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Green hydrogen plays an important role in

the technological development of sustain-

able energy. PEM electrolyzers are one

of the most promising technologies to pro-

duce green hydrogen. However, more re-

search is needed to develop this technology.

One of the biggest concerns about the PEM

electrolyzers is its degradation over time.

Therefore, this project investigates degra-

dation mechanisms under laboratory con-

ditions. Experimental cells were manually

assembled and subjected to long term test-

ing using the Greenlight Innovation test sta-

tion. Unfortunately, an internal electrical

short circuit was present throughout all the

experiment, which negatively impacted the

data obtained. It was identified and fixed

at the end of the experiment

The study characterized reversible and irre-

versible degradation mechanisms. The elec-

trolyzer reached a performance peak at 264

hours of operation, after which an efficiency

decrease due to degradation was observed.

The irreversible degradation was linked to

chemical ionomer degradation, PTL passi-

vation, catalyst dissolution, and carbon cor-

rosion. The performance increase at higher

temperatures and the independency of wa-

ter flow rate and pressure variations was

proven. Reversible losses, primarily caused

by bubble accumulation, were consistently

observed and recovered through shutdown.

A stress test on carbon-based Porous Trans-

port Layers (PTL) confirmed their incom-

patibility with the Oxygen Evolution Reac-

tion (OER).
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Javier Bermúdez Blanco

jbermu24@student.aau.dk

iii



Nomenclature

List of symbols

SI units are used.

Symbol De�nition Unit

∆Ho
f Reaction formation enthalpy kJ

mol

∆Go Gibbs free energy kJ
mol

Vo
th Thermoneutral potential V

z Number of electrons transferred e�

F Faraday constant C
mol

Vo Reversible potential V

m Mass kg

I Electrical current A

t time s

M Molar mass g
mol

� efficiency %

ṅ Molar flow mol
s

� Number of water molecules per sulfonic acid site -

! Weight percentage %

EW Equivalent weight -

J Flow mol
s

ndrag Drag coefficient mol
m2�s

ncell Number of cells -

j Current density A
cm2

Deff Diffusion coefficient m2

s

D�P Transport coefficient mol
Pa2�m�s

Ddrag Drag coefficient mol
Pa�C

tmem Membrane thickness m

� Water velocity m
s

C Concentration mol
L

∆P Pressure difference Pa

Px Partial pressure Pa

V Voltage V

� Overvoltage V

Wt Electrical work kJ

e� Free electron -

iv



Aalborg University

Chemical compounds

Symbol De�nition Unit

HER Hydrogen evolution reaction -

PEM Proton exchange membrane -

PEMWE Proton exchange membrane water electrolyzer -

M Metal -

BPP Bipolar plate -

PTL Proton transpor layer -

CL Catalyst layer -

MEM Membrane -

GDL Gas diffusion layer -

OER Oxygen evolution reaction -

PTFE Polytetrafluoroethylene -

EIS Electrochemical impedance spectroscopy -

Subscripts

Subscript Meaning

l Liquid phase

g Gaseous phase

x Substance ”x”

op Produced

theo Theoretical

F Faradaic

th Thermoneutral

eod Electro-osmotic drag

di� Diffusion

conv Convection

act Activation

ohm Ohmic

conc Concentration

max Maximum

v



Group HYTEC2-810

Chemical compounds

Chemical representation Meaning

H2O Water

H2 Hydrogen

H+ Hydrogen proton

O2 Oxygen

OH� Hydroxide

H3O
+ Hydronium ion

Pt Platinum

Fe Iron

SO3H Sulfonic acid

CO2 Carbon Dioxide

C Carbon

Ti Titanium

Cu Copper

Au Golf

IrO2 Iridium dioxide

IrOx Iridium oxides

RuO2 Ruthenium Dioxide

NOx Nitrogen oxides

NH3 Ammonia

NH+
4 Ammoniun

S Electrochemical active site
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Introduction 1
Hydrogen as an energy carrier is an emerging technology that promises to reduce the
environmental impact of fuels. Due to the green energy status of hydrogen and the increasing
price of fossil fuels, hydrogen has become one of the most promising technologies to achieve
the energy transition goals.
There exist di�erent technologies to produce hydrogen. It is mainly obtained from fossil fuels,
such methane steam reforming, from electricity by electrolysis, and from waste or industrial
byproducts. [1] [2]

One of the most promising ways of producing hydrogen is by electrolysis, where water and
electricity obtained from renewable sources are used as feedstock. This process is a zero-
emission process which is carried out in a device called electrolyzer. Nowadays, around 4%
of all hydrogen produced comes from water electrolysis.[1]

The biggest challenges which this method of producing hydrogen has to face are the economic
viability and the process energy e�ciency. In consequence, research is needed to develop this
technology and enable its widespread adoption. Electrolyzers are usually expensive due to
the high-cost materials which are needed to build the cell, such as iridium, platinum or other
rare materials. The bipolar plates made of titanium represent around 50% of the total stack
cost. Di�erent alternatives are being studied to reduce the cost of the electrolyzer.[2]

Another factor that a�ects the electrolyzer e�ciency over time and increases its cost is the
degradation, similarly to fuel cells, it reduces the lifetime of the device and decreases its
performance. This is an important matter of study in the �eld. Currently, the lifetime of a
PEM electrolyzer is around 40,000-60,000 hours, with a target of 120.000 hours by 2050. [2]
[3]

Regarding the degradation in PEM electrolyzers, the catalyst layers and the membranes are
the components most a�ected by degradation, so it is crucial to understand how they behave
in di�erent scenarios and which one is the most e�cient one. Therefore, an experimental study
of the proton exchange membrane and cell degradation at di�erent operation conditions is of
great importance to assess performance losses.
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Problem Statement 2
Based on chapter 1, a problem statement can be made:

How can PEM electrolyzer degradation be experimentally measured and to what extent it
a�ects electrolyzer performance?

To �nd the solution to this question, the following speci�c objectives are stated:

ˆ Theoretical description of PEM electrolyzer and degradation.

ˆ Setup and procedure of the experiment.

ˆ Data analysis and conclusions.

2.1 Project limitations

The experiment is limited by di�erent factors, such as:

ˆ There is a limited time to carry out the experiment.

ˆ Temperature limitations.

ˆ Single cell operation.

ˆ Steady state operation.

2



State of Art 3
3.1 PEM Electrolyzer

Electrolysis is a well-known technology with more than 100 years of usage in the industrial
�eld, it was invented in 1789 by Dutchmen Jan Rudolph Deiman and Adriaan Paets van
Troostwijk, and NorsK Hydro started to produce large-scale electrolyzers in the 1920s.[4][1]

Proton exchange membrane electrolyzer technology development is directly connected to the
discovery of per
uorinated ion-exchange Na�on membranes. The �rst PEM electrolyzers
were created in the 1960s by General Electric. [5]
PEM electrolyzers were �rst used for oxygen production in anaerobic environments, but with
the advancement of this technology and the necessity of energy storage, it began to be used
for hydrogen production. Today, there exist industrial large-scale electrolyzers, 1-10 MW,
and even larger ones are being developed (10-100 MW).

One of the main drawbacks of this technology is the price, electricity prices and precious
metals which are used as catalysts have a huge impact on the price. The precious materials
used are mostly iridium, ruthenium, and platinum based materials. Some possible variations
are being studied to reduce the price of an electrolyzer. [6]
New materials with great projection are being studied as catalyst support materials, they are
mostly nanomaterials made from electrospinning which have a high speci�c surface area and
electrical conductivity, and enhance catalysts performance. [7]
Non-precious materials are also being studied as the current catalyst replacement, these are
Fe, Ni, Co... based materials which will reduce the PEM electrolyzer cost and facilitate its
scalability. [8]

Literature states that conventional electrolyzers operate at 30 bar and 50-90°C, and it
recommends not exceeding 50 bar of pressure for safety reasons. Temperature could be
increased more but the electrolyzers and membranes used nowadays are designed for liquid
water operation, not vapor.
One goal for the future is to operate the electrolyzer at very high pressures (200-300 bar), it
has been already operated at pressures up to 350 bar. Nevertheless, the gas crossover makes
these con�guration not impractical through time. [6]

3



Group HYTEC2-810 3. State of Art

3.2 Degradation

In terms of PEM degradation, di�erent studies have been carried out to try to predict and
model the behaviour of the PEM in an electrolyzer.

In 1998 Stucki et al.[9] concluded that the membrane is the weakest part of electrolyzer
for long operation time. It was also found that the membrane degradation depends on the
position within an individual cell or on the cell position in a stack.

Later on, Luan et al.[10] con�rmed that chemical instability is one of the factors that a�ect
the most to the electrolyzer assembly degradation. Di�erent models have been developed to
try to predict the membrane thinning over time, e.g. Chandesris et al.[11] presented a model
of PEM degradation considering the electrochemical degradation and studying the behaviour
at di�erent current densities and temperatures. Most of the degradation models are based
on the 
uoride released rate.
More research is needed to be able to implement degradation models to PEM electrolyzer
systems, as it was remarked in the study conducted by Ashkan Makhsoos et al.[12] in 2025.
They explain di�erent model techniques for obtaining a realistic degradation model of the
cell di�erent parts at di�erent scales. These models, validated with empirical data, would
help to develop more accurate and robust models which maximize the PEMEW e�ciency,
reliability and lifetime.

In recent history, various PEM degradation factors have been studied at di�erent conditions
and stress levels. Eva Walln•ofer-Ogris et al.[2] identi�ed di�erent degradation mechanisms
and the impact of them on the cell components at di�erent operating conditions.

Marco Bonanno et al.[13] studied the performance and degradation of PEM electrolyzer at
elevated temperatures (90°C) in 2024. They concluded that high temperatures increase the
drop in PEM conductivity and chemical decomposition rates, but it reduces the amount of
energy demanded, the catalyst loading, and the utilization of noble materials.

Eveline Kunhert et al.[14] studied the e�ect of hydrogen crossover in membrane degradation
doing accelerated stress tests at 60 and 80°C. They found more H2 content in the O2 stream,
a higher 
uoride emission rate and a considerably higher degree of membrane thinning
at 80°C. A more stable behaviour was observed at 60°C, where the degradation rate is
signi�cantly lower, and even a decrease in H2 crossover was observed at low current densities.
In conclusion, H2 crossover plays an important role in membrane degradation, and higher
temperatures stimulate the crossover rate.

A very recent study by Bernhardt et al.[15] from 2025 summarizes the most important
degradation mechanisms. They are arranged in terms of impact on the membrane. It shows
that the mechanisms which a�ect the most to membrane degradation are PTL passivation,
anode catalyst dissolution, membrane thinning by radical attack, catalyst particle loss/layer
detachment,membrane mechanical degradation, BPP corrosion, cathode catalyst dissolution
and membrane metal poisoning.

Foniok et al.[16] also made an extended study about the degradation mechanisms in 2025.

4



3.2. Degradation Aalborg University

They studied the chemical, mechanical and electrochemical degradation, as well as other cell
components degradation. They also describe the three best methods to model degradation:
physically based, data-driven and hybrid models. They concluded that it is necessary to
develop advanced per
uorinated membranes that resist free radicals and catalysts with ultra-
low platinum content, to reduce costs and improve durability. It is also essential to implement
real-time dynamic models.
Figure 3.1 shows the schematic overview of the degradation mechanisms and the a�ected
components.

Figure 3.1. Degradation processes and mechanisms overview [16]

Eva Walln•ofer-Ogris et al. [17] conducted a great review of all the most important degradation
mechanisms, their causes, and how to mitigate the e�ects. These mechanisms will be
described in the next chapter.

5



Theory 4
4.1 Electrolyzer principles

Water electrolysis is the process of splitting water into hydrogen and oxygen by applying an
electrical current, as the global reaction in equation (4.1) shows: [4]

H2O(l) + �H f ° ! H 2(g) +
1
2

O2(g) �H f ° = 285:8
kJ
mol

(4.1)

This reaction is an endothermic reaction, which means it is necessary to supply energy for the
reaction to happen. �H f ° is the reaction formation enthalpy at standard conditions (25°C
and 1 atm), and the Gibbs free energy of the reaction (�G°) is 237.1 kJ

mol .
The energy is given to the system in the form of electricity. The thermo-neutral potential
(V o

th ) needed can be calculated using equation (4.2), which takes into account the reaction
formation enthalpy, the number of electrons transferred (z = 2) and the Faraday constant
(F=96,485 C

mol ).[4][18]

V o
th =

�H f °
z � F

= 1:48V (4.2)

This parameter represents the voltage which needs to be supplied to reach thermo-neutral
conditions. So the reaction would happen without external heating or cooling, at isothermal
conditions. It does not consume or release heat. If the cell operates at higher potential than
1.48V, it would operate at exothermic conditions.

The reversible potential (Vo) or minimum theoretical thermodynamic voltage is calculated
using the Gibbs free energy, as shown in equation (4.3):

V o =
�G°
z � F

= 1:23V (4.3)

This parameter gives the minimum electrical potential needed for the water splitting at
standard conditions. More energy should be applied to overcome the kinetic losses, and
make the reaction happen, trying to reach the thermo-neutral potential. But, in real life,
there are actually more losses, such as contact and solution resistances, ohmic losses, or mass-
transport limitations.
Therefore, in order to have high energy e�ciency, it is of great importance to reduce these
losses as much as possible by using a suitable and stable catalyst and choosing optimum
operation conditions. [4][18]

For the water splitting reaction to happen, two main-half reactions occur. Firstly, in the
anode, the water molecules are split into oxygen and hydrogen protons, freeing electrons.This

6



4.1. Electrolyzer principles Aalborg University

reaction (equation (4.4)) is called oxygen evolution reaction (OER): [4][18]

H2O ��! 2 H + +
1
2

O2 + 2 e� (4.4)

This reaction can be described by the Krasilshchikov mechanism:[4]

S + H2O ��! S�OH abs + H + + e � (4.5)

S�OH abs  �! S�O � + H + (4.6)

S�O �  �! S�O + e � (4.7)

2 S�O  �! 2 S + O 2(g) (4.8)

Where S is the electrochemically activate site of the electrode.

Then, oxygen is removed from the electrolyzer and the hydrogen protons cross to the cathode
side through the membrane. The free electrons move from the anode to the cathode through
an external circuit.[4]

In the cathode side, the hydrogen evolution reaction (HER) takes place between the cathodic
catalyst layer and the membrane to form hydrogen molecules from hydrogen protons and
electrons. Equation (4.9) shows this reaction:[4][18]

2 H+ + 2 e� ��! H 2 (4.9)

HER is one of the simplest reactions, since it is a one reaction step for the electron transfer,
no chemical bonds are formed or broken so the geometry of the species is constant, and no
intermediates, products or starting materials are absorbed on the electrode.
Nevertheless, the HER reaction mechanism is not completely understood because it varies
a lot depending on the materials and operation conditions. The next mechanism is overall
accepted to describe the HER:[4]

1. Transport of water molecules to the phase boundary and adsoprtion.
2. Change transfer to the catalyst. The Volmer-Tafel mechanism is the one selected to

describe this process.
2.1.Volmer step: formation of adsorbed hydrogen atoms, reaction in catalyst

surface.
H3O+ + S + e �  �! S�H + H 2O (4.10)

2.2.Tafel step: recombination of adsorbed H atoms

M�H + M�H  �! 2 M + H 2 (4.11)

3. Desorption of H2 molecules from the catalyst surface.
4. Removal of H2 gas, by di�usion, convection and/or gas bubble formation.

There are other mechanism that describe the step number 2, such as the Volmer{Heyrovsky
or the Reversed Heyrovsky{Tafel. But the most widely used one is the one presented above.

7



Group HYTEC2-810 4. Theory

4.2 Faraday's Law

Faraday's Law describes the relation between the amount of gas produced and the charge
consumed by the electrolyzer in electrochemical reactions. So, it is possible to calculate the
amount of hydrogen produced by using the Faraday's Law: [4]

m =
I � t � M

z � F
(4.12)

Where m is the mass of gas produced, I is the electrical current, t is the time, M is the molar
mass of the gas, z is the number of electrons transferred per mol of gas produced, and F is
the Faraday constant (F = 96485 C).
The value obtained applying Faraday's Law is the ideal theoretical value. The faradaic
e�ciency (� F ) of the electrolyzer can be calculated using the following equation:

� F =
_nH 2 ;op

_nH 2 ;theo
(4.13)

Being _nH2;op the hydrogen produced and _nH2;theo the theoretical hydrogen produced, in
mol/s.

4.3 Electrolyzer Overview

This process of water electrolysis is carried out on a device called electrolyzer. An electrolyzer
is a cell that can be divided into anode, electrolyte, and cathode.The anode is formed by a
bipolar plate (BPP), a proton transport layer (PTL) and a catalyst layer (CL).
The cathode is also composed of a bipolar plate and a catalyst layer, but instead of having
a PTL it has a gas di�usion layer (GDL). Figure 4.1 shows a representation of the di�erent
parts of an electrolyzer and the main reactions that occur in the anode and cathode, as well
as the 
ow directions.

Figure 4.1. Electrolyzer representation
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4.3.1 Bipolar Plates

Bipolar plates are structures placed at both ends of the PEM, in the anode and in the
cathode. They are multifunctional components, their main goal is to properly distribute the
water 
ow in the cell and to do a rapid removal of the gaseous phases. It also works as a
mechanical support for the cell, and it separates single electrolyzers in a stack, conducting
heat and electricity from one electrolyzer to another.[18]

Bipolar plates represent around 80% of the cell weight, 50% of its volume, and 50% of the
cell price. They must be made of a highly corrosion-resistant material, they have historically
been made of graphite, but it tends to be oxidized to CO2 at high current voltages. So,
corrosion-resistant metals with high thermal and electrical conductivity are being studied
and used, such as stainless steel, titanium and their alloys.[18]

4.3.2 Porous Transport Layer

The porous transport layer is located in the anode between the bipolar plate and the catalyst
layer. This component is in charge of providing mass transport pathways for the gas-liquid
phase, as well as conducting electricity and heat, from the bipolar plate to the catalyst layer
and vice versa.[18]

The PTL must be made of a material which presents a high-corrosion resistance, great
electrical and thermal resistance, low contact resistance with other components, convenient
pore and porosity, and thin thickness for gas removal. Titanium-based materials are the
material selected in the porous transport layer since they ful�ll all the above-mentioned
conditions.

The porosity and thickness control is usually useful in the optimization of the electrolyzer,
large pores spaces decrease the two-phase transport and high porosity increases the porous
transport layer resistance. It is also important to have a low contact resistance between PTL
and CL, to stimulate the 
ow transport. Pore diameter between 10 and 13 �m and open pore
size around 0.2mm multilayer titanium PTL were found to be optimum.[18]

Microporous layers with titanium particles are used to decrease the loading of catalyst, since
they increase the active sites of the catalyst by penetrating into the pores in the PTL.
Consequently, the performance of the cell increases.
Coating materials on the surface of the PTL can also be used to increase the lifetime of the
cell. Platinum and gold can be used for this purpose.[18]

4.3.3 Anode Catalyst Layer

The anode catalyst layer is an iridium, ruthenium or both iridium and ruthenium based oxide
layer which works as a catalyst for the OER. It is located between the PTL and the PEM,
it must facilitate the transport of water, gaseous oxygen, protons and electrons, and it must
be resistant to highly acidic and oxidizing environments due to the presence of electrons and
the operation conditions. This is why precious metals are the most suitable option. [6]

The most used catalysts are IrO2, RuO2 and IrO2-RuO2. IrO 2 has a higher corrosion
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resistance, but is less active than RuO2, which performs better at low potentials.They can
also be mixed to obtain a more stable catalyst with mixed properties. However, the IrOx

catalyst is the most common one, it is presented in two forms, amorphous and crystalline,
being the amorphous form more active and less durable. The usual loading of anode catalyst
is around 1.24 mg/cm2.[18][6]

Nevertheless, it is necessary to �nd other high-active robust materials to progress in the PEM
electrolyzer implementation on the MG-scale commercialization, since iridium and ruthenium
are highly demanded, and expensive materials.[18]

4.3.4 Proton Exchange Membrane

The proton exchange membrane is a solid polymer that acts as an electrode in electrolyzers, it
is located between the two catalyst layers. Its purpose is to serve as a bridge for the hydrogen
protons to cross from the anode to the cathode, maximizing the proton conductivity. It also
compartmentalizes the oxygen gas in the anode and hydrogen in the cathode, preventing gas
crossover. [6] [18]

Per
uoridic acid (PFSA) membranes, such as Na�on, Aciplex or Flemion, are the most used
today thanks to the characteristics they present. They have a compact design with chemical-
mechanical stability, a good water uptake and moderate swelling, they can operate at high-
pressure and they present a very good proton conductivity at high operation temperature
(90ºC). [18]

Na�on is the most widely used because of its high proton conductivity. The phase separation
between the hydrophobic polymer backbones and the hydrophilic side chains terminated by
sulfonic and functional acid groups (-SO3H) is the reason why protons can move e�ciently
through the membrane. They usually have a thickness of 100 �m, but new membranes
present a reduction to 25 �m thanks to the incorporation of inorganic antiparticles, increasing
e�ciency and conductivity. Figure 4.2 shows the structure of a Na�on membrane: [18] [19]

Figure 4.2. Na�on membrane structure [19]

The membrane must be hydrated to stimulate the proton conductivity, water 
ows through
the membrane due to the electro-osmotic drag and the di�usion. The parameter called water
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uptake(�) represents the number of water molecules per sulfonic acid site: [4][20]

� =
! � EW
M H 2O

(4.14)

! is the weight percentage of water in the membrane, EW is the equivalent weight of Na�on,
and MH 2O is the water molar weight. The proton conductivity is directly proportional to the
water uptake when 2< � <22, at � = 22 the membrane fully hydration is reached.

There are two mechanisms which describe the proton conduction through the membrane:[18]

ˆ Grotthus mechanism: protons jump from one proton donor to a proton acceptor.
They combine with water to form hydronium ion (H 3O+ ), so protons move from one
hydronium ion to another.

ˆ Vehicular mechanism: water becomes the protons carrier, they mix with water
molecules and hydronium ions pass through by electro-osmotic drag, following the water

ow and proton movement from anode to cathode.

Grotthus mechanism is usually the dominant one, it is the fastest proton conduction
mechanism in NFSA membranes, but the vehicular mechanism is the dominant one at low
water contents.[21]

There are two major phenomena that should be taken into account to characterize the PEM
electroyzer, they are the electro-osmotic drag and the permeation. They are gas or water
crossover mechanisms that have a negative impact on cell performance.

Electro-Osmotic Drag

The electro-osmotic drag is a phenomenon that happens in proton exchange membranes, it is
the movement of water through the membrane when it is dragged with the proton movement.
The water molecules move from the anode to the cathode, mixing with the H2 produced and
reducing its purity. This can also cause problems with the hydrogen compressor after the
electrolyzer, and it can provoke unwanted reactions. [4] [20]

The amount of water molecules transported by electro-osmotic drag depends on the current
density, and it is proportional to temperature. It can be calculated by knowing the drag
coe�cient (n drag ) and applying the Faraday equation: [20]

JH 2O;Eod = n drag �
ncell � j
4 � F

(4.15)

Where JH 2O;Eod is the electro-osmotic drag water 
ux, ncell is the number of cells, j is the
current density and F is the Faraday constant.
To calculate the total amount of water discharged, the water transported by di�usion must
also be taken into account. The total water transported would be the sum of the electro-
osmotic drag water 
ux and the di�usion water 
ux.

Permeation

Permeation is the process of gas crossover through the membrane. O2 gas permeates from the
anode to the cathode, and H2 permeates from the cathode to the anode. This phenomenon
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decreases the e�ciency of electrolyzer and the gas purity, it is more noticeable when operating
at high pressures.

For permeation to occur the gas must be dissolved, either in the water or the membrane.
However, di�usion through the membrane in Na�on membranes is usually neglected, since it
is very slow and the di�usion through the liquid water is considered the dominant mechanism
of permeation. There are two mechanism which contribute to permeation: [4][22]

ˆ Di�usion: H 2 and O2 permeate from one side of the electrolyzer to the other due to
the concentration gradient. Molecules travel from the side with higher concentration
to the side with lower concentration. The di�usion 
ow rate of substance x (J dif f;x )
can be calculated applying the Fick's law by knowing the di�usion coe�cient (D ef f

x )
of the substance "x", the di�erence in concentration from anode to cathode �C x , and
the membrane thickness (tmem ), which is the distance the substance has to travel: [22]

Jdif f;x = D ef f
x �

�C x

tmem
(4.16)

ˆ Convection: dissolved H2 and O2 permeate from one side of the electrolyzer to the
other due to electro-osmotic drag or pressure di�erences. They can permeate dissolved
in water when water travels through the membrane as a result of the electro-osmotic
drag, the convection 
ux can be calculated as: [22]

Jcon;x = v H 2O � Cx = J �P;x + J eod;x (4.17)

Where Jcon is the convective 
ux of substance x, vH 2O is the water velocity through the
membrane and Cx is the concentration of specie x in water. Two di�erent transport
mechanisms comprise convection. The �rst one is the convection due to the pressure
di�erence:

J�P;x = D �P;x �
Px � �P

tmem
(4.18)

Where J�P;x is the 
ux due to pressure di�erence, D �P;x is the transport coe�cient,
Px is the partial pressure of specie x in the part of the electrolyzer with higher presence
and �P is the pressure di�erence.
The second one is the convection due to the electro-osmotic drag:

Jeod;x = D drag;x � Px � j (4.19)

Being Jdrag;x the drag 
ux of specie x, Ddrag;x the drag coe�cient, P x the partial
pressure of specie x in the part of the electrolyzer with lower presence, and j is the
current density.

The total permeation can be calculated as the sum of di�usion and convective permeation.
Gas crossover plays an important role in the design of electrolyzers, as high values of hydrogen
crossover can originate instability and provoke explosions. [4]

4.3.5 Cathode Catalyst Layer

The cathode catalyst layer has the same purpose as the anode catalyst layer, but this one is
used to stimulate the HER. Pt has always been used as catalyst, with a low catalyst loading,
around 0.4-0.8 mg/cm2.

12
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To make the catalyst more accessible to large scale demands, platinum catalysts with carbon
support have been developed, reducing the price of it. This is possible because of the non
oxidizing conditions of the cathode. These catalysts present high catalytic activity, stability,
conductivity, and performance. [4][23]

4.3.6 Gas Di�usion Layer

The gas di�usion layer is a kind of porous transport layer, but this one is situated in the
cathode and receives the electrons from the PTL. Its goal is to perform a correct removal of
H2 gas in the cathode, preventing mass-transport limitations in the catalyst layer, or other
ine�ciencies like the blocking of active sites.

One of the biggest di�erences from the PTL anode is the material, the GDL is made of
carbon based materials or even foam. This is possible because of the environment in the
cathode is not acidic. Nevertheless, metallic materials have sparked interest due to their high
conductivity and mechanical strength. [4] [6]

4.3.7 Operating Conditions

It is essential to operate at the optimum conditions in order to have the highest possible
e�ciency.

Temperature

Electrolyzers usually operate at high temperatures, since as a consequence of increasing
temperature, the ionic conductivity of the membrane raises. Moreover, the activation
potential decreases, increasing the exchange current density and improving performance.
However, there are more cross currents at higher temperatures because of the random
thermal movement of molecules, membrane relaxation, and increased gas permeability. The
degradation has a faster e�ect at higher temperatures.[24]

The operating temperature is limited by the vaporization temperature of water, and also by
the degradation and lifetime of the electrolyzer. The usual operation temperature is 60 to
80°C. [4][23]

Flow Rate

Another parameter that signi�cantly a�ects the electrolyzer performance is the 
ow rate.
It must be controlled to optimize the OER and HER, and to prevent mass transfer loss
and degradation. Higher 
ow rates allow faster outgassing from the electrode surface and
decreases mass transport losses.
The optimum 
ow rate varies depending on the characteristics of the electrolyzer, such as
channel size and shape, PTL... So it is important to study each case speci�cally to know the
maximum 
ow rate which gives the maximum current density possible. [23]

Pressure

Pressure is also an important factor in terms of electrolyzer e�ciency, but it has a higher
impact on the overall e�ciency. Because hydrogen is stored at high pressure, it is worth
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operating the electrolyzer at high pressures, to reduce mechanical compression and costs,
and to increase the system e�ciency.
There could be mass transport problems due to permeation when the cathode and anode are
operated at di�erent pressures, with a big pressure di�erence between them. At higher
pressures, the hydrogen concentration in oxygen increases, so the electrolyzer must be
operated at high current densities to not reach the dangerous level of 2% H2 in O2. [4][23]

The electrolyzer is usually operated at 1 to 30 bar, but it has been proven that it can be
operated at 90 bar, producing high-pressure hydrogen without further treatments. [4][23]

4.4 Electrolyzer Characterization

4.4.1 I-V curve

The I-V curve or polarization curve is a plot of the cell voltage in relation to the current
density. It is used to characterize the cell performance at di�erent load conditions, providing
information on performance loss. It represents all loss-mechanisms in the cell.
The cell voltage can be calculated using equation 4.3:[4][6]

V = Vrev + � act + � ohm + � conc (4.20)

Where Vth is the thermoneutral voltage, � act is the activation overpotential, � ohm is the ohmic
overpotential and � conc is the concentration overpotential

Figure 4.3 shows the polarization curve of an electrolyzer, with the thermoneutral voltage
and the di�erent overpotentials.

Figure 4.3. Electrolyzer I-V curve [4]

The polarization curve can be divided into three regions:[4][6]

ˆ Activation region: corresponds to the activation overvoltage needed for the catalytic
reaction. It is a exponential curve which takes place at very low current densities.
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ˆ Ohmic region: is the linear region in the middle, it is dominated by the ohmic overpo-
tential. So, it is controlled by the electrical and ionic resistance of the membrane and
cell components. The ohmic resistances are proportional to the membrane's thickness
and inversely proportional to the membrane conductivity.

ˆ Mass transport region: is the region at high current densities, dominated by the
concentration overpotential. The voltage increases exponentially due to mass transport
limitations.

The three overvoltage behaviors can be observed in �gure 4.4, the activation overpotential
has a huge impact at low current densities, the ohmic overpotential has a linear increasing
impact, and the concentrations overpotential has an exponential impact at high current den-
sities:

Figure 4.4. Overvoltages vs current density [25]

4.4.2 E�ciency

There are di�erent electrolyzer e�ciencies which can be measured:

ˆ First law e�ciency: it is the enthalpic e�ciency, which takes into account the useful
energy obtained (�H OR ) and the energy used or electric work (Wt ).

� �H =
�H OR

Wt
(4.21)

ˆ Second law e�ciency: relates the reversible electrical work (�G OR ) to the electrical
work applied (W t ).

� �G =
�G OR

Wt
(4.22)

ˆ Voltage e�ciency: relation between the ideal thermoneutral voltage (V t h) and the real
voltage (V)

� V =
Vth

V
(4.23)

ˆ Thermodynamic e�ciency: relation between the reversible voltage (V max ) and the ideal
thermoneutral voltage.

� th =
Vmax

Vth
(4.24)

Faradaic e�ciency is also important and it was described in section 4.2
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4.4.3 Lifetime

Lifetime is the expected useful life of the electrolyzer, it is the time the electrolyzer can
operate without changing core components or being stopped by a failure. It is approximated
by knowing the degradation of the components. The proper selection of materials for the
membrane and catalyst is crucial to improve the lifetime of the device. [4]

The lifetime can be stated depending on safety or economic conditions. The safety end of life
condition for electrolyzers is usually the loss of thickness of the proton exchange membrane
to 20% of the initial thickness. At this point, gas crossover would likely pass the safety limit
of 2%.
Lifetime is also limited by the e�ciency of the cell and the economic pro�tability it can
o�er. The catalysts play an important role here, since they degrade considerably over time,
reducing the performance of the electrolyzer. They must be substituted when necessary. High
loading of Pt increases the expected lifetime of the electrolyzer. [4]

Nowadays, electrolyzers can reach more than 60,000 hours of operation when they use high
platinum loadings. [4]
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4.5 Degradation Theory

Degradation plays a key role in the performance of PEM electrolyzers through time. It de�nes
the end of life of the cell.

There exist a lot of di�erent mechanisms that contribute to degradation. Figure 4.5 shows
the most important degradation mechanisms and their impact on the cell performance.[4] [15]

Figure 4.5. Degradation mechanisms [15]

These mechanisms can be divided into three groups, depending on the cause of the
degradation, these are chemical, electrochemical, mechanical, and thermal. Most of the e�ects
of degradation are irreversible, meaning that the cell will never reach its initial performance,
this is one of the reasons why it is important to calculate the degradation from the very
beginning. As can be seen in �gure 4.5, there are a lot of degradation mechanisms in the
operation of PEM electrolyzer, the most important ones are described below: [2]

4.5.1 Chemical Ionomer Degradation

The chemical ionomer degradation or membrane thickness via radical attack is the decrease
in membrane thinning because of the attack of radical species which react with membrane
molecules in the edge of the membrane. [17] [15].

Hydrogen peroxide radicals are produced from hydrogen oxidation, they can be produced at
low potentials (0.682 V) in acidic environments in presence of oxygen and protons. This kind
of degradation can occur either from the anode and from the cathode. However, it mostly
takes place on the anode side due to the higher presence of oxygen. It is also enhanced at
low current densities; the lower the potential, the higher the stability of radicals.
Then, these radicals react in a complex reaction mechanism, consuming the end groups of
the membrane and releasing 
uoride. This is why the 
uoride release rate is used to estimate
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the degradation rate. [17]

Contaminated environments stimulate this kind of degradation, e.g. metallic traces in the
input water, such us Fe+2 , can react to enhance the formation of radicals which react with
the membrane.

The chemical ionomer degradation of the PEM has many di�erent e�ects to consider on the
cell performance. The most remarkable ones are the releasing of unwanted substances, the
increment in membrane resistance and gas crossover, the change in membrane structure and
water uptake properties, the formation of pinholes in the membrane, local temperature peaks,
and the decrease in mechanical properties. [17]

The main strategies to prevent the chemical ionomer degradation are:

ˆ Using optimized operating strategies and energy bu�er management to reduce the time
spent on idle load and during rapid load changes, which can cause voltage spikes and
drops.

ˆ Do not have contaminants in the water input.
ˆ Well humidi�ed membrane, moderate temperatures and low hydrogen pressures.
ˆ Uniform distribution of temperature and humidi�cation by having a correct 
ow �eld

design given by membrane components such us GDL.

4.5.2 Ionomer Inhibition

The ionomer inhibition is the loss or reduction of proton conduction in the membrane, it
is the blocking of the functional sulphonic end groups of the ionomer. It is caused by the
ion change of Br�nsted acid sites with cations due to contaminants. The contaminant which
a�ects ionomer inhibition the most is the NH +

4 that comes from NH4 or NOx compounds
reduced with hydrogen. [17]

These inhibition originates an increment in membrane resistance due to the blocking of
functional groups for the proton transport. It also modi�es the water uptake behaviour
and its conductivity as well.[17]

It can be mitigated by avoiding the impurities which contribute to the ionomer inhibition,
using additives and auxiliary materials, and by avoiding bipolar plates degradation and
corrosion. [17]

4.5.3 Passivation

Passivation is the formation of an insulating oxide layer in the surface of metal materials.
It can occur in any component with metallic components, such as bipolar plates, PTL or
catalyst layers. It is more noticeable in the bipolar plates. However, PTL passivation has
the highest impact on cell degradation.[15]

Passivation increases the contact resistance, which decreases the interfacial contact, reducing
the electric conductivity or catalyst detachment between the PTL and CL. It has a higher
impact on the anode side. [4]
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4.5.4 Mechanical Membrane Degradation

The membrane is usually deformed with time when the electrolyzer is operating, it decreases
its performance. There are di�erent factor that a�ect the membrane deformation, such as the
chemical degradation, physical stresses, high operating temperatures, swelling and shrinking
of the membrane, and the reduction of humidity level. [17]

This kind of degradation decreases the proton conductivity of the membrane, it increases the
gas permeation, voltage losses, current reversal, provokes local temperature peaks.
It can be mitigated by controlling the membrane humidity, by avoiding dry-out, pressure
di�erences and overpressures, by using thicker GDL, by reinforcing the membrane... [17]

4.5.5 Platinum Catalyst Degradation

There are three main mechanisms that contribute to platinum degradation:[17]

ˆ Dissolution and redeposition: an electrochemical platinum dissolution can be possible
at potentials below 1.188V in acidic environments. It is also oxidized at potential higher
than 0.98V, and then platinum oxide can be dissolved with hydrogen protons. Platinum
can also be dissolved with chlorides.
Particle growth also occurs by Ostwald ripening, by coalescence with platinum disso-
lution, or by migration. This phenomenon increases the particle size of platinum, so
fewer and larger particles stay in the catalyst layer, providing less activation surface for
reactions to happen.

ˆ Detachment and coalescence: it occurs due to particle growth, carbon support degra-
dation, mechanical impacts or weak bonding to the carbon surface support.

ˆ Poisoning and blocking: poisoning happens when the catalyst adsorbs compounds that
block the active surface of the catalyst. There are di�erent substances that poison the
catalyst, such as CO, NO2, H2S...

These platinum degradation mechanisms usually cause an irreversible catalyst surface
deactivation, decreasing the catalyst performance and increasing the overvoltages needed.
It can also cause the formation of a platinum band, which is the redeposition of platinum
particles inside the membrane. [2]

Some strategies to prevent or mitigate catalyst degradation are the avoidance of high cell
voltages, highly transient operation, cell reversal, start/stop operation, high temperatures,
wrong catalyst distribution, not optimal humidity and contaminants. [17]

4.5.6 Iridium Catalyst Degradation

Iridium catalysts are very stable and resistant to corrosion, but can be electrochemically
dissolved at high potentials. Soluble iridium oxide is formed by hydrolysis at potentials
higher than 2.1V. Chlorine ions can also cause chemical dissolution. [2]

As for platinum catalyst degradation, the iridium also su�ers particle growth by Ostwald
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ripening, coalescence, and migration. The active surface is poisoned by contaminants and
metal ions. Iridium catalyst is subjected to more mechanical stresses due to the gas bubbles
in the anode, provoking more detachment. The iridium catalyst degradation is also mostly
irreversible. [2]

The causes, e�ects, and strategies to avoid iridium catalyst degradation are very similar to
those mentioned for the platinum catalyst

4.5.7 Carbon corrosion

Carbon-based materials can su�er corrosion when operating at high potentials. Under acidic
conditions, carbon is only stable under 0.207V. At higher potentials, reaction (4.25) starts to
occur, and solid carbon is consumed by reacting with water.[17]

Cs + 2H 2O ! CO 2 + 4H + + 4e� (4.25)

Carbon corrosion causes the thinning of carbon-based layer, it increases ohmic and contact
resistances, and decreases the electrolyzer e�ciency. Some mitigation strategies are: [17]

ˆ Adding platinum particles: they lower the kinetic oxidation resistance and make the
cell operation more stable.

ˆ Operation conditions: avoid low current densities, very high cell voltage, and transient
operation.

4.5.8 Reversible Degradation

Reversible degradation is the kind of degradation that causes losses which can be recovered
or, at least, partly recovered. A change in the electrolyzer operation conditions or a operation
stop is usually enough to reverse the degradation.

Some reversible degradation factors are catalyst restructuring, contamination, water
management, and ionomer degradation. The low anode loading, high current density,
inhomogeneous anode coatings, and low operating conditions stimulate the increase in
reversible losses. Strategies have been developed to minimize this losses. [26]

Reversible degradation is more noticeable at high current densities. The factor that a�ects
the most to reversible degradation is the creation of oxygen bubbles that can get stuck inside
the electrolyzer and decrease the mass transport e�ciency.
An electrolyzer shutdown is usually enough to recover most of the degradation.[27]
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Experiment Description 5
This chapter describes the theory behind the experiment and the tools and components used
to carry it out.

The experiment is carried out on a device called Innovation Greenlight electrolyzer test
equipment. This is a device developed by the company named Greenlight Innovation, it
consists of a station designed to easily control all the operation conditions. A DC regulated
power supply is attached to the station to supply electricity.
It also comes with software which allows to control and set up the operation parameters,
storage and display data, control the process...[28]

5.1 Electrolyzer components

The electrolyzer components used for the experiment are described in this section. Figure
5.5 shows how the electrolyzer looks after being assembled:

(a) Electrolyzer top view (b) Electrolzer front view

Figure 5.1. Electrolyzer top view (a) and front view (b)

5.1.1 Membrane

The membrane is made of Na�on117, with a thickness of 183 �m. It has an anode and
cathode side coated with ultrasonic spray deposition.
The anode catalyst is of type IrOx , with a size of 2-5 nm and a weight percentage content of

21



Group HYTEC2-810 5. Experiment Description

Ir of 17.35 ± 1.14%. The catalyst loading in the anode is 0.5 mg/cm2, and it is uniformly
distributed.

The cathode catalyst is of type Pt/C, with a weight percentage content of 47.1%, The cath-
ode catalyst loading is 0.3 mg/cm2, and the size is unknown.

Figure 5.2. Membrane used for the experiment

5.1.2 PTL

The PTL is 5x5 cm layer made of Ti and coated with Pt to mitigate degradation. It has a
thickness of 0.51 mm and a porosity of 56%. [29]

5.1.3 GDL

The GDL is made of Toray carbon paper 060, which is a carbon �ber paper. It has a thickness
of 190 �m and a standard 5% weight wet proo�ng. Later in the experiment, these GDL will
be changed for a new one with a thickness of 280 �m. [30]

(a) PTL and its structure [29] (b) GDL

Figure 5.3. PTL (a) and GDL (b)

5.1.4 Flow Plates

Flow plates are titanium blocks which have holes and 
ow �elds on them, they are coated
with a passivation layer to prevent corrosion. A heat treatment process must be done before
usage to prevent leakage. The electrolyzer needs two of these blocks, one for the anode and
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the other for the cathode.
The one in the anode is coated with Pt and it is planned to have water as input and output.
The one in the cathode is coated with Au and is planned to have only hydrogen output.
Figure 5.4 shows the anode plate and its 
ow distribution pattern. The same pattern is used
for the cathode.

Figure 5.4. Flow plate. Photo courtesy of Hamilton Delaney

5.1.5 Gaskets

The gaskets are used to prevent water and hydrogen leaking and electrical short circuits. It
is a layer of PTFE that is �tted inside the 
ow plates and around the GDL and PTL. Two
kinds of gasket are used during the experiment, one with a thickness of 0.5 mm and other
with a thickness of 0.25mm. Figure 5.5b shows an image of the gaskets used.

5.1.6 Current Collectors

Current collectors are in charge of receiving electricity and distributing it through the
electrolyzer. They are 127x76.2mm 99.95% pure Cu blocks with holes to make assembly
easier. They are coated with a Tin layer to prevent corrosion.

(a) Current collector (b) Gaskets

Figure 5.5. Current collector, photo courtesy of Hamilton Delaney (a), and gasket (b)
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5.2 Break in/Conditioning

The process called break in or conditioning of the PEM electrolyzer is needed to ensure the
correct and optimum operation of the device from the beginning.
The most noticeable bene�ts are the removal of impurities in the membrane electrode
assembly, the activation of catalysts, the creation of pathways from reactant to catalyst,
and the hydration of the membrane and catalyst layer, which leads to better proton transfer
e�ciency.[31] [32]

There are di�erent ways to carry out this process, depending on the operating conditions.
One accepted process can be done following the next steps: [31] [32]

1. The cell is warmed up to the desired temperature by using the water which goes through
it.

2. When the desired temperature is reached, a current density of 0.2 A�cm2 is applied for
30 minutes.

3. The current density is increased to 1 A�cm2 for another 30 minutes.
4. The cell is operated at a constant voltage of 1.7 V until the current is stabilized, with

current variations lower than 1% per hour.
5. Data points are registered every period of time to obtain performance curves and verify

the process.

The time needed for the conditioning process varies depending on the operating condition,
e.g., up to 12 hours at 60 °C and lower time at 80 °C. There is no universal method that
works better than another in all situations. That is why it is important to record the cell
stability, and repeat the polarization curve measurement at least 3 times.

There exist faster methods of conditioning than the one presented before, but it has been
found that slow conditioning processes are better in terms of electrolyzer performance and
prediction. Since the OER kinetics improve, the high-frequency resistance and the electrode
capacitance increase, and the polarization curve hysteresis decreases.[33]

5.3 Data measured

The data taken from this experiment are directly recorded by the Greenlight fuel cell and
electrolyzer test equipment and its software. Data are taken every 3-4 days. I-V curves are
obtained by manipulating the current of the system. The current is set at 0A and is increased
to 50A with a step of 1.25A, in each step the voltage production is written down after waiting
for the system to stabilize. Hydrogen production is also recorded in each step.

After one week and a half of the experiment, an automatization code was made to collect the
data for the IV. This code essentially performs the same procedure mentioned above, but it
does it automatically, stopping 60 seconds between current steps.

In the results and discussion section, the data are presented with the dates in which they
were taken. Not all data plots are presented, only the most relevant ones.
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Di�erent kinds of data can be obtained depending on what is interesting to analyze, i.e. data
varying only the water recirculation 
ow is also taken during the experiment or EIS. However,
another data measuring device is needed to calculate the resistances inside the electrolyzer
by doing an electrochemical impedance spectroscopy (EIS). A device called Reference 3000
Potentiostat produced by Gamry Instruments is used for this purpose. EIS measurement is
performed during the electrolyzer operation. [34]

5.3.1 EIS

EIS is a technique used to analyze the performance and resistances of the electrolyzer
by examining the internal chemistry that happens inside the device, obtaining real-time
information of electrode processes, polarization process, and reaction kinetics. It consists
of measuring electrical 
uctuations provoked by applying sinusoidal signals and perturbing
frequencies in a small range. [35] [36] [37]

An equivalent circuit model is established using the EIS, then information such as ohmic
resistance, double layer capacitance, and charge transfer resistance can be extracted. EIS
is performed to obtained two di�erent plots which give important information about the
electrolyzer: [37] [38]

ˆ Nyquist plot: it shows the correlation between the real and imaginary impedances when
the frequency varies. The frequency information is not directly represented as an axis
of the plot. Identi�cation processes are performed to identify the di�erent kinds of re-
sistance using the Nyquist plot, i.e. a 45° line at low frequencies means mass transport
resistances, semicircles are found in the medium frequency range and they correspond
to charge transfer or chemical resistances. Figure 5.6 shows a typical Nyquist plot for
an electrolyzer, di�erentiating between the di�erent zones. On the one hand, the OER
is the slower and rate limiting process, so the anode activation losses are represented
at low frequencies. On the other hand, the cathode activation losses are represented at
higher frequencies, since the HER is faster. [37] [38]

Figure 5.6. Typical Nyquist plot[39]

25



Group HYTEC2-810 5. Experiment Description

ˆ Bode plot: it is a di�erent way of representing the same information as the Nyquist
plot, but with a direct relation to frequency. The magnitude and phase angle of the
impedance are plotted as a function of the frequency in the Bode plot. The impedance
magnitude is represented on the left side X-axis, and the phase angle in the right side
X-axis.
Drops in frequency represent charge transfer or chemical resistances, and 
at regions
at high frequencies represent ohmic resistances. Another important aspect is that
the number of peaks in the phase angle plot equals the number of resistor-capacitor
equivalent circuits (RC). An ideal Bode plot of a parallel RC circuit is presented in
�gure 5.7. At low frequencies, the resistor dominates, maintaining constant impedance
and a 0° phase angle. At high frequencies, the capacitor short circuits the resistance,
causing the impedance to decrease linearly and the phase angle to approach 90� . [37]
[38]

Figure 5.7. Ideal Bode plot [40]
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Experiment Procedure 6
The procedure to carry out this experiment can be described following the next steps:

1. Cell assembly
2. Cell pretreatment
3. Leaking test
4. Initial test
5. Break in
6. Electrolyzer operation
7. Data analysis

To obtain a clearer vision of the procedure, �gure 6.1 shows a process 
ow diagram of the
procedure applied:

Figure 6.1. Procedure PFD

6.1 Cell assembly

Cell assembly was done after all the required components were obtained, and modi�ed in
size, if needed. 3 GDL layers were used in the cell to match the thickness of the PTL and
ensure correct cell operation. So, a total of 570�m was reached. However, these three layers
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would be changed later in the experiment for a single GDL with a thickness of 280�m.
Plastic pins must be used to connect all the components. At �rst, metal pins were used, but
this originated a problem in the cell, since the electricity 
owed through these metal pins
instead of following the desired path.

After properly connecting all the electrolyzer components, they are torqued together following
manufacturer's procedure. Following a star pattern, all bolts were tightened in increments:
�rst to 10 in�lbs, then 20, 30, and �nally to 40 in�lbs.

6.2 Cell pretreatment

The cell can be subjected to a thermal pretreatment to try to prevent assembly problems
such as leaks. The membrane electrode assembly can be introduced in an oven at 140°C for
2 hours. At higher temperatures, the cell materials become more 
exible and the curvature
of cell and assembly imperfections can be corrected.
The pretreatment can also be a mechanical pretreatment, but the thermal one presents more
advantages.

In this experiment, only the gaskets are pretreated in the oven, with the purpose of removing
the curvature and preventing possible leaks.

6.3 Leaking test

The leaking test is performed to check if there is any leakage and if so, �x it.
Air is introduced on the anode side of the cell, then the pressure is maintained constant at
low values, the valve of air input is closed, and if the pressure drops, it means there is a
leakage. In this case, a leakage detector 
uid is used to identify the location of the leak. It
is applied in the possible locations, such as bonds or connections, and if the creation of air
bubbles is observed, it means that the leak is there. Finally, the cell is modi�ed to �x that
leak, it can be modi�ed by tightening the bolts or by other methods.

The same procedure is repeated until there are no leaks, then it is carried out in the cathode
side.

6.4 Initial test

An initial test was performed to verify the proper functioning of the electrolyzer. This test
consists of obtaining the I-V curve of the cell for a current density from 0 to 2 A/cm2.

The operation conditions are written down, and the current is increased from 0 A to the value
needed to obtain a current density of 2 A/cm2, in this case this value is 50 A, since the area
is 25 cm2. The current is increased by 2.5 A for each data-point and the values of voltage
are written down. Additionally, the values of hydrogen produced 
ow were also noted.
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6.5 Break in/Conditioning

It was decided to do the break in by operating the cell at 80°C, 0.5 A/cm2 and 0.5 NLPM
of recirculated water for 48 hours, and then increasing the current density to 1 A/cm2 for 24
hours, following the European standard. [41]

6.6 Electrolyzer operation

After the break in is conducted, the electrolyzer is ready to start normal operation. The
operation conditions are selected and established for the experiment. The experiment is
supposed to run for 6 consecutive weeks, reaching over 1000 hours of operation.

The conditions selected for this experiment are a temperature of 80°C and a pressure of
1 atm. These conditions are widely used when testing the PEM electrolyzer degradation,
making easier the comparison with literature.

At higher temperatures, the PEMEL increases its e�ciency, and more hydrogen is produced,
but the degradation also increases. So, when operating at 80°C for the established period,
signi�cant degradation will be observed and can be studied.

It is operated at 1 atm for safety reasons, and to make the comparison easier. It also allows
to study di�erent kinds of degradation, at lower pressure, less mechanical degradation, and
more chemical, thermal, and reversible degradation would be observed.

The cell is operated at a current density of 2 A/cm2. This condition increases the production
of hydrogen and the degradation, making it suitable for the purpose of the experiment.

The water conductivity must be less than 0.3 �S/cm to consider the water as DI water.

6.7 Data analysis

Data are taken during the experiment, and they are processed to obtain a visual
representation of what is happening in the electrolyzer and to reach conclusions.

The results are discussed while the experiment is still running in order to optimize conditions
and solve possible issues that can a�ect the electrolyzer performance.
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The data obtained from the experiment are presented and discussed in this chapter. This
chapter is divided into initial test, �rst experiment, and second experiment. Data were taken
periodically every 3 to 4 days. However, only relevant plots will be presented in this section.
In addition, one last experiment in which degradation is very remarkable is presented. Finally,
results obtained from a simulation model are presented to gain a clearer vision of the results.

The results were decided to be expressed making a distinction between the two di�erent
electrolyzer assemblies, this is because of the signi�cant e�ciency di�erence between them and
possible variations in degradation e�ect. The �rst experiment corresponds to the electrolyzer
operation using 3 GDLs of 0.19mm thickness each. The second corresponds to the operation
with one 0.28mm thick GDL.

An electrical short circuit was present throughout all the experiments, but it was identi�ed
and �xed on 9th of December. However, it was too late to obtain relevant data for the
project. So, a small section dedicated to the data obtained for the healthy electrolyzer setup
is presented.

To obtain a clearer vision of the actions performed that could a�ect the electrolyzer proper
function, a chronological enumeration is made up as overview:

ˆ Disassembly to change gaskets.
ˆ Disassemblies to �x leaking problems.
ˆ Disassembly to change metal pins for plastic pins.
ˆ Disassemblies to add the three GDLs.
ˆ Disassembly to change the three GDLs for a single one.
ˆ Disassembly to change GDL dimensions and measure ohmic resistance of the di�erent

parts of the electrolyzer. The membrane was completely dried during this process

Isolating the electrolyzer by wrapping it with a thermal isolating material would be very
bene�cial for the purpose of the experiment, since the temperature is unstable through the
electrolyzer operation.

7.1 Initial test

The initial test was carried out with a water 
ow of 0.25 L/min and an initial temperature
of 71°C, which rose up to 73°C during the experimental period. This temperature instability
was considered to not a�ect negatively to the purpose of the initial test.
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O2 was present in small quantities during the entire experiment period. There was O2 even
when there was no production of H2, this could be due to the previous operation of the
electrolyzer before starting the experiment. A measurement problem of the station was
considered to be the reason of the wrong oxygen output number, it was considered to not
have a negatively e�ect on the electrolyzer operation. The whole experiment was carried out
ignoring this output variable.
Figure 7.1 shows the IV curve obtained from the initial test. It can be observed how the
voltage increases linearly with the current density until the thermoneutral potential is reached.
Then, the voltage also increases linearly following the ohmic resistances.

Figure 7.1. 1st test polarization curve

Figure 7.2 represents the hydrogen produced, in normal liters per minute, at di�erent current
densities. It can be observed how there is no hydrogen production until the current density
is 0.75A/cm2, the thermoneutral voltage of 1.48V is reached, and reactions start to occur.
Then, the hydrogen production increases linearly, following the Faraday's Law.

Figure 7.2. 1st test hydrogen production

The initial test shows two main problems, a higher voltage than expected and the wrong
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behavior of the IV curve. To �x the overvoltage problem, more GDLs were assembled in the
electrolyzer, trying to avoid ohmic resistances, the PTL thickness was taken as a reference
for the proper functioning. After adding a second GDL, the experiment o�cially began. The
problem regarding the IV curve will be approached in the next sections.

7.2 First experiment

7.2.1 Test 1

The experiment began on October 30th at 10:00 AM. Figure 7.3 shows the IV obtained at
76°C.

Figure 7.3. I-V curve at 76°C (30/10/2025)

To try to �x the still present problems, the electrolyzer was disassembled and a new GDL is
added to the cell, having a total of 3 GDLs. The total thickness of the GDL is now 0.57mm
which is larger than the gasket thickness, and the PTL thickness is 0.51mm. The gaskets also
play an important role here, since if the gasket is much thicker than the GDL or PTL, it could
cause a contact ine�ciency between layers, increasing the ohmic resistance and decreasing
the electrolyzer performance.

7.2.2 Test 2

The second I-V curve was measured on the 4th of November. The result is shown in �gure
7.4, an improvement in performance can be observed, voltage drops from 1.9 to 1.83V at 2
A/cm 2. The electrolyzer temperature is 78.5°C, which also plays a role in the increase of the
voltage di�erence:
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Figure 7.4. I-V curve at 78.5°C (04/11/2025)

When comparing this �gure to literature, a big di�erence can be observed, the voltage starts
at 0V and increases linearly. Literature shows curves that start at the Nernst potential value,
which would be around 1.23V for this case. [4] [42].
This di�erence means there is something wrong with the equipment or the cell, it is not
working as intended.

When comparing the IV curves obtained to the ones provided by the manufacturers, it can
be observed how the experimental IV curves are shifted 0.7 A/cm2 to the right for the 1st
experiment. To identify this problem, the electrical resistance between the anode and cath-
ode was measured, obtaining a very low result.
This could mean that there is a soft short between the anode and the cathode, or that there
is an unwanted resistance in the cell, caused by a leak, or an assembly or component problem.

Figure 7.5. Comparison with manufacturer

The line does not exactly overlap the manufacturer's curve because di�erences in the
electrolyzer or operation conditions, i.e. the IV curve obtained experimentally was measured
at 78.5°C, and the manufacturer's at 75°C.
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A mathematical validation was also performed to check the results. The amount of hydrogen
produced is calculated applying the Faraday's law and it is then compared to the experimental
values obtained. The hydrogen produced is shown in �gure 7.6:

Figure 7.6. H 2 production 04/11/2025

The mathematical value obtained for a current density of 1 A/cm2 and assuming a Faradaic
e�ciency of 100%, is 2.61�10�4 . However the value obtained experimentally is 5.4�10�5 g/s.

Another comparison was done for a current density of 1.5 A/cm2. The mathematical value
obtained is 3.92�10�4 g/s, and the experimental value is 1.68�10�4 g/s.
For a current density of 2 A/cm 2, the mathematical value is 5.22�10�4 g/s and the
experimental one is 2.90�10�4 g/s.

We can observe how the mathematical and experimental results di�er signi�cantly, with a
higher di�erence at lower currents. At higher currents, the di�erence is reduced.
The Faradaic e�ciency goes from 20.69% at 1 A/cm2 to 55.55% at 2A/cm2. The electrolyzer
usually has a 98% or higher Faradaic e�ciency.

Water recirculation 
ow

Another test was performed to investigate the e�ect of the water recirculation 
ow in the
electrolyzer, since the inlet pressure in the anode was considerably high, about 4.40 barg.
This condition causes a larger pressure di�erence in the electrolyzer, increasing convection
and, as a consequence, degradation.

Table 7.1 shows the data taken at di�erent 
ow rates of water recirculated, while the
electrolyzer operates at 50A and 80°C. It can be noted how the voltage is maintained constant
with a small increase, which has nothing to do with the recirculated water. The inlet pressure
drops signi�cantly without a�ecting the outlet pressure and hydrogen production. However,
the temperature of operation decreases from 79.1 to 77.5 °C due to less hot water recirculation,
which could cause some ine�ciencies.
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The performance of the electrolyzer was found to be not a�ected by pressure or water
recirculation.

Table 7.1. H 2O recirculation in
uence

H2Ore (LPM) C(A) V(V) P in (barg) P out (barg) T(ºC) H 2 (NLPM)

0.50 50 1.83 4.40 0.45 79.1 0.192
0.46 50 1.83 4.12 0.43 79.1 0.191
0.42 50 1.83 3.85 0.44 79.1 0.191
0.38 50 1.83 3.60 0.44 79.0 0.192
0.34 50 1.83 3.30 0.44 79.0 0.192
0.30 50 1.83 3.00 0.44 78.9 0.191
0.26 50 1.83 2.72 0.44 78.8 0.191
0.22 50 1.83 2.47 0.44 78.7 0.191
0.18 50 1.84 2.22 0.44 78.4 0.191
0.14 50 1.84 2.00 0.44 78.3 0.191
0.10 50 1.84 1.79 0.44 78.1 0.191
0.06 50 1.84 1.50 0.44 77.5 0.191

After proving that the recirculated water 
ow does not have a signi�cant impact in the
electrolyzer performance, it was decided to establish 0.25 LPM, 2A/cm2 and 80°C as the
de�nitive operation conditions.

A small increase in the voltage can also be observed after the established conditions are
reached and some time passes, it increases from 1.82V to 1.84V. This happens because of
operation initialization and reversible degradation.

When the electrolyzer �rst reaches 2A/cm2 there is more energy loss in the form of heat,
which stimulates the performance of the electrolyzer, and less voltage is needed. However,
after some time in equilibrium, there are less energy losses, and the energy needed must be
supplied applying a higher voltage. This is one of the reasons why the voltage is higher after
some time in equilibrium. [43]

There is also a higher di�erence in species concentrations from anode to cathode, which causes
an increment in the concentration overpotential. There are more resistances due to bubbles
generated and stuck in the PTL or CL, which lead to more losses. This is a type of reversible
degradation, it negatively a�ects the performance but can be reversed. [44]

7.2.3 Test 3

It was decided to continue with the electrolyzer operation while trying to �x the overvoltage
problem. An EIS test was performed on 7th November to try to identify the resistances in
the electrolyzer. As it could be expected, they do not correspond to the ones presented in
the literature.
3 EIS test were carried out to validate the results, all tests give practically the same result.
Results are presented taking into account all the frequencies, �gure 7.7a, and avoiding
frequencies lower than 10 Hz, �gure 7.7b. Low frequencies are usually not represented in
the Nyquist plot due to the instabilities of the system during the measurement, like bubbles
movement.
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(a) Nyquist plot

(b) Nyquist plot without low frequencies

Figure 7.7. Nyquist plot (a) and Nyquist plot without low frequencies (b)

The loop in the middle of the �gure represents the chemical reaction resistance. The form
of the arc and the very low resistance obtained indicate the presence of a short circuit. The
chemical reaction is not correctly represented due to the short circuit.
The big instability in the middle of the �gures is caused by the short circuit and the noise the
bubbles cause. The negative straight line represents inductive noise, which is not valuable
for the purpose of the test.[35] [36] [37] [38]

A Bode plot with low frequencies �ltered can be observed in �gure 7.8. It also shows
considerable inductive noise, due to the quick increase after 10000 Hz.

Figure 7.8. Bode plot
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