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Abstract 

In polymer electrolyte fuel cells (PEFC) chemical energy, in for example 
hydrogen, is converted by an electrochemical process into electrical energy. 
The PEFC has a working temperature generally below 100 °C. Under these 
conditions water management and transport of oxygen to the cathode are 
the parameters limiting the performance of the PEFC. 
 
The purpose of this thesis was to better understand the complex processes 
in different parts of the PEFC. The rate-limiting processes in the cathode 
were studied using pure oxygen while varying oxygen pressure and 
humidity. Mass-transport limitations in the gas diffusion layer using oxygen 
diluted in nitrogen or helium was also studied. A large capacitive loop was 
seen at 1-10 Hz with 5-20 % oxygen. When nitrogen was changed to 
helium, which has a higher binary diffusion coefficient, the loop decreased 
and shifted to a higher frequency. 
 
Steady-state and electrochemical impedance spectroscopy (EIS) models 
have been developed that accounts for water transport in the membrane and 
the influence of water on the anode. Due to water drag, the membrane 
resistance changes with current density. This gives rise to a low frequency 
loop in the complex plane plot. The loop appeared at a frequency of around 
0.1 Hz and varied with D/Lm

2, where D is the water diffusion coefficient 
and Lm is the membrane thickness. The EIS model for the hydrogen 
electrode gave three to four semicircles in the complex plane plot when 
taking the influence of water concentration on the anode conductivity and 
kinetics into account. The high-frequency semicircle is attributed to the 
Volmer reaction, the medium-frequency semicircle to the 
pseudocapacitance resulting from the adsorbed hydrogen, and the low-
frequency semicircles to variations in electrode performance with water 
concentration. These low-frequency semicircles appear in a frequency 
range overlapping with the low-frequency semicircles from the water 
transport in the membrane. The effects of current density and membrane 
thickness were studied experimentally. An expected shift in frequency, 
when varying the membrane thickness was seen. This shift confirms the 
theory that the low-frequency loop is connected to the water transport in the 
membrane. 
 
Keywords: polymer electrolyte fuel cell, modelling, electrochemical 
impedance spectroscopy, water transport, membrane 



Sammanfattning 
I en polymerelektrolytbränslecell (PEFC) omvandlas kemiskt bunden 
energi, i tex. vätgas, till elektrisk energi genom en elektrokemisk process. 
En PEFC arbetar normalt vid en temperatur under 100 °C. Vid denna 
temperatur är de begränsande faktorerna för att uppnå en bra prestanda 
bland annat vattenhantering och transport av syre till katoden.  
 
Syftet med denna avhandling har varit att få en bättre förståelse för de 
komplexa processer som sker i olika delar av en PEFC. De 
hastighetsbegränsande processerna i katoden studerades med ren syrgas vid 
olika syrgastryck och fuktigheter. Masstransportbegränsningar i 
gasdiffusionsskiktet studerades också genom att späda ut syrgasen med 
kvävgas eller helium. En stor kapacitiv loop erhölls vid 1-10 Hz med  
5-20 % syrgas. När kvävgasen byttes ut mot helium, som har en högre binär 
diffusionskoefficient, blev loopen mindre och försköts till högre frekvenser. 
 
Steady-state och elektrokemisk impedansspektroskopi- (EIS) modeller 
utvecklades för vattentransport i membranet och vattnets påverkan på 
anoden. På grund av att protonerna drar med sig vatten genom membranet 
ändras membranets resistans vid ändrad strömtäthet. Detta ger upphov till 
en lågfrekvensloop i en Nyquistplot. Loopen uppträdde vid omkring 0.1 Hz. 
Frekvensen ändrades med D/Lm

2, där D är vattens diffusionskoefficient och 
Lm är membrantjockleken. Den utvecklade EIS-modellen för 
vätgaselektroden gav tre till fyra halvcirklar i en Nyquistplot när hänsyn 
togs till att anodens konduktivitet och kinetik påverkades av 
vattenkoncentrationen. Högfrekvenshalvcirkeln kopplades till 
Volmerreaktionen, mediumfrekvenshalvcirkeln till adsorption av väte och 
lågfrekvenshalvcirklarna till förändringar i elektrodens prestanda vid 
ändrad vattenkoncentration. Lågfrekvenshalvcirklarna uppträdde i samma 
frekvensområde som halvcirklarna från vattentransport i membranet. 
Effekten av ändringar av strömtäthet och membrantjocklek studerades 
experimentellt. En förväntad förskjutning av frekvensen sågs när 
membrantjockleken ändrades. Denna förskjutning bekräftar teorin att 
lågfrekvenshalvcirklarna är kopplade till vattentransport i membranet. 
 
Nyckelord: polymerelektrolytbränslecell, modellering, elektrokemisk 
impedansspektroskopi, vattentransport, membran   
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1 Introduction 
Fuel cells convert chemical energy into electrical energy with a high 
theoretical efficiency, 83 % at 25 °C. Fuel cells have become popular in the 
attempt to decrease emission of greenhouse gases. There are several 
different fuel cell technologies available, using different electrolytes. 
Molten carbonate fuel cells (MCFC) and solid oxide fuel cells (SOFC) are 
high-temperature fuel cells working at 650 °C and 1000 °C, respectively. 
The high working temperature enables use of inexpensive catalysts and use 
of the waste heat gives a high overall efficiency. On the other hand, the 
high working temperature gives long start-up times. This makes MCFC and 
SOFC suitable for stationary power generation. For mobile applications a 
low temperature fuel cell is more suitable. The most promising low 
temperature fuel cell today is the polymer electrolyte fuel cell (PEFC). The 
PEFC can work with hydrogen or hydrocarbons (for instance methanol) as 
fuel, in this thesis only hydrogen is considered.  
 
The PEFC generally has a working temperature below 100 °C. The low 
temperature, however, requires expensive catalysts for the slow oxygen 
reduction reaction. It also causes problems with condensing water. Water 
management is a very important issue in PEFCs. The polymer electrolyte 
requires water to conduct protons. A shortage of water in the electrolyte 
results in high ohmic losses. An excess of water, however, results in 
flooding of the cathode and mass transport limitations. The water 
management also makes the fuel cell system more complex due to the need 
for humidification of ingoing gases. For a broader commercialisation of 
polymer electrolyte fuel cells a lower cost and a longer lifetime are also 
necessary. For a lower cost, electrodes offering a high power density with a 
small catalyst loading are required. PEFCs should be able to operate at high 
current density and with an acceptable efficiency. Losses coupled to high 
current density are ohmic losses in the membrane and slow oxygen 
diffusion. The latter adds to the slow oxygen kinetics. In this thesis mass 
transport of water in the membrane and of gases to their reaction sites in the 
electrodes have been studied. Mathematical models have been developed 
and fitted to experimental data.  
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1.1 Working principles of the polymer electrolyte fuel cell 
In a polymer electrolyte fuel cell (PEFC) hydrogen and oxygen reacts to 
form water according to Reaction 1. To convert the chemical energy into 
electrical energy the reaction is split into two half cell reactions, occurring 
at different electrodes. Hydrogen is oxidized, according to Reaction 2, to 
protons and electrons at one of the electrodes, the anode. The protons travel 
through a polymer electrolyte membrane and the electrons travel in an outer 
circuit to the other electrode, the cathode. On the cathode, the protons and 
electrons react with oxygen to form water, Reaction 3. A schematic sketch 
of a polymer electrolyte fuel cell is shown in Figure 1. 
 

OHOH 222 22 →+     [1] 
 

−+ +→ eHH 442 2     [2] 
 

OHeHO 22 244 →++ −+     [3] 
 
Both electrodes are thin (in the order of 10µm), porous and consist of three 
different phases, electron-conducting, proton-conducting and gas-
conducting. The reactions occur on catalyst particles, usually platinum, 
dispersed on electron-conducting carbon powder. The proton-conducting 
phase is a proton-conducting polymer, e.g. Nafion. The same polymer is 
used in the polymer electrolyte membrane. The membrane conducts protons 
from the anode to the cathode and separates the anode and cathode gases. In 
order to conduct protons, the membrane needs to be humidified. If the 
membrane is too dry, the conductivity decreases leading to low energy 
efficiency. Too much water (flooding), however, leads to a hindered gas 
transport in the electrodes, also resulting in low energy efficiency. The 
membrane together with the two electrodes is called the membrane 
electrode assembly (MEA). Adjacent to the MEA are the gas diffusion 
layers (GDL). They are made of porous carbon and provide transport of 
gases, electrons and heat to and from the electrodes. Finally, the MEA and 
GDLs are put between two current collectors. They are made of an 
electron-conducting material such as steel or graphite and collect the 
current and heat. They also comprise channels for the reacting gases. To 
obtain a higher voltage a number of cells can be stacked together. The 
current collectors are then replaced by bipolar plates. 
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Figure 1. A schematic sketch of a polymer electrolyte fuel cell: 1 membrane, 2 
anode active layer, 3 cathode active layer, 4 gas diffusion layers, 5 current 
collectors with gas channels.  

 
1.2  Gas diffusion electrodes 
To obtain good kinetics, large active surface area of the catalyst is 
important. Gas diffusion electrodes are therefore made of small catalyst 
particles distributed on a carbon support with a large surface area. The 
carbon support acts as the electron-conducting phase and a percolating 
network is important to distribute the reaction throughout the thickness of 
the electrode. Only the catalyst in contact with the proton-conducting phase 
is, however, electrochemically active. A percolating network of the proton-
conducting polymer and wetting of the catalyst is therefore also important 
for high catalyst utilization. At low current densities kinetics limits the 
electrode reaction. At higher current densities, however, other processes 
such as proton migration through the electrode thickness or diffusion of the 
reacting species, oxygen and hydrogen, through the polymer phase to the 
catalyst site may be limiting. Due to the thickness of the electrode, it is not 
planar, the reaction rate may not be uniform when it is limited by mass 
transport. When the electrode is studied experimentally, only the total 

e- 

H+ 

H2 →  
2H+ + 2e- 

O2 + 4H+ + 4e-

 → 2H2O 

12 3 4 4 5 5 
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electrode potential and total current density can be measured. The current 
distribution and different rate-limiting processes taking place 
simultaneously makes it difficult to evaluate experimental data. In order to 
get a better understanding of the limiting processes in the electrode 
mathematical modelling is a useful tool. 
 
When modelling the electrode, it is useful to describe it by a simple 
geometry. The electrode has been described by a cylindrical pore model1-3, 
a homogeneous model4-8 and the agglomerate model9-14. In the cylindrical 
pore model, the electrode surface consists of circular cylinders. The 
cylinders are filled with electrolyte through which the reacting species have 
to diffuse before reacting on the pore wall. In the homogeneous model all 
phases are super-positioned and effective transport parameters are used. In 
the agglomerate model the electrode is built up by a large number of 
cylindrical or spherical agglomerates consisting of a mixture of the solid 
and proton-conducting phases. The agglomerates are surrounded by gas 
pores. This makes for a two-dimensional model with proton migration and 
gas diffusion in one direction and diffusion of gases dissolved in the 
electrolyte in the other. 
 
The oxygen reduction reaction is a slow reaction responsible for the main 
part of the losses at low current densities. The oxygen kinetics is usually 
described by a single step mechanism following the Tafel law according to 
Equation 4 where i0 is the exchange current density, 

2Oc  the concentration 
of dissolved oxygen, α is the transfer coefficient and η is the 
overpotential9,11. The Tafel slope is given by -ln10αF/RT. 

 

⎟
⎠
⎞

⎜
⎝
⎛−−= ηα

RT
Fcii O exp

20     [4] 

 
The hydrogen kinetics is usually assumed to be fast and negligible 
compared to the oxygen kinetics. The reaction steps on platinum are 
commonly accepted to follow the Tafel-Volmer steps with adsorption of 
hydrogen on platinum followed by an oxidation reaction15. 
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1.3 Water transport in membranes 
Water management in a PEFC is important for several reasons. The water 
content in the membrane strongly influences the membrane conductivity16. 
When the water content decreases, the conductivity also decreases. The low 
conductivity becomes a problem at high current densities, where the ohmic 
losses are a large part of the total loss. Dehydration is common at the anode 
side. On the other hand, if the water content is too high in the electrodes, 
flooding can occur, hindering the reactants from reaching the catalyst sites. 
This is an effect common at the cathode. Water transport and water 
distribution in the membrane have been experimentally studied by varying 
membrane thicknesses and humidity of ingoing gases17-23. A drying of the 
anode side has been seen with dry gases and thick membranes. In 
electrochemical impedance spectroscopy (EIS) a low frequency loop has 
been observed that has been assigned to water transport in the 
membrane17-20. 
 
When a current is passed through the membrane, water is dragged with the 
protons from the anode to the cathode. The number of water molecules 
transported with each proton, in the absence of a concentration gradient, is 
called the water drag coefficient, nd. For a vapour-equilibrated membrane a 
constant water drag coefficient of between 1 and 1.4 has been reported24-25. 
A value of nd=1 agrees with the theory of the proton travelling as a 
hydronium ion, H3O+. In their modelling Springer et al.26 assumed the 
water drag coefficient to be linearly dependent on water content. This 
assumption was later withdrawn27-28, but has been used in many modelling 
studies21,29-32. 
 
The water drag gives rise to a gradient in water activity and a resulting back 
transport of water. The mechanism of this back transport has been modelled 
as diffusion due to concentration gradients22,26,29-40, as a convective flow 
due to gradients in the hydraulic pressure4,41, or as a combination of both 
processes21,42-48. Diffusion has been modelled as in a diluted electrolyte 
using Fick’s first law22,26,29-34 or as in a concentrated electrolyte35-40. In the 
concentrated electrolyte interaction between all species, in this case water, 
protons and polymer, are taken into account with the Stefan-Maxwell 
equation49. In the diluted electrolyte, only interaction with the solvent is 
accounted for. Models where only diffusion is taken into account have 
problems when the membrane is in contact with liquid water and there is no 
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concentration gradient. Models with only hydraulic pressure fail when the 
water content is low. 
 
Equation 5 describes water transport through the membrane for the dilute 
electrolyte case26,29-32 

 

F
In

dx
dc

DN d
OH

ww +−= 2     [5] 

 
where Nw is the water molar flux, Dw is the water diffusion coefficient, OHc

2
 

is the water concentration, nd is the water drag coefficient, I is the current 
density and F is Faraday’s constant. Both constant22 and water-
dependent23,29 water diffusion coefficients have been found in modelling as 
well as experimental literature. The dilute electrolyte theory has been used 
to simulate water profiles, net water flux of water per proton, membrane 
resistance and polarisation curves. Most models of water transport in the 
membrane are limited to steady-state conditions. 
Chen et al.31 have, however, modelled the transient behaviour of water 
transport in the membrane. The membrane was modelled as a diluted 
electrolyte and the characteristic time for water transport and resistance to 
reach steady state was shown to be in the range of 10 seconds. That study 
was focused on current steps, but the same time constant ought to be visible 
in EIS.  
 
1.4 Gas diffusion layers 
At high current density and when air is used instead of pure oxygen, mass 
transport limitations may occur not only in the active layer, but also in the 
gas diffusion layer. This has been shown experimentally by 
Passalacqua et al.50 and Ihonen et al.51. Theoretical modelling of the mass 
transport in the gas diffusion layer has also been done by Springer et al.6, 
Guo and White52 and Gerteisen et al.53 with a constant water fraction in the 
gas diffusion layer. Springer et al. and Gerteisen et al. also fitted their 
models to experimental data. 
 
1.5 Steady-state models 
There is a vast amount of steady state PEFC models in the 
literature4,5,9,26,29,35,54. Springer et al.26 have presented a model including 
mass balances for all components in the gas channels, multicomponent 
diffusion in the GDLs, water drag and diffusion of water in the membrane 
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and a water-dependent conductivity. The kinetics was expressed by a Tafel 
expression. Their calculations gave polarisation curves, water flux and 
membrane resistance as a function of current density and water profiles in 
the membrane at different current densities. Bernardi and Verbrugge4 have 
presented a model with multicomponent diffusion and transport of liquid 
water in the cathode GDL, transport of water in the membrane and a 
macrohomogeneous electrode geometry with Butler-Volmer kinetics on 
both electrodes. Their simulations resulted in polarisation curves, limiting 
currents due to porosity of the GDL and net water flux. Fuller and 
Newman35 have developed a two-dimensional model with concentrated 
electrolyte theory for water transport in the membrane; diffusion of gases in 
the GDL was expressed with Stefan-Maxwell’s equation and the kinetics on 
both electrodes by Butler-Volmer kinetics. Mass and energy balances were 
used along the channel. Their simulations resulted in polarisation curves 
and water concentration profiles across the membrane. They also calculated 
the gas, water and current distribution along the gas channel and the net 
water flux. Dannenberg et al.54 developed a two-dimensional model where 
the diffusion of gases in the GDL follows Stefan-Maxwell’s equation, and 
the water transport in the membrane is expressed by water drag and 
diffusion. The model includes a water-dependent membrane conductivity, 
and the cathode kinetics was calculated with an agglomerate model using 
Tafel kinetics. The anode overpotential was neglected. The changes in gas 
composition along the gas channels were also calculated. Simulations 
resulted in polarisation curves and changes in current density, membrane 
resistance and water content along the gas channels. 
 
1.6 Reference electrodes 
A typical electrode in a PEFC is very thin, in the order of 10 µm. It is 
therefore not possible to measure the potential profiles through the 
electrodes. Instead the total potential and current are measured. In order to 
study the polarisation of a specific electrode experimentally, reference 
electrodes are used. In a PEFC, the reference electrode is often a reversible 
or dynamic hydrogen reference electrode (RHE/DHE) placed on the 
membrane surface beside the anode55,56. Positioning of potential probes in 
the membrane between the cathode and anode has also been used23,56,57. A 
true reference electrode should maintain its equilibrium potential 
independently of current density, and the measured potential will then only 
include the working electrode polarisation and iR losses such as membrane 
and contact resistances. However, the distance between working and 
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counterelectrode is short in the PEFC due to the thin membrane, and the 
placement of the reference electrode is of crucial importance to avoid 
influence of potential gradients on the reference electrode potential58-60. In 
addition to the location of the reference electrode, geometrical aspects such 
as a small displacement of the electrodes strongly affect the potential 
gradient, resulting in large experimental errors, especially with very thin 
electrolytes. An increasing number of papers have been published on 
reference electrodes in combination with EIS56,59-61. The placement of the 
reference electrode is of crucial importance in this case as well. Modelling 
work shows that a misalignment of the working and counter electrodes of 
approximately 10 µm results in errors larger than 10 % of the single 
electrode impedance response in the PEFC61. To avoid the poor accuracy of 
experimental data obtained with a reference electrode, the total cell 
potential is commonly measured when using the EIS technique. The 
performance of the cathode is usually studied assuming that the anode 
impedance may be neglected and that the membrane is acting as a pure 
resistance. Several papers have however been published assigning a low 
frequency loop in EIS to water transport in the membrane and its influence 
on the anode kinetics17-19. The low frequency loop increases with 
decreasing anode humidification. This indicates that the anode may only be 
used as a reference at low current densities and at well humidified 
conditions. 
 
1.7 Electrochemical impedance spectroscopy 
A common experimental method when studying PEFCs is to measure 
polarisation curves, showing current versus potential at steady state. It is, 
however, difficult to distinguish between different rate-limiting processes 
using steady state methods. Instead, transient methods such as 
electrochemical impedance spectroscopy (EIS) and current interrupt (CI) 
may be used. They are powerful tools for elucidation of rate-limiting 
processes in PEFCs because they can separate processes with different rate 
constants. In this thesis EIS has been used.  
 
The principle of EIS is that the steady-state current or potential is perturbed 
with a small sinusoidal signal. This perturbation will influence the different 
rate-limiting processes in the fuel cell. The frequency of the small signal is 
varied. For high frequencies the changes are so fast that only the pure 
resistive processes are fast enough to be perturbed. When the frequency is 
decreased the processes with different time constants relax one after the 
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other. This may be seen in the phase shift between the current and voltage 
or in the real and imaginary parts in a complex plane plot. 
 
An EIS curve is often presented in a Nyqist plot, see Figure 2, where the 
negative imaginary part of the impedance is plotted versus the real part of 
the impedance. Since most processes studied are capacitive, the negative 
sign is used to move those curves to the first quadrant. In a Nyquist plot one 
or more loops are usually shown, depending of the number of rate limiting 
processes. In Figure 2 one loop is seen where the pure resistive part can be 
seen at the high frequency intercept at 0.15 Ohm cm2. The frequency where 
the imaginary part has its maximum is called the characteristic frequency 
and is coupled to the time constant of the process. The diameter of the loop 
is strictly proportional to the change in losses with current density. In 
general, it is used as a measurement of the magnitude of the losses. 
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 Figure 2. A Nyquist plot of the cell impedance in a H2 / O2 cell. 
 
EIS has become a popular method for studying a PEFC. It is, however, 
challenging to distinguish between different processes, especially when 
they are taking place simultaneously. Equivalent circuits are commonly 
used to analyse impedance response. This method, however, often involves 
oversimplifications which make it difficult to estimate physically 
meaningful parameters62. Models based on physical parameters are 
presented by, for example, Springer et al.6. Springer et al. presented a 
homogeneous cathode model including oxygen kinetics, diffusion of 
oxygen in the gas pores, ohmic losses and double-layer charging. They also 
included multicomponent diffusion of oxygen, nitrogen and water in the 
GDL. Their calculated Nyquist spectra showed two loops, a higher 
frequency loop originating from the oxygen kinetics and a lower frequency 
loop from mass-transport limitations in the gas diffusion layer. Eikerling 
and Kornyshev63 have presented a homogeneous EIS model for the cathode 
catalyst layer including ohmic losses in the electrolyte, diffusion of oxygen 
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in the gas pores, oxygen kinetics and double-layer charging. Jaouen and 
Lindbergh12 developed an agglomerate model for the cathode including 
ohmic losses, oxygen diffusion in the agglomerates, oxygen kinetics and 
double-layer charging. Guo and White52 extended the model by Jaouen and 
Lindbergh to include gas diffusion limitations in the gas diffusion layer and 
the catalyst layer. The anode is usually neglected in PEFC modelling and 
the membrane is seen as a pure resistance. Yann et al.8 have, however, 
modelled the Volmer-Heyrovsky mechanism in a PEFC anode including 
ohmic losses and diffusion of hydrogen within the catalyst layer electrolyte, 
hydrogen kinetics and double-layer charging. The resulting Nyquist plot 
showed one or two semi circles.  
 
1.8 The scope of this thesis 
This project was part of a “Gröna bilen” project where a fuel cell model 
should be developed that could be used in dynamic simulations of an APU 
(Auxiliary Power Unit) built-up of a fuel cell stack and a reformer system. 
Fuel cell APUs have been studied at Volvo Technology to reduce emissions 
and noise of idling heavy-duty trucks. This is a problem in the USA where 
trucks can idle 20-40 % of the time in order to maintain power supply in the 
cabin during longer stops. In this work, the dynamics of a PEFC run on 
hydrogen has been studied. Different parts of the MEA have been studied 
and different time constants have been found. 
 
Water management is one of the key parameters in a PEFC. A good control 
of parameters such as gas humidification, flooding and drying is essential to 
obtain high performance and durability of a PEFC. The scope of this thesis 
has been to develop mathematical models based on physical processes. 
Steady state and EIS models have been developed for water transport in the 
membrane and the influence of water on the anode. A single-phase model 
of the anode gas diffusion layer was also used. Steady state and EIS 
measurements have been performed in small cells to study water transport 
and anode performance as well as mass transport limitations in the active 
layer and gas diffusion layer at the cathode. The models have been used to 
obtain a better understanding of the complex processes in the fuel cell. 
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2 Experimental 
2.1 MEA 
Commercially available gas diffusion electrodes on gas backings and in-
house thin film electrodes have been used. In Papers I and II, thin film 
electrodes were sprayed on a pre-treated Nafion 1035 membrane. The 
electrode slurry contained 30 wt.% Nafion® and 70 wt.% Pt/C (20 wt.% Pt 
on C). A detailed description of the procedure is given by Gode et al.64. In 
Paper IV, commercial ELAT electrodes were used as working and counter 
electrodes and sprayed thin film electrodes as reference electrodes. The 
electrode ink for the reference electrodes contained 40 wt% Nafion and 60 
wt% Pt/C (ratio of 20 wt% Pt on C). The references were contacted with a 
Pt wire (d=25 µm). Nafion 1035 membranes were used to separate the 
electrodes. 
 
2.2 Fuel-cell hardware 
The employed in-house PEFC was similar to the one described by Ihonen et 
al.55 except for the increase in area of the current collectors from 2 to 7 cm2 
in order to improve heat dissipation. A photograph of the cell is presented 
in Figure 3. The clamping pressure was controlled by a spring screw 
(Papers I and II) or by pneumatic control (Paper IV) and was kept at a 
constant value of about 10 bar. The current collectors were circular and 
made of resin-impregnated graphite from Toyo Tanso. In Papers I and II a 
spiral flow field was used, while a flat current collector was used in Paper 
IV. In that case an extra GDL was used to distribute the gas evenly. The gas 
was passed from the centre of the current collector to its edges. The size of 
the electrodes was 0.5 cm2 in Papers I and II and 2.54 cm2 in Paper IV. 
 
Humidifiers from Fuel Cell Technologies, Inc. were used to humidify the 
gases prior to the cell inlet. In Paper I pure hydrogen and oxygen were used 
and in Paper II the oxygen was diluted with nitrogen and helium. In Paper 
IV pure hydrogen was used on both sides in the cell. The test bench 
comprised control of the temperature of the cell, both humidifiers and of the 
pipes between the humidifiers and the cell. 
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Figure 3. A photograph of the test bench 
 
 
2.3 Steady-state polarisation experiments 
In Papers I and II polarisation curves were measured between the cathode 
and the anode. The reason no reference electrode was used was that initial 
experiments for Paper I showed a non-ideal functioning of the reference 
while performing EIS. In Paper IV polarisation curves were measured 
between the working electrode and a reference and between two references. 
The polarisation curves in Papers I and IV were iR corrected with the 
current interrupt method. An EG&G PAR-273A was used in Paper I, a 
Solatron 1287 in Paper II and an EG&G PAR-273A and a Nicolet transient 
recorder in Paper IV. 
 
2.4 Current interrupt experiments 
Current interrupt experiments are described in Paper I. The cell was run 
galvanostatically for about 30 minutes before the current was interrupted. 
The potential relaxation was then recorded by a Nicolet transient recorder. 
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In order to lower the noise, the electronic box regulating the cell and pipe 
temperatures was shut off a few seconds before the current interrupt. This 
technique was also used in Paper IV for iR correction of polarisation 
curves.  
 
2.5 Electrochemical impedance spectroscopy 
Electrochemical impedance spectroscopy (EIS) allows to separate processes 
with different time constants. EIS was performed under galvanostatic 
control at frequencies ranging from 100 kHz to 5 mHz. The amplitude of 
the ac current was set to 5 % of that of the dc current. Prior to each 
impedance spectrum, the cell was run under galvanostatic control for 1500-
3000 s. The equipment consisted of a Solatron frequency response analyser 
1255 and a potentiostat, 1286 or 1287. Due to the existence of an inductive 
loop at high frequencies when measuring between the cathode and a H2 
reversible reference electrode placed at the anode side, the cell voltage was 
measured in Papers I and II. In Paper IV EIS was measured between 
working electrode and reference, two references and working electrode and 
counter electrode. 
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3 Theoretical models 
In the work presented here, models have been developed for water transport 
in the membrane, the hydrogen electrode with water dependent hydrogen 
kinetics and gas transport in the gas diffusion layers. Electrochemical 
experiments may be performed at a chosen current density or potential. 
Since the membrane resistance may change with water drag and water 
production at the cathode, both current-dependent processes, it is easier to 
compare experiments at the same current density. Therefore all experiments 
and models were made galvanostatically. 
 
3.1 EIS modeling 
All models developed in this thesis are EIS models. In EIS a small 
alternating current is superimposed on the steady-state current. This results 
in a small perturbation of the other variables (e.g. potential, concentrations, 
fluxes) with the same frequency. This may be expressed as in Equation 6. 
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where the variables with subscript st and a are the steady state solution and 
the complex amplitude of the perturbation, respectively. ω is the angular 
frequency, t is the time and j represents the unit of imaginary numbers. In 
the electrodes the perturbation of the current also gives rise to a storage of 
charges at the interface between the solid and electrolyte phases. This gives 
rise to a current called double layer current. The double layer current is 
proportional to the time derivative of the potential and therefore important 
at high frequencies. 
 
To calculate the electrochemical impedance a steady-state solution of the 
system is needed. After that the expressions from Equation 6 may be 
inserted into the governing equations and the steady state parts may be 
identified. The amplitude of the perturbation is assumed small enough that 
the terms may be linearised (higher order terms may be neglected). The 
governing equations may also be expanded using Taylor expansion with 
respect to the perturbed variables. The amplitude of the potential is set to 
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zero at x=0 and may be calculated for all other x. The potential amplitude at 
x=L is then used in the calculations of the impedance, Equation 7. 
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All models are solved numerically in Matlab. The fitting of the models to 
experimental data was done by minimizing the following scalar. 
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3.2 Water transport in the membrane 
Water transport in the membrane may be modelled both as in a dilute and a 
concentrated electrolyte. It was first modelled as in a concentrated 
electrolyte in the conference contribution presented in Hawaii65. In Paper 
III, it was modelled as in a dilute electrolyte for simplicity. It was easier to 
implement in Matlab, required less time-consuming calculations and 
included variables that were easier to interpret. 
 
3.2.1 Concentrated electrolyte 
In the concentrated electrolyte a multicomponent diffusion equation similar 
to the Stefan-Maxwell equation was used to describe the interactions 
between protons and water, protons and sulphonic acid groups and between 
water and sulphonic acid groups, Equation 949. 
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where ci is the concentration of species i, µi is the electrochemical potential 
for species i, Kij is the friction coefficient of species i and j, vi is the velocity 
of species i and Dij is the binary diffusion coefficient of species i and j. The 
electrochemical potential gradient may be written as in Equation 10 
 

( ) Φ∇+∇=∇ FzcfRT iiii lnµ    [10] 
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where φ is the potential in the electrolyte, fi is the activity coefficient of 
species i and zi is the charge number of species i. The total concentration, 
cT, is given by Equation 11. 
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To derive expressions for the water concentration gradient and the potential 
gradient in the membrane the velocity of the sulphonic acid groups in the 
polymer is set equal to zero. It is also assumed that the proton concentration 
in the membrane is uniform and that the water activity coefficient is 
constant. The velocity of the protons may be expressed in terms of current 
density and proton concentration, Equation 12, while the velocity of water 
may be expressed in terms of net water flux and water concentration, 
Equation 13. 
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Equations 9-13 may now be combined to give the gradient of the water 
concentration, Equation 14, and the electrical potential, Equation 15. 
Equations 14 and 15 were developed by Dannenberg36. 
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At the boundaries, the water concentration in the membrane is assumed to 
be in equilibrium with the gas phase. At steady state the water flux is 
constant through the membrane. This is, however, not the case in EIS. 
Water may accumulate in different parts of the membrane and a mass 
balance, as in Equation 16, was used to describe the water flux. 
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To calculate the impedance response a small perturbation was 
superimposed on the current density, potential, concentration of water and 
flux of water. Equations 14-16 were then combined and linearized and a 
linear system of equations for the amplitude of water concentration, water 
flux and electric potential was achieved. This could be solved to calculate 
the impedance response of the membrane.  
 
3.2.2 Dilute electrolyte 
For the dilute electrolyte case water was assumed to be transported through 
the membrane by diffusion and water drag, Equation 17 
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where OHN

2
 is the molar water flux, OHc

2
 is the water concentration and i is 

the current density. The water diffusion coefficient, OHD
2

, and the water 
drag coefficient, OHt

2
, were first assumed to be linearly dependent on water 

concentration, Equations 18 and 19. The change of water concentration 
with time at a given position is then expressed by Equation 20. 
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At the anode/membrane and cathode/membrane interfaces the water 
concentration was assumed to be in equilibrium with the water vapour at 
the membrane/GDL interface. The relation between the relative humidity 
and the water concentration in the membrane was assumed to follow a third 
degree polynomial obtained from Springer et al.26. The potential drop 
through the membrane is given by Equation 21, where x=0 at the 
anode/membrane interface. 
 

dxi
x

∫−=∆Φ
0

1
σ

    [21] 

 
where σ , the membrane conductivity, was assumed to be linearly 
dependent on water concentration, according to Zawodzinski et al.27; the 
relation is given by Equation. 22. 
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A steady-state solution for the water concentration in the membrane was 
obtained by setting the time derivatives to zero. For the calculation of the 
impedance response a small perturbation, as in Equation 6, was 
superimposed on the current density, water concentration and potential 
drop. 
 
3.3 Hydrogen electrode 
The hydrogen electrode model developed in Paper III was made to study 
the influence of water on the anode performance. The water drag in the 
membrane may result in a drying out of the anode, which could decrease 
the proton conductivity or change the kinetics. 
 
In the calculations the hydrogen electrode was modelled with a 
homogeneous model of the porous active layer. It was assumed that the 
potential in the solid phase was constant due to its high conductivity. The 
potential in the electrolyte phase, on the other hand, was assumed to vary 
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through the electrode due to limitations for the proton migration. It was 
assumed that the gas partial pressures in the electrode (H2, H2O) are 
uniform through the electrode due to high gas phase diffusivity and the 
thinness of the electrode. The hydrogen pressure at the electrode/gas 
diffusion layer (GDL) interface was used. The concentrations of hydrogen 
and water dissolved in the proton-conducting polymer were also assumed to 
be uniform through the electrode due to high diffusivity. The water content 
at the membrane/electrode interface was used throughout the electrode. 
 
Concerning the kinetics, the hydrogen reaction on platinum is usually 
assumed to go through the Tafel and Volmer steps, where hydrogen is 
adsorbed on platinum in the Tafel step, Equation 23, and oxidised to 
protons in the Volmer step. In a water-based liquid electrolyte, the activity 
of water is assumed to be unity. However, the proton-conducting polymer 
electrolyte in the porous electrode is in equilibrium with the gas phase, and 
the water activity is thus determined by the relative humidity in the gas. 
This leads to an activity below one for an unsaturated gas. The influence of 
water concentration on the hydrogen kinetics was modelled by assuming 
that the rate of the Volmer step is water dependent. As an extended 
mechanism, hydration of protons was taken into account in the suggested 
modified Volmer step, Equation 24. A similar mechanism has also been 
proposed by Andreaus and Scherer20. 
 

(1)   H2 + 2M ↔ 2MHads    [23] 
 

(2)   MHads + n H2O ↔ M + H+(H2O)n + e-  [24] 
 
When the hydrogen pressure, surface coverage of adsorbed hydrogen and 
water concentration are taken into consideration and a Langmuir isotherm 
is assumed, the reaction rates for the Tafel and Volmer steps are given by 
Equation 25 and 26.  
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where 

2Hp  is the hydrogen pressure, totp , the total gas pressure, OHc
2

 and 

−
3SO

c  the concentrations of water and sulfonic acid groups in the polymer 

electrolyte and η the overpotential. The concentration of hydrated protons 
has been assumed to be constant and independent of water concentration. 
The four rate constants, 1k

r
, 1k
s

, 2k
r

 and 2k
s

are related by an assumed 
coverage of hydrogen, θref, at the reference condition defined as a hydrogen 
pressure of 1 bar, a water content in the membrane λref ( −

32
/ SOOH cc ) of 22, a 

temperature of 50 °C and at the equilibrium potential according to Equation 
27. θ is given by Equation 28 where Γ is the number of sites per active area 
(mol/m2 Pt).  
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The average volumetric Faradaic current density, iv,F, at a specific position 
in the electrode is calculated according to Equation 29 and the volumetric 
double layer current density, iv,dl, is given by Equation 30. 
 

( )( ) 221, 11 Fvsi Fv εε −−=     [29] 
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where s is the specific area of the catalyst per unit volume of supporting 
material, ε1 is the polymer volume fraction in the solid phase (polymer + 
carbon + catalyst), ε2 is the active layer porosity, F is Faraday’s constant, 
Cdl is the double layer capacitance and Adl is the specific surface area of 
electronic conducting phase (carbon + catalyst) per unit volume of the 
electronic phase. The overpotential distribution in the active layer may be 
calculated from a proton mass balance, Equation 31, in the active layer and 
Ohm’s law, Equation 32, in the polymer phase. This gives a second order 
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differential equation, Equation 33, with appropriate boundary conditions, 
Equations 34 and 35, 
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0=i   at x=0   [34] 

 
totIi =   at x=L   [35] 

 
where i is the local proton current density, x is the coordinate in the active 
layer where x=0 at the electrode/GDL interface and x=L at the 
electrode/membrane interface and Itot is the total current density. σeff is the 
effective proton conductivity in the active layer, calculated as 

( ) τεσεσ 21 1−=eff , where σ is the membrane conductivity at the 
electrode/membrane interface. To calculate the impedance response a small 
perturbation was superimposed on the current density, potential, water 
concentration, hydrogen pressure and coverage of hydrogen. 
 
3.4 Gas diffusion layer 
In the gas diffusion layers the transport of the gases was assumed to follow 
Stefan-Maxwell’s equation, Equation 36, where c is the concentration, N is 
the molar flux and Dij is the binary diffusion coefficient for species i and j. 
The hydrogen and oxygen fluxes are given by the current density and the 
flux of inert components is zero. The water flux on the anode side is the 
same as through the membrane and on the cathode side, with the addition of 
the water possibly produced in the cathode. The total pressure was assumed 
to be constant. 
 



 23

eff
ij

ijjii

D
NcNc

p
RT

dx
dc −

Σ=                  [36] 

 
To calculate the impedance response a mass balance was used, Equation 37, 
where ε is the porosity, t the time, j the unit of imaginary numbers and ω 
the angular frequency. Small perturbations were also superimposed on the 
concentrations and fluxes of hydrogen/oxygen, water and inert gas.  
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3.5 Oxygen electrode 
The cathode model fitted to experimental data in Paper I was developed by 
Jaouen and Lindbergh and presented in Reference 12. The mathematical 
model includes Tafel kinetics for the oxygen reduction reaction and 
diffusion of dissolved oxygen in spherical agglomerates following Fick’s 
first law. Gas phase limitations in the electrode and in the backing were 
neglected. The potential in the electrolyte phase was calculated with ohm’s 
law while the potential in the solid phase was constant due to its high 
conductivity. A double-layer current was also included at transient 
conditions. 
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4 Results and discussion 
4.1 Mass-transport limitations in the cathode 
In Paper I, mass-transport limitations in the cathode using pure oxygen 
were investigated. EIS and current interrupt measurements were employed 
at various current densities, gas pressures and gas humidities in order to 
determine the transport processes limiting the reaction rate in the cathode. 
The experimental results were evaluated with help of a mathematical model 
developed by Jaouen and Lindbergh12.  
 
The mathematical model by Jaouen and Lindbergh includes Tafel kinetics 
for the oxygen reduction reaction, diffusion of dissolved oxygen in 
spherical agglomerates following Fick’s first law, migration of protons 
throughout the electrode and a double-layer current at transient conditions. 
Gas phase limitations in the electrode and in the backing are neglected. 
 
Due to the exponential nature of the Tafel kinetics the impedance Z=dE/di 
decreases as the inverse of the current density. Therefore, in Paper I a Tafel 
impedance, introduced by Jaouen and Lindbergh, is used in all impedance 
plots. The Tafel impedance is defined as Zist and is used for a better 
visualization of a family of curves at different current densities. In a 
Nyquist plot the Tafel impedance gives semicircles with the same diameter 
for different current densities. 
 
In Figure 4 experimental and simulated impedance diagrams for different 
current densities are presented. The solid lines are curves obtained from 
fitting the mathematical model to the experimental curves. The cell was 
operated at 50 °C with a relative humidity of about 75 % on the cathode 
side and 89 % at the anode side. It is seen that at low current densities the 
spectra are semicircles with a quite constant diameter corresponding to the 
Tafel slope of the polarisation curve. This is characteristic for limitation by 
the oxygen reduction kinetics. When the current density is increased, a 45° 
slope appears at high frequencies, characteristic for limitations by proton 
migration. The diameter also increases and eventually reaches four times 
the diameter at low current densities. This corresponds to a quadrupled 
Tafel slope in the polarisation curve, characteristic for a limitation by both 
diffusion in the agglomerate and migration throughout the electrode. The 
spectra at 400mA/cm2 (shown in Paper I) could not be properly fitted by the 
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model since the slope at high frequencies has an angle lower than the 45° 
predicted by the model. 
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Figure 4. Nyquist plot of the impedance spectra at current densities of (.) 1, (x) 
10, (+) 100 and (*) 400 mA/cm2. The solid lines are fitted curves. RH=75 % at 
the cathode side and 89 % at the anode side. The spectra were corrected for high 
frequency resistance. 

 
In Figure 5 experimental curves at different relative humidities are shown. 
The cell was operated at 50 °C at a current density of 400 mA/cm2. It is 
seen that the high frequency intercept is increasing with decreasing 
humidity, indicating an increase in iR-drop. The impedance curves have 
two semi circles, the first attributed to the cathode corresponding to a 
quadrupled Tafel slope. The second loop increases with decreasing 
humidity. This loop may therefore neither be attributed to limitation by 
oxygen diffusion in the gas backing nor to diffusion in a polymer or water 
film surrounding the agglomerate. The low frequency loop was instead 
attributed to the water transport in the membrane and will later be discussed 
in connection with Papers III and IV. 
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Figure 5. Nyquist plot of the impedance spectra at different relative humidities 
at a current density of 400 mA/cm2. The relative humidity of incoming gases at 
the cathode and anode sides was 75/89, 47/54 and 31/29 %. 

 
The fitting of the model gave reasonable values of the fitted parameters, as 
may be seen in Table 3 in Paper I. For example, the effective conductivity 
of the active layer increases with current density, especially in a cell with 
low-humidity gases. This increase is due to the water production in the 
cathode. The conductivity of the polymer in the cathode and in the 
membrane decreases with decreased humidity. The group Deff/λ2 increases 
with increasing humidity. This is in agreement with experimental data 
showing that the diffusion coefficient of oxygen in Nafion increases with 
increasing humidity66,67.  
 
4.2 Mass-transport limitations in the gas diffusion layer 
In Paper II, the response of the air cathode at high current densities was 
investigated. The DC and AC responses were experimentally investigated 
by varying the gas phase composition, relative humidity, inert gas nature 
and electrode material. The oxygen content at the cathode was spanned 
from 5 to 20 %, diluted in nitrogen or helium. At high current densities and 
when oxygen is diluted as in air, mass transport limitations of oxygen may 
occur not only in the active layer but also in the gas diffusion layer. Models 
including mass transport limitations in both the gas diffusion layer and the 
active layers were therefore used to evaluate the experiments.  
 
In the mathematical model oxygen is supplied to the catalytically active 
sites by diffusion through the pores in the GDL and the active layer. 
Oxygen then dissolves in the polymer phase on the surface of cylindrical 
agglomerates. The dissolved oxygen diffuses towards the centre of the 
agglomerate and reacts on the uniformly distributed catalyst particles. The 
diffusion of O2, N2 and H2O in the GDL was described by Stefan-
Maxwell’s equation. In the active layer the gas composition was assumed to 
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be constant due to the small thickness compared to the GDL. The kinetics 
of the oxygen reduction reaction was described by an asymptotic solution 
for the agglomerate model controlled by Tafel kinetics and proton 
migration at high current densities. The oxidation of hydrogen was assumed 
to be infinitely fast and the transport of liquid water was not considered in 
this work. In the EIS model the double layer current was assumed to be 
uniform throughout the active layer, i.e. no ohmic drop in the active layer. 
Paper II focuses on the mass transport in the GDL which gives rise to low-
frequency features in the impedance spectra. Polarisation curves and 
impedance diagrams were obtained and compared to experimental data. 
 
In Figure 6 experimental polarisation curves for different oxygen 
concentrations and inert gases are shown. Two different oxygen 
concentrations (10 and 20 %) were used with nitrogen or helium as inert. 
The cell was operated at 60 °C with a relative humidity of about 90 %. It is 
seen when comparing the curves with nitrogen as inert that a higher oxygen 
concentration gives a higher performance. When changing the oxygen 
fraction of the gas, not only the diffusional flow of oxygen in the GDL is 
affected, but also the ORR kinetics. Nitrogen was then replaced with 
helium. The binary diffusion coefficient of oxygen in helium is one order of 
magnitude larger than for oxygen in nitrogen. Changing the inert gas has no 
effects on the kinetics and the diffusion in the agglomerates in the active 
layer and should only modify diffusional properties in the GDL. As seen in 
Figure 6, helium gave a better performance than nitrogen, indicating a 
limitation of oxygen diffusion in the GDL. 
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Figure 6. Polarisation curves at different oxygen concentration with nitrogen or 
helium as inert. Cell temperature 60 °C and relative humidity 90 %. 

 
Figure 7 presents experimental (a) and simulated (b) impedance diagrams at 
500 mA/cm2 at the same conditions as in Figure 6. One flattened arc is 
seen, composed of one arc at high frequencies related to charge transfer and 
diffusion within the agglomerate and a restricted Warburg impedance at 
intermediate frequencies due to oxygen diffusion in the GDL. In the 
experimental curves a small straight line with a 45° angle appears in the 
high frequency limit. Such behaviour may be attributed to double layer 
charging and ionic transport through the active layer. This is not included in 
the mathematical model, explaining the large differences between modelled 
and experimental curves at high frequencies. When nitrogen was exchanged 
for helium a smaller impedance arc was exhibited at intermediate 
frequencies (≈10 Hz). The characteristic frequency, where the imaginary 
part has its maximum, was also shifted to a higher value. This last 
behaviour is directly linked to oxygen transport through the gas diffusion 
layer. A quite good agreement between experimental (Figure 7a) and 
simulated (Figure 7b) impedance diagrams was obtained confirming that 
the moderate frequency loop is related to the mass-transport limitations 
within the gas diffusion layer. 
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Figure 7. Experimental (a) and simulated (b) impedance spectra at different 
oxygen concentrations with nitrogen or helium as inert. Cell temperature 60 °C, 
relative humidity 90 % and i=500 mA/cm2. : 20% O2 in N2; : 10% O2 in 
N2; : 20% O2 in He; : 10% O2 in He.  

 
In a recent article Schneider et al.68 discussed oscillations of oxygen 
concentration in the gas channel. They have shown that the perturbation of 
oxygen concentration in the gas channel during EIS experiments may result 
in a low frequency loop. They have, therefore, criticised studies where a 
low frequency loop has been attributed to the diffusion limitations in the 
GDL. In Paper II, the changes in oxygen concentration in the gas channel 
were neglected in the model. The experimental results when changing inert 
gas from nitrogen to helium may however not be explained by the change 
in concentrations in the gas channel. At least part of the EIS response must, 
therefore, still be explained by diffusion limitations in the GDL. The 
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neglecting of the changes in oxygen concentration in the gas channel might, 
however, explain that a lower porosity than expected had to be used to 
predict experimental data. In Paper III, changes in concentrations in the gas 
channel were accounted for. 
 
4.3 Influence of water transport on membrane and anode 

characteristics 
In Papers III and IV, the influence of water transport on the membrane and 
anode characteristics was modelled and experimentally investigated. 
Models for the membrane and the anode were developed in Paper III. In 
Paper IV experiments with varying current densities and membrane 
thicknesses were performed and the model was also fitted to experimental 
data. The study was focused on the low frequency semicircle previously 
discussed in section 4.1. 
 
Water transport in the membrane was described by water drag and back 
diffusion as in a dilute electrolyte, see section 3.2.2 for equations. The 
water drag coefficient was assumed to be constant independent of water 
concentration while the diffusion coefficient and the proton conductivity 
varied linearly with water concentration. In the electrode model the kinetics 
was assumed to be water dependent. A drying out of the anode could result 
in a decrease in proton conductivity, a change in kinetics or a change in 
active area. In this study it was investigated whether a change in proton 
conductivity or kinetics with water concentration may result in a low 
frequency loop in EIS. A symmetrical cell with hydrogen on both sides was 
studied both in modelling and experimental work, since the impedance 
response of the oxygen reaction could hide part of the anode response. 
 
Modelling of the membrane showed that the EIS curve for a membrane 
may have a pseudoinductive behaviour or have one or two capacitive or 
inductive loops, depending on the perturbation of the water profile in the 
membrane. The loops arise from the change in conductivity with water 
concentration. When the current is changed, the water concentration profile 
in the membrane changes, which changes the total membrane resistance. 
The impedance loops from the membrane appear in a frequency range 
proportional to D/Lm

2, where D is the water diffusion coefficient and Lm is 
the membrane thickness. Simulations suggest an impedance response in a 
frequency range around 0.01-0.1 Hz for a typical PEFC membrane. The 
high frequency intercept of the impedance loop is equal to the membrane 
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resistance, R, and the low frequency intercept is equal to the slope of the 
potential drop over the membrane, d∆Φ/di. Therefore, the distance between 
the high and low-frequency intercepts is idR/di according to Equation 38. 
Even if the overall steady-state resistance is constant with current density, 
there might still be a loop from the membrane if the local membrane 
resistance changes with frequency; in other words, if the water profile 
relaxes at different rates in different parts of the membrane. In a recent 
experimental study by Schneider et al.69 the membrane impedance was 
measured. An inductive low-frequency semi circle was seen and attributed 
to the change of hydration with current density. They also presented 
expressions for the high and low frequency intercepts for the membrane 
impedance response similar to those developed here (in Paper III). 
 

( ) R
di
dRiiR

di
d

di
d

+==
∆Φ     [38] 

 
The EIS model for the hydrogen anode using the modified Volmer step and 
water-dependent proton conductivity gives a Nyquist plot with three to four 
semicircles, see Figure 9 in page 34. A small high-frequency semicircle is 
assigned to the relaxation of the double-layer capacitance through the 
Volmer reaction (1) and a medium-frequency semicircle is assigned to the 
pseudocapacitance resulting from the adsorbed hydrogen (2). Those are the 
two semicircles commonly attributed to the anode70,71. When the anode 
model is coupled to water transport in the membrane, one or two additional 
low-frequency semicircles appear (3). The first of these semicircles has a 
45° branch and the semicircles result from the changes in hydrogen 
electrode performance with water concentration. Using the base case 
parameters (Table I in Paper III), the high-frequency semicircle (1) appears 
at a frequency of around 105–106 Hz, the second semicircle (2) appears at a 
frequency around 104 Hz, and the low-frequency semicircle (3) appears at 
the same frequency as that of the impedance of membrane. The high-
frequency semicircle appears at a frequency higher than experimentally 
measurable. 
 
When studying the hydrogen electrode experimentally, the impedance 
responses from the electrode and the membrane cannot be separated, 
because at least part of the membrane will always be included in the 
measurements. In Paper IV a reference electrode is used, including the one 
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Figure 8. Simulated polarisation curves obtained from the coupled membrane 
and hydrogen electrode models (a) iR corrected and (b) non-iR-corrected. 

 
third of the membrane situated closest to the anode, in the measurements, 
see Figure 1 in Paper IV. That part of the membrane is also included in the 
modelling part. Results from the coupled anode and membrane model are 
shown in Figure 8. An iR-corrected as well as a non-iR-corrected 
polarisation curve is shown together with the expressions for the slopes of 
the polarisation curves. These expressions are also included in Figure 9B, 
where the anode impedance, curve (a), and the sum of the anode and 
membrane impedances, curve (b), are presented. The modelled high 
frequency resistance of the membrane is added to curve (a) for easier 
comparison. It is seen that the only difference between curve (a) and curve 
(b) is the enlargement of the low-frequency loops, because the low 
frequency semi-circles from the anode and the membrane impedance 
overlap at the same frequency, see Figure 9A. It is seen in Figure 9B that 
the high-frequency intercept is equal to the membrane resistance, R, and the 
distance between the high and low frequency intercept of the anode 
impedance is the slope of the iR corrected polarisation curve dηa/di. 
Furthermore, the difference between the low-frequency intercept of the 
anode and total impedance is idR/di and the low-frequency intercept of the 
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total impedance is equal to the slope of the non-iR corrected polarisation 
curve, dE/di. Notice that the term idR/di is not a loss but the derivative of 
the resistive losses. As a consequence, the difference between the high and 
low-frequency intercepts of the EIS curve cannot be used explicitly to 
 

 
 

 
 

Figure 9. Modelled impedance spectra for the anode (a) and for the anode and 
membrane (b) at 300 mA/cm2. (A) Imaginary part vs frequency and (B) Nyquist 
plot with derivatives from Figure 8 inserted. The loops are assigned to (1) the 
Volmer reaction, (2) the Tafel reaction and (3) the influence of water on the 
anode electrode performance. 

(1) (2) 

(3)

(1) (2) (3)

(A) 

(B) 
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determine the losses in the cell if the resistance changes with current 
density. The magnitude of the EIS curve is the sum of dηa/di, which is a 
true loss, and idR/di, which comes from the change of the resistance with 
current density. Care must also be taken, because the low-frequency loop 
may have an inductive part at low frequencies. 
 
In order to validate the models experimentally, a reference electrode was 
used to study the responses of the anode and cathode separately. Due to the 
difficulties with placement of reference electrodes, previously discussed, a 
new experimental approach including a four-electrode setup with sprayed 
thin film electrodes located between the membranes in a three-membrane 
MEA was developed, see Figure 1 in Paper IV. The concept with porous 
electrodes was utilized to achieve an even current distribution and a large 
surface area. The large surface area was desired to obtain a good stability 
even at low frequencies. Even though the references are not true references, 
they served their purpose and were valuable tools in this study. 
 
In Figure 10A EIS curves for the hydrogen electrode versus the reference 
electrode at current densities ranging from -240mA/cm2 to 240mA/cm2 are 
presented. The current was defined as positive when the working electrode 
was working as anode. It is seen that the low frequency loop increases with 
increasingly positive currents. At negative current densities the low 
frequency loop decreases and eventually becomes increasingly inductive; 
however, the characteristic frequencies are constant. The impedance is quite 
small at negative currents compared to those at positive currents due to the 
hydrogen reaction mechanism and the higher water content in the working 
electrode. The same trends may also be seen in the modelled curves in 
Figure 10B. Note that this figure is plotted in a broader frequency range 
than Figure 10A. Also note that the experimental curves include a reference 
electrode that cannot be neglected at high negative current densities. 
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Figure 10. Experimental (A) and simulated (B) impedance spectra for the 
hydrogen electrode versus the reference electrode at different current densities. 
In (A): (a) 240, (b) 120, (c) 40, (d) 10, (e) -10, (f) -40, (g) -120 and 
(h) -240 mA/cm2. In (B): (a) 300, (b) 200, (c) 100, (d) 0, (e) -100, (f) -200 and 
(g) -300 mA/cm2. 

 
The effect of membrane thickness was studied by comparing the cell 
impedance of MEAs, without reference electrodes, with one and three 
membranes, respectively. The low-frequency semicircle with a single 
membrane is much smaller and shifted in frequency compared to the three-
membrane MEA, Figure 11A. The same trends are seen in the modelled 
data in Figure 11B. The decrease in magnitude may be explained by higher 
water content in the anode and a smaller change in membrane resistivity 
due to enhanced back transport of water in the thinner membrane. The shift 
in frequency corresponds well to D/Lm

2. For the increase of the membrane 
thickness with a factor of three, the characteristic frequency is about one 
decade lower, 0.2 Hz compared to 0.04 Hz. 

A B
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Figure 11. Influence of membrane thickness on impedance spectra with an MEA 
comprising (a) three stacked Nafion 1035 membranes and (b) one Nafion 1035 
membrane. (A) experimental data at 120 mA/cm2, (B) simulated data at 
300 mA/cm2. 

 
As previously stated, the water dependence of the water diffusion 
coefficient is not fully understood; it might, for example, be better 
described by a higher order expression. Different water dependencies of the 
water drag coefficient have also been reported in the literature. The 
dependence of water on hydrogen kinetics is also not fully understood. 
However, it may be concluded that the change in water concentration in the 
anode gives rise to a semicircle at the same frequency as that of the 
membrane. 
 
In recent papers, Kuhn et al.72 and Schneider et al.73 have seen three loops 
in EIS when studying the hydrogen oxidation reaction with a reference 
electrode positioned between two membranes. The loops where attributed 
to (1) hydrogen charge transfer kinetics and the double layer capacity, (2) 
hydrogen adsorption and mass transport connected to the protons diffusing 
off the reaction zone and (3) the drying out of the membrane. They 
concluded that the anode impedance is not negligible and at frequencies 
below 1 Hz governs the entire cell impedance. The low frequency loop 
appears at the same frequency as in Papers III and IV. Their conclusions 
further strengthen our theories about the origin of the low frequency loop 
discussed in Papers III and IV.  

(a)
(a) 

(b)

(a)

(b) (b) 

B A 
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5 Conclusions 
In all papers the EIS technique has been used. It is a powerful tool for 
elucidation of rate-limiting processes in PEFCs because it can separate 
processes with different rate constants. In Paper I the rate-limiting 
processes in the cathode with pure oxygen was studied. In Paper II oxygen 
was diluted to include mass-transport limitations in the gas diffusion layer. 
In Papers III and IV the influence of the water transport in the membrane 
was studied in a H2/H2 cell. 
 
In Paper I an agglomerate model developed by Jaouen and Lindbergh12 was 
fitted to experimental data. This yielded values for the exchange current 
density, Tafel slope, oxygen solubility, the ratio Deff/λ2, effective proton 
conductivity and double-layer capacitance. The values obtained indicate 
that the studied electrode was limited by both migration and diffusion of 
oxygen in the agglomerate. 
 
In Paper II a large capacitive loop was seen at 1-10 Hz when oxygen was 
diluted with nitrogen (5-20 % O2 was used). This loop was composed of 
two overlapping loops. The first was attributed to the active layer and the 
second to the oxygen diffusion in the gas diffusion layer. The diffusion 
limitations in the gas diffusion layer were studied. The most effective way 
to localize the diffusion limitation to the gas diffusion layer was to 
exchange nitrogen for helium, which has a higher binary diffusion 
coefficient. It was shown that oxygen diffusion in the gas diffusion layer is 
a major concern, especially with non-optimized diffusion layers.  
   
In Papers III and IV the influence of the water transport on the membrane 
and anode performance was modelled and experimentally studied. Models 
for the membrane and anode performance were developed, with focus on 
the low-frequency impedance. The hydrogen electrode could not be 
modelled without the membrane model in order to take the influence of 
water concentration on conductivity and kinetics into account. 
 
Due to water drag, the membrane resistance changes with current density. 
This gives rise to a low frequency loop in the complex plane plot. The loop 
appeared at a frequency of around 0.1 Hz and changed with D/Lm

2, where D 
is the water diffusion coefficient and Lm is the membrane thickness. 
Modelling showed that the high-frequency intercept was equal to the 
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membrane resistance, R, and the low-frequency intercept was equal to the 
slope of the potential drop over the membrane, d∆Φ/di = R + idR/di. The 
difference between the high and low-frequency intercepts of the impedance 
curve is, therefore, equal to idR/di.  
 
The presented hydrogen electrode EIS model gave three to four semicircles 
in the complex plane plot when taking the influence of water concentration 
into account. The high-frequency semicircle is attributed to the relaxation 
of the double-layer capacitance through the Volmer reaction, the medium-
frequency semicircle to the pseudocapacitance resulting from the adsorbed 
hydrogen, and the low-frequency semicircles to changes in electrode 
performance with water concentration. The low-frequency semicircles 
appear in a frequency range overlapping with the loop from the water 
transport in the membrane. It was shown that both changes in kinetics and 
conductivity in the electrode with water content may result in those low-
frequency semicircles. 
 
The effects of current density and membrane thickness were studied 
experimentally. The measured curves followed the trends predicted by the 
model. For example, the membrane and anode impedances increased with 
current density and membrane thickness, resulting in a larger low-
frequency loop. An expected shift in frequency, when varying the 
membrane thickness, was also seen. This shift confirms the theory that the 
low-frequency loop is connected to the water transport in the membrane.  
  
To conclude, mathematical modelling connected to experimental work has 
been used throughout this work to study different parts of the polymer 
electrolyte fuel cell MEA. Electrochemical impedance spectroscopy has 
been a useful tool to fit the models to experimental data. It was found that 
both the membrane and anode give an impedance response that cannot be 
neglected at high current densities, dry conditions or with thick membranes. 
At better water conditions the membrane and anode impedances are often 
negligible. When using other membranes, not based on Nafion, the 
membrane and anode impedances could, however, be an issue due to an 
unoptimised water balance74.  
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