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Abstract 
 
In this work, a 23-1 designed experiment has been performed to evaluate the effect of 
selected operating conditions on PEMFC performance and durability. Relative humidity, 
clamping pressure and back pressure were studied at two levels for Gore MEAs and GDLs. 
Two replicated experiments were performed. An ON/OFF test cycle was used to accelerate 
degradation. Total duration of the tests, after a break in procedure suggested by Gore, was 
ten days. In addition to sampling of voltage and current response and ohmic resistance, 
effluents were manually sampled from both electrodes every 24 hours and analyzed. 
 
Experiments with low humidification levels showed inferior durability. The combination of 
high relative humidity (100 %), high clamping pressure (10 barg) and high back pressure 
(1.5barg) result in the best performance and the lowest degradation rate. Results indicate 
that relative humidity is important both for performance and durability.  
 
Generally, fluoride emission rates (FER) showed an increasing trend with time. Higher rates 
were observed at the cathode. For the experiment with low relative humidity (25 %), low 
clamping pressure (5 barg) and high back pressure (1.5 barg) FER was significantly higher 
compared to the other experiments.  
 
For all tests the sulfur emission rates (SER) are initial high. Rates are higher at the anode. For 
the experiment with high relative humidity, low clamping pressure and no back pressure, the 
SER was significantly higher than for the other experiments. The sustained high levels of 
sulfur are probably a result of sulfuric acid residue from production of the MEA and/or GDL. 
High humidification of gases appears to more effectively wash out the sulfur.  
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Nomenclature 

 
Latin symbols  
e-  Electron 
E  EMF, [V] 
E0  EMF at standard temperature and pressure, and with pure reactants, [V] 
F  Faraday constant, the charge on one mole of electrons, 96485 [Coulomb] 
i  Current density, [A cm-2] 
n  Number of cells in a fuel cell stack or number of moles 
P  Total pressure, [Pa] 
pi  Partial pressure of gas i, [Pa] 
R  Universal gas constant, 8.314 [J K-1 mol-1], also electrical resistance [ohm cm-2] 
T  Temperature, [K] 
V  Voltage, [V] 
Va  Activation overvoltage, [V] 
Vc  Average voltage of one cell in a stack, [V] 
Vr  Ohmic overvoltage, [V] 
ΔG  Change in Gibbs free energy, [J mol-1] 
ΔH  Change of enthalpy, [J mol-1] 
 
Greek symbols 
Δ  Arithmetic difference 
η  Efficiency and overpotential (non-ohmic)  
λ  Stoichiometry factor 
 
Abbreviations, definitions 
Anode  The electrical conductor of a device that electrons flow out of 
barg  Gauge pressure, overpressure 
Cathode The electrical conductor of a device in which electrons flow into 
C  Carbon 
EMF  Electromotive force, [V] 
FER  Fluoride Emission Rate, [ng h-1 cm-2] 
GDL  Gas Diffusion Layer 
MEA   Membrane Electrode Assembly 
OCV  Open circuit voltage, [V] 
lN  Normal liter, [0°C,1 atm] 
iR  Ohmic loss, [V] 
PEM  Proton Exchange Membrane or Polymer Electrolyte Membrane 
PEMFC  Proton Exchange Membrane Fuel Cell 
PSFA  Perfluorinated sulfonic acid 
Pt  Platinum 
RHE  Reversible Hydrogen 
Ru   Ruthenium 
SER  Sulfate Emission Rate, [ng h-1 cm-2] 
STD  Standard Deviation 
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1 Introduction 
 
The main incentive for establishing a hydrogen oriented economy is the reduction of local 
emissions, improving security of energy supply and reduction of greenhouse gas emissions. 
Due to the growing concerns about the urban air quality and global climate change, fuel cell 
technology has attracted great attention. Proton exchange membrane fuel cells (PEMFCs) 
have the potential to solve some of the problems associated with future production and 
consumption of energy. Supplied with hydrogen derived from renewable energy sources, 
fuel cells could positively influence several areas, including environmental, economic and 
energy security.  
 
Automobile manufacturers and fuel cell developers have produced PEMFCs for many years. 
There are, however, two major still remaining challenges that have to be solved prior full 
scale commercialization: cost and lifetime. One of the most important factors limiting the 
lifetime of PEMFCs is MEA degradation.  
 
To improve durability of PEMFC without increasing cost or loosing performance the factors 
that determine a PEMFCs lifetime need to be studied further. Studies have shown that 
several factors can reduce PEMFC lifetime, including choice of materials, material 
composition and operating conditions. Important operational conditions that affect 
performance and lifetime include fuel cell temperature, voltage and current, humidity, 
pressures and impurities in the oxidant or fuel stream.   
 
In order to meet the requirements for the automotive applications, MEA used in PEMFC will 
be required to demonstrate durability of about 5000 hours (2010 target) under normal 
automotive operating conditions [1]. Membranes must be able to perform over the full 
range of system operating temperatures with less than 5% performance loss at the end of 
life [1]. Key to achieving the lifetime targets will be the durability of the MEA. Degradation 
rate requirements are normally based on beginning-of-life performance, end-of-life 
performance requirements and durability requirements in terms of operating hours. 
 
Even when operating with high purity hydrogen, today’s PEMFCs have unsatisfactory 
lifetime. It has been shown that durability of PEMFCs using Nafion® 120 reached 60,000 
hours of continuous fuel cell operation. However, due to increased demands for maximizing 
performance efficiency and lowering ohmic losses of PEMFC, durability has been reported in 
the range of a few thousand (for car applications) to several tens of thousands hours (for 
stationary applications) depending on the chosen operating conditions.   
 
When considering the issue of optimal PEMFC operation there are several factors that have 
to be considered. The optimal operation will differ for different applications and will be an 
optimum balance of cost, efficiency, reliability and durability. 
 
The rate of degradation is a function of the operating conditions, and loss in performance 
could be due to both electrode and membrane degradation. Finding a correlation between 
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different operating conditions could be useful in further work to better understand 
membrane degradation.  
 
This thesis aims to quantify the effect of chosen operating condition on PEMFC performance 
and durability. The effect will be experimentally studied on a single PEMFC test cell. The 
operating conditions that will be studied are clamping pressure, gas humidification and back 
pressure. The experiments will use in situ measurements to evaluate different loss 
mechanisms.   
 

1.1 Outline of thesis 
Each chapter starts by shortly stating the purpose and content of the chapter. Information 
which is unessential for the context is placed in appendices. Most of the results from the 
experimental tests are reported in figures and tables. References are numbered in the 
reference list and are shown as brackets in the text. 
 
Chapter 2 gives a short theoretical description of PEMFC. In addition different mechanisms 
that affect fuel cell performance and lifetime are addressed. 
 
In Chapter 3 different PEMFC durability testing methods are addressed. Chapter 4 describes 
the methodology used in this thesis. 
 
In Chapter 5 the experimental setup is described. Some introductory experiments used to 
set define variable space are reported.  
 
Chapter 6 contains a description of the test procedure used. In Chapter 7 results from the 
experiments are discussed.  
 
An overall conclusion of the experimental work is drawn in Chapter 8. 
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2 Theoretical background of PEMFC 
 

2.1 Structure and reactions 
In a PEMFC, two half-cell reactions take place simultaneously, an oxidation reaction (loss of 
electrons) at the anode and a reduction reaction (gain of electrons) at the cathode. The 
membrane electrode assembly (MEA) consists of two electrodes, the anode and the 
cathode, separated by a proton exchange membrane (PEM). A gas diffusion layer (GDL) is 
used at each electrode to facilitate gas distribution. A schematic cross section of a single 
PEMFC showing the different components and the reactions taking place is shown in Figure 
1.   
 
 

 
Figure 1 A schematic cross section of a single PEMFC showing the different components 
and the reactions taking place. 

 
Hydrogen gas (H2) enters the fuel cell at the anode side and makes contact with the catalyst 
on the electrode surface. The hydrogen molecules break apart upon bonding to the platinum 
surface forming weak H-Pt bonds (Equation 2-1). Each hydrogen atom releases two electrons 
(e-) (Equation 2-2 and 2-3), which travel around the external circuit to the cathode. The 
remaining hydrogen proton travels through the membrane material to the cathode 
(Equation 2-4). 
 
At the cathode oxygen molecules (O2) come into contact with platinum catalyst, breaking 
apart upon bonding to the platinum surface forming O-Pt bonds. (Equation 2-5 and 2-6). 
Since the protons are positively charged and the oxygen atoms are negatively charged, they 
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will attract each other through the proton conducting membrane and will combine to form a 
water molecule (H2O) at the cathode. The overall cell reaction is shown in Equation 2-7.  
  
The electrode reactions read: 
 
Anode reaction 
At the anode hydrogen is electrochemically oxidized to form protons and electrons.  
 
2Pt(s) + H2(g)  2(Pt-Hads)       Equation 2-1 
 
2(Pt-Hads)  2H+ + 2e- + 2Pt(s)      Equation 2-1 
 
H2  2H+ + 2e-        Equation 2-2 
 
Membrane transfer 
The protons are transported through the membrane. 
 
H+(an)  H+(cat)        Equation 2-3 
 
Cathode reaction 
At the cathode oxygen is electrochemically reduced and combines with the hydrogen that is 
transported through the membrane and the electrons that pass through an external circuit. 
The oxygen reduction reaction is a multi electron transfer process which involves several 
elementary steps with corresponding generation of intermediate species. The overall 
mechanism of direct electrochemical reduction of O2 to water is a direct four-electron 
pathway.  
 
Pt(s) + O2  Pt-O2 
 
Pt-O2 + H+ + e-  Pt-O2H       Equation 2-4 
 
Pt-O2H + 3H+ + 3e-  Pt(s) + 2H2O 
 
½O2 + 2H+ + 2e-  H2O       Equation 2-5 
 
The limiting step in the ORR is the breakage of the O-O bond. The ideal reaction (on pure Pt 
at low current densities) is the direct four electron reaction (as described in the above 
equation). When Pt is supported on carbon and at high current densities, the ORR appears to 
occur by several possible pathways (in aqueous solutions). Two of the possible pathways are 
the direct four electron reduction and a two electron “peroxide” pathway, which involves 
H2O2 as intermediate specie (see Equation 2-7). This pathway occurs due to the kinetics of 
the breakage of the O-O bond.  
 
O2 + 2H+ + 2e-  H2O2       Equation 2-7 
 
Peroxide can undergo further reduction: 
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H2O2 + 2H+ 2e-  2H2O        Equation 2-8 
 
H2O2  2H2O + O2         Equation 2-9 
 
Overall cell reaction 
The overall reaction in the cell is the sum of Equation 2-3 and Equation 2-6 and is the 
electrochemical oxidation of hydrogen to form water. 
 
H2(g) + ½O2(g)  H2O(l)        Equation 2-10 
 

2.2 Electrolyte membrane 
In a PEMFC a thin ion-conducting polymer membrane is utilized as the electrolyte. The 
membrane allows protons to pass through to the cathode side, but separates hydrogen and 
oxygen molecules and prevents direct combustion. The membrane also acts as an electronic 
insulator between the flow field plates.  
 
The proton conducting membrane usually consists of a PTFE-based polymer backbone to 
which sulfonic acid groups are attached. The most common membrane material used today 
is Nafion®. Nafion consists of perfluorosulfonic acid polymer chains with a fluorocarbon or 
hydrocarbon backbone (Figure 2). The acid molecules are fixed to the polymer and cannot 
leak out. However, the protons on these acid groups are free to migrate through the 
membrane.  
 
Ions are conducted via ionic sulfonic acid groups within the polymer structure that are 
dependent on water to conduct efficiently [2]. This limits the operating temperature of 
PEMFC to under the boiling point of water and makes water management a key issue in 
PEMFC development.  
 
The conductivity of the membrane is sensitive to contaminations. If the membrane is 
exposed to metallic impurities, metal ions could diffuse into the membrane and displace 
protons as charge carriers, which would lower the membrane conductivity. 
 
Typical thickness of a membrane is 25-50µm in a state of the art PEMFC for hydrogen-air 
fuel. 
 

 
Figure 2 Perfluorosulfonic acid polymer chain 
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2.3 Electrodes 
All the electrochemical reactions take place at the electrode surfaces. The ORR at the 
cathode is inefficient and limits the achievable power density and efficiency of the PEMFC.  
 
To speed up this reaction the electrodes contains platinum. The electrodes are constructed 
with high surface area platinum particles dispersed on high surface area carbon supports. In 
addition to the porous mixture of carbon supported platinum the electrodes contains a 
proton conducting polymer.  
 
The catalyst layer is porous so that a large surface area can be exposed to the oxidants and 
the reactants. To increase the platinum utilization the platinum catalyst should be in contact 
with the proton conducting polymer, the platinized carbon and the gas feed.  Catalyst not in 
contact with all three phases will not contribute to the reaction.   
 
The thickness of the catalyst layer in a PEMFC is typically 10µm. 
 

2.4 Gas diffusion layer 
The MEA is sandwiched between the flow field plates. On each side of the MEA, between 
the electrode and the flow field plate, the gas diffusion layer (GDL) is placed. The function of 
the GDL is to drain liquid water, transport gases (H2 and O2 from air) and to conduct 
electrons. The GDL is usually made from carbon fiber or carbon cloth and is usually treated 
with a fluoropolymer and carbon black to improve water management and electrical 
properties. Typical thickness of the GDL is between 200 and 400µm.  
 

2.5 Flow field plates (current collectors) 
The flow field plates in a single PEMFC connect the cell electrically and deliver reactants and 
oxidants via flow channels. The flow channel geometry has an effect on reactant flow 
velocities and mass transfer thus affecting fuel cell performance.  
 
The flow field plate material must have a high conductivity and be corrosion resistant and 
chemically inert. Commonly used materials are solid graphite and stainless steel. Solid 
graphite is highly conductive, resistant to corrosion and chemically fairly resistnat. Stainless 
steel must often be coated to prevent corrosion and to reduce contact resistance.  
 
As mentioned in section 2.2 the membrane is sensitive to impurities and especially to 
metallic impurities. The biggest source of metallic impurities comes from the flow field 
plates and the choice of materials would directly affect PEMFC lifetime. 
 

2.6 Theory of operation 
The basic theory of PEMFC operation is well covered [3]. This section briefly explains the 
different loss mechanisms and operational factors affecting PEMFC performance and 
lifetime. Some important equations are given in Appendix A.   
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2.6.1 Cell performance 
The most common way to characterize a fuel cell is by obtaining a polarization curve (Figure 
3). The characteristic shape of the curve is mainly a result of different irreversibilities (A, B 
and C in the list below). The four major irreversibilities in fuel cells are listed below. 
 
A: Activation losses: Caused by the slowness of the reactions taking place (reaction kinetics) 
on the surface of the electrodes. A proportion of the voltage generated is lost driving the 
chemical reaction that transfers the electrons from one electrode to the other. 
 
B: Ohmic losses: This voltage drop is the ohmic resistance to the flow of electrons through 
the materials of the electrodes and the various interfaces. 
 
C: Mass transport or concentration losses: These result from the change in concentration of 
the reactants at the surface of the electrodes as the fuel is used. Because the reduction in 
concentration is the result of a failure to transport sufficient reactant to the electrode 
surface, this type of loss is also often called mass transport loss.  
 
D: Fuel crossover and internal current losses: This energy loss results from the waste of fuel 
passing through the electrolyte. The fuel loss is usually small, and will not be considered in 
detail here. 
 
Each of the above described overpotentials dominates in different current density regions. 
As shown in Figure 3, activation overpotential dominates at low current density (region A) 
(due to the activation limited oxygen reduction reaction), ohmic losses dominate in the 
middle region (region B) and mass transport overpotential dominates when the current 
density increases (region C) (This is mainly due to higher water production and the higher 
flow rates demanded at higher current densities). 
 

 
Figure 3 Typical cell potential-current-density relation for a PEMFC, with three distinct 
regions A, B and C.  
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Definitions and formulas for the OCV, the reversible cell potential and the different losses 
are given in Appendix A.    
 

2.6.2 Effect of operating conditions on performance 
 

2.6.2.1 Humidification 
Accumulation, transport and formation of liquid water (see overall cell reaction Equation 2-
10) are important factors in the operation and performance of the PEMFC. Water content of 
the MEA and the GDL has an effect on overpotentials and loss mechanisms and the cell 
performance could be affected negatively by both drying and flooding.  
 
It is common to supply water through both the anode and cathode gases to humidify the 
materials and hence ensure good performance [4]. Water is also produced during the 
electrochemical reaction at the cathode. Without proper water management, liquid water 
may accumulate in the porous materials and block the reactant gases from reaching the 
catalyst sites, which results in a decrease in power density of the PEMFC. In this way the 
water management directly affects the power density. 
 

 
Figure 4 Schematic of the water transport process in a typical hydrogen PEMFC. [4] 

 
Figure 4 gives an illustration of the water transport processes occurring in a PEMFC. The 
electro-osmotic drag is a measure of the number of water molecules that are carried with 
each proton travelling from the anode to the cathode. Due to hydrogen bonding, on average 
1 to 2.5 water molecules are dragged along with each proton as it travels from the anode to 
the cathode. The osmotic-drag mainly depends on the temperature and water content in the 
cell. The production of water at the cathode results in a gradient in the water activity across 
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the membrane. This gradient will result in diffusion of water from the cathode to the anode 
(back diffusion). 
 
The water management in PEMFC is a complex topic and is widely discussed in other 
literature [4].     
 

2.6.2.2 Fuel cell temperature 
One of the key factors when controlling the water management of a fuel cell is the 
temperature. The amount of water the air can contain is exponential to the temperature, 
and a small change in temperature will have a great influence on the hydration of the cell 
(See Figure 5).  
 

 
Figure 5 Saturation vapor pressure of water1 

 
In addition the fuel cell temperature would affect the reaction kinetics. 
 

2.6.2.3 Clamping pressure 
In a PEMFC the contact resistance causes potential losses across the fuel cell [5]. The contact 
resistance could be reduced by compressing the materials (See schematic representation in 
Figure 6).  

                                                       
1 Data from ”SI Chemical Data”, 4th edition, G. Aylward & T. Findlay 
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Figure 6 Schematic representation of clamping pressure where Fclamping pressure represents 
the mechanical pressure over the MEA. 

 
The effect of clamping pressure can be summarized to:  
 
Low clamping pressure results in a high interfacial resistance between the catalyst layer and 
the GDL and between the bipolar plates and reduces the electrochemical performance of 
the cell.  
 
High clamping pressure reduces the contact resistance between the GDL and the bipolar 
plate, but it also restricts and limits the diffusion path for mass transfer from the gas 
channels to the catalyst layer which could reduce the electrochemical performance.  
 
Variation of clamping pressure results in a variation of power density. This shows that an 
optimal clamping pressure may exist for a given design. This optimum depends on the 
materials used in the fuel cell and the fuel cell design. 
 
In addition, with variation in temperature and water content, clamping pressure could 
stretch the membrane leading to irreversible damage.  
 

2.6.2.4 Back pressure 
A fuel cell is typically operated at elevated pressures to ensure proper flow of reactants at 
the electrodes. In addition elevated pressures increase the kinetics of the electrode 
reactions at the cathode and increase the reversible OCV (Equation 2-11).  
 ∆E ∆E RTF ln PH ·PO.PH O        Equation 2-11 

 
Another important factor when considering pressurization is the water management in the 
fuel cell. By increasing the pressure the volumetric flow would reduce (see Equation 2-12) 
and hence reducing the amount of water carried out of the fuel cell. This would especially be 
beneficial when running with low relative humidity (rH < 100%). 
 

          Equation 2-12 
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2.7 Degradation 
When considering PEMFC durability and lifetime the different mechanisms that degrade the 
fuel cell components and the conditions affecting these mechanisms must be studied. In 
PEMFCs the electrochemical energy conversion takes place in the MEA and the MEA is 
therefore more prone to chemical and electrochemical degradation.  
 
Several factors can reduce the lifetime of a PEMFC, including platinum particle dissolution 
and sintering, carbon corrosion and chemical attack of the membrane. These factors are 
highly connected to the conditions under which the fuel cell is operated. Important 
operating conditions include fuel cell temperature, voltage and current, pressures and 
humidity. 
 
Although research on PEMFC durability has increased in recent years, few review papers 
cover this area and some of the described degradation mechanisms are controversial and 
not fully understood. Based on available articles this chapter will summarize different 
aspects when considering PEMFC durability and lifetime.  
 

2.7.1 Catalyst durability 
When considering PEMFC durability the stability of platinum particles on the carbon support 
material are of high importance. Loss in electrocatalyst surface area is mainly due to the 
growth of platinum particles. Typical electrode degradation modes are: 
 

• Corrosion of the carbon materials in the electrodes (both catalyst support and GDL 
materials) 

• Corrosion of the catalyst material (both particle growth and dissolution, Ostwald 
ripening mechanism) 

• Loss of proton conductivity 
 
All these degradation modes are a strong function of the operating conditions such as 
temperature, reactant gas partial pressures, relative humidity, operating voltage and and 
overvoltages [6].  
 

2.7.1.1 Corrosion of the catalyst support 
To reduce the noble metal requirement, platinum is usually supported on carbon in the form 
of dispersed particles. This allows for high catalyst surface area at low catalyst loadings. 
However, carbon supported catalysts are receptive to catalyst particle agglomeration and 
are thermodynamically unstable at typical operating conditions of the air electrode in 
PEMFCs.  
 
Both the anode and cathode of PEMFC operates at low pH (<1), relative high temperature 
(~80°C) and with high levels of water both in vapor and liquid phase, an environment where 
the carbon supported catalyst could oxidize to carbon dioxide. Oxidation of carbon support 
is generally referred to as carbon corrosion and could lead to performance losses due to loss 
of active surface area and change in surface characteristics [7].  
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The equilibrium potential for carbon oxidation to carbon dioxide is 0.207 V relative to a 
Reversible Hydrogen Electrode (RHE) at 25°C.2 This means that the electrochemical oxidation 
of carbon is thermodynamically possible above 0.2V. However, due to carbon kinetics the 
voltage needed for oxidation of carbon typically above 1 V. Equation 2.13 – Equation 2-15 
describes different pathways for carbon oxidation..   
 
C + 2H2O  CO2 + 4H+ + 4e-    Eoo = 0.207 V  Equation 2-13  
 
C + H2O  CO + 2H+ + 2e-    Eoo = 0.518 V  Equation 2-14 
 

CO + H2O  CO2 + 2H+ + 2e-    Eoo = -0.103 V  Equation 2-15 
 
CO formed from CO2 reduction could desorb from the surface, enter the gas flow and re-
adsorb further down the gas channel. The reduction of CO2 needs the presence of hydrogen 
atoms adsorbed on the catalyst surface (see Equation 2-16). 
 
CO2 + 2Pt-H  Pt-CO + H2O + Pt      Equation 2-16 
 
The oxidation of carbon would decrease the amount of carbon available for Pt loading, 
which forces Pt particles to detach from the carbon support and decreases the 
electrochemical surface area (see schematic representation in Figure 7). 
 
Under operation the fuel cell will experience different conditions between the inlet and 
outlet, which can lead to an uneven reactant distribution. In the case of complete fuel 
starvation, cell voltage can become negative as the anode is elevated to positive potentials 
and the carbon is consumed instead of the absent fuel. In the absence of a sufficient anodic 
current source from hydrogen, the cell potential climbs higher until oxidation of the carbon 
support of the catalyst layer occurs. This situation would lead to carbon corrosion to form 
carbon dioxide and result in permanent damage to the anode catalyst layer. 
 
Local fuel starvation can induce local potentials on the air electrode higher than 1V and, 
thereby, induce corrosion of the carbon supports. The problem with local fuel starvation 
under normal operation can be reduced with careful control of reactants and water 
management. However, under start up and shot down localized fuel starvation is almost 
certain to exist. 
 
The problem with fuel starvation can be induced not only by poor cell-to-cell flow 
distributions but also by local blockage, by water blockage and by differences in channel 
depth tolerance.  
 
High temperature and humidification levels increase carbon corrosion significantly [8]. 
 

2.7.1.2 Catalyst corrosion 
The size of the Pt-based catalyst used in PEMFC is usually in the range of 2-6 nm. Smaller 
particles sizes results in a higher specific surface area. However, these nanoparticles tend to 
                                                       
2 Data from ”SI Chemical Data”, 4th edition, G. Aylward & T. Findlay 
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agglomerate due to their high specific surface energy [9]. When Pt particles agglomerate the 
electrochemical surface area of Pt catalyst decreases [9]. 
 
Operating PEMFC at high cell voltage would result in an increase of the cathode electrode 
potential, under which surface oxides of Pt are formed [6]. This would again decrease the Pt 
activity toward ORR and accelerate the degradation of Pt catalyst [6]. Compared to 
operation with high cell voltage the corrosion of catalyst is higher under open circuit 
situations [10].  
 
In the case of fuel starvation hydrogen is no longer available to be oxidized and the anode 
potential will rise to a level where water will oxidize, which again could produce oxidative 
species or the carbon support at the anode could oxidize [11]. In the same way as described 
for the catalyst support the catalyst layer could corrode when exposed to local fuel 
starvation.  
 
It is shown that under typical fuel cell operating conditions the platinum particles tends to go 
through a ripening process (Ostwald ripening) that is most pronounced during the first 500 
hours of operation of the fuel cell [12]. This ripening process can either be a dissolution 
process or a crystallite surface diffusion and growth mechanism. The surface diffusion can 
either be crystals that dissociate and metal atoms that diffuse on the surface to associate 
with bigger particles, or it could be migration of crystallite that collide and coalesce on the 
support surface (See Figure 7).  
 

 
Figure 7 Schematic representation of Pt agglomeration and Pt detachment from catalyst 
support surface [9]. 

 
Humidification levels and fuel cell temperature could affect the lifetime of the MEA. Knights 
et al. [13] compared different humidity levels and found large differences in the observed 
lifetime of the MEA. When the humidification at the anode was kept at 100% RH and 70% RH 
at the cathode the MEA lifetime was longer (~3250 hours) than when the humidification was 
kept at 0% anode and 0% cathode (~250 hours). This difference could be explained by the 
difference in the rate of Pt-band formation, which again is explained by that the dissolution 
of Pt is greater under low humidification.   
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In addition the presence of liquid water could increase the growth rate of Pt particles. It is 
suggested that the water penetrates between the particles and the support and lower the 
bonding energy [14].   
 
Investigation of potential cycling of Pt electrodes has shown that Pt dissolves and that the Pt 
surface area changes with time with potential cycling [15]. In a potential cycle the cathode 
experience potential variations as the cell potential changes to mach variable power 
demands. The variation of the cathode potential will change several properties of the 
electrode materials, including the degree of oxide coverage of both platinum and carbon and 
the hydrophobicity of the surfaces.  
 

2.7.2 Membrane degradation mechanism 
Membrane degradation can take place as both physical thinning and as loss in ionic 
conductivity of the membrane. Both cases affect the fuel cell performance negatively. It is 
usual to divide membrane degradation into chemical and mechanical degradation. 
 

2.7.2.1 Chemical degradation 
The membrane in PEMFC is subjected to both a chemically oxidizing environment on the 
cathode and a chemically reducing environment on the anode. In addition, radicals formed 
in the fuel cell could attack the membrane. Chemical degradation of PEM membranes is 
mainly attributed to these attacks. 
 
Several mechanisms are proposed for the formation of peroxides and radicals. Some of them 
are addressed below. 
 
One of the possible mechanisms for chemical degradation of the membrane is oxidation of 
the membrane material.  One of the species that will oxidize the membrane is hydrogen 
peroxide (H2O2). Liu [16] has been able to observe the existence of hydrogen peroxide in an 
in-situ PEMFC test. It is shown that the concentration of hydrogen peroxide is primarily 
depended on membrane thickness where thinner membranes display higher peroxide 
concentrations. Liu also concluded that peroxide is most likely formed on the anode side of 
the cell through reduction of O2. Results from Mittal [17] supports this statement. 
 
As mentioned in section 2.1 hydrogen peroxide could be produced as an intermediate 
product in the ORR. A typical scheme representing the overall ORR for acidic conditions is 
shown in Figure 8 [18].  
 

 
Figure 8 Overall oxygen reduction reaction for acidic conditions [18]. 
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In addition to the incomplete reduction of oxygen at the fuel cell cathode the formation of 
peroxide radical could also be generated at open circuit conditions with interaction of 
hydrogen and crossover oxygen at the anode.  
 
Hydrogen peroxide (H2O2) is also formed when oxygen molecules permeate through the 
membrane from the cathode side and are reduced at the anode Pt catalyst (See Equation 2-
17 – Equation 2-19) [19]. The formation of H2O2 can occur at a higher rate when high 
stoichiometry of reactants is present because of a greater excess of reactants available for 
peroxide formation.  
 
H2 + Pt  Pt-H (at anode)       Equation 2-17 
 
Pt-H + O2 (diffused through PEM to anode)  •OOH   Equation 2-18 
 
•OOH + Pt-H  H2O2        Equation 2-19 
 
Then at the anode the H2O2 diffuses into the membrane and reacts with bivalent metal 
cations (M2+), present as impurities in the membrane to form active oxygen species, which 
then attack the polymer and degrade the membrane.  
 
M2+ + H2O2  M3+ + •OH + OH-       Equation 2-20 
 
M3+ + H2O2  M2+ +•OOH + OH+      Equation 2-21 
 
Hydroxy (•OH) and hydroperoxy (•OOH) radicals are some of the most reactive chemical 
species known in fuel cells and are the most likely initiators of chemical degradation of the 
membrane. Theses radicals attack the membrane and could lead to cleavage of the 
perfluorocarbon backbone in PFSA membranes. This affects the proton conductivity and the 
mechanical strength of the membrane.   
 
One assumption made about degradation of perfluorosulfonated membrane is that it starts 
at the unstable polymer end-groups, such as –COOH, -COF and -CF2H [20]. First they oxidize 
to carboxyl groups and then the carboxyl groups undergo the degradation via unstable –
CF2OH and –COF with the release of HF [20]. After a cycle of this degeneration process, 
carboxyl groups are regenerated and subjected to further degradation (unzipping reaction at 
unstable polymer end-groups).  
 
Hommura et al. [20] concluded that membrane degradation reactions are composed of not 
only the unzipping reaction at unstable polymer end-groups but also of a scission 
mechanism of main chains to form carboxyl groups at severed points (see illustration in 
Figure 9).  
 



16  2 Theoretical background of PEMFC  
 

 
Figure 9 Degradation mechanism of perfluorosulfonated membrane [20]. 

 
Excess water could result in reactant diffusion blockages, particularly on the cathode, 
causing an increase in mass transport losses. Another effect is that the presence of excess 
water could negatively affect cell performance by transporting impurities within the cell and 
depositing them on the catalyst or the membrane where they modify electrode performance 
and the electrolyte ionic conduction mechanism leading to increased ohmic and mass 
transport loss. Even in the absence of impurities, prolonged exposure of the MEA to excess 
water may also result in a permanent loss of performance attributed to material degradation 
such as reduction in hydrophobicity [21]. 
 
It is reported that membrane degradation is accelerated under low humidity conditions [22]. 
The OCV under low humidity conditions rapidly decline compared to that under high 
humidity conditions.     
 

2.7.2.2 Mechanical degradation 
Mechanical degradation occurs in many forms including cracks, tears, punctures or pinhole 
blisters and is often the cause of early life failures. Baldwin et al. [23] stated that mechanical 
failures is the main cause of membrane degradation rate.  
 
During operation of PEMFCs, the MEA is put under compressive force between the bipolar 
plates. This compressive force can with time deform the MEA and cause permanent thinning 
and eventually failure in form of pinholes or cracks. In combination with chemical 
degradation and other physical degradation routes, deformation can be an important factor 
in MEA degradation. In addition a non uniform pressure between the MEA and the bipolar 
plates during fuel cell operation can result in local compressive stresses and will accelerate 
membrane degradation.  
 
It is suggested that physical thinning of the MEA is accelerated under inadequate water 
content due to low humidification of the feed stream [24]. Tang Y. et al. [25] have 
experimentally investigated the effects of humidity and temperature on the mechanical 
properties of perfluorosulfonic acid membranes. Results indicate that stresses decrease as 
humidity and temperature increase and that lack of water makes the membrane brittle and 
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fragile. Changes in temperature and relative humidity during cycling can cause stresses in 
the membrane which can generate and propagate small tears in the membrane. 
 
In addition reduced water for heat transfer removal could result in increased local 
temperatures, which again could result in membrane failure. Dry membrane conditions 
could also result in loss in proton conductivity [21].  
 
Large particles in the catalyst layer or fibers from the carbon fiber paper can slowly creep 
through the membrane leading to electrical shorting and membrane pinhole failure. It is 
suggested that in the membrane cracks are initiated at catalyst defects and by the 
penetration mechanism [24].  
 
In the membrane pinholes and cracks would lead to increased crossover which again would 
lead to increased catalyst degradation. 
 

2.7.3 Degradation of the gas diffusion layer 
Like the membrane and the electrocatalyst the GDL of a fuel cell can undergo degradation 
which would alter the transport properties for gases and water. Usually the GDL is 
impregnated with a hydrophobic material to make it water repellent. It has been shown that 
the GDL loses its hydrophobicity with time [24].  
 
The PEMFC operating environment gradually changes the GDL from hydrophobic to 
hydrophilic, which can degrade fuel cell performance. Maintaining the hydrophobic 
character of the GDL is important to maintaining mass transport in the fuel cell since liquid 
water saturates the catalyst ionomer phase in the catalyst layer, restricting gas flow to the 
active platinum sites in the layer. 
 

2.7.4 Impact of contaminants  
One of the challenges of PEMFC systems is the low tolerance to impurities. Impurities can 
affect both performance and lifetime negatively. Impurities can come from the fuel and 
oxidant feed or released from material used in the fuel cell system. Some of the sources of 
impurities and their origin are shown in Table 1.   
 

Impurity source Typical contaminant 

Air NOx , SOx , NH3, O3 

DI water 
Si, Al, S, K, Fe, Cu, Cl, Cr, 
formic acid 

Bipolar plates Fe3+, Ni2+, Cu2+, Cr3+ 

Membranes Na+, Ca2+ 

Table 1 Contaminants identified in the operation of fuel cells. 

 
Impurities that adsorb onto the anode or cathode catalyst surface affect the electrode 
charge transfer processes, resulting in overpotential losses. Cations produced or introduced 
to the cell can cause ion exchange with protons in the ionomer. These cations would lower 
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the proton conduction and could result in increased ohmic losses. Performance losses due to 
impurities can be permanent, or reversible.  
 
Pozio et al. [23] have investigated the effect of cations released from different metals used 
as end plates on the lifetime of the membrane. The end plates were not in direct contact 
with the electrodes. Ions that are strongly bonded to the sulfonic groups of the membrane 
will block the proton transport through the membrane. The experiment found that the 
membrane suffered from severe fluoride losses. This mechanism could be explained with the 
classical Fenton’s reaction mechanism (Equation 2-22 and 2-23). 
 
M2+ + H2O2  M3+ + OH• + OH-       Equation 2-22 
    
M3+ + H2O2  M2+ + OOH• + OH+      Equation 2-23 
 
However, there exist different views on this mechanism and several modifications of the 
classical Fenton’s reaction mechanism are suggested. 
 
For a more detailed description on impurities and their impact on PEMFC lifetime and 
performance see Cheng et al. [26]. Cheng et al. have reviewed over 150 articles on the 
subject of the effect of contaminations on PEMFC. This review focuses on contamination 
impacts on PEMFC performance, mechanism approaches and mitigation development. 

 

2.7.5 Summary of MEA degradation 
• MEA degradation must be understood from both chemical and mechanical 

perspectives. 
• Higher temperature accelerates chemical degradation. 
• Lower relative humidity accelerates degradation. 
• Crossover reactant gases that reacts with Pt lead to peroxyl species (H2O2, HO•, 

HOO•) generation that chemically degrades the membrane. 
• Mechanical degradation occurs in many forms including: 

 Tear initiation and propagation 
 Cracks initiated by catalyst defects 
 Particle penetration 

• Cycling and low relative humidity could promote mechanical degradation modes. 
• Contaminants will accelerate chemical degradation. 
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3 Durability testing methods 
 
There exist various methods for measuring PEMFC degradation. It is common to categorize 
by in-situ and post mortem methods. The most common post mortem methods are TEM and 
SEM measurements. To be able to collect time dependent information from these tests 
several cells must be run in parallel under the same conditions and at different times. In-situ 
methods have the advantage that they can give instant information during the operation of 
a PEMFC. This section will focus on in-situ methods. 
 

3.1 Polarization measurements 
The most common way to characterize fuel cells is the polarization curve. The polarization 
curve can give information about activation losses, ohmic losses and mass transport losses. 
By obtaining polarization curves at different stages during a long term degradation 
experiment, information about the time dependencies of the different losses can be 
evaluated. However, polarization curves must be used in combination with other methods to 
break the losses down into their contributing parts.  
 

3.2 Cyclic voltammetry 
The electrochemical active area of the platinum catalyst is commonly measured with cyclic 
voltammetry (CV). CV is a potential controlled electrochemical experiment where a potential 
sweep is imposed on an electrode and the faradaic current response is measured (a faradaic 
current is the current due to a redox reaction). This current response can give information 
about the adsorption and desorption of hydrogen. Results from a CV scan can then be used 
to calculate the active area for the cell.  
 
The applied potential is varied from an initial value in a linear manner up to a pre defined 
limiting value (apex). At this potential the direction of the potential scan is reversed and the 
potential window is scanned in the opposite direction. By doing this the species formed by 
oxidation on the forward scan can be reduced on the reversed scan. In addition to providing 
an estimate of the redox stability the scan provides information about the rate of electron 
transfer between the electrode and the analyte.  
 
A common setup for cyclic voltammetry is shown in Figure 10 and contains three electrodes: 
the working electrode (WE), counter electrode (CE) and the reference electrode (RE).  
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Figure 10 Experimental setup for cyclic voltammetry [27]. 

 
The electrode under investigation is the working electrode. The reference electrode is used 
to measure the working electrode potential. On the counter electrode a reversible reaction 
takes place. This reaction provides conservation of charge. The potential at the working 
electrode is swept several times between the minimum and maximum potential. Figure 11 
shows an example of a CV curve (current (i) vs. voltage (U)) from one cyclic sweep on 
polycrystalline Pt in an acid environment.   

 
Figure 11 Example of a CV curve on polycrystalline Pt in an acid environment [27].  

 
The characteristic shape of the curve is a result of different processes taking place at the 
working electrode surface. Related to Figure 11 the following reactions take place. 
 
 

Capactive current 

H2 des. and ads.current
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Step Descritption Reaction 
1 H2-desorption Pt-H + H2O → Pt + H3O+ + e- 
2 O2-adsorption Pt + 2H2O → Pt-OH + H3O+ + e- 
3  Pt-OH + H2O → Pt-O + H3O+ + e 
4 O2-development Pt + 2H2O → Pt-OH + H3O+ + e- 

Pt-OH + H2O → Pt-O + H3O+ +  e 
2Pt-O  → 2Pt + O2,g  

5 O2-desorption Pt-O + H3O+ + e → Pt-OH + H2O 
6  Pt-OH + H3O+ + e- → Pt + 2H2O 
7 H2-adsorption Pt + H3O+ + e- → Pt-H + H2O 
8 H2-development Pt + H3O+ + e- → Pt-H + H2O 

2Pt-H → 2Pt + H2,g  

Table 2 Reactions taking place at the working electrode during a CV scan [27]. 

 
To do a similar experiment in a fuel cell with two electrodes, the reference and counter 
electrode is clamped together. Hydrogen is flushed in to the electrode chamber and due to 
the low overpotential the potential could be seen as constant. Since the hydrogen reaction is 
reversible the electrode could be used as the counter electrode at both cathodic and anodic 
sweep.   
 

 
Figure 12 Setup for a fuel cell with anode as the working electrode [27].  

 
The active area could then be calculated by taking the average from the total charge at the 
adsorption and desorption processes for hydrogen. 
 

3.3 Impedance spectroscopy 
One of the most common tools in the characterization of fuel cells is electrical impedance 
spectroscopy (EIS). This method is especially useful in systems where the performance is 
governed by a number of coupled processes proceeding at different rates.  
 
In a simplified model fuel cells can be modeled with electric components as shown in Figure 
13. A parallel connection of an ohmic resistance and a capacitance depicts the electrode and 
a pure ohmic resistance connected in series depicts the membrane.  

Test
equipment

Test
equipment
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The capacitance can be attributed to the double-layer capacitance across the interface, 
while the ohmic resistance can represent the charge transfer resistance of a reaction. 
 
The fuel cell operates under normal operating conditions (flow of hydrogen and air are set 
corresponding to the flow at a specified load). A small sinusoidal potential or current is 
applied to an electrode. The frequency of this signal is then varied over a range of 
frequencies and the AC (alternating current) responses of the electrodes are recorded. The 
wide range of frequencies employed gives an impedance spectrum which includes a range of 
electrode processes. 
 
Since the rates of electrochemical reactions steps have an exponential relationship whit the 
electrode potential, it would be convenient to keep the sinusoidal perturbation small so the 
system can be assumed to be linear. 
 
The sinusoidal current sent through the cell would conduce to charge the double-layer and 
to oxidize or reduce species at the electrode. 
 
Impedance denotes a resistance to the flow of electrons or current. It can be expressed as a 
complex number including the real component (Zre, resistance) and the imaginary 
component (Zim, capacitance and inductance). One of the ways to present the results from 
an impedance spectroscopy measurement is the Nyquist plot. In a Nyquist plot the 
impedance is plotted vs. the real part of the complex impedance plane (See Figure 14). 

Ccath Can 

Rohm, an 

Rohm, mem 

Rohm, cath 

Figure 13 Equivalent electric circuit describing a fuel cell. 
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Figure 14 Nyquist plot from a hypothetical PEMFC. The four regions represent four losses 
in the fuel cell, and the size of each loop is correlated to the relative magnitude of each 
losses [28]. 

 

3.4 Hydrogen crossover 
Hydrogen crossover rate is an important parameter for determination of the permeability of 
the membrane in fuel cells. An increase in hydrogen crossover rate from the anode to the 
cathode is usually explained by macroscopic pinholes formed in the membrane. When 
measuring the hydrogen crossover rate, the cathode gas flow is switched from air to 
nitrogen. The measured current corresponds to the oxidation of the hydrogen molecules at 
the cathode side in the presence of platinum catalyst. The anode is taken as the counter 
electrode, whereas the cathode serves as the working electrode.  
  

3.5 Ohmic resistance 
Ohmic losses may be measured separately by using the current interrupt technique. When a 
constant current load on a fuel cell system is suddenly interrupted, the voltage response 
with time will be representative of the capacitance and the resistance of each component. 
Figure 15 shows an illustration of the response of a system under a current interrupt test. In 
a short time scale the small capacitance associated with the double layer can be observed, 
which identifies activation losses (Vactivation in Figure 15). The IR drop (voltage drop due to 
ohmic resistance) can also be observed (Vohmic in Figure 15). 
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Figure 15 Illustration of a current interrupt response (current is interrupted at t0). 

 
The charged double layer will take some time to disperse and can be seen as the curved 
shape in Figure 15. Compared to the activation overpotential the ohmic losses will 
immediately reduce to zero when the external circuit is disconnected and the current falls to 
zero.  
 

3.6 Effluent analysis 
A result of chemical degradation is the release of fluoride ions. The degree of chemical 
degradation could therefore be examined by evaluation of the fluoride ion concentration in 
the outlet water. It is common to use an ion chromatograph to measure the ion 
concentrations.  
 

3.7 Accelerating degradation 
There are several methods for accelerating PEM degradation and standard durability 
evaluation protocols are established. These protocols include an accelerated test 
methodology based on potential cycling of electrocatalyst and a protocol to measure the 
corrosion of catalyst support materials. The U.S. DOE and Freedom CAR Fuel Cell Technical 
Team have established a set of durability test protocols [29], which includes: 
 

• Electrocatalyst cycle and metrics 
• Electrocatalyst support cycle and metrics 
• MEA chemical stability and metrics 
• Membrane mechanical cycle and metrics 

 
The U.S. DOE and Freedom CAR Fuel Cell Technical Team durability test protocol is attached 
in Appendix D.  

Current 
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4 Methodology 
 

4.1 Durability test design 
Degradation of PEMFC is a direct consequence of operating conditions. Durability tests have 
indeed reflected the combined impact from various sources (impurities, operating 
conditions, load cycles, etc.) on the lifetime of the MEA. However, further understanding of 
how the MEA degrade and the contribution and interaction of the chosen operating 
conditions is much needed. In addition few publications have investigated the effect of 
clamping pressure on PEMFC durability.  
 
Since the goal of this thesis is to study the effect of operating conditions on PEMFC lifetime 
and performance and not the durability of the fuel cell components themselves, a certain 
level of degradation is sufficient.  
 
In automotive applications the fuel cell will be exposed to cycles of temperature, humidities 
and voltages. To assess the performance and durability of fuel cell components intended for 
automotive applications a test protocol should be based on cycling that reflects these 
changes.  
 
The design approach used in this thesis is what is called an ageing on/off test cycle. On/off 
cycling will promote both chemical and mechanical degradation of the MEA. The load during 
“on phase” is set to a relatively high level (0.8 A cm-2) to accelerate the MEA degradation. 
Running the cell on OCV during the “off” phase will promote a uniform chemical thinning of 
the membrane. Switching between on and off will promote both chemical and mechanical 
degradation of the MEA. Recommended durability protocols from DOE (see Appendix C) and 
SINTEF Material and Chemistry are used to design the test protocol used in this thesis. The 
test procedure used is described in detail in Chapter 6. 
 
The test duration is fixed and the screening experiment is set up as a fractional factorial 
design. The screening experiment is set up based on the chosen operating conditions; 
clamping pressure, gas humidification and back pressure.  
  

4.2 Performance and durability assessment 
The most common way to characterize fuel cells is by obtaining polarization curves. 
Polarization curves are therefore taken at different stages during the accelerated tests. The 
polarization curves will be used to evaluate degradation and to compare tests with different 
operating conditions.   
 
Fluoride release is a result of local chemical or thermal degradation. Effluent water is 
sampled and analyzed for fluoride and sulfur periodically. 
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5 Experimental setup and test facilities 
 
This chapter describes the equipment used for the experimental tests carried out in this 
thesis. 
  
All the testing was carried out at SINTEF Material and Chemistry and NTNU Department of 
Materials Technology’s fuel cell laboratories in Trondheim, Norway.  
 

5.1 Test-station description 
 

 
Figure 16 Flow scheme for the fuel cell test station. 1: Pressurized gas storage, 2: Electronic 
mass flow controllers (MFC), 3: Nafion-tube type humidifiers, 4: Pneumatic actuator for 
adjustment of cell clamping pressure, 5: Fuel cell under test, 6: Manual back pressure 
regulators [30]. 

 
The cathode is supplied with air from a pressurized container (79%N2, 21%O2). The anode 
was supplied with pure hydrogen. Flow rates were set by calibrated electronic mass flow 
controllers. Anode and cathode gases were humidified with a humidification system from 
Fuel Cell Technologies Inc.  
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The fuel cell temperature was set with heating elements from Watlow connected to the 
workstation. To control and read the fuel cell temperature type-K thermocouples were used. 
 
Measurements were performed using LabWiew from National Instruments. Current and 
voltage were set using a potentiostat. 
 
Pressure regulators from FCT are used to set the back pressures. Pressure sensors from 
Kobold are used to measure the gas pressures.  
 

5.2 Clamping pressure equipment 
The concept of using a pneumatic cylinder to ensure stable and reproducible clamping 
pressure over the MEA of the fuel cell was developed at NTNU in 1992-93 [31]. To set the 
pressure a pressurized nitrogen bottle is used. A pneumatic pressure system from Rexroth 
Mecman is used to set clamping pressures (Figure 16 nr. 4). 
 

5.3 Test cell 
The fuel cell housing used is developed at SINTEF Material and Chemistry. 
 
A 10 cm2 circular housing with double serpentine flow fields of stainless steel was used in a 
co-flow configuration. The depth of the serpentine flow field is 0.55mm. 
 
Platinum wires measure the local cell voltage at the backing. Thermocouples measure the 
temperature at the outlet and inlet for both the cathode and anode gas channels (see Figure 
17). Silicon gaskets are inserted around the active area to keep the cell gas-tight. 
 

 
Figure 17 Picture of one side of the fuel cell housing. Arrows indicates were the platinum 
wire and thermocouples are inserted to measure cell voltage and temperature, 
respectively. 

 

Area for silicon gasket 

Gas inlet. Pt wire and 
thermocouple 

Gas outlet. Thermocouple 
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5.4  Statistical research planning 
The complexity of the correlation between different factors requires a systematic approach. 
The experiments performed in this thesis are based on a two-level factorial design: 
 

• Requires relatively few runs per factor studied 
• Relatively simple interpretation 
• Determines the direction for further experimentation 
• Indication of important factors 

 
For more information about factorial design, se Box et al.[32]. 
 

5.4.1 A 23-1 experiment 
Due to the large number of factors affecting PEMFC degradation it is advantageous to use 
statistical methods to identify the effect of the factors and their correlation. 
 
It is evident that relative humidity will affect PEMFC performance and durability, and is 
therefore chosen as the first factor. Further, it is expected that back pressure will influence 
the cells performance and durability, and is chosen as the second factor. In earlier work it 
has been shown that clamping pressure has an effect on PEMFC performance [33]. However, 
there is little documented on the effect of clamping pressure on PEMFC durability. Clamping 
pressure is therefore chosen as a third factor. 
 
To find the correlation between lifetime and performance a factorial design will be used. A 
full factorial design with 2 levels and 3 factors would result in 23 = 8 experiments. 
Considering the time available and the time needed to get significant degradation, it is not 
possible to complete a full factorial design. However, by doing a fractional factorial design 
(23-1 = 4 experiments) it will be possible to estimate the main effects and the correlation 
between the three factors. The statistical design that will be used in this work is shown in 
Figure 18.    
 
The factorial levels are summarized below. 
 
Factors: 

A. Relative humidity 
B. Clamping pressure 
C. Back pressure 
 

Levels:  
- High (+) 
- Low (-) 

 
Response: Performance (polarization measurements) and durability (mVh-1).  
 
A 23-1-fractional factorial experiment with a center level: 
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Figure 18 23-1 fractional factorial design with a center-level indicated (0). 

 
Table 3 A 23-1-fractional factorial design. 

 
To estimate the between-cell variance of experiments caused by cell assembly, replicates 
were performed. 
 

5.4.2 Defining the operating variable space 
In order to choose the variable space for the experiment, some introductory experiments 
were performed. All tests were performed using the same single cell with the same 
materials. 
 
The initial levels for each factor are set as a compromise between what is seen as high levels 
and according to normal operating conditions. 
  
The intention for the introductory tests is to see how the fuel cell and the chosen materials 
respond on the operating conditions.  
 
Cell temperature was kept constant at 70°C and the humidification temperatures of the 
reactant gases, back pressure and clamping pressure were varied.  
 
Appendix B shows a selection of the introductory tests where Figure 34 and Figure 35 
reveals problems with the high level for clamping pressure (20 barg). Visual examination of 
the MEA also reveals that the high clamping pressure has torn the membrane. The high level 
for clamping pressure was therefore lowered.  
 
The following variable space will be used for the durability tests: 
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Table 4 The chosen variable space. 
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6 Test procedure 
 

6.1 Introduction 
There exist several procedures for qualifying the generic performance of a PEMFC single cell 
submitted to an accelerated ageing test. The objective for these procedures is to determine 
the change in performance of a PEMFC single cell operating at specified conditions.  
 
For this experiment an accelerated ageing on/off cycle test was used. The procedure used in 
this thesis is shown in Figure 19.  
 
This chapter contains a description of the test procedure used in this thesis. 
  

6.2 Pre-conditioning of test cell 
To achieve maximum MEA performance and lifetime for the single cell Gore’s recommended 
start-up procedure for PRIMEA® series MEAs (for H2-air operation) was used. This procedure 
initially applied various load chemes at 100 % relative humidity and cell temperature of 70°C, 
and was applied until no change in performance was observed.  
 

6.3 Setting the test conditions 
After pre-conditioning the operating conditions for the actual test was set and was run until 
no change in performance is observed.  
 

6.4 Ageing on/off cycling 
To determine the change in OCV and the voltage on load in terms of voltage per hour the 
cell was submitted to a specific load profile including “on” and “off” phases of 15 minutes 
respectively.  
 
The cycle follows the following profile: 
 

• “off” phase = 15 minutes at 0 A cm-2 
• “on” phase = 15 minutes at iload A cm-2, iload = 0.8 A cm-2 

 
In order to avoid important voltage drop the current density is increased step by step from 0 
to iload in four steps of 10 seconds (up to 1 minute for tests with high back pressure). 
 
During the two phases, the flow rates are controlled as follow: 
 

• “on” phase: Qfuel = Qλ,fuel and Qox = Qλ,ox 
• “off” phase: Qfuel = Qfuel, min flow  and Qox = Qox, min flow 
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Where Qi = is the flow of flow “i”, Qλ,i is the stoichiometric flow, and Qi,min flow is the minimum 
flow. Min flow is set to 0.05Nl/min for both the cathode and anode flow. The stoichiometries 
are set to 1.25 and 2.5 at the anode and cathode respectively.  
 
The on/off cycling is stopped after a total duration of approximately 240 hours or if the cell 
voltage drops below 0.2 V.  
 

6.5 End of period measurements 

6.5.1 Polarization measurements 
The cell polarization is examined in ascending current control mode (from low to high 
current densities) shortly after the ageing period is ended (23 hours with on/off cycling). The 
current density range was between 0 and 1.0 A cm-2, with a delay of 60 s at each current 
setting (to avoid voltage drops when changing current settings the flow corresponding to the 
next current step is applied during the last 60 s at each step). The duration of each current 
setting is: 3 min for i<0.1 A cm-2 and 5 min for 0.1<i<1.0 A cm-2. Before each of the 
polarization measurements, a short state of constant current mode is performed (0.5 A cm-

2). To avoid irreversible damage of the cell components the polarization measurements are 
stopped when the maximum current density is reached or when the cell voltage goes below 
0.2 V. 
 
The final polarization curve is compared with the initial curve to quantify the loss in 
performance of the cell on the entire range of current densities in order to analyze the 
causes of degradation. 
 

 
Figure 19 Test procedure after pre-conditioning of test cell. Total duration for the on/off 
cycle is 23 hours. The cycle is repeated 10 times giving a total duration of 240 hours. 
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6.5.2 Impedance test 
Cell impedance tests were implemented using a fuel cell test station with an AC-impedance 
system. Sinusoidal current waves were emitted through the cell and shunt. By examining the 
voltage drop over the shunt, the complex resistance of the fuel cell electrodes can be 
calculated. Nyquist plots were generated by the software. From these plots, the values of 
resistance and capacitances in the fuel cell electrodes were determined. 
 

6.5.3 Cyclic voltammetry 
CV measurements were conducted to evaluate the cathode electrochemical active surface. 
The electrochemical active surface was measured by purging H2 through the anode and N2 
through the cathode with flow corresponding to a load of 0.8 Acm-2 (stoic at 1.25 and 2.5 at 
the anode and cathode respectively).  
 

6.5.4 Hydrogen crossover 
Hydrogen crossover was measured by switching the cathode gas flow from air to pure 
nitrogen. The flow rate was set corresponding to a load of 0.8 V. After approximately 40 
minutes of gas equilibration, a potentiostatic assessment at 0.8 V was conducted to measure 
the current through the fuel cell. The measured current corresponds to the oxidation of the 
hydrogen molecules at the cathode side in the presence of platinum catalyst. 
 

6.5.5 Effluent analysis 
In order to examine the degree of chemical degradation in the membrane ionomer, the 
fluoride concentrations of the cathode and anode outlet water were evaluated. Water 
samples were collected in plastic jars after each of the aging cycles. The jars were washed 
before use by deionized water for three times. An ion chromatograph at SINTEF was used to 
analyze the water samples.        
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7 Results and discussion 
 

7.1 Introduction 
A total number of 6 tests were performed, including one replicate of Test 1 and Test 3.   

The different tests were performed in random order. Table 5 shows the different tests in the 
performed order.  
 

 
Table 5 Performed order of the tests with the belonging operating conditions.   

Cyclic voltammetry, impedance and hydrogen crossover measurements were attempted 
carried out on the first tests. However, due to inexplicable cell failure during the 
measurements, all experiments discussed below were performed without electrochemical 
measurements (except replicate of Test 1).   
  

7.2 Initial performance 
In order to compare performance and durability for the four different tests the initial 
performance were examined. After pre-conditioning, the cell was run at constant current 
density (0.5 A cm-2) before setting the operating conditions. Table 6 shows an averaged 
value of the voltage response for the four different tests.    
 

 
Table 6 Voltage response to 0.5 A cm-2 after pre-conditioning. All values are averaged. 
Standard deviation for the voltage response is 5 mV. *Due to problems with the relay 
during Test 3 the ohmic resistance could not be obtained.   

Considering variation in data measurement and differences in assembling the fuel cell a 
standard deviation of 5 mV is satisfying.  
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7.3 Durability 

7.3.1 On/off cycling   
The voltage profile of Test 3 for the first hour of four cycles is shown in Figure 20. 
 

 
Figure 20 Voltage profile of Test 3, showing 60 minutes of the current ageing process at 
four different stages.  

 
It can be seen that the OCV and the voltages needed to maintain the current density at 0.8 A 
cm-2 decreases with time. The most significant drop in the voltage profile is during the first 
100 hours.  
 
Figure 21 shows the voltage profile for Test 1. The cell showed pinhole formation between 
50 and 100 hours observed by loss of OCV. The experiment was aborted after 200 hours 
when the OCV fell below 0.2 V. 
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Figure 21 Voltage profile of Test 1, showing 60 minutes of the current ageing process at 
four different stages. 

Visual examination of the used MEA gave evidence of pinhole formation. In addition, pinhole 
formation was observed in the replicate of Test 1 (see Appendix C Figure 38) between 50 
and 70 hours. 
 
The voltage profile for Test 4 is shown in Figure 22. Compared to Test 3, Test 4 shows a more 
uniform degradation.    
 

 
Figure 22 Voltage profile of test 4 showing 60 minutes of the current ageing process at four 
different stages. 
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Test 2 had a lifetime of less than 24 hours and was aborted when the cell failed to sustain 
0.2 V at 0.8 A cm-2 (see Figure 23).  
 

 
Figure 23 Ageing on/off cycling for Test 2 showing problems sustaining the voltage above 
0.2 V at 0.8 A cm-2. Cell was aborted after failing three times within the first 24 hours.  

After the cycling was aborted the cell was run at constant current density (0.8 A cm-2). 
Failure was observed by significant increase in cell resistance (see Figure 39 in Appendix C). 
The increasing resistance could be explained by dry membrane conditions which again 
would lead to loss in ion conductivity. The high ohmic resistance for Test 2 could also be 
seen from Table 9 in section 7.3.3 which contains an averaged value of the ohmic resistance 
during the on/off cycling. No pinhole formation was observed by visual examination of the 
used MEA.   
 
In Figure 36 and Figure 37 in Appendix C the changes in temperature and pressure during 
on/off cycling for Test 1 is shown. These changes are observed for all tests and could 
obviously induce degradation both in form of chemical and mechanical failures. Changes in 
temperature, pressure and relative humidity could cause stresses in the membrane 
propagating small tears and eventually cell failure. This could be one of the reasons for the 
early pinhole formation for Test 1. 
 

7.3.2 Performance 
The initial polarization curves for the four different tests are shown in Figure 24. All values 
are an average of the last minute at each current step.  
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Figure 24 Initial polarization curves for the four different tests. 

 
Figure 24 shows how the performance of Test 1 and Test 4 are initially higher than for the 
two other tests. The improved performance is mainly due to pressurized operation.  
 
From examination of the kinetics, ohmic and mass transport regions of the polarization 
curves it can be seen that Test 2, and to a certain extent Test 4, have mass transport 
limitations at high current densities. This could be explained by the high clamping pressure. 
However, the actual clamping pressure on the active area for Test 4 would be lower than for 
Test 2 due to the high back pressure. The increasing loss of performance at increasing 
current densities of Test 2 could be explained by high ohmic resistance. This is discussed in 
more detail in section 7.3.3.  
 
Figure 25 shows the polarization curves after 192 hour of duration. Due to problems with 
the potentiostat in Test 3 the current density could not reach 1 A cm-2. Since Test 2 failed 
before 24 hours Test 2 is not included in this figure.   
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Figure 25 Polarization curves after 192 hours of duration.  

 
From examination of the kinetics, ohmic and mass transport regions of the polarization 
curves for Test 4, it is clear the most significant degradation that occurred was the lowering 
of the OCV. The slopes of the curves at the ohmic and mass transport regions were similar 
during the 192 hour duration. The test with the most significant performance loss is Test 1 
which could be explained by high crossover and chemical degradation due to pinhole 
formation.  
 
Figure 26 shows the voltage decay of Test 1, 3 and 4. This shows that the cell (Test 1) 
operated with low humidity (25 %) has the most significant voltage loss which is increasing 
with increasing current densities. The most significant degradation of Test 3 and 4 could 
again be seen in loss of OCV.  
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Figure 26 Voltage decay calculated from the initial and 192 hour polarization curves.  

All tests showed an increasing voltage loss with increasing current densities. This could be 
explained by increased mass transport limitations. Increased mass transport limitations 
could be promoted by degradation of GDL (loss of hydrophobicity) and/or by loss in active 
area. Cyclic voltammetry measurements were performed on the replicate of Test 1 showing 
loss in active area during the first 96 hours of ageing on/off cycling (see Appendix E Figure 
42).    
 
To evaluate the voltage decay for each test in a way that is comparable the ageing on/off 
cycle results were used. Table 7 shows an average of the last 5 min of the three first steps at 
different periods in the on/off cycle.  
 

   
Table 7 Voltage response during 200 hours of on/off cycling. All values are an average of 
the last 5min of the 3 first steps at the actual time. 

 
The least squares regression method for the data in Table 7 is then used to calculate an 
overall voltage loss. Table 8 shows the calculated voltage loss with the corresponding 
standard deviation for the slope.  
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Table 8 Voltage loss calculated from data from the ageing on/off cycling. 

 
It can be seen from Table 8 that the test with low humidity (Test 1) has the highest loss in 
OCV. This is mainly due to pinhole formation which would lead to crossover. In addition the 
high back pressure and the difference in anode and cathode back pressure during OCV (see 
Figure 37 in Appendix C) would increase the crossover rate.  
 
Comparing the two tests with 100 % relative humidity, the voltage loss for both OCV and 0.8 
A cm-2 for Test 3 is significantly higher, even greater than for Test 1.  
 
Both experiments with low humidity (Test 1 and Test 2) showed inferior durability. Test 1 
failed due to pinhole formation and Test 2 due to dry membrane condition observed by 
increasing ohmic resistance. One possible explanation to the different failure modes could 
be the difference in back pressure. In the situation with low humidity; high back pressure 
would reduce the problems with dry membrane conditions. This could also be seen from the 
initial polarization curves in Figure 24 where Test 2 has a distinct loss in the mass transport 
region. The high back pressure in Test 1 would lead less water out of the cell (due to the 
reduction of volumetric flow), hence reducing the ohmic resistance as the current density 
increases.  
 

7.3.3 Ohmic resistance 
An averaged value of the ohmic resistance during the ageing on/off cycling is listed in Table 
9. Comparing the ohmic resistance of the four tests shows high values for the two cells with 
25 % relative humidity. 
 

 
Table 9 Ohmic resistance during on/off cycling between 100-150 hours. (Averaged values). 
Test 2 failed before 24 hours and is an averaged value from the first 24 hours.  

 
Due to problems with the relay in Test 3 the ohmic resistance for the replicate is used. It is 
evident from these results that humidification is essential for reduction of the ohmic 
resistance.  
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To illustrate the effect of high ohmic resistance the initial polarization curve for Test 2 is 
compared with an iR corrected polarization curve (voltage response + i·R). This is shown in 
Figure 27. 
 

 
Figure 27 Initial and iR corrected polarization curve for Test 2. 

Correcting the polarization curve for ohmic losses elevates the voltage at high current 
densities up to 0.2 V. Comparing this polarization curve with the three other initial 
polarization curves explains the difference in initial performance.  
 
Figure 28 shows an averaged value of the ohmic resistance during on/off cycling for the four 
different tests. Generally the ohmic resistance is decreasing with time, which could indicate 
physical thinning of the membrane. Test 2 showed a high and increasing resistance during 
the 20 hour of duration. 
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Figure 28 The average ohmic resistance for all four tests during the ageing on/off cylcle.  

 

7.4 Effluent analysis 
Figure 29 shows the measured fluoride emission rates collected from the water samples.  
 

 
Figure 29 Measured fluoride emission rates. 

 
Generally FER decreases after the break in procedure (Sample no. 1). This could be due to 
the high current densities during break in. After sample 1 the fluoride emission rates show 
an increasing trend with time. Higher rates are observed at the cathode (not shown in the 
figure). For the experiment with low relative humidity (25%), high clamping pressure 
(10barg) and no back pressure (Test 2), the FER is decaying. As the time of this experiment 
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was less than 24 hours, the effluents analyzed are more frequent and not directly 
comparable to the other with respect to time.  
 
For both experiments with high humidity setting, FER is significantly lower than for Test 1 
(25% relative humidity). The reason to the extremely high levels for Test 1 could be a high 
crossover rate resulting in accelerated chemical attack of the MEA.  
 
Comparing the two tests with 100% relative humidity, Test 3 has lower FER than Test 4. This 
could be explained by the difference in back pressure which results in increased crossover.  
 

 
Figure 30 Measured sulfate emission rates. 

 
As seen from Figure 30, the initial SER is high for all four experiments. It is also observed that 
the SER is higher at the anode (not included in the figure). Unlike earlier similar studies [34] 
the SER is sustained at high levels for the experiments with high humidity level. The 
sustained high levels of sulfur are probably a result of sulfuric acid residue from production 
of the MEA and/or GDLs. High humidification of gases appears to more effectively wash out 
the sulfur.     
 

7.5 Correlation 
Considering the observations and analysis of the results presented above, it is evident that 
back pressure has a positive impact on degradation both for low and high humidity levels. It 
is difficult to extract the effect of clamping pressure, however it seems like high clamping 
pressure could promote mass transport limitations. This could be explained by deformation 
of the MEA and/or GDL changing the materials mass transfer properties. Deformation of the 
GDL could result in loss of the hydrophobic properties. This could result in local flooding 
which again would limit mass transfer, especially at high current densities.  
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From the tests performed in this study the test (Test 4) with the best performance also 
shows the best durability. However, Test 1 initially showed the same performance as Test 4, 
but suffered from early failure observed by pinhole formations and was aborted after 200 
hour of duration.   
 

7.6 Replicates 

7.6.1 Durability 
 
Figure 31 compares the polarization curve after 192 hours of duration for test 3 and the 
replicate. The figure shows a satisfying variance in performance. It can be seen from Figure 
43 in Appendix D that like test 3 the replicate test also shows the most significant drop in 
voltage response during the first 100 hour of duration. 
 

 
Figure 31 Polarization measurements after 192 hour of duration for test 3 and the replicate 
of test 3. 

Like Test 1 the replicate of Test 1 showed pinhole formation between 50 – 100 hours. The 
voltage response during on/off cycling for the replicate is shown in Appendix D Figure 40.  
 

7.6.2 Effluent analysis 
Figure 32 shows the measured fluoride and sulfate emission rates for Test 1 and the 
replicate of Test 1. Both experiments show high and increasing FER rates. SER rates are 
initially high and decreasing. It can be seen from the figure that the variation in SER 
measurements are small.  
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Figure 32 Measured fluoride and sulfate emission rates for Test 1 and Test 1 replicate. 

Figure 33 shows the fluoride and sulfate emission rates for Test 3 and Test 3 replicate. Both 
tests show similar trends during 240 hour of duration. The variation in FER and SER are 
acceptable.   
 

 
Figure 33 Measured fluoride and sulfate emission rates for Test 3 and Test 3 replicate.  
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8 Conclusion 
 
The most favorable combination of operating conditions considered in this study are 100 % 
relative humidity, 10 barg clamping pressure and 1.5 barg back pressure (Test 4). This 
combination showed both best performance and lowest degradation rates.  
 
The tests with low humidification levels showed inferior durability. Test 1 showed pinhole 
formation between 50 and 100 hours observed by significant loss of OCV. Test 2 had a 
lifetime of less than 24 hours and failure was observed by significant increase in ohmic 
resistance. Generally the cells have increasing voltage loss with increasing current densities.  
 
Back pressure had a positive effect on both performance and durability. The effect of 
clamping pressure was difficult to extract from the performed tests, however high clamping 
pressure seems to lead to increased mass transport limitations.  
 
The effluent analysis shows a strong dependence on humidification levels. Generally the FER 
shows an increasing trend with time while SER are sustained at high levels. Cell failure is not 
observed by altered emission rates.  
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9 Recommendations for future work 
 
To find a clear correlation between humidification and pressures the designed test matrix 
(23-1) should be completed (a 23 design). The two experiments with low relative humidity 
should be replicated with cyclic voltammetry and impedance measurements to examine loss 
of active area and crossover rates.  
 
Test 3 and Test 4 should be replicated with cyclic voltammetry to examine loss in active area. 
In addition the experiment with 100 % relative humidity, high clamping pressure and no back 
pressure (“+ + -“) should be performed to supplement the effect of high relative humidity.  
 
In the present work manual pressure regulators were used, which caused variations in 
pressure during the on/off cycling. It is therefore recommended that future tests use 
electronic regulated pressure regulators.   
 
In order to obtain better temporal resolution, SINTEF has designed automated water 
samplers that render emission analysis possible every two hours. Future work should 
attempt to use this system. 
 
This work addressed operation on pure hydrogen only. From the point of view of automotive 
applications, performance and durability on CO-containing and dilute feeds should be 
considered in future work.  
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Appendix A: Basic equations 
 
This appendix gives an overview of the basic thermodynamic equation concerning 
electrochemical energy conversion in fuel cells. 
 
Reversible cell potential 
The reversible cell potential is given by the difference between the reversible electrode 
potentials: 
 E E , E ,          A.1 
 
where the subscripts a and c denote the anode and the cathode, respectively.  
 
The reversible cell potential is related to Gibbs energy change. For a fuel cell this relationship 
is expressed by: 
 ∆G nFE           A.2 
 
where F is the Faraday constant and n is the number of electrons taking part in the cell 
reactions.  
 
Consider the following general reaction: 
 aA bB cC dD          A.3 
 
The Gibbs free energy change for this reaction is given by: 
 ∆G ∆G RTln C DA B          A.4 

 
where ∆  is the Gibbs free energy change at standard conditions and ai denote activities of 
species i (i = A,B,C,D). 
 
The combination of A.2 and A.4 gives the Nernst equation. 
 E E RTF ln C DA B          A.5 

 
where E0

rev is the standard reversible potential of the cell reaction. 
 
Standard reversible cell potential 
If e- is the charge of one electron, then the charge that flows is 
 2 Ne  2F coulombs          A.6 
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where N is Avogadro’s number and F being the Faraday constant, or the charge of one mole 
of electrons. If E is the voltage of the fuel cell, then the electrical work done moving this 
charge round the circuit is: 
 Electrical work done charge voltage  2FE joules     A.7 
 
Since this is the reversible cell potential, the electrical work done will be equal to the Gibbs 
free energy released.  
 ∆g 2F · E  
 E  ∆F            A.8 

  G H TS  
 ∆g  ∆h ∆Ts  
 ∆h  h H O h H h O   

 ∆s s H O s H s O   

 
If the product is liquid water and the temperature is 25°C the change in Gibbs free energy is: 
 ∆g 237.2 kJ mol    
 
The standard reversible cell potential is (calculated from A.8): 
 E  1.23 V   
 
From the transition state theory [35] the cathodic and anodic overpotentials are 
approximated by: 
 ηC RTF log i ,C  RTF log i         A.9 

 ηA RTF ,A            A.10 

 
The potential profile may be written: 
 E E ηA ηC i RA RC RM        A.11 
 
where i0,A and i0,C is the exchange current densities at the anode and cathode, respectively.  
 
Pressurization of PEMFC 
If the pressure is increased from P1 to P2 the increase in or gain in voltage is: 
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 ∆V Cln PP volts  

 
To consider the power gain, we suppose a current I A and a stack of n cells. The increase in 
power is the given by: 
 Power gain Cln PP In watts  
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Appendix B: Introductory tests 
 
Figure 34 shows how the OCV falls when the clamping pressure is changed from 5 barg to 20 
barg. 
 

 
Figure 34 Testing of clamping pressure.  

Figure 35 shows the first OCV step during on/off cycling. The rapid fall in OCV indicates 
membrane failure due to torn membrane, cracks and/or pinhole formation. Visual 
examination of the used MEA reveals that the high clamping pressure has torn the 
membrane. 
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Figure 35 OCV during ON-OFF cycling. Clamping pressure at 20barg and back pressure at 
1.5barg.
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Appendix C:  Additional results from on/off cycling 
 

Figure 36 and Figure 37 shows how the temperature and pressure changes during on/off 
cycling for Test 4. Similar changes are observed for all tests.  
 

 
Figure 36 Change in cathode temperature during on/off cycling for Test 4. 

 

 
Figure 37 Change in pressure during on/off cycling for Test 4. 
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Figure 38 Voltage profile of replicate test 1 during on/off cycling revealing problems with 
pinhole formation. 

 

 
Figure 39 Test 2 run at 0.8Acm-2 showing cell failure and significant increase in ohmic 
resistance.  
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Appendix D: Durability test protocols 
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Appendix E: Results from replicated tests 
 
Test 1 replicate: 
Figure 40 shows one hour of the current ageing process at four different stages for the 
replicate of test 1. The drop in OCV after 70 hours indicates pinhole formation. 
 

 
Figure 40 Voltage profile of test 1 replicate, showing 1 hour of the current ageing process 
at four different stages. 

 

 
Figure 41 Polarization measurements for replicate of test 1. 
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Figure 42 Cyclic voltammetry measurements for replicate test 1 showing a reduction of 
active area with time.  

 
Test 3 replicate: 
Figure 43 shows the voltage profile for the replicate of Test 3. As Test 3 the most significant 
drop in performance is during the first 100 hours. 
 

 
Figure 43 Voltage profile of test 3 replicate, showing 1 hour of the current ageing process 
at four different stages. 

  



68   
 

Appendix F: Data from water samples 
 

 
Table 10 Data from water samples test 1. 

 
Table 11 Data from water samples test 2. 

 
Table 12 Data from water samples test 3. 

 
Table 13 Data from water samples test 4. 
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Table 14 Data from water samples replicate test 3 
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