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Preface

This report is the result of the master thesis from a student of the Hydrogen and Fuel Cell
Technology (HYTEC) specialisation of the Energy Engineering master of the Faculty of
Engineering and Science at Aalborg University. Is recommended to have the nomencla-
ture printed as a handy companion to ease the reading. Throughout the report, comma
has been used as triad separator, while period is used for decimals. SI units and IEEE
style has been used for references. Figures, tables and equations are numbered as: chap-
ter number, figure/table/equation number of the chapter. Each chapter starts with a
brief introduction.

Aalborg University, June 1, 2023

Daniel Sales Roger
<dsales21@student.aau.dk>
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Nomenclature

Letters Description Unit
AC:DC AC:DC operation -
Area Area m?
AEC Alkaline electrolysis -
AC Alternate current -
AEM Anion exchange membrane -
z Amount of electrons -
BPP Bipolar plate -
C Carbon -
CcO Carbon monoxide -
CO, Carbon dioxide -
CL Catalyst layer -
DHg Change of the enthalpy of reaction J/kg
CPE Constant phase element -
DC Direct current -
EIS Electrochemical impedance spectroscopy -
e Electron -
F Faraday constant C/mol
freq Frequency Hz
GDL Gas difussion layer -
HF High frequency -
H, Hydrogen -
HER Hydrogen evolution reaction -
zZ Impedance W
L Inductor H
IrO, Irridium dioxide -
KPIs Key performance indicators -
1 length m
LF Low frequency -
MF Medium frequency -
MEA Membrane electrode assembly -
Ohm Ohmic -
Oy Oxygen -
OER Oxygen evolution reaction -
Pt Platinum -
PEM Polymer electrolyte membrane -
PTL Porous transport layer -
KOH  Potassium hydroxide -
R Resistance W
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X
Letters Description Unit
RuO;  Rutenium dioxide -
SOEC  Solid oxide electrolysis -
r Solution resistivity -
Vin Thermoneutral voltage  V
Ti-fel  Titanium fiber -
TOT Total -
H,O Water -
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Chapter 1

Introduction

1.1 Background

Hydrogen is a clean and renewable energy source that can be used for a variety of
applications, including fuel cell vehicles, energy storage, and industrial processes. Nev-
ertheless, the current production of hydrogen is primarily based on fossil fuels, which
contributes to greenhouse gas emissions and climate change [1].

Polymer electrolyte membrane (PEM) water electrolysis is a promising technology
considered one of the main competitors for the production of green hydrogen in the
future (Figurel.1l). PEM water electrolysis offers an alternative approach of producing
hydrogen by using electricity generated from renewable sources, such as wind or solar,
to split water molecules into hydrogen and oxygen.

Figure 1.1: Type of electrolysis technology assumed in analyzed scenarios [2]

PEM water electrolysis operates at relatively high current densities compared to other
traditional water electrolysis technologies. Furthermore, PEM water electrolysis thanks
to its compact system design can be easily scaled up or down to meet different produc-
tion needs, making it a versatile and exible technology for hydrogen production. In
particular its great dynamic performance such as fast start up and quick response make
it a good candidate for integrating with intermittent renewable energies for energy stor-
age or hydrogen production. Another advantage that offers PEM water electrolysis is
the high purity of the produced hydrogen [3].

However, there is still lack of knowledge or experiences regarding the in uences of
frequent dynamic operations on its key performance indicators (KPIs, e.g., degradation
rate). In spite of its advantages, PEM water electrolysis still faces several technical and
economic challenges, such as the need for ef cient catalysts, durable membranes, and
cost-effective systems.
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1.2 Water Electrolysis

Water electrolysis is the process whereby water is split into hydrogen and oxygen. The
process can be represented by the following chemical equation:

H20(@M)+ DHR ! Ha(g) + 505(0) 1)

In 1.1, DHR is the change in the reaction of enthalpy for this endothermic reaction,
the amount of energy required for breaking up the chemical bond. This quantity is
calculated from the sum of the enthalpies of formation of the reactants minus the sum
of the enthalpies of formation of the products. The water is fed as reactant, and the
reaction takes place at the electrodes. Due to the limited self-ionization of pure water,
acid is used as electrolyte and electrolcatalysts are applied to lower the activation energy.
The decomposition of water begins once a potential higher than the thermodynamic
reversible potential is applied to the electrodes since various activation barriers have to
be overcome. Using DH R, the Farady constant F, and the amount of electrons z transfered
during the reaction, the thermoneutral voltage can be calculated by

0

o _ DHR _
Vg = =R = 1481V (1.2)

At the anode water is oxidized, and the released electrons are transported trough the
external electrical circuit and oxygen is formed (OER). Protons travel trough the acidic
electrolyte to the cathode where they are reduced by the electrons from the electrical cir-
cuit to hydrogen (HER). The amount of hydrogen generated is ideally twice the amount
of oxygen generated. The two half reactions are showed in the following equations:

H,O! 2H"+ %02 +2€” (1.3)

2H* +2e¢7! H, (1.4)

1.2.1 Overpotentials

As mentioned previously in the section several barriers need to overcome to decompose
the water. These barriers are the so called kinetic losses: activation, ohmic, and mass
transfer losses. The activation losses result from the direct transfer of electrons (charge-
transfer kinetics) between the electrode and the electrolyte of the OER and HER. This
phenomena leads to irreversibilities on the anode and the cathode, called anodic acti-
vation overpotential and cathodic activation overpotential, that added together form the
activation overpotential. Ohmic losses arise from the resistance to the ow of protons
through the electrolyte. According to Ohm's law it is directly proportional to the cur-
rent applied to the electrolysis cell. Mass transport losses can be either diffusion losses
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or bubbles overpotentials. The rst occur when gas bubbles partially block the pores
network of current collectors and limits the supply of reactant water to the active sites.
On the other hand, bubbles overpotentials arises when very large gas bubbles shield
the electrochemical acitve area, reducing the catalyst utilization. The actual voltage for
splitting the water molecules is the sum of the thermoneutral voltage plus all the irre-
versibilities within the cell. Figure 1.2 shows an |-V curve with the contributions of the
different overpotentials:

Figure 1.2: Overpotentials in a conventional PEM electrolysis cell [4]

1.2.2 Alkaline Electrolysis

Between the main electrolysis technologies alkaline electrolysis (AEC) is the most mature
one, reaching the megawatt range at commercial level for large-scale industrial applica-
tions. An aqueous solution of KOH is used as electrolyte in alkaline electrolyzers. The
alkaline cell is composed of two electrodes separated by a diaphragm used to avoid the
recombination of hydrogen and oxygen that are being produced. AEC technology ex-
hibits relatively low capital cost due to the avoidance of noble metals. However, low

current density and operating pressure negatively impact system oversize and produc-
tion costs.

1.2.3 Solid Oxide Electrolysis

Solid oxide electrolysis (SOEC) is a technology still under development whose technical
advantages are a potential higher ef ciency than the other technologies. This technolo-
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gies can also be used to produce CO from CO, and syngas H»/CO from H ,0/CO 5. The
most common electrolyte material is yttria-stabilized zirconia which show high conduc-
tivity and thermal stability at high working temperatures (800-1000°C). High working
temperature permits to reduce electrical power demand. As an endothermmic process,
SOE could considerably reduce the cost of hydrogen if heat is supplied by waste heat.

1.2.4 PEM electrolysis

Proton exchange membrane (PEM) water electrolysis involves the use of a specialized
electrolysis cell that contains a proton exchange membrane. This membrane separates
the anode and cathode compartments of the cell while allowing for the transport of pro-
tons from the anode to the cathode. When an electric current is applied to the cell, water
molecules in the anode compartment are oxidized to form oxygen gas and positively
charged hydrogen ions (protons). The protons migrate through the proton exchange
membrane to the cathode compartment. At the cathode, the protons combine with elec-
trons from the electrical circuit to form hydrogen gas. Meanwhile, oxygen gas is released
at the anode. Among its main advantages are high power density, pure hydrogen pro-
duction and exible operation. On the other hand, a high capital cost and water purity
requirements are the disadvantages of this technology.

1.2.5 Anion Exchange Membrane Electrloysis

Another technology that is under early stage development is anion exchange membrane
(AEM) electrolysis. This technology combines an alkaline environment with a mem-
brane similar to the one from PEM. This combination takes some of the advantages of
both technologies. The liquid electrolyte not only reduces the ohmic resistance but also
improves the reaction kinetics. The hydrogen permeability on AEM is usually around
one order of magnitude less than PEM, and can be substantially thinner [5]. However,
degradation caused by the alkaline electrolyte is still challenging.

Figure 1.3 depicts the technology set-up for the mentioned electrolysis technologies:
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Figure 1.3: Conceptual set-up of electrolysis cell technologies [6]

1.3 AC:DC operation

The AC:DC operation is a new technology for dynamic operation of large-scale solid
oxide electrolyzer (SOEC). It was patented in 2019 by DynElectro ApS. The main idea is
to add a pulsed operation where an AC current (or voltage) is applied on top of a DC
current (or voltage), so the electrolyzer also work shortly at fuel cell mode. An example
for AC:DC operation is shown in Figure 1.4:
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Figure 1.4: AC:DC operation experimental data [7]

For this experiment a 3ms voltage pulse is used to run the electrolyzer in fuel cell
mode. This pulse is introduced after 30ms where the SOEC is working on electrolyzer
mode. This voltages induced a current of about -1.1 A/cm2 for the 30 ms on electrolyzer
mode and a current of 0.75 A/lcm2 during the 3ms of fuel cell mode. That left an average
current density of 0.932 A/lcm2.

The tests for SOEC con rmed the operation method reduce degradation up to 7
times and remove temperature variations in dynamically operated SOEC stacks. It is also
reported to prolong lifetime via improved resilience against impurities by desorption via
electrochemical oxidation/reduction [7]

1.4 PEM cell electrolyzer components

The main components of a PEM cell electrolyzer are the membrane, catalyst layers (CL),
porous transport layers (PTL), bipolar plates (BPP) and end plates (EP).

The catalysts layers and porous transport layers on either side of the membrane con-
stitute the membrane electrode assembly (MEA) showed in gure 1.5. Expensive noble
materials are typically used as electrocatalysts in PEM electrolysis. Platinum and Iridium
dioxide are the most commonly used materials at the cathode for the hydrogen evolution
reaction (HER) and at the anode for the oxygen evolution reaction (OER), respectively.
IrO» shows high corrosion resistance but relatively high activity compared to Rutenium
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dioxide which exhibits the highest activity. However, RuO 5 has some problems with
stability that precluded practical application. On the other hand, nonnoble metal formu-
lation solution, would be interesting for OER, but conductivity, electrocatalytic activity,
and stability are challenging aspects. Platinum electrocatalysts have best catalytic activity
and high corrosion resistance as HER. In particular, platinum nanoparticles supported
on carbon black are the standard catalysts for HER.

Figure 1.5: Membrane electrode assembly used in the laboratory

The porous transport layer is the component of the cell responsible of the mass trans-
fer, electrical and heat conduction between the catalyst layer and the bipolar plates. The
materials that are commonly used for the porous transport layers are Ti-felt for the anode
and carbon cloth for the cathode side.

The membrane is used for the elctrolyte and it separates the anode and the cathode.
The most common material used for the membrane in PEM electrolysis is Per uorosul-
fonic acid polymer Na on is its common commercial denomination. Excellent chemical
stability, high proton conductivity and area speci ¢ resistance of about 0.15 cm 2 are
among its best features, besides having low crossover and mechanical strength. The
drawback of Na on is the cost, and many researchers are focusing on nding cheaper
alternative membranes. Furthermore, the Na on conductivity decreases at tempera-
ture above 100°C because of membrane dehydration. Hydrocarbon membranes are a
good alternative to Na on, having an appropiate conductivity and a better resistance to
crossover, besides their lower cost.

The bipolar plates (Figure 1.6) are the components that ensure the transportation of
the reactants which are in this case the deionized water that is feed to the PEM elec-
trlyzer and the generated hydrogen and oxygen. Currently, several types of materials
are used in bipolar plates, including titanium, graphite, and coated stainless steel. Ti-
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tanium shows excellent properties but passivation (formation of a passive oxide layer)
decreases its electric contact resistance and thermal conductivity, and consequently de-
creasing the stack performance over time. The low coating imperfections make stainless
steel a solution exposed to destruction of coating due to corrosion increasing the ohmic
resistance. Bipolar plates and current collectors are the most expensive components in
PEM electrolysis.

Figure 1.6: Bipolar Plate used in the laboratory

The current collectors (Figure 1.7) work in the same conditions of bipolar plates. They
have the function to conduct the electrons from the catalytic layer to the bipolar plates
and remove the gases from the catalytic layer. Therefore, porosity and conductivity
are important properties for current collectors. The most common materials for this
component are titanium and stainless steel.
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