER activity was determined to be 185 AgIr
-1 for the 11 wt.-% 

Ir/ATO, which is 35 time higher compared to IrO2/TiO2 (5 Ag Ir
-1) and is still 4 times higher 

compared to Ir-black (48 Ag Ir
-1). Even at temperatures more relevant to applications (80 °C)  

and at a potential of 1.45 VRHE, the 11.0 wt.-% Ir/ATO (1100 Ag Ir
-1) significantly outperforms 

the two commercial available catalysts (190 Ag Ir
-1 for Ir-black and 45 Ag Ir

-1 for IrO2/TiO2). 

Usually potentials within the Tafel region, where kinetic losses are dominant, are used for 

activity determination. Due to an earlier onset of mass-transport related losses, a lower potential 

for the OER activity determination needed to be chosen at higher temperatures. The high OER 

activity in combination with the lower packing density (0.27 gIrcm-³) seems to be promising 

for enabling low iridium loadings in a PEM-WE, while still maintaining a homogenous catalyst 

layer and sufficiently good performance.  
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5.3 OER Catalyst Stability Investigation Using RDE 

Technique: A Stability Measure or an Artifact? 

The following section deals with the article “OER Catalyst Stability Investigation Using RDE 

Technique: A Stability Measure or an Artifact?”,115 which was submitted to the Journal of 

Electrochemical Society in February 2019 and accepted for publication in April 2019 as an open 

access article distributed under the terms of the Creative Commons Attribution 4.0 License (CC 

BY). The study was presented by H.A.E.-S. at the 2018 MRS Fall Meeting in Boston, 

Massachusetts. The permanent web-link for the article is: 

https://iopscience.iop.org/article/10.1149/2.0301908jes/pdf 

A commonly used method to assess the long-term stability of an OER catalyst from RDE 

measurements is the application of a constant current (e.g., 10 mAcm-2
disk). The observed 

gradual increase in potential, terminating in a sudden jump in potential (>2 V) is attributed to 

the degradation of the catalyst and thus to its stability. While in a PEM-WE catalysts operate 

stable with only a marginal loss in performance over ten thousands of hours, the stability 

obtained in an RDE setup is orders of magnitude lower. Within this study, an Ir/ATO catalyst 

was used to reveal the discrepancy of lifetimes measured by the RDE technique vs in an MEA. 

Therefore, the stability of an 11.0 wt.-% Ir/ATO catalyst was analyzed using an RDE setup. By 

applying three different geometric current densities (mAcm-2
disk), the stability of the catalyst 

was assessed. At a higher current density, a more severe increase in potential was observed, and 

the final jump in potential occurred earlier (e.g., after 20 h for 5.50 mAcm-2
disk compared to 

30 min for 27.5 mAcm-2
disk). The potential measured at the end of test (after the jump in 

potential) was similar to the one measured on a bare Au disk, meaning that no catalyst is left at 

the electrode surface or it is electrochemically not accessible. If the increase in potential were 

indeed related to the degradation of the catalyst, the severity should depend on the mass-specific 

current density (Ag-1
Ir). Therefore, the loading was changed while the mass-specific current 

density was kept constant. The results, however, showed that although the same mass-specific 

current was used, a lower loading and thus a lower geometric current density resulted in a higher 

apparent stability.  

Considering these observations, the overall oxygen production rate (dependent on the geometric 

current density) and thus the formation of oxygen bubbles within the catalyst layer seems to 

influence the stability of the catalyst. An additional hint that the formation of oxygen bubbles 

is partially responsible for the rapid increase in potential is the fast decrease in performance 

https://iopscience.iop.org/article/10.1149/2.0301908jes/pdf
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when cycling the electrode within the OER regime. However, after purging the electrolyte with 

Ar for 30 min, roughly 40% of the activity was regained. This suggests that during operation 

oxygen bubbles get trapped within the catalyst layer and lead to the shielding of active sites. To 

prove that the stability measurements using an RDE setup are falsified by the accumulation of 

oxygen bubbles, constant current measurements were performed, where a CV was recorded 

after a pre-defined increase in potential (e.g., 45 mV, which equals one Tafel slope value). In 

case the potential increase is related to catalyst degradation, after a potential increase by one 

Tafel slope suggests that only 10% of the catalyst should have remained on the surface of the 

electrode substrate (according to the Tafel equation). The CVs measured after a 30 min Ar 

purge, however, indicate that even after a potential increase corresponding to three TS values  

as well as after the potential jump occurred (>2 V), there is still 50% of catalyst surface present 

on the electrode substrate. This confirms, that the accumulation of oxygen bubbles within the 

catalyst layer leads to the shielding of active sides, and thus to an increase in potential at the 

still accessible sites to provide the applied current. Ultimately, the local increase in potential 

results in the dissolution and degradation of the catalyst. If the accumulation of oxygen bubbles 

could be prevented, the thus induced degradation would be avoided.  

In summary, this study showed that the commonly used technique to access the stability of an 

OER catalyst by RDE is not reliable, since it is influenced by trapped oxygen bubbles within 

the catalyst layer and the thus induced shielding of active catalyst surface area.  

Author contributions 
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was edited by H.A.G. All authors discussed the experimental results and revised the manuscript.  
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5.4 OER Catalyst Durability Tests Using the Rotating 

Disk Electrode Technique - the Reason Why This 

Leads to Erroneous Results  

The next chapter deals with the article “OER Catalyst Durability Tests Using the Rotating Disk 

Electrode Technqiue- the Reason Why This Leads to Erroneous Results”,136 which was 

submitted to ACS Applied Energy Materials in August 2020 and accepted for publication in 

October 2020. Reprinted (adapted) with permission from (OER Catalyst Durability Tests Using 

the Rotating Disk Electrode Technique: The Reason Why This Leads to Erroneous Conclusions; 

Alexandra Hartig-Weiss, Mohammad Fathi Tovini, Hubert A. Gasteiger, and Hany A. El-Sayed; 

ACS Applied Energy Materials 2020 3 (11), 10323-10327; DOI: 10.1021/acsaem.0c01944). 

Copyright (2021) American Chemical Society. 

The article can be found under its permanent web-link: 

https://pubs.acs.org/doi/pdf/10.1021/acsaem.0c01944 

The stability of oxygen evolution reaction catalysts measured in RDE or half-cell configurations 

is orders of magnitude lower compared that obtained by MEA measurements. It was shown in 

a previous study (see chapter 5.3) that the accumulation of oxygen bubbles within the catalyst 

layer is at least partially responsible for the fast increase in potential due to the shielding of 

active sides. In the literature, however, different hypotheses exists to explain this difference 

(e.g. passivation of the backing electrode114 or depletion of OER active sites137). To unravel the 

origin of the fast decay in performance observed of OER catalysts when measured in RDE or 

other half-cell configurations was the main focus of this study. 

Using an RDE setup and cycling the potential of an iridium disk between 1.2 and 1.65 VRHE at 

a rotation rate of 2500 rpm, a rapid decay in performance (70% after 20 cycles) can be 

observed. Since the decay in performance is similar to what was observed also for catalysts in 

nano-particulate form, the passivation of the backing electrode114 cannot be the main reason to 

explain the rapid loss in performance. By applying additional sonication, the observed decay in 

performance is significantly lower (30% after 20 cycles). While the other processes (depletion 

of OER active sites137 and loss of active sites capable of forming Ir(V)=O species138) are time 

and potential dependent, sonication of the cell by means of an ultra-sonication bath should result 

in a more efficient removal of oxygen bubbles and thus might prevent their accumulation within 

the catalyst layer. Although the loss in performance observed with this setup is less severe, it is 

https://pubs.acs.org/doi/pdf/10.1021/acsaem.0c01944
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still continuously declining. Most likely, the power of the ultrasonication bath is not sufficiently 

high to prevent the accumulation of bubbles completely. Therefore, an ultrasonication horn, 

where the power can be adjusted, was placed inside the solution in the vicinity of the electrode. 

Applying a constant current (10 mAcm-2
disk) while the electrode is rotated at 400 rpm and no 

sonication is applied, a significant increase in potential (100 mV) can be observed already 

within 450 s. Employing additional ultrasonication not only leads to a 50 mV lower starting 

potential, proving that already within the first couple of seconds oxygen bubbles can accumulate 

within the catalyst layer, but also results in a stable potential over time. It has to be noted that a 

sufficiently high enough power of the ultrasonication is required to ensure an efficient removal 

of oxygen bubbles. While this setup could be used to prove that the accumulation of oxygen 

bubbles leads to a rapid decay in performance due to shielding of active sites, it is not applicable 

for testing the stability of OER catalysts since most of them consist of nano-particles and 

ultrasonication would lead to the physical detachment of the catalyst.  
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manuscript that was edited by H.A.G. All authors discussed the experimental results and revised 
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5.5 The Discrepancy in Oxygen Evolution Reaction 

Catalyst Lifetime Explained: RDE vs MEA – 

Dynamicity within the Catalyst Layer Matters  

In this section the article “The Discrepancy in Oxygen Evolution Reaction Catalyst Lifetime 

Explained: RDE vs MEA – Dynamicity within the Catalyst Layer Matters”, which has been 

submitted to the Journal of Electrochemical Society in October 2020 and accepted for 

publication in January 2021.139 The study was presented by H.A.E.-S. at the 236th Meeting of 

the Electrochemical Society in Atlanta (October 2019) and can be found under its abstract 

number: #I01F-1750. The study can be found under its permanent web-link: 

https://iopscience.iop.org/article/10.1149/1945-7111/abdcc9/pdf 

Half-cell configurations such as RDE or flow-channel techniques are often used to access the 

activity as well as stability of OER catalysts. The lifetime obtained from these techniques, 

however, is orders of magnitudes lower compared to that measured in a membrane electrode 

assembly in a PEM-WE. Within this study, the techniques commonly used to assess the stability 

of a catalyst, such as constant current or constant potential holds as well as potential cycling, 

are tested for both configurations (RDE and MEA) and compared directly with each other. In 

order to justify a comparison of the stability obtained for the different configurations, the 

activity of an IrO2/TiO2 catalyst was determined in an RDE and in an MEA configuration, and 

a comparison showed that the activity measured with an RDE (21 Ag-1
Ir) is twice as high as that 

recorded in an MEA (10 Ag-1
Ir) at 40 °C and 1.50 VRHE. A different utilization of the catalyst 

layer can be excluded, since the mass-specific capacitive currents of the MEA measurement is 

higher compared to the one measured in RDE. Since, however, different ionomer contents were 

used (11 wt.-% in MEA vs 1 wt.-% in RDE), this might explain the difference observed in 

activity. This was not studied any further, as the activities were sufficiently close.  

Applying a constant current is a commonly used technique in the literature to estimate the 

lifetime of OER catalysts. In this case, a current density of 70 Ag-1
Ir was used for both 

configurations, and while the potential gradually increases during the RDE measurement, 

terminating in a potential jump (2 V), the potential remains stable for the MEA measurements 

over the recorded period of time (230 h). After purging, the electrolyte solution of the RDE 

setup with Ar for 30 min, the initial activity can be retrieved partially. The observed recovery 

in activity can be attributed to the efficient removal of trapped oxygen bubbles within the 

catalyst layer during purging. Due to the partial shielding of active sites, the still accessible sites 

https://iopscience.iop.org/article/10.1149/1945-7111/abdcc9/pdf
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have to provide the same overall applied current, resulting in locally high potentials were 

iridium dissolution could occur. Hence, the observed decrease in performance during an RDE 

measurement is the result of a bubble-induced degradation, which is not happening to the same 

extent during an MEA measurement.  

Another technique frequently used to estimate the stability of OER catalysts is the application 

of a constant potential and investigating the decrease in current. For both techniques, a decrease 

in current can be observed, however, on different time scales. While the current decreased by 

90% after applying 1.53 VRHE for 6 h for the RDE measurement, the observed decrease in 

activity for an MEA measurement was only 50% after 24 h. After recording a polarization 

curve as well as a CV, the activity was fully retrieved for the MEA measurement, whereas a 

30 min Ar-purge could only recover 60% of the initial activity in the RDE configuration. 

Clearly, part of the catalyst degrades during the first chronoamperometric step due to the 

shielding of active sites by oxygen bubbles within the RDE setup. 

 So far, neither the application of a constant current nor constant potential hold can be used to 

reliably predict the stability of an OER catalyst by RDE. Since the stability during transient 

operation is of vital interest, a third option to assess the lifetime of OER catalysts is by potential 

cycling. Again, the performance decreases significantly within the first couple of cycles (60% 

after 20 cycles) using an RDE setup and again could partially be retrieved (70% of the initial 

activity) once the electrolyte was purged with Ar. In contrast to that, the performance was fairly 

stable when the same cycling protocol was applied in an MEA configuration. This study showed, 

that neither of these commonly applied stability tests can be used to reliably predict the lifetime 

of an OER catalyst when using an RDE setup. Due to a different extent of accumulation of 

oxygen bubbles within the catalyst layer, the degradation observed in the RDE configurations 

is more severe, and thus the predicted lifetime is significantly lower. The most viable 

explanation to why the extent of bubble accumulation is different between an RDE and an MEA 

setup is most likely related to the electro-osmotic drag of water across the catalyst layer and the 

fact that the reaction is biased towards the electrode||membrane interface within the catalyst 

layer of an MEA.  
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5.6 Impact of Intermittent Operation on Lifetime and 

Performance of a PEM Water Electrolyzer  

In the following section the article “Impact of Intermittent Operation on Lifetime and 

Performance of a PEM Water Electrolyer” is presented, which was submitted to the Journal of 

Electrochemical Society in January 2019 and accepted for publication as an open access article 

under the terms of Creative Commons Attribution 4.0 License (CC BY) in April 2019. The 

study was shown at the 234th Meeting of the Electrochemical Society (October 2018) in Cancun 

by Alexandra Weiss and can be found under its abstract number: #I01F-1598). The article can 

be found under its permanent web-link: https://iopscience.iop.org/article/10.1149/2.0421908jes 

PEM water electrolyzis has the potential to be coupled with renewable energies, which, 

however, are inherently intermittent in their power output. Hence, the stability of a PEM water 

electrolyzer during a fluctuating power supply is of utter importance. Therefore, an accelerated 

stress test (AST) was developed within this study to mimic times of operation (3 Acm-2
geo and 

0.1 Acm-2
geo) and idle periods (OCV). Since the cell was operated at differential pressure 

(10 barcathode/1 baranode), the hydrogen can permeate from the cathode into the anode 

compartment during the OCV period and lead to the reduction of IrO2 and thus the formation 

of metallic iridium at the surface of the catalyst. The permeation of hydrogen and its 

accumulation within the anode compartment was confirmed by the cell voltage decay during 

the OCV period, where within a couple of minutes the voltage dropped close to the reversible 

potential of hydrogen (0 VRHE).  

The cell voltage development during the course of cycling was recorded at the two different 

current densities as a measure of stability. Although the performance improved initially after 

10 OCV-cycles (50 mV) at both current densities (3 Acm-2
geo and 0.1 Acm-2

geo), over the 

course of cycling the performance gradually decreased. Polarizing the cell at 1.3 V, instead of 

leaving it at OCV, resulted in a stable performance. Polarization curves measured periodically 

throughout the measurement revealed that the improved performance observed during the 

OCV-test is correlated to improved OER kinetics, since the Tafel slope also decreased from 

initially 60 mVdec-1 to 47 mVdec-1 after 10 cycles. Additionally, the polarization curves 

showed that the decrease in performance over the course of OCV-cycling is related to an 

increasing HFR over time (BOT: 56 mcm²geo; after 788 OCV-cycles: 88 mcm²geo), since 

the iR-corrected performance remained nearly constant. During the reference test, when the cell 

is polarized at 1.3 V during the idle period, the Tafel slope as well as the HFR remained constant. 

https://iopscience.iop.org/article/10.1149/2.0421908jes
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Hence, the improved performance along with the increase in HFR is related to the OCV-periods. 

Hydrous iridium-oxide is known to be more active towards the OER than crystalline IrO2 and 

might explain the improved activity observed. This was confirmed by CVs recorded 

periodically during the OCV-test, where after 10 OCV-cycles H-UPD features, typical for 

metallic iridium, along with the Ir(III)/Ir(IV)-redox features are emerging. In comparison, the 

CVs recorded within the reference test remained constant over the course of cycling, showing 

only capacitive features, which is typical for a crystalline IrO2.  

The main reason for the observed decrease in performance during the OCV-test was correlated 

to the increasing HFR. Any cationic contamination was excluded, since the HFR could not be 

recovered by boiling the cycled membrane in sulfuric acid. It is known, however, that the Ti-

PTL (porous transport layer) used at the anode can passivate at high potentials, resulting in an 

additional contact resistance. This was confirmed by determining the contact resistance of the 

cycled Ti-PTL ex-situ. Both the passivation of the Ti-PTL and the formation of hydrous 

iridium-oxide, which is electrically less conductive compared to crystalline IrO2, led to an 

additional interfacial resistance.  

In conclusion, when coupling a PEM-WE with renewable energies, it is important that idle 

periods where no current is supplied are avoided to ensure a stable performance.    
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5.7 A Platinum Micro-Reference Electrode for 

Impedance Measurements in PEM Water 

Electrolysis 

The last section deals with the article “A Platinum Micro-Reference Electrode for Impedance 

Measurements in PEM Water Electrolysis”, which was submitted to the Journal of 

Electrochemical Society in August 2021 and accepted for publication as an open access article 

under the terms of Creative Commons Attribution 4.0 License (CC BY) in November 2021. 

The study was presented by A.H.-W. at the 23rd European Fuel Cell Forum Conference in 

Luzern 2019.  

The permanent web-link of the article is: https://iopscience.iop.org/article/10.1149/1945-

7111/ac3717/meta 

In the previous section 5.6, it was shown that during an OCV-AST the hydrogen crossover 

causes the cell potential to drop close to 0 V and also the formation of a hydrous iridium-oxide. 

Moreover, the decreasing performance was attributed to the formation of an additional 

interfacial resistance at the anode. In order to clearly prove that this is the main reason for the 

decaying performance, a Pt-wire reference electrode (Pt-WRE) is introduced within this study 

to record the individual impedance spectra of anode and cathode separately during operation. 

For this, a 50 µm thick Pt-wire with an additional 9 µm PTFE insulation is laminated in between 

two 50 µm Nafion® membranes. SEM (scanning electron microscopy) images confirmed that 

the Pt-wire is placed centrally between the two electrodes. Polarization curves showed that the 

potential of the Pt-WRE depends on the relative permeation fluxes of hydrogen (ṄH2(x)) and 

oxygen (ṄO2(x)) at the location of the platinum wire. While it is close to the reversible potential 

of hydrogen (0 VRHE) at low current densities, it is close to the reversible potential of water at 

higher current densities. Since the Pt-WRE potential during operation shows a significant 

current density dependency, it is not possible to measure artefact-free individual electrode 

resolved impedance spectra during electrolyzer operation, since the Pt-WRE potential is shifted 

upon a variation in H2 and O2 partial pressures at the catalyst||membrane interface. At very low 

current densities (at/near the OCV), where the Pt-WRE potential is close to (0 VRHE), this 

effect is negligible and artefact-free individual electrode impedance spectra can be obtained. 

Utilizing the reference electrode while applying the same OCV-AST as in section 5.6, it can be 

shown that, while the potential of the cathode remains close to the reversible hydrogen potential 

https://iopscience.iop.org/article/10.1149/1945-7111/ac3717/meta
https://iopscience.iop.org/article/10.1149/1945-7111/ac3717/meta
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during the OCV-period, the anode potential follows the cell potential and drops close to 0 VRHE 

within a couple of minutes. This confirms the permeation of hydrogen from the cathode into 

the anode compartment, which causes the formation of metallic iridium and thus the drop in 

potential. Recording individual half-cell spectra at 1.3 V at the end of each OCV-cycle further 

proved that the HFR of the anode increases simultaneously along with the HFR of the full-cell 

(HFR87 µcm²geo/cycle), while the HFR of the cathode remained constant 

(0 µcm²geo/cycle). Using a simplified transmission line model, where the charge transfer 

kinetics are assumed to be infinitely large, the anode spectra recorded at 1.3 V were fitted to 

extract the capacity as well as the proton sheet resistance. The constant HFR of the cathode 

along with the constant proton sheet resistance of the anode over cycling confirmed that cationic 

contamination could be excluded as one of the reasons for the increasing HFR. By utilizing the 

Pt-WRE during the OCV-AST, it was unequivocally proven that an additional contact 

resistance at the anode is causing the increasing HFR and the accompanied decrease in 

performance. 
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6 Conclusion  

Hydrogen produced via the electrochemical splitting of water in a PEM water electrolyzer is a 

promising method to reduce the overall greenhouse gas emission and to promote the application 

of renewable energies. Although the PEM-WE system is already technically advanced, there 

are still some hurdles that have to be overcome in order to enable the application of PEM-WE 

systems on the GW-scale (see chapter 5.1). Within this thesis, some of these challenges are 

addressed and highlighted. In Figure 6.1 an overview of the scope of this thesis is given.  

 

 

Figure 6.1 Scheme illustrating the single challenges tackled within this thesis  

Due to the harsh environment (low pH, high overpotentials and high oxygen concentration), the 

choice of catalyst material is limited to the platinum group metals (PGM). While today the 

catalyst costs only account for 5% of the overall systems costs in a kW-range system,140 this 

share will rise significantly when aiming for GW-scale systems due to the drop in 

manufacturing costs in contrast to bare material costs. In addition to that, the availability of 

iridium is limited and in order to enable a GW-scale application, a reduction in iridium loading 

from today’s 1 - 2 mgIrcm-2
geo to 0.05 mgIrcm-2

geo is required (see chapter 5.1).65, 134 While a 

study by Bernt et al. showed that the activity of commercially available catalysts would be 

sufficiently high, the high iridium packing density (2.3 mgIrcm-³) averts the fabrication of low 

loadings, since it leads to an inhomogeneous catalyst layer.65 Hence, the development of OER 

catalysts exhibiting a lower iridium packing density is required.  
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One approach would be the dispersion of iridium nanoparticles on electrically conductive 

support materials, an approach similar to the Pt/C catalysts used in PEM-FCs. In chapter 5.2, 

iridium nano-particles (2 nm) are deposited on a highly conductive oxide support (antimony 

doped tin oxide – ATO). The high electrical conductivity of the ATO (2 Scm-1) in combination 

with its high surface area (50 m²g-1) enables a high catalyst dispersion and a strong metal-

support interaction (SMSI). Comparing the activity determined at 1.5 VRHE, measured within a 

three-electrode RDE setup, the synthesized Ir/ATO (11 wt.-%; 185 AgIr
-1) outperformed two 

commercially available catalysts (Ir-black: 48 AgIr
-1 and IrO2/TiO2: 5 AgIr

-1). Also at more 

system relevant temperatures (80 °C), the Ir/ATO (11 wt.-%; 1100 AgIr
-1) catalysts showed a 

significantly higher activity compared to Ir-black (190 AgIr
-1) and IrO2/TiO2 (45 AgIr). 

Hence, this catalyst design approach presents one possibility to significantly reduce the iridium 

loading, while still maintaining a homogenous and sufficiently thick catalyst layer.  

Besides the activity, the stability of newly developed OER catalysts is decisive for their large-

scale use. Rotating disk electrode measurements as well as flow-channel configurations are 

often used to obtain the activity and long-term stability of OER catalysts, since only a small 

quantity of catalyst is needed. The stability obtained in RDE measurements, however, differs 

significantly from the lifetimes assessed in a PEM-WE (see chapter 5.1). Commonly, a constant 

current (e.g., 10 mAcm-2
disk) is applied during an RDE measurement to obtain the stability of 

an OER catalyst and the observed gradual increase in potential is ascribed to catalyst 

deactivation/degradation. Ultimately, the experiments terminate with a sudden jump in 

potential, which is associated with a full degradation of the catalyst. In chapter 5.3, the stability 

protocol is closely analyzed and clear evidence is provided that the gradual loss in performance 

is mainly due to the shielding of active sides by oxygen bubbles that accumulate within the 

catalyst layer. Due to the partial shielding of active sites, parts of the catalyst layer are ionically 

isolated and the potentials at the remaining active sites increases in order to maintain the applied 

current. Ultimately, this results in a sudden jump in potential (>2 V), which was so far 

associated with full catalyst degradation. However, holding the electrode for an extended period 

of time (30 min) at OCV under argon, the catalyst activity and surface area (based on CVs) 

can be partially recovered. Hence, the observed increase in potential during a constant current 

RDE measurement cannot be used reliably to predict the long-term stability of an OER catalysts 

since it is greatly influenced by the accumulation of oxygen bubbles within the catalyst layer. 

If one were able to ensure an oxygen bubble-free catalyst layer during the measurement, one 

should be able to assess the long-term catalyst stability using an RDE setup.  
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One approach would be the application of ultra-sonication to efficiently remove the produced 

oxygen. In chapter 5.4, a constant current (10 mAcm-2
disk) measurement is performed using an 

Ir-disk, where additional ultra-sonication is applied. While the potential significantly increases 

(100 mV within 450 s) and is almost independent of the applied electrode rotation rate, the 

application of ultra-sonication not only led to a significantly lower initial potential (50 mV) 

but also to a stable performance over the recorded 450 s. While the lower initial potential show 

that the accumulation of oxygen bubbles occurs immediately when a constant current is applied, 

the stable performance proves that additional ultra-sonication efficiently prevents the 

accumulation of oxygen bubbles. However, OER catalysts are commonly in nano-particulate 

form, and ultra-sonication would lead to the physical detachment of the catalyst layer during 

operation and thus cannot be used to perform stability tests using an RDE setup.  

These previous studies already provide evidence that an RDE configuration cannot be used to 

reliably predict the lifetime of OER catalysts. Additionally, a comprehensive comparison of the 

commonly used stability protocols (constant current or constant potential hold as well as 

potential cycling) performed in the RDE and MEA configuration given in chapter 5.5 shows 

that while each stability test led to a significant decrease in performance when using the RDE 

setup, the performance remained stable within the MEA configuration. Although the results 

suggest that the accumulation of oxygen bubbles also occurs in an MEA, it occurs to a much 

lesser extent compared to an RDE, hence resulting in orders of magnitude longer lifetimes 

(hours in the RDE vs ten thousands of hours in the MEA configuration). The study clearly 

shows that an RDE configuration cannot be used to predict the lifetime of an OER catalyst, and 

MEA measurements in a PEM-WE are required. Nevertheless, to assess the long-term stability 

of newly developed catalysts one cannot measure thousands of hours before any conclusion can 

be drawn, and thus the development of accelerated stress tests is a necessity.  

In chapter 5.6, an AST-protocol mimicking a fluctuation power supply is presented, where the 

cell is cycled between high (3 Acm-2
geo) and low current densities (0.1 Acm-2

geo) with a 

subsequent idle period (OCV-period), where the cell potential drops to 0 V due to the 

hydrogen crossover. After an initial improvement (50 mV), the performance decreases over 

the course of cycling, which was found to be related to an increasing HFR. The initial gain in 

performance is associated with the formation of metallic iridium during the OCV-period and 

its subsequent oxidation to hydrous iridium oxide upon resuming operation. Although the 

formation of a hydrous iridium oxide seems to be beneficial due to its higher activity toward 

the OER, it also exhibits a lower electrical conductivity compared to a crystalline IrO2. The 
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lower conductivity of the formed hydrous iridium oxide in combination with a higher contact 

resistance due to the passivation of the Ti-PTL at high potentials leads to an additional 

interfacial contact resistance at the electrode||PTL interface, and thus a higher HFR. In a 

reference study, where the cell was polarized at 1.3 V during the idle period, the performance 

remained stable over the course of cycling because the formation of a hydrous iridium oxide 

was prevented.  

Since an unambiguous determination of the interfacial resistance is not trivial, the application 

of a Pt-wire reference electrode (Pt-WRE) is introduced in chapter 5.7, which allows the 

separation of the individual half-cell impedance spectra.141 For this a 50 µm thick Pt-wire, with 

a 9 µm PTFE insulation is centrally laminated between two 50 µm Nafion® membranes. The 

potential of the Pt-wire is determined by the relative permeation fluxes of hydrogen and oxygen 

at the location of the wire, resulting in a reference potential close to the reversible potential of 

hydrogen (25 mV) at low current densities (0.5 Acm-2
geo) and a reference potential (1 V) 

close to the thermodynamic potential of water splitting (1.18 V) at higher current densities 

(2 Acm-2
geo). Due to observed change in reference potential with current density, the Pt-WRE 

can only be used to track the half-cell potentials at low current densities (near/at OCV). 

Applying the same OCV-AST cycling protocol as in chapter 5.6, it is shown that, while the 

HFR of the cathode remains constant during cycling, the HFR of the anode increases 

simultaneously along with HFR of the full-cell. This clearly proves that an additional resistance 

at the anode is responsible for the observed increasing HFR during OCV-AST cycling. 

In summary, while the development of highly active OER catalysts that exhibit a low iridium 

packing density is one necessity, the elaboration of reliable screening tools, especially regarding 

the long-term stability, is essential to speed up catalyst development. Within the present work 

some of the challenges are tackled, which have to be overcome in order to enable an 

economically viable and widespread application of PEM-WE in the GW-scale.  
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