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Abstract 
 

Fuel cells, using hydrogen as energy carrier, allow chemically-stored 

energy to be utilized for many applications, including balancing the 

electrical grid and the propulsion of vehicles. To make the fuel cell 

technology more accessible and promote a sustainable energy society, this 

thesis focuses on alternative polymer electrolytes, as they can potentially 

lead to a lower cost and a more environmentally-friendly fuel cell. The 

main subject is anion exchange membrane fuel cells (AEMFCs), for which 

the importance of gas diffusion electrode morphology and platinum 

electrode reactions are investigated. Properties of the membrane such as 

water flux during operation are evaluated. Furthermore, novel polymer 

electrolytes are studied: variations of poly(phenylene oxide)-based 

membranes in AEMFCs; and cellulose-based membranes in a proton 

exchange membrane fuel cell (PEMFC). 

 

The AEMFC results show that the performance is dependent on the 

electrode morphology. Electrochemical experiments in a 

hydrogen/hydrogen cell combined with modelling show that the hydrogen 

oxidation reaction proceeds through the Tafel-Volmer reaction pathway on 

platinum. Application of the model in a hydrogen/oxygen cell shows that 

the cathode has the slowest reaction rate. During operation, the water flux 

through the membrane is directed from the anode where water is produced 

to the cathode where it is consumed. This leads to an increase in water 

content at both electrodes, which implies that electrode flooding is more 

likely than dry-out during operation. The effect of membrane thickness on 

water flux is shown to be larger than the effect of polymer structure for 

several different types of poly(phenylene oxide)-based membranes. The 

comparison of these polymers also indicates that a high conductivity, for 

the relative humidity achieved in a fuel cell, promotes increased 

performance. Finally, the study of cellulose-based membranes in a PEMFC 

shows that cellulose as a renewable, natural polymer has promising 

properties, such as stable conductivity for relative humidities above 65 % 

and a low gas permeability. 

 

Keywords: fuel cell, anion exchange membrane, proton exchange 

membrane, electrode morphology, hydrogen oxidation reaction, water 

transport, poly(phenylene oxide), cellulose   
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Sammanfattning 
 

Bränsleceller med vätgas som energibärare gör det möjligt att använda 

kemiskt lagrad energi för flera tillämpningar, bland annat för att balansera 

elnätet och för framdrift av fordon. För att göra tekniken mer tillgänglig 

och främja hållbarare energi fokuserar avhandlingen på alternativa 

polymerelektrolyter eftersom dessa potentiellt kan leda till lägre kostnader 

och mer miljövänliga bränsleceller. Främst har anjonledande 

polymerelektrolytbränsleceller (AEMFC) studerats. Studierna har 

fokuserat på gasdiffusions-elektrodens struktur och elektrodreaktionerna 

på platinakatalysatorn. Även membranegenskaper såsom vattentransport 

under drift har utvärderats. Dessutom har nya polymerelektrolyter 

undersökts, där bland poly(fenylenoxid)-membran i en AEMFC och 

cellulosamembran i en protonledande polymerelektrolytbränslecell 

(PEMFC).  

 

Resultaten för AEMFC visar att prestandan är beroende av elektrodens 

porösa struktur. Elektrokemiska experiment i vätgas/vätgas-cell och 

modellering visar att vätgasoxidationen på Pt/C sker via Tafel-Volmer-

mekanismen. Tillämpning av modellen i en vätgas/syrgas-cell visar att 

katodreaktionen är långsammare än anodreaktionen. Det under drift 

experimentellt uppmätta vattenflödet genom membranet går från anoden, 

där vattnet produceras, till katoden, där det delvis konsumeras. Detta leder 

till en ökad mängd vatten vid båda elektroderna, vilket gör att risken för 

att elektroderna blir vattendränkta är större än att de torkar ut under de 

studerade driftförhållandena. Membrantjockleken påverkar 

vattentransporten mer än polymerstrukturen för 

poly(fenylenoxid)-baserade membran. Jämförelsen mellan de olika 

membranen visar också att polymerer med hög konduktivitet, vid den 

relativa fuktighet som uppnås i en bränslecell, gynnar högre prestanda. 

Slutligen visar studien av cellulosabaserade membran i PEMFC att denna 

förnybara, naturliga polymer utgör ett lovande membran eftersom det har 

en stabil konduktivitet ner till 65 % relativ fuktighet och också har låg 

gasgenomsläpplighet. 

 

Nyckelord: bränslecell, anjonledande membran, protonledande 

membran, elektrodstruktur, vätgasoxidation, vattentransport, 

poly(fenylenoxid), cellulosa  
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1 Background 

1.1 Introduction 
One of the largest challenges today is to decrease the negative 

environmental impact of carbon dioxide and other greenhouse gas 

emissions from industry and society. Accordingly, the European 

Union (EU) has set two goals targeting carbon dioxide emissions: (i) 40 % 

lower emissions in 20301 compared to 19901; and (ii) a climate-neutral 

society in 20502. Today, ~20 % of the emissions originate from the road 

transport sector3, and ~30 % originate from the energy sector4 due to the 

heavy use of fossil fuels. On a more global scale, the United Nations (UN) 

has formulated 17 goals for sustainable development worldwide. Goals 

7 (affordable and clean energy), 11 (sustainable cities and communities), 

and 13 (climate action) are all partly related to reducing emissions. To 

achieve the EU and UN goals, renewable energy conversion and propulsion 

technologies are needed.  

 

The polymer electrolyte fuel cell (PEFC) is one important solution towards 

developing a sustainable and renewable energy society. The irregular 

electricity generation from renewable sources, such as wind, solar, and 

wave, can cause large fluctuations in the electrical grid. PEFCs could be 

used to balance these fluctuations with energy stored in hydrogen5. Fuel 

cells can also help reduce emissions from road transport, as they are a 

viable power source both for cars and heavy-duty trucks6–8. The 

Department of Energy in the United States of America has set specific goals 

for the future cost of PEFCs for transport applications9, which have not yet 

been reached. Furthermore, some of the components could be more 

environmentally friendly to produce6,8. Therefore, this thesis focuses on 

both the development of alternative PEFC materials, and how the 

performance of the different components can be improved.  

1.2 Polymer electrolyte fuel cells  
Polymer electrolyte fuel cells (PEFCs) are devices that directly convert 

chemical energy to electrical energy. Generally, PEFCs use hydrogen and 

air or oxygen, the most common type is the proton exchange membrane 

fuel cell (PEMFC). Another commercially available fuel cell is the direct 
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methanol fuel cell that uses liquid methanol as fuel. More recently the 

anion exchange membrane fuel cell (AEMFC), also using hydrogen, has 

been developed as an alkaline alternative to the PEMFC.  

 

In the PEFCs, using hydrogen as fuel, a polymer membrane separates the 

hydrogen oxidation reaction (HOR) at the anode and the oxygen reduction 

reaction (ORR) at the cathode. The electrically-insulating membrane 

forces the electrons to travel from anode to cathode via an external circuit, 

and balances the charge by transporting the ions between the two 

electrodes. Aside from electricity the main product is water, as shown by 

the overall reaction below, but some heat is produced due to energy losses 

during the reactions and resistances in the cell.  

 

2𝐻2 + 𝑂2 → 2𝐻2𝑂 

 

 
 

Figure 1.1 An illustration of the layered structure of a PEFC, where CL is the catalyst layer, 

MPL is the microporous layer, and GDL is the gas diffusion layer. 

 

A PEFC consists of several layers with different functions, as shown in 

Figure 1.1. The different layers from the left (the anode side) are as follows. 

The current collector, made from graphite or coated stainless steel, has a 

flow field for distributing the gases, and carries the electric current to the 

external circuit. In a stack, current collectors are called bipolar plates, and 

also serve to separate the anode and cathode of two adjacent cells. The 

second layer is the gas diffusion layer (GDL), a porous and 

electrically-conductive carbon cloth or paper, which distributes the 

reactant gases more finely, and transports the current. Adding a third 

microporous layer (MPL), a carbon structure with finer pores and added 

Teflon, allows for additional control of water and gas transport. The fourth 

layer from the left in Figure 1.1 is the catalyst layer (CL) that is the 

electrodes where the reactions take place. The CL has a porous structure of 
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catalyst particles, supported on carbon, and an ion-conducting polymer 

called the ionomer. In the middle of the cell is the membrane, a polymer 

film, which conducts ions and function as a gas barrier. The first four layers 

are repeated in reverse order for the cathode as seen in Figure 1.1. 

1.2.1 PEMFCs vs AEMFCs 

The most common PEFCs, with hydrogen as fuel, conduct either protons 

through a proton exchange membrane (PEM) or hydroxide ions through 

an anion exchange membrane (AEM). The literature also refers to the 

latter as a hydroxide exchange membrane (HEM), used in a hydroxide 

exchange membrane fuel cell (HEMFC). In this work the term AEMFC is 

used. A PEMFC and an AEMFC are illustrated in Figure 1.2 to show the 

chemical differences between the systems.  
 

 
Figure 1.2 A comparison of a PEMFC and an AEMFC 

 

A major difference between the cells is the state of development. PEMFCs 

were first studied around the 1960s, and today there are commercial 

products available with power densities well over 1 W cm-2 during 

long-term use9. Almost all of the commercially available PEMFCs use a 

perflourinated sulfonic acid polymer, such as Nafion®, both as membrane 

and ionomer. AEMFCs, on the other hand, were developed in the early 

2000s. The peak power density has recently increased from 200 mW cm-2 

to over 1 W cm-2 under tweaked conditions and short-term testing10. Still, 

there are no commercial AEMFCs due to a lack of performance stability. 

The differences in the technological progress between AEMFCs and 

PEMFCs have been summarized as advantages/disadvantages in Table 1.1. 

Based on their relative merits, the current research focuses for the two 

fields are slightly different. In PEMFCs, the research focuses on finding 

new materials with a performance similar to Nafion®, but with lower 
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production cost and higher sustainability. For the much younger AEMFC 

technology, the research focuses on understanding system limitations and 

initial material development to obtain a performance similar to PEMFC.  

 
Table 1.1 Advantages (+) and disadvantages (-) of the current studies on PEMFCs and 
AEMFCs 

Characteristic PEMFC AEMFC 

Conductive ion  H+ OH- 

Availability  + Commercial  - No standard or reference 

Cost 
- Partly limited by catalyst 

price 

+ Possibilities for cost 

reduction 

Environmental 

impact 

- Fluorinated polymer 

- Excavation of platinum 
- Not fully clarified 

Electrodes  

+ Well-understood 

morphology 

+ High ionic conductivity 

- Pt-catalyst dependent 

- Less-understood 

morphology 

- Low ionomer stability 

+ Pt-free catalysts possible 

Membrane  

+ Stable ionic conductivity  

- High fuel crossover 

- Low ionic conductivity in 

humidified gas 

 + Many alternative polymer 

structures 

Performance 
+ High performance 

+ Well-defined limitations 

+ Increasing performance 

- Unknown limitations 

 

1.3 The catalyst layer and reaction kinetics 
In PEFCs, porous electrodes or CLs, are used. The CL consists of four 

components - catalyst particles, carbon support, ionomer, and pores. At 

the surface of the first component, the catalyst particle, the electrode 

reactions take place, and the type of catalyst will affect the reaction 

kinetics. The reaction kinetics in a PEFC here refer to only the reaction at 

the catalyst surface. The second component, the carbon support, conducts 
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the electrons. The ionic conductivity through the structure is achieved by 

the third component, the ionomer. Finally, the transport of reactants (gas) 

and the produced water takes place through the pores in the structure. In 

order to achieve high current densities, the CL morphology needs to be 

optimized without overly compromising the function of the different 

components.  

1.3.1 Catalyst layer morphology 

One of the key factors to be optimized is the porosity of the CL. The porosity 

can be controlled by using different carbon supports, preparation methods, 

and ionomer contents. The choice of carbon support, for example high 

surface area carbon or Vulcan, influences the morphology by its own 

inherent porosity. The choice of preparation method, i.e. spraying, brush 

coating or drop casting, generally results in different morphology 

depending on deposition in layers or in bulk. Furthermore, the selected ink 

composition (a slurry of catalyst powder and ionomer in at least one 

solvent) also affects the electrode morphology11–14. There are many 

suggestions on how to achieve an optimal ink composition, such as using a 

solvent with a low dielectric constant15, or tuning the ratios of two solvents 

to form colloidal aggregates of the ionomer and catalyst powder16.  

 

 
 

Figure 1.3 A comparison of an electrode with continuous and non-continuous ionic 

conductivity. 

 

Furthermore, the ionomer content influences the electrode morphology, as 

too much will cause low porosity and block the gas transport in the pores, 

while too little will result in high porosity and too low ion-transport. The 

ionomer content relative to the catalyst powder usually shows good 

performance in the range of 20-35 wt% ionomer12,13,17,18. The key is to have 
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enough ionomer for continuous high ionic conductivity. The meaning of 

continuous ionomer conductivity is illustrated in Figure 1.3, and it is 

shown that an insufficient volume fraction of ionomer can cause 

non-continuous proton/hydroxide transport along the depth of the 

electrode. This leads to a limited reaction rate through low catalyst 

utilization12,19–21. The volume fractions in Figure 1.3 can change during 

operation if the ionomer has large humidity-induced structural changes, 

i.e. swelling or shrinkage due to changes in water content. Ionomer content 

can also be lowered during continued operation due to degradation of the 

polymer22,23.  

 

Thin layers of ionomer distributed in the CL have a lower effective ionic 

conductivity compared to that of a polymer in bulk (membrane), due to the 

lower volume fraction and tortuosity12,24–26. In addition, the layer thickness 

of ionomers has been shown to affect the conductivity due to the molecular 

orientation relative the catalyst particles and carbon support27. Therefore, 

defining what effective ionomer conductivity includes is difficult. In this 

work, the term ‘effective ionomer conductivity’ refers to the conductivity 

obtained during modelling or as observed in experiments. Thus, factors 

such as continuous distribution, volume fraction, layer thickness, and ionic 

conductivity of the polymer material are included.  

 

In PEMFC electrodes, high effective conductivity and performances are 

obtained for a CL morphology with homogeneous distribution of Nafion® 

like a network throughout the layer. However, the highest performance 

reported so far in an AEMFC is achieved for an ionomer that does not 

dissolve during electrode preparation and forms relatively large particles 

as lumps throughout the electrode layer23,28. The commercial ionomers for 

AEMFCs (Tokuyama17, Fumatech13 and Ionomr29) that dissolve and form 

catalyst layers more similar to those produced with Nafion® have lower 

performances. In general, an ionomer is dissolved to better coat the 

catalyst particles and function as a binder in the CL, but perhaps other 

options should be explored. The optimal CL morphology for the AEMFC 

needs further investigation in order to explain why ionomer distributed as 

particles seems to function better than ionomer distributed as thin films. 

1.3.2 Hydrogen oxidation reaction in porous electrodes 

The hydrogen oxidation reaction (HOR) in a PEMFC is much faster 

compared to the oxygen reduction reaction (ORR). The large difference in 
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reaction rate means that the reaction kinetics at the anode hardly influence 

the performance during normal operation. Therefore, the HOR is not 

always considered during PEMFC analysis25. For platinum, the HOR 

exchange current density is about a 100 times lower in alkaline 

environment (j0,alk≈0.1-1 mA cm-2) than in acidic (j0,acid≈20-400 mA cm-2), 

and the anode kinetics therefore play a larger role30. Other catalysts for the 

HOR in alkaline media, such as PtRu, Ir, or Ni-based will have different 

exchange current densities31,32.  

 

H2 ⇄ 2H+ + 2e− (Acid) 

 

H2 + 2OH− ⇄ 2H2O + 2e− (Alkaline) 

 

Both the HOR and the hydrogen evolution reaction (HER) in alkaline 

environments usually involve at least two of the following steps: Tafel; 

Heyrovsky; and Volmer 

H2  +  2 ∗  

kf,Tafel

⇄
kb,Tafel

 2H ∗ 
 

 

H2  +  OH− +∗ 

kf,Heyrovsky

⇄
kb,Heyrovsky

 H ∗ +H2O + e− 

 
 

H ∗ +OH− 

kf,Volmer

⇄
kb,Volmer

 H2O + e− 

 
 

where the * symbolizes an empty site for hydrogen adsorption on the 

catalyst surface30,31,33. The HOR reaction steps above can be divided into 

two different reaction pathways: Tafel-Volmer (T-V), with one chemical 

and one charge transfer step; or Heyrovsky-Volmer (H-V), with two 

consecutive charge transfer steps. Studies using rotating disk electrodes 

(RDEs) show that the reaction path can vary between T-V and H-V 

depending on catalyst type, hydroxide concentration, electrode surface, 

and polarization30,31,33,34. This suggests that reaction pathway observed and 

also reaction rates are highly influenced by experimental conditions31. 



 

 8 - Background 

Furthermore, it is difficult to correlate the RDEs (polished platinum) to 

fuel cell porous electrodes (three-phase systems). Studies on porous 

electrodes are scarce and limited to predictive steady state models or 

equivalent circuit models for electrochemical impedance 

spectroscopy (EIS) measured in H2ǁO2 cells, where multistep reaction 

pathways cannot or have not been included35–39. An EIS study using 

reference electrodes in an AEMFC by Zeng et al.38 indicates that the HOR 

has two reaction steps. However, they have not specified within which 

pathway the HOR takes place. In both paths, hydrogen adsorption on the 

catalyst surface is needed, yet previous studies on RDEs have shown that 

complete coverage is unlikely on platinum in alkaline environments40–42. 

Incomplete coverage could be explained by the need for hydroxide 

co-adsorption in the Volmer step; if so, an additional reaction step might 

be needed. Regardless, there are a minimum of four reaction rates 

involved, and understanding the HOR kinetics will be fundamental for 

technology development and for the understanding of other electrode 

limitations in modelling work.  

1.3.3 Oxygen reduction reaction in porous electrodes 

The oxygen reduction reaction (ORR) at the cathode is one of the primary 

limitations in PEFC due to slow charge transfer rate. Platinum is often used 

due to its high performance, but silver-based catalysts (in alkaline) and 

carbon-based catalysts (in acid) are studied to lower the cost43,44. The 

reaction takes place through several consecutive steps involving 

adsorption and electron transfers. The exact pathway is not definitively 

known, but the overall reaction involves four electrons in both acidic and 

alkaline environments: 

 

O2 + H+ + 4e− → 2H2O (Acid) 

 

O2 + 2H2O + 4e− → 4OH− (Alkaline) 

 

The reaction rate is often described using the exchange current density, the 

transfer coefficient, and oxygen concentration in a standard Butler-Volmer 

expression. The reaction rate in both acidic and alkaline media has been 

determined using measurements on RDEs30,45–48. Overall, values for the 

exchange current density can vary between 10-10-10-6 mA cm-2 45–47,49,50. 

Sheng et al.30 show similar ORR performance in both acidic and alkaline 

environments. Gunasekara et al.45 showed a lower exchange current 
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density for Pt in alkaline solution than in acid 

(j0,acid=47·10-7 mA cm-2 vs j0,alk=0.6·10-7 mA cm-2). Furthermore, the 

exchange current densities measured on polished RDEs have shown lower 

values than when the platinum surface is in contact with a polymer 

electrolyte45.  

 

Values of the exchange current density and transfer coefficient for an 

operating fuel cell are obtained using physics-based models. For PEMFCs, 

there are well-developed models for extracting parameter values25, but for 

AEMFCs many models are only predictive and use ORR parameters from 

RDE studies26,51. The low amount of parameter values obtained in an 

operating AEMFC illustrates a need for a model that uses a large 

experimental database to extract parameters specific for porous electrodes.  

1.3.4 Performance limitations in the catalyst layer 

The electrode processes primarily limiting the fuel cell’s overall 

performance are often related to mass transport. One well known issue is 

the diffusion limited mass transport of gases though the porous structures 

that results in limiting current densities due to the reactants not reaching 

the catalyst particles fast enough. Additional mass transport limitations 

can also occur during operation, such as flooding of the electrode due to 

water production at the cathode/anode (PEMFC/AEMFC)52. Flooding is 

the formation of a thicker film of liquid water, or water droplets filling the 

porous structure, and thereby lowering the reactant diffusion rate. For 

flooding to take place, the gas phase has to have reached 100 % relative 

humidity (RH), i.e. the gas cannot contain more water. Electrode flooding 

is a well-known problem in the PEMFC, where mitigation strategies, such 

as adjusting gas flow rate and humidity, have been developed53. Flooding 

is also observed in the AEMFC, but here the water balance is more complex 

as water is needed for the cathode reaction54. The consumption of water in 

the cathode reaction can lead to a second performance limitation, called 

electrode dry-out. This refers to limited performance of the AEMFC’s ORR 

due to insufficient access to water. Modelling has showed that low water 

content in the CL can have a secondary negative impact, as a dry ionomer 

has decreased ionic conductivity55. The water consumption/production 

complicates the operation of the AEMFC as anode flooding and cathode 

dry-out need to be balanced26,54,56. Currently, there are studies that show a 

higher risk of flooding at both electrodes than dry-out52, but the AEMFC 

water balance is still not fully agreed upon. 
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In a PEMFC, the slow ORR, the risk of flooding at the cathode, and the very 

fast HOR at the anode, result in performance limitations primarily at the 

cathode25,57. In the AEMFC, the HOR is slower and needs to be considered 

when interpreting electrochemical behavior, but experimental studies 

show a disagreement on the separate electrode contributions to 

performance limitations58–60. 

1.4 Polymer electrolyte membranes 
Membranes in the PEMFC and the AEMFC need high ionic conductivity to 

minimize the ohmic resistance during fuel cell operation. Furthermore, a 

good gas barrier hinders the crossover of reactants (H2 and O2) and lowers 

the polarization of the electrodes. Finally, especially for AEMFCs, a high 

water transport through the membrane from anode to cathode is essential 

to balance the water content at the two electrodes54,56.  

1.4.1 Membrane morphology 

A basic understanding of membrane morphology is needed to design 

materials with high ionic conductivity, water flux, and low gas permeation. 

The benchmark membrane material Nafion® has high ionic conductivity 

(~200 mS cm-1) due to the polymer structure containing both hydrophilic 

and hydrophobic segments that separate into different phases. The phase 

separation is considered to promote ion transport by the formation of 

hydrophilic channels and clusters61–63. Phase separation is suggested to be 

beneficial for high ionic conductivity also in anion and proton exchange 

membranes of other chemistries61. It is important that the water channels 

and clusters are maintained in the RH environment of a fuel cell, as it has 

been shown that the collapse of the water network can decrease the ionic 

conductivity significantly64–66. Membrane morphology changes are often 

related to the lambda value (λ): that is, the number of water molecules per 

charged group in the polymer chain. The λ-value is not constant; at high 

RH, or in contact with liquid water, a larger number of water molecules 

surrounds the charged groups, and a typical value can be λliq≈20-40. The 

λ-value decreases with lowered humidification and only gas-phase water, 

to for example λgas≈10 at 90 % RH65,67,68. How much the λ-value drops 

depends on polymer structure, so a membrane’s conductivity and 

morphology can therefore be affected differently by lowered 

humidity64-66,69. The structural change of a polymer membrane with 

varying RH can affect the gas barrier properties, as larger channels could 
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increase the crossover of H2/O2 molecules through the membrane. The 

formation of channels can at the same time promote the water transport, 

which is especially important in AEMFCs66,68,70.  

1.4.2 Water flux through membranes 

Investigations of how the water flux relates to other membrane properties 

are often performed in specially-designed cells, sandwiching the 

membrane between two gas streams with controlled humidity. In such 

specially-designed cells, the water flux is only a function of water 

concentration gradients. Even so, diffusion-driven water flux consists of 

three different mechanisms: absorption at the membrane surface 

interface; diffusion through the membrane thickness; and swelling of the 

membrane by water accumulation (increase of the λ-value). A recent study 

comparing different types of membranes showed that altering the polymer 

structure can affect the three mechanisms differently66,68. In several other 

studies it is shown that liquid- or gas-phase water and temperature also 

affect the diffusion-driven water flux64,66,68–72.  

 

Studies in specially-designed cells are difficult to correlate to the 

environment in an operating fuel cell, as the effect of an applied current is 

not present. In an operating fuel cell, water flux is represented by two 

processes: diffusion-driven water flux; and apparent drag. Apparent drag 

in PEMFCs refers to the water dragged along by the protons as a hydration 

shell, transporting water through the membrane as the protons move with 

applied current. The direction of water flux during AEMFC operation is 

still being debated. In an AEMFC, a study of the Tokuyama membrane has 

observed a current-induced water flux from anode to cathode, in the 

opposite direction to hydroxide ion flux72. Using pore-filling membranes, 

Zhang et al.71 showed water movement both from anode to cathode and 

from cathode to anode. The direction was related to the hydrophobicity of 

the membranes. A modelling study based on only diffusion-driven water 

flux data still predicts that the water flux will always be directed from 

cathode to anode, which would promote cathode dry-out55. 

1.4.3 Polymers with promising properties 

The desired membrane properties can be summarized as high ionic 

conductivity at low RH, low gas crossover, and high water permeability. 

These properties have to be coupled with other general properties such as 

structural stability over time, mechanical strength, low swelling, and a 
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resistance to chemical degradation. The polymer backbone can degrade 

through, for example, nucleophilic attacks or by attacks by radicals73,74. 

Nafion®, which is the current state-of-the-art membrane material in 

PEMFCs, fulfills the above demands sufficiently for high performance over 

long time.  

 

In PEMFCs there are other polymer membranes that also show high 

performance, such as poly(arylene ether sulfone)s and aromatic 

polyimides75,76. All of them are based on petroleum derivatives, and the 

synthesis processes are expensive. Membranes from renewable resources 

would be interesting for PEMFCs both to reduce cost and to lower the 

environmental impact. Cellulose-based membranes have recently been 

suggested as an environmentally-friendly alternative to current proton 

exchange membranes prepared from petroleum derivatives. Different 

types of cellulose can be used in membranes for PEMFCs, such as bacterial 

nanocellulose77, pure carboxylated nanocellulose78 and other types of 

nano- and microcellulose79. Cellulose membranes have shown relatively 

low conductivities (up to 0.1 mS cm-1), but high mechanical properties, and 

low gas permeability78. As a renewable membrane material, attempts to 

improve the conductivity are interesting for further study.  

 

In AEMFCs, the highest reported performance is not achieved for any of 

the commercially-available materials, such as Tokuyama17, Fumatech13, 

and Ionomr29. It is instead obtained with a radiation-grafted poly-ethylene 

membrane developed by Varcoe’s group28. Together with some other 

AEMs studied such as poly(phenylene)-based membranes18 and 

poly(aryl piperidinium)-based membranes80 they now show power 

densities approaching 1 W cm-2. Still, all known AEMs show lower stability 

and long-term performance than Nafion® used in PEMFC. Therefore, 

AEMFC research still focuses on developing high-functioning membranes. 

Poly(phenylene oxide) (PPO)-based membranes have shown great promise 

in 1 M NaOH/KOH solution, with high conductivity (up to ~100 mS cm-1) 

and high stability (up to 200 h at 80 °C)81–90. In fuel cell studies, there are 

indications that the stability and overall performance is lower than 

expected from ex situ studies22,83. However, very few studies have 

compared the properties in liquid to those in the operating fuel cell22,83,91. 
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2 Aim and scope of the thesis 
 

The overall aim of this thesis is to contribute to sustainable energy 

development by deepening the understanding of polymer electrolyte fuel 

cells. As the technology promotes both innovative transportation solutions 

and electricity production, this thesis is in line with three of the UN 

sustainable development goals: 7 (affordable and clean energy); 

11 (sustainable cities and communities); and 13 (climate action). 

 

The future use of hydrogen fuel cells as an important energy converter 

demands a better understanding of both catalyst and polymer design. This 

thesis mainly concentrates on the AEMFC, and can be divided into three 

main objectives. First, to understand the influence of catalyst layer 

morphology, mass transport, and reaction kinetics at the anode/cathode 

on performance, the AEMFC is studied through experimental and 

modelling work. Second, to understand the impact of water flux on the 

overall performance, the water transport through the membrane during 

AEMFC operation was measured and evaluated. Third, novel polymer 

electrolytes, poly(phenylene oxide) as anion exchange membranes, and 

cellulose as proton exchange membranes, were characterized in a fuel cell 

as they have shown promising properties ex situ. The investigations are 

primarily based on electrochemical characterization, such as polarization 

curves, electrochemical impedance spectroscopy, and cyclic voltammetry. 

Furthermore, in-line water flux measurements and some physics-based 

modelling are included. 
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3 Theoretical models 

3.1 Porous electrodes 
The complex nature of porous electrodes means that a physics-based 

model is often needed to help interpret experimental data. Modelling of a 

porous electrode requires consideration of two conductive solid phases and 

one gas transport phase. In this work, transport limitations in the gas 

phase have been omitted. The two conductive phases are described using 

Ohm’s law: 

 

𝑗𝑥 = −𝜎𝑥∇𝛷𝑥 (3.1) 

 

where  (S m-1) is the conductivity, ∇Φ (V) is the potential gradient, 

jx (A m-2) the geometric current density, and x denotes the specific phase 

(solid=s or electrolyte=l). The same relationship can be used for the 

current density in the membrane, the MPL and the GDL, with only one 

conductive phase. To correlate the current in different phases, charge 

balance equations are defined: 

 

∇ ∙ 𝑗𝑠 = − ∑ 𝑆i𝑗loc (3.2) 

∇ ∙ 𝑗𝑙 = ∑ 𝑆i𝑗loc (3.3) 

 

where Si (m2 m-3) and jloc (A m-2) are the specific surface area and local 

current density for the corresponding reactions and processes in the 

electrode. Different surface areas are needed as some processes occur only 

on the catalyst, while others occur on both the catalyst and carbon support. 

In most cases, jloc is described as a function of overpotential  (V) using a 

Butler-Volmer equation. The specific variation of Butler-Volmer equation 

depends on the reaction pathway and expected electrode limitations. 

However,  is defined as the deviation from the equilibrium potential: 

 

𝜂 = 𝛷𝑠 − 𝛷𝑙 − 𝐸eq,ref (3.4) 
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where Φs and Φl are solved for by using equation (3.1) and Eeq,ref is the 

equilibrium potential at a reference state. The optimized parameters in this 

thesis are all related to a reference state, as the introduction of a stable 

reference electrode to obtain the absolute values during fuel cell 

measurements is very difficult.  

 

The impedance model of a H2ǁH2 cell considers two reaction steps, 

and models the hydrogen oxidation and evolution reaction (HOR and 

HER) in a fuel cell. Tafel-Volmer and Heyrovsky-Volmer reaction 

pathways were modelled, but only the Tafel-Volmer equations are shown 

here; the others are shown in paper II. The Volmer step is described using 

a modified Butler-Volmer equation: 

 

𝑗loc = 𝑗0 (
𝜃

𝜃ref

𝑒
𝜂𝐹

2𝑅𝑇 − 𝑥H2O

(1 − 𝜃)

(1 − 𝜃ref)
𝑒

−𝜂𝐹
2𝑅𝑇 ) (3.5) 

 

where j0 (A m-2) is the exchange current density, the transfer coefficient is 

fixed to 0.5, xH2O is the relative humidity, θ is the fractional surface 

coverage of adsorbed hydrogen (Hads), and θref is the corresponding 

fraction of Hads for the reference state. The surface coverage θ is defined by 

the rate of the Tafel step through the Langmuir isotherm for dissociative 

adsorption on a surface: 

 

𝑟ads = (𝑘f,Tafel

𝑝H2

𝑝tot

(1 − 𝜃)2 − 𝑘b,Tafel(𝜃)2) (3.6) 

 

where pH2 is the hydrogen partial pressure, ptot is the total pressure, kf is 

the rate constant for hydrogen adsorption and kb for desorption.  

 

In this impedance model, the time derivatives of the surface coverage and 

the charging of the double layer are described by ordinary differential 

equations, and solved locally along the depth of the electrode:  

 

Γ
d𝜃

d𝑡
= 2𝑟ads −

𝑗loc

𝐹
(3.7) 

𝑗dl = −𝐶dl

d𝛷𝑙

d𝑡
(3.8) 
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where Cdl is the double layer capacitance and Γ is the surface site density 

based on the specific charge of a complete hydrogen monolayer. The time 

derivative of the current density is transformed automatically into the 

frequency domain by the linearization in the impedance module of the 

COMSOL Multiphysics 5.4 software. Specific boundary conditions and 

more details can be found in paper II.  

 

The steady state model of a H2ǁO2 cell describes the low-current 

region of an operating fuel cell. It includes the steady state versions of 

equations 3.5-3.8 for the HOR, and the local current density at the cathode 

is described by a concentration-dependent Butler-Volmer equation: 

 

𝑗𝑙𝑜𝑐 = 𝑗0 (exp (
(4 − 𝛼𝑐)𝐹

𝑅𝑇
𝜂) − 𝑥H2O

2 (
𝑝O2

𝑝tot
) exp (−

𝛼𝑐𝐹

𝑅𝑇
𝜂)) (3.9) 

 

where pO2 is the partial pressure of oxygen, ptot is the reference pressure 

(1 atm) and αc the transfer coefficient for cathodic reaction. The model 

assumes that an electron transfer step is rate-limiting and correlated to the 

amount of available oxygen. Furthermore, to improve the fit of the model 

close to open circuit voltage (OCV), the effect of both hydrogen and oxygen 

gas crossover is accounted for. This is described as a parasitic crossover 

current density: 

 

𝑗 cross =  −n𝐹𝑃𝑥

𝑝𝑥
an|mem

𝛿mem

(3.10) 

 

where Px is the permeability coefficient of the membrane for either oxygen 

or hydrogen, and δ the membrane thickness. Specific boundary conditions 

and more details can be found in paper III. 
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3.2 Water flux 
Water flux across the membrane is a key parameter in the AEMFC, and to 

study this a model was developed. The model extracts parameter values for 

diffusion-driven water flux (KH2O) and current-driven water flux (apparent 

drag, ηH2O). The model describes each gas channel as a plug flow reactor 

and makes use of mass balance equations of water flux. The model takes 

into account the flux of water at the cell inlet and through the membrane, 

and production or consumption of water under applied current as: 

 

dNH2O,an

dL
= (−𝐾H2O (p

H2O,An
-p

H2O,Ca
) +𝜂H2O

i

F
+

i

F
) ⋅

A

L
 (3.11) 

 

where A is the geometric area, i is the cell current density, and L is the 

length of the gas channel. This equation shows the flux on the anode, but 

the same equation is used for the cathode with opposite signs in front of 

each term. An extended description of the model can be found in paper IV. 
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4 Experimental  

4.1 Electrode and membrane preparation 
A combination of commercially available and experimentally prepared 

membranes and electrodes have been used in this thesis (papers I-VI).  

4.1.1 Membrane preparation 

Both experimental anion exchange membranes and cellulose-based proton 

exchange membranes were used. All these membranes were prepared by 

solution casting. A polymer solution was dried in a petri dish to form the 

membranes. A disadvantage of this simple method is the resulting 

inhomogeneous thickness across the membrane area. 

 

Poly(phenylene oxide)-based (PPO) AEMs were synthesized by 

Jannasch’ group81,82 at Lund University. Four different polymer structures 

were prepared by attaching alkyl spacers of two different lengths to the 

PPO backbone, and two different quaternary amines at the ends of the side 

chains. The detailed polymer structures are presented in paper V and the 

detailed synthesis in previous publications81,82.  

 

Cellulose nanofiber-based PEMs were prepared by Salazar-Alvarez’ 

group at Stockholm University. Cellulose pulp was chemically modified 

through TEMPO-oxidation to have carboxylic acid groups in the polymer 

chain. Thereafter, the pulp was mechanically fibrillated to obtain cellulose 

nanofibers (CNF). The detailed cellulose modification is presented in 

paper VI.  

4.1.2 Membrane pre-treatment 

AEMs and PEMs are generally prepared with another counter ion than the 

hydroxide and proton used in the fuel cell. Therefore, the membranes were 

ion-exchanged by submersion in either 1 M KOH or 0.1 M H2SO4 prior to 

cell testing. After ion-exchange, all membranes were rinsed in water to 

ensure that the excess ions were removed. Depending on the size of the 

counter-ion and polymer swelling properties, the ion-exchange requires 

different times. The exact ion-exchange procedures are described in the 

corresponding papers.  



 

  Experimental - 19 

4.1.3 Electrode preparation 

Gas diffusion electrodes (GDEs) were prepared by drop-casting onto a GDL 

(Sigracet 25BC). This method results in a reproducible catalyst loading, as 

well as low material waste and an accurate geometrical area. The major 

drawbacks are inhomogeneous electrode thickness and possible separation 

of the ink components during the slow drying. These drawbacks can partly 

be counteracted by using appropriate solvents and faster drying in vacuum. 

The drop-casting method was used due to its simplicity, highly 

reproducible catalyst loading, and as it allows for faster preparation of 

different electrode compositions. A general description of the methodology 

can be found in Figure 4.1 and the specifics in paper I. Generally, 

carbon-supported platinum from Tanaka Kikinzouku International K.K 

has been used, and the ink has been a mixture of catalyst powder, ionomer 

(AS-4 Tokuyama), and solvent (water and iso-propanol). After stirring and 

ultra-sonication, the ink was drop-cast onto pre-cut discs of GDL and 

dried. Here, both considerations of solvent mixtures and 

ionomer-to-catalyst weight ratio have been investigated, as these factors 

impact the electrode morphology and performance12,13,92. 

 

 
 

Figure 4.1 Schematic illustration of electrode preparation through drop casting. 
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4.2 Experimental setup  
The general experimental setup used during this thesis work is illustrated 

in Figure 4.2. The cell hardware used was a cell from Fuel Cell Technologies 

Inc., with custom spiral flow fields. To minimize temperature gradients, 

the setup and the cell housing are fully isolated from the surroundings 

using padding. The setup always had two humidifiers (one for each 

electrode) to allow for diverse studies. Both sides could be supplied with 

either hydrogen, oxygen, 5 % hydrogen in argon, nitrogen, or pure argon. 

All gas flows used were set in dry condition before humidification. In the 

two studies with varying gas partial pressures (papers II and III), several 

flow regulators were used to mix dry gases on a volume basis, before they 

were flowed through the humidifiers.  

 

For the studies including water flux measurements, humidity sensors were 

placed in the inlet and outlet pipes, as shown in Figure 4.2 (papers IV 

and V). The sensors were monitored using an Arduino micro controller 

with the corresponding software, while all electrochemical measurements 

were performed on 4-probe potentiostats. Other specifics regarding 

experimental conditions and brands of potentiostats and other 

components have varied slightly depending on study.  

 

 
 

Figure 4.2 Schematic illustration of the fuel cell setup used in this thesis work. 
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4.3 Experimental methods  
The experimental work has primarily focused on the use of various 

electrochemical techniques, and on some coupled in-line measurements.  

4.3.1 Cyclic voltammetry  

In cyclic voltammetry (CV), as the potential is swept back and forth, the 

current response, often seen as peaks, gives information on specific 

reactions at the electrode surface. In fuel cell applications, CVs are 

registered with inert gas at the working electrode (WE) and pure or 5 % 

hydrogen in argon at the counter/reference electrode (CE/RE). The 

obtained data allow for the study of decomposition and recombination of 

water on platinum. The size of the hydrogen adsorption and desorption 

peaks (potential range 0.1 V to 0.4 V) can give an estimate of the 

electrochemically active surface area. In papers I, and VI, the hydrogen 

region is primarily used to compare samples in the measurement series, 

rather than as an absolute value, as the areas calculated from CVs 

measured in fuel cells are not always accurate93. Similar information can 

be gained from the Pt oxidation and reduction peaks (potential range 0.7 V 

to 1.2 V). A positive shift to higher current is observed in the CV if pure 

hydrogen is used at the CE/RE. The magnitude of the shift is a function of 

H2 crossover, and is correlated to the barrier properties of the membranes 

in paper VI. In paper I, only 5 % hydrogen in argon is used to avoid H2 

crossover. The potential values reported are then corrected for the shift 

from the standard hydrogen electrode using the Nernst equation.  

4.3.2 Hydrogen crossover measurements 

Crossover of hydrogen from anode to cathode in a fuel cell causes 

performance losses and electrode polarization, due to the hydrogen 

reacting at the wrong electrode, the cathode, and giving rise to a mixed 

potential. In this work, the crossover is studied electrochemically, either by 

comparison of CVs as described above or by a very slow linear potential 

sweep with inert gas at the WE and 100 % hydrogen at the CE/RE. The 

latter technique has been employed in paper VI, where sweeping from OCV 

to 0.7 V at 0.5 mV/s results in a limiting current that corresponds to 

hydrogen crossover. All measurements are corrected for the resistance of 

the short according to Kocha et al.94.  
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4.3.3 Polarization curves 

A potential sweep from OCV to lower potential in an H2ǁO2 cell was used 

to get a general understanding of the fuel cell performance in all studies. 

The polarization curve can be divided into three regions: kinetic (high 

potentials and low current densities); ohmic (medium potentials and 

current densities); and mass transport region (low potential and high 

current densities). The division into regions is useful for analysis and 

discussion. However, all areas contain contributions from kinetics, ohmic 

resistance, and mass transport.  

4.3.4 Electrochemical impedance spectroscopy  

Electrochemical impedance spectroscopy (EIS) is the analysis of an applied 

sinusoidal perturbation in either current or potential. The response to the 

applied perturbation is returned with a slight phase shift of the sine wave 

in current if the potential is controlled or vice versa. The sine waves in both 

parameters are analyzed through Fourier transformation (F(V(t)) voltage 

or F(i(t)) current) to give the impedance Z as below: 

 

𝑍 =
𝐹(𝑉(𝑡))

𝐹(𝑖(𝑡))
 

 

The value of Z varies with the applied sine wave frequency, allowing for 

different processes in the system to be studied. High frequencies 

correspond to fast processes, such as ohmic cell resistances, and lower 

frequencies to slower processes, such as electrode reactions. The results 

are usually presented as a Nyquist plot, correlating the imaginary and real 

part of Z (-ImZ vs ReZ) with a few assigned frequencies. A Bode phase 

angle plot or a -ImZ vs frequency plot are used when the time constants of 

different processes are of interest. The interpretation of impedance related 

to specific processes is often very complex. Here, the high-frequency 

resistance (HFR), where the curve crosses the ReZ axis in a Nyquist plot, is 

used as the cell resistance (consisting primarily of the membrane 

resistance) in all impedance analysis. From the membrane resistance, the 

ionic conductivity under operating conditions can be calculated. The 

response at lower frequencies in H2ǁO2 in papers I and V is not assigned 

specifically to anode or cathode processes, as EIS in AEMFCs is not 

well-explored. The size of the semicircles is therefore only ascribed to 

electrode processes in general, and the low-frequency resistance (LFR) to 
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the gradient of the polarization curve at the current density where the EIS 

is measured. For the impedance of a H2ǁH2 AEMFC (paper II), a 

physics-based model was developed and used to analyze the results in 

more depth, as described above. The equipment, frequency regions, and 

applied currents are reported in each paper.  

4.3.5 Water flux measurements 

The methodology for these measurements was developed in-house by 

modification of a standard fuel cell setup as described above. The 

measurements have been performed for three different cases, as illustrated 

in Figure 4.3: studying (a) gas-to-gas diffusion driven water flux through 

the membrane; (b) liquid-to-gas diffusion driven water flux through the 

membrane; and (c) gas-to-gas current induced water flux through the 

membrane. By coupling to the model described above (section 3.2), 

parameter values for the current induced apparent drag and the diffusion 

driven water flux due to vapor partial pressure gradients were extracted. 

 

 
 

Figure 4.3 Illustration of the three types of water flux measurement studied. 

a) diffusion-driven water flux for gas to gas, b) diffusion-driven water flux for liquid to gas and 

c) gas to gas flux during fuel cell operation with an applied electrical load.  

 

The experiments without applied electrical load were performed in an inert 

gas environment by changing the humidifier temperature (and thereby the 

relative humidity of the gas flows) in a stepwise fashion. In case (a), the gas 

flows were humidified asymmetrically, so as to create concentration 

gradients across the membrane. In case (b), the RH was changed on one 

side, while the other was flowed with liquid water. The experiments with 

applied electrical load case (c) were carried out at constant RH in H2ǁO2 by 

applying a sequence of current densities galvanostatically with periods of 
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OCV in between. The difference in water partial pressure between the inlets 

and outlets were then compared between the sides of the cell house and for 

varying current densities. From this and a mass balance, the water flux 

through the membrane was calculated. All sensors were calibrated daily by 

measuring sensor response at different humidifier set points. Additional 

details on this methodology can be found in paper IV.  

4.3.6 Fuel cell measurements 

The ion-exchanged wet membranes and dry GDEs were mounted in the 

cell house without prior pressing, and then heated to a specific temperature 

and humidification. The AEMFCs were then activated for a minimum of 

2 h, either by potential sweeps as described in paper I, or by potentiostatic 

holds as in paper V. The cellulose membranes were only conditioned 

briefly, as the objective was an initial screening of material properties for 

the fuel cell application, and not a thorough performance investigation. 

After activation or conditioning, both EIS and polarization measurements 

were performed in all studies to measure the initial cell behavior. 

Thereafter, the changes in operating conditions such as RH, partial 

pressure and water flux were studied. The order of the electrochemical 

measurements varied and are specified in detail in each respective paper. 

 

A commonality for all reported results is that the measured potentials are 

reported relative to the dynamic hydrogen electrode (DHE), as the cell only 

allows for a two-electrode measurement. In the partial pressure studies, 

the lower potential of the hydrogen electrode has not been corrected for, 

and, where applicable, the data is treated as a cell voltage rather than 

potential. The relative humidity for all measurements has been calculated 

by correlating the saturated vapor pressure at the humidifier temperature 

to that at the cell temperature.  
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5 Results and discussion  

5.1 AEMFC electrodes and reaction kinetics 
In an AEMFC, the complex nature of the electrode catalyst layer makes it 

necessary to focus on both physics-based modelling and experimental 

work (the studies are summarized in Table 5.1). The purpose of these 

studies is to understand the contributions to performance limitations of 

the electrode morphology, the reaction kinetics, and the mass transport at 

the anode and cathode, respectively. 

 
Table 5.1 Catalyst layer/ink composition and operating conditions for the different studies 

included in this section 

Study 

vol% H2O 

(ink-

solvent) 

Ionomer-

to-Pt/C 

Catalyst 

loading 

[mgcat cm-2] 

Gas composition 

(anodeǁcathode) 

Solvent 

composition 
30-70 0.6 0.4 Pt 100 % H2ǁO2 100 % 

Ionomer 

content 
40 0.2-1.5 0.4 Pt  100 % H2ǁO2 100 % 

Catalyst 

loading 
40 0.6 0.1, 0.4, 0.8 Pt 100 % H2ǁO2 100 % 

Catalyst 

type anode 
40 0.6 

0.33/0.25 

Pt/Ru 
100 % H2ǁO2 100 % 

H2 ǁ H2 

impedance 
40 0.6 0.4 Pt 

100, 40, 20 %  

H2ǁH2 

H2 partial 

pressure 
40 0.6 0.4 Pt 100-5 % H2ǁO2 100 % 

O2 partial 

pressure 
40 0.6 0.4 Pt 100 % H2ǁO2 100-10 %  

     

5.1.1 Effect of solvent composition and ionomer content  
The influence of ink composition on the final electrode structure was 

investigated in paper I with respect to both solvent composition during 

preparation and ionomer content for drop-casted GDEs. The combination 

and ratios of two solvents in the ink will influence the resulting electrode 

morphology through the difference in evaporation rate of each solvent or 

through the formation of a colloidal suspension.  
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The solvent composition was studied for a mixture of water and 

iso-propanol, and is referred to as the vol% of water in the solvent of the 

ink i.e. ink-solvent. In Figure 5.1 it is shown that, through balancing water 

and iso-propanol, a performance optimum was achieved when 40 vol% 

water was used in the ink-solvent during electrode preparation. At lower 

water content, problems with the ink filtering through the GDL resulted in 

electrodes with lower reproducibility and performance. The electrodes, 

with 70 vol% water during preparation, were analyzed by scanning 

electron microscopy (SEM). The microstructure showed that the ionomer 

had separated during drying to form a ring around the edge of the electrode 

area. Therefore, low performance of electrodes produced with the 70 vol% 

water in the ink was explained by low ionomer content in most of the 

catalyst layer. Separation of the ionomer from the ink during drying 

showed that not only solvent properties, but also the ionomer’s interaction 

with the solvent need consideration. The ionomer with the highest 

reported performance in an AEMFC is not soluble23, which would suggest 

that solvent interaction might not be related to solubility, but more to 

forming a stable suspension of both catalyst powder and ionomer.  

 
 

Figure 5.1 IR-corrected polarization and power density curves for cells with varying vol% 

water in the ink-solvent during electrode preparation. Experiments for 0.4 mgPt cm-2 

electrodes, 100 % H2ǁO2, at 50 °C, 95 % RH, 125 ml min-1 flows and scanned at 1 mV s-1 from 

OCV-0.1 V. 

 

The influence of ionomer content on catalyst layer performance was 

investigated to optimize a balance between effective ionomer conductivity, 

catalyst utilization, electronic conductivity, and gas accessibility. The 

electrodes with 0.2-1.5 ionomer-to-catalyst weight ratios (17-60 wt% 
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ionomer) were first studied using SEM. The SEM images, Figure 5.2, 

showing the microstructure indicate that for 0.2 ionomer-to-catalyst ratio 

there is very little to no ionomer visible. For 0.6 ionomer-to-catalyst ratio 

there is a seemingly homogeneous distribution of ionomer and catalyst 

powder. Finally, for 1 ionomer-to-catalyst ratio there is a film of ionomer 

covering the surface. Cross-sections of the electrodes, also analyzed by 

SEM, were used to calculate the decrease in porosity from 78 % to 60 % to 

20 % for ionomer-to-catalyst ratio 0.2 to 0.6 to 1, respectively. A high 

porosity for the low ionomer content indicated that the catalyst was not 

fully in contact with the ionomer. Insufficient wetting of the catalyst was 

confirmed by cyclic voltammetry, described in detail in paper I. The cyclic 

voltammograms showed a growth of double layer capacitance for 0.2 to 0.6 

ionomer-to-catalyst ratio, which became constant for higher ratios, 

indicating that the catalyst is fully wetted in those electrodes.  

 
 

Figure 5.2 SEM images of the electrodes with a) 0.2, b) 0.6 and c) 1 ionomer-to-catalyst ratio 

at two magnifications, large image=overview and insets=microstructure. c) has two insets, 

left=microstructure, right=cross-section, to show that an ionomer film has formed covering the 

surface at 50 wt% ionomer content.  

 

In Figure 5.3, the differences in polarization and EIS response show that 

the highest performance was reached for ionomer-to-catalyst ratios 

0.4-0.8 (26-44 wt% ionomer). The lowest performance was obtained for 
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the electrode with 0.2 ionomer-to-catalyst ratio, which also showed a 

distinct impedance spectrum with a larger high-frequency semicircle. Low 

ionomer content results in high impedance and decreased performance, as 

hydroxide cannot reach all of the catalyst, and the overall reaction rate is 

limited. The impedance for higher ratios showed a growth of the 

low-frequency semicircle and the high-frequency resistance (HFR) with 

increasing ionomer content. A film on top of the electrode (as seen in 

Figure 5.2c) will behave as a thicker membrane and thereby increase the 

HFR. Furthermore, too much ionomer in the pores will block the gas 

transport and cause mass transport limitations, shown as larger 

low-frequency impedance and lower performance.  

 
 

Figure 5.3 IR-corrected polarization curves a), and EIS measurements at 16 mA b) for the 

different ionomer contents. Experimental data for 0.4 mgPt cm-2 electrodes, 100 % H2ǁO2, at 

50 °C, 95 % RH, 125 ml min-1 flows and a 1 mV s-1 scan rate from OCV-0.1 V or 8 points per 

decade, 1 mA amplitude and 100 kHz – 20 mHz. 

 

In this study the lowest ionomer content, 17 wt%, had lower performance 

than expected. Several AEMFC studies have shown high performance for 

ionomer contents of both 17 and 20 wt%18,52. The discrepancy could be due 

to the use of another catalyst powder (more Pt/PtRu per carbon, or a less 

porous carbon) resulting in a higher volume fraction of ionomer in the CL. 

The electrodes in this study have a high porosity and thickness for the same 

ionomer content, and consequently a lower volume fraction of ionomer. 

The higher performance reported by other groups suggests that electrodes 

with lower porosity and thickness perform better. A more efficient 

electrode structure can be developed using different ionomer materials, 

carbon supports, and metal-to-carbon ratios, as well as other deposition 

techniques. 
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5.1.2 HOR kinetics studied for PtRu catalyst and a H2ǁH2 cell  
Performance limitations at the AEMFC anode are less-known. To develop 

a deeper understanding, the electrode processes and reaction kinetics were 

studied by comparing PtRu and Pt catalysts, and by EIS measurements of 

a simplified cell using hydrogen at both anode and cathode (H2ǁH2). 

 
 

Figure 5.4 IR-corrected polarization and power density curves for Pt and PtRu anode catalyst. 

Experimental data for 0.4 mgPt cm-2 cathodes, 100 % H2ǁO2, at 50 °C, 95 % RH, 125 ml min-1 

flows and a 1 mV s-1 scan rate from OCV-0.1 V. 

 

PtRu catalyst at the anode did not improve the performance compared 

to pure Pt in our study, as shown in Figure 5.4 and paper I. In the literature, 

there have been clear improvements reported by using PtRu catalyst, 

which have been attributed to two different processes: the higher 

co-adsorption of hydroxide59; or the lower adsorption of the ionomer18. The 

first process implies that the Volmer reaction step occurs with co-adsorbed 

hydroxide, and PtRu thereby increases the reaction rate as it has Ru-sites 

promoting hydroxide adsorption. The second process indicates that the 

improved performance is a function of ionomer properties. Surprisingly, 

neither the metal-to-carbon ratio of the catalyst powder nor the type of 

carbon support are evaluated as a possible effect. In our study, using the 

same carbon support, the same ionomer, and maintaining a more similar 

morphology, the effect of substituting Pt with PtRu is much lower. This 

suggests that drawing conclusions about reaction kinetics is difficult when 

also varying other electrode parameters.  

 

A H2ǁH2 cell was studied using EIS in order to better understand the 

reaction kinetics and the other electrode limitations. EIS measurements 
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were performed for 20, 40, and 100 % hydrogen partial pressure (applied 

symmetrically at both electrodes), and varying current densities from 

0-300 mA cm-2. By comparing a physics-based model to the experimental 

data, the Tafel-Volmer (T-V) reaction path (section 1.3.2) was shown to be 

more probable than the Heyrovsky-Volmer (H-V). The fit of the T-V model 

to the EIS spectra obtained in a H2ǁH2 fuel cell is shown in Figure 5.5, and 

the extracted parameters can be found in paper II. The model fit is shown 

for the mean parameter values based on several optimizations, and its good 

agreement shows the validity of the extracted kinetic parameters.  

 
 

Figure 5.5 Impedance spectra comparing model (-) and experimental data (o) obtained for 

0.4 mgPt cm-2 electrodes at OCV, 50 °C, 95 % RH, 125 ml min-1 flows with varying H2 partial 

pressure in dry Ar. The impedance was measured with 8 points per decade, from 

100 kHz-100 mHz and an amplitude of 1 mA. a) Nyquist plot and b) phase angle Bode-plot. 

 

During experimental work, the fuel cells showed degradation over time 

measured as a continuous increase in impedance. Extracted parameters 

from the fitting of the T-V model to several curves at different stages of 

aging showed that the growth of impedance was due to a decrease in both 

the effective ionomer conductivity and the membrane conductivity. This is 

in agreement with cell performance degradation due to decreased effective 

ionomer conductivity in other studies19,26. Nonetheless, our model 

confirms that the reaction rates and catalyst activity were not largely 

affected, at least up to 8 h of operation.  

 

The measured impedance of a H2ǁH2 cell includes both the HOR and HER 

electrode, and thus, it is larger than what is expected from only an AEMFC 

anode. In Figure 5.6 the contributions of the two electrodes have been 

separated using our model, and in a) it is shown that the contributions 
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from both reactions are the same at OCV, as expected. Figure 5.6b) shows 

that the contribution to the total impedance during polarization is larger 

for the HER reaction at 100 % hydrogen partial pressure. Furthermore, it 

was found that the relative contribution of the two hydrogen reactions are 

closely related to the surface coverage and changes in partial pressure. The 

HOR electrode (i.e. the anode in an AEMFC) is more easily polarized at 

lower partial pressure, and will then show a higher impedance. The 

sensitivity to partial pressure is connected to the adsorption of hydrogen 

in the Tafel step. In Figure 5.6 the Tafel step is represented by the 

semicircle at lower frequencies, while the semicircle at higher frequencies 

corresponds to the Volmer step. 

 

 

 
Figure 5.6 Modelled contribution of the HOR and the HER to the total impedance at OCV (a) 

and at 200 mA (b), for 100 % hydrogen partial pressure, 0.4 mgPt cm-2 electrodes at 50 °C 

and 95 % RH. In a) the impedance of both hydrogen reactions is equal and the curves overlap. 

The symbols represent different frequencies to show if shifts occur with polarization of the 

electrodes, 630 Hz (□), 50 Hz (o) and 6 Hz (∆). 

 

After separation of the HOR and HER contributions, the results were 

compared to the impedance response in an H2ǁO2 fuel cell. In Figure 5.7, 

the Nyquist plot and a plot of the imaginary part of the impedance vs 

frequency are shown for the H2ǁO2 cell (at 16 mA), the H2ǁH2 cell and the 

modelled HOR reaction (at OCV). The Nyquist plot shows that the 

low-frequency semicircle can be correlated primarily to the cathode, as it 

is much larger in the H2ǁO2 cell. However, the modeled HOR contribution 
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is too small to explain the high-frequency semicircle on its own. In 

addition, the imaginary part of the impedance vs frequency data shows that 

the time constants (peaks) overlap to a certain degree. This overlap 

indicates that while the low-frequency semicircle may be primarily related 

to the cathode, care should be taken in identifying the high-frequency 

semicircle as purely relating to the anode. Part of the high-frequency 

semicircle can be related to the ORR also having two time constants as 

indicated previously60. It is also possible that the parametric values fitted 

to the H2ǁH2 data above need to be adjusted for the H2ǁO2 case, and that 

the high-frequency semicircle is primarily connected to the anode.  

 

Figure 5.7 Impedance spectra comparing H2ǁO2 to H2ǁH2 experimental data (o) and HOR 

only model (-) obtained at 0.4 mgPt cm-2 electrodes, 50 °C, 95 % RH, 125 ml min-1 flows with 

100 % H2 and O2 partial pressures. The impedance was measured with 8 points per decade, 

from 100 kHz -100 mHz and an amplitude of 1 mA. a) Nyquist plot and b) Imaginary part of 

the impedance vs frequency. 

 

The reaction rate constants of the HOR showed that the rate of the forward 

Tafel step (3.1·10-8 mol cm-2 s-1) was only slightly lower than the rate of the 

forward Volmer step (3.4·10-8 mol cm-2 s-1). The similar magnitude 

indicates that none of the steps are rate-limiting, and that both need to be 

included for modelling of the hydrogen electrode in the AEMFC. The Tafel 

step further suggests that the anode will show limitations due to too low 

hydrogen adsorption. There are theories suggesting that the reaction 

pathway will change at sufficiently high overpotentials31. However, in the 

desired operating range of a fuel cell, above a cell voltage of 0.6 V, the T-V 

path will dominate the HOR rate. A limited reaction rate on platinum 

implies difficulties in reducing the electrode’s catalyst loading, making the 
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development of alternative catalysts a necessary challenge for reducing the 

AEMFC cost.  

5.1.3 Study of catalyst loading, H2 and O2 partial pressure  
The improvement of AEMFC performance depends on the development of 

both anode and cathode properties. Two methods to experimentally study 

the electrode properties are to vary the catalyst loading (number of active 

sites) and partial pressures of H2 and O2 (activity of accessible reactants). 

The results are analyzed using a physics-based model, as it is otherwise 

difficult to distinguish between slow reaction rates due to reaction kinetics, 

mass transport, or electrode morphology effects.  
 

 

 

Figure 5.8 Effect of varying catalyst loading at anode (left column) and cathode (right column) 

on fuel cell performance; symbols denotes experimental data points and lines the model. 

Experimental data was obtained at 1 mV s-1 scan rate from OCV to 0.1 V at 50 °C, 95 % RH, 

and 125 ml min-1 flows. 
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Variations in catalyst loading were studied experimentally for both 

anode and cathode in paper I. The experimental results indicated cathode 

limitations at very low current density, and anode limitations at higher 

current density, as can be seen in Figure 5.8. At higher current densities, 

low catalyst loading at the anode also decreases performance more than 

low catalyst loading at both electrodes, indicating that a balance between 

the anode and cathode catalyst loading is necessary.  

 

In the impedance spectra for the different electrode catalyst loadings, 

Figure 5.9, the size of the high-frequency semicircle varies with both anode 

and cathode catalyst loading. This is in agreement with the study in 

section 5.1.2, as it supports the hypothesis that either both electrodes 

contribute to the semicircle at high frequencies, or that the presence of 

oxygen at cathode affects the HOR. However, in the literature, the 

high-frequency semicircle is often correlated to only the anode36,37.  
 

 

Figure 5.9 Effect of varying catalyst loading at anode a) and cathode b) on impedance 

spectra, measured at 16 mA with 8 points per decade, and an amplitude of 1 mA from 

100 kHz-100 mHz. 

 

To obtain kinetic parameters for the ORR, the experimental polarization 

curves for cathode catalyst loading were used in combination with those 

obtained for varied oxygen partial pressure using a physics-based model. 

The polarization curves are shown in Figure 5.8 and Figure 5.11, 

respectively. The model used the previously-obtained rate constants for the 

HOR presented in section 5.1.2, and modelled the potential region from 

OCV to 0.7 V. The fit of the model was then verified against polarization 

curves with varied anode catalyst loading and hydrogen partial pressure. 

The curves obtained by the model for different electrode catalyst loadings 

are shown in Figure 5.8 and the kinetic parameters for the ORR in 
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paper III. The model shows good correlation in the kinetic region below 

60 mA cm-2, validating the kinetic parameters for the HOR as appropriate 

in an AEMFC.  

 

The ORR has a lower exchange current density (5·10-6 mA cm-2) and thus 

slower kinetics than the HOR (2 mA cm-2). The lower exchange current 

density explains the larger effect on performance of lowered cathode 

catalyst loading compared to lowered anode catalyst loading close to the 

OCV. However, the experimental behavior at higher current density is not 

fully captured by the model. The mismatch between model and 

experiments at higher current density is partly due to the fact that the 

fitting of the model results in a very low effective ionomer conductivity in 

the electrodes. Low effective ionomer conductivity causes uneven current 

distribution, as shown in Figure 5.10 for 0.4 mgPt cm-2 catalyst loading at 

both electrodes. It can be seen that only the part of the electrode closest to 

the membrane is utilized. Thus, in the model, adding catalyst material 

(i.e. increasing electrode thickness) above 0.1 mgPt cm-2 will not improve 

the performance significantly, as it is considered inactive.  

 

Figure 5.10 Modelled current distribution in the catalyst layer at four different current densities 

for 0.4 mgPt cm-2 electrodes: left – anode; middle – membrane; right – cathode.  

 

Variations in hydrogen and oxygen partial pressure were studied 

experimentally in paper III to investigate the effect of both electrodes on 

performance. The polarization curves in Figure 5.11 show that lowered 

oxygen partial pressure results in a higher performance drop in the kinetic 

region, in accordance with the slower ORR seen in the model and catalyst 

loading study. At current densities above 60 mA cm-2, the lowered 
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hydrogen partial pressure results in higher performance losses compared 

to the effect of oxygen partial pressure. At high current density, the model 

fits the low hydrogen partial pressure data very well, but again shows a 

deviation for lower oxygen partial pressures and also for the higher 

hydrogen partial pressure. The good fit at low hydrogen partial pressure 

indicates that the Tafel-Volmer model gives a good description of the 

anode processes and reaction kinetics.  
 

 

 

Figure 5.11 Effect of varying hydrogen (left column) and oxygen (right column) partial 

pressure on fuel cell performance; symbols denotes experimental data points and lines the 

model. Experimental data was obtained at 1 mV s-1 scan rate from OCV to 0.1 V at 50 °C, 

95 % RH, and 125 ml min-1 flows. 

 

Our model can describe the kinetic region (up to 60 mA) very well 

(Figure 5.8 and Figure 5.11) partly because it includes parasitic crossover 

current densities for both hydrogen and oxygen. A parasitic crossover 

current will polarize the electrode, which affects the charge transfer at low 
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current densities and lowers the OCV. The polarization is higher if the main 

electrode reaction (ORR or HOR) is slower, this leads to a higher impact at 

the cathode due to its significantly lower exchange current density. Thus, 

hydrogen crossover explains the higher impact of lowered oxygen partial 

pressure close to OCV in Figure 5.11. In models of AEMFCs presented by 

other groups21,26, crossover is not always included. This is not necessary if 

the objective is to study higher current densities. However, our study 

shows that it needs to be included when analyzing the kinetic region.  

 

The poorer fit at higher current densities for lower oxygen partial pressure 

and higher hydrogen partial pressure suggests that there might be 

additional processes lowering the performance not currently included in 

the model. By an experimental comparison of helium and argon as carrier 

gas, in paper III, it was concluded that the additional limitation was not 

related to gas phase transport through the electrode structure. 

Furthermore, many researchers theorize that the observed performance 

limitations relate to water management, but, as will be explained in 

section 5.2.2, our studies show no such indication.  
 

 

Figure 5.12 Modelled overpotential loss for the different cell components as a function of 

current density. 

 

The overpotential losses in Figure 5.12 show that the largest loss takes 

place at the cathode. However, a growing contribution from the anode with 

increasing current means that the impact of the anode cannot be neglected, 

and confirms the need to put focus on both electrodes. The significant 



 

 38 - Results and discussion 

contribution of both electrodes to the total overpotential explains why it is 

so difficult to separate the origins of the performance limitations in an 

operating AEMFC. The loss in the membrane is still small, implying that 

primary focus should be placed on the electrode morphology and 

catalyst/ionomer materials to promote higher performance of the fuel cell. 

All of the above results on electrode properties suggest that the effective 

ionomer conductivity in the electrodes is a key factor, which can be 

improved, as discussed in sections 1.3.1 and 5.1.1. 

 

5.2 Relative humidity and water flux in AEMFCs 
Water balance in the AEMFC is very complex. The effect of water balance 

during operation has been studied in two ways, either indirectly by 

studying the current response for changes in RH (paper I), or by 

developing an in-line measurement technique (papers IV and V).  

5.2.1 Current response with relative humidity  

In paper I, the effect of asymmetric humidification of an AEMFC was 

studied by measuring the current response as polarization curves and the 

cell resistances through EIS. Figure 5.13a) shows a decreased performance 

at medium current densities for lower RH at both anode and cathode. The 

performance decrease was slightly larger for lowered cathode 

humidification, in accordance with the need for water as a reactant in the 

ORR. As no change was observed in the kinetic region, the observed 

decrease in performance is probably more related to effective ionomer 

conductivity. Furthermore, the overall small effect of cathode 

humidification, and the lower performance with decreased anode 

humidification both suggest that it is the effect of overall humidification 

being observed, rather than the RH at each electrode. This further implies 

that the water movement in the cell is very rapid. The EIS data, in 

Figure 5.13b), shows identical response regardless of which electrode that 

has lower RH, supporting the idea that the entire cell is affected rather than 

just one side at the time. The Nyquist plot also shows that the growth of the 

high-frequency semicircle is the primary effect of lower RH.  
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Figure 5.13 IR-corrected polarization and power density curves, a) and EIS 

measurements, b), for asymmetrically-varied RH. Experiments with 0.4 mgPt cm-2 electrodes, 

100 % H2ǁO2, at 50 °C, 125 ml min-1 flows and scanned at 1 mV s-1 from OCV-0.1 V or at 

8 points per decade, and 1 mA amplitude from 100 kHz-20 mHz. 

 

The EIS spectra shown in Figure 5.14 were recorded when symmetrically 

varying humidity at the electrodes. Again, it is only the high-frequency 

semicircle that is affected. The growth of this semicircle with lowered 

humidity might be related to a high sensitivity to lowered effective ionomer 

conductivity causing uneven current distribution, which was indicated in 

the HOR model (section 5.1.2).  
 

 
Figure 5.14 EIS measurements for symmetrically-varied RH. The peak of the high-frequency 

semicircle shifts from 700 Hz to 400 Hz with lower humidity, while the peak of the 

low-frequency semicircle remains constant around 6 Hz. Experiments on 0.4 mgPt cm-2 

electrodes in 100 % H2ǁO2, at 50 °C, 125 ml min-1 flows and 8 points per decade, and 1 mA 

amplitude from 100 kHz-20 mHz. 

5.2.2 In-line water flux measurements during operation 

In order to study the water movement in-line in an operating AEMFC, a 

new setup was designed in-house with RH sensors placed in the cell inlet 

and outlet pipes (paper IV). In this section, two different types of water flux 
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are studied: the diffusion-driven water flux, due to partial pressure 

gradients; and the apparent drag, water fluxes due to an applied current.  

 

The diffusion-drive water flux for a Tokuyama membrane was 

measured by asymmetrically changing the RH of the argon flow at either 

side of the membrane, or by using liquid water at one side. Figure 5.15a) 

shows an example of the gas-to-gas diffusion measurement, and 

Figure 5.15b) shows the water flux across the membrane as a function of 

the difference in water partial pressure. The gradients of the measured data 

in Figure 5.15b) show higher diffusion when one side of the membrane is 

in contact with liquid water. The calculation of the water transports 

constant (using the model developed in paper IV) showed a value three 

times higher for liquid-to-gas compared with gas-to-gas. Similar findings 

are shown for other AEMs70. The difference in diffusion with water phase 

can impact AEMFC studies, as it is debated whether the water produced in 

the electrochemical reaction is in gas or liquid form.  
 

 
 

Figure 5.15 a) Measured diffusion-driven water flux through the membrane at 7.33 L h-1, Ar 
flow and 50 °C. Inlet RH was set to 86 % at side A and varied from 60 % to 51 % at side B. 
Vertical dotted lines indicate the interval of RH stabilization. b) Total diffusion-driven water 
flux across the cell as function of average water partial pressure. Trend lines are for visual 
aid only. 

 

The apparent drag was also measured in paper IV, and the technique 

developed therein allowed for in-line measurements of real-time water flux 

from one flow channel to the other. An example of this measurement is 

shown in Figure 5.16a), where the immediate response of the in-line 

sensors with applied current can be seen. The simultaneous response of the 

cathode and anode sensors shows that the water transport through the 
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membrane is fast. In the graph, the black line represents the theoretical 

amount of water produced, calculated using Faraday’s law of electrolysis. 

A comparison of this theoretical amount of produced water with the total 

amount observed by the sensors, shown by the green line, indicates that 

there is no accumulation of water in the cell. The graph further shows that 

the water content in both the anode and cathode outlet gas streams 

increases under applied current.  

 
 

Figure 5.16 a) Anode, cathode, and total water increase when a current is applied. Obtained 

using 7.47 L h-1 H2ǁO2 8.21 L h-1, 50 °C, and 90 % RH. The numbers above each step are the 

current densities (mA cm-2). b) Anode, cathode, and total water increase as a function of 

current density. Filled lines are the measured values and the dashed lines are the water 

production and consumption due to the electrode reactions calculated from the current 

density. As no significant impact was observed for varying RH, all measurements from 

70-95 % RH were used to obtain the error. 

 

The significance of increased water content at both electrodes is shown in 

Figure 5.16b), where the dashed lines represent the water content with zero 

water flux through the membrane, and the full lines the measured data. 

The difference between the measured lines and the lines for zero flux shows 

that the general direction of the apparent drag is in the direction from 

anode to cathode for our system. The water produced at the anode is 

rapidly transported to the cathode, and balances the consumption in the 

ORR, leaving the relative humidity at the cathode outlet higher than at the 

inlet. In regards to performance, the fast water transport reduces the risk 

of cathode dry-out. In fact, the increase in water at both electrodes with 

current indicates that both anode and cathode are at risk of flooding. A risk 

for flooding at both electrodes has previously been theorized about by 

other groups based on their measured current response with varied RH54.  
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A plug-flow model was used to quantify the water flux under applied 

current by calculating the apparent drag, and relating it to the 

diffusion-driven water flux. The model showed that even using the higher 

diffusion-driven water flux of liquid water, a drag term in the opposite 

direction of the hydroxide flow was needed to achieve the water 

distribution observed experimentally. If diffusion-driven water flux for gas 

phase water is used, ~90 % of the water transported during operation is 

due to the apparent drag. The magnitude corresponds to approximately 0.6 

water molecules transported from anode to cathode per hydroxide ion 

transported in the opposite direction, at least for the Tokuyama A201 

membrane.  
 

The effect of polymer structure on water flux was measured for 

different PPO-based polymer membranes with varying side-chain length 

and cationic group (structures are shown in Figure 5.18). Small differences 

in diffusion-driven water flux were observed, as seen in Figure 5.17a), but 

were shown to be related to membrane thickness (30 μm for 

PPO5-TMA-1.9 and Tokuyama, and 45 μm for the others). The thickness 

was also shown to impact the water flux under applied current as seen in 

Figure 5.17b), where the percentage of net water produced leaving the cell 

on the cathode side is plotted versus membrane thickness (30-80 μm) for 

the different polymer structures. No difference is observed in the 

magnitude of the drag with polymer structure. It is around 0.5-0.6 water 

molecules per hydroxide ion for all membranes.  
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Figure 5.17 a) Water flux measurements without applied current obtained under constant 

argon flows of 130 ml min-1 plotted as a function of the average difference in water partial 

pressure between the two sides of the membranes. b) Percentage net water produced in cell 

at the cathode outlet for several different thicknesses independent of polymer structure.  

 

The similar drag for the different polymers can be explained either by the 

larger variations in thickness overshadowing the polymer effects, or that 

water transport is primarily a function of transport length. In another 

study71 of water flux for different polymer structures, a drag from cathode 

to anode was measured for a 140 μm membrane, and a drag from anode to 

cathode for membranes below 85 μm. Based on an extrapolation of the 

experimentally-obtained relation between water flux and membrane 

thickness, a 140 μm thick PPO-based polymer membrane would also show 

cathode dry-out. Our polymer membranes are very similar as all have the 

same backbone. Therefore, these results do not exclude larger variations if 

other membranes are tested. In addition, as the transport mechanism of 

water in AEMs is still unknown, it could vary depending on temperature. 
 

In paper V, the cell performance was correlated to the water flux of 

different membrane thicknesses. The small variations in water transport 

observed in Figure 5.17b) can only partly explain performance differences 

between the PPO-cells in this work. The performance relates to the water 

flux properties through the flooding phenomena, i.e., the point at which a 

water film limiting gas transport is formed. Here, a higher water flux is 

shown to improve performance primarily at current densities above 

200 mA cm-2, and is expected to have a growing impact for cells with higher 

current densities and water production.  
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5.3 Novel polymer electrolyte membranes in PEFCs 
The development of new polymer electrolyte materials partly depends on 

understanding the fuel cell performance for the membranes related to 

ex situ characterized properties. Here, focus is placed on understanding 

the polymer structure related to performance for PPO-based membranes 

in an AEMFC and for cellulose membranes in a PEMFC.  

5.3.1 PPO-based membranes in an AEMFC 

Four different types of polymer membranes with a poly(phenylene oxide) 

backbone, were studied in paper V. The polymer structures are shown in 

Figure 5.18, and the naming is explained in the figure’s caption. These 

polymers have been extensively evaluated ex situ by Dang and 

Jannasch81,82, and some of the measured properties are shown in Table 5.2.  

 

Figure 5.18 PPO-polymer chain structures. a) The polymer backbone, where R shows the 

position of the side-chain b) the side-chain for PPO1-TMA-1.5, c) the side-chain for 

PPO5-TMA-1.5/PPO5-TMA-1.9, and d) the side-chain for PPO5-Pip-1.8. PPO in the naming 

stands for poly(phenylene oxide), 1 or 5 represents the length of the carbon spacer, 

TMA (trimethylammonium) and Pip (piperidinium) the cationic group, and 1.x the ion 

exchange capacity.  

 

The polymer structure with a 1-carbon spacer attaching a 

trimethylammonium (TMA) to the backbone, PPO1-TMA-1.5, was used as 

the starting point in the study. The other polymer structures investigated 

were considered improvements of this polymer. PPO5-TMA-1.5, had a 

5-carbon spacer between the backbone and the TMA to improve the 

stability and phase separation. PPO5-TMA-1.9, also with a 5-carbon spacer 

and TMA, had a higher ion-exchange capacity (IEC), and thus a higher 

conductivity in NaOH-solution. PPO5-Pip-1.8 had high IEC, and a 

5-carbon spacer, but a different cation (piperidinium), potentially more 

stable than TMA.  
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Table 5.2 Ex situ properties for the PPO-membranes81,82, where σ is the ionic conductivity, 

IEC the ion-exchange capacity, λ the molH2O/molamine, and δ the membrane thickness. 

Membranes: 
σEx-situ* 

/mS 
cm-1 

Water 
uptake* 

/wt% 

IEC 
/mequiv 

g-1 

λliq 

/molH2O/ 
molamine 

 

δ**/ 
μm 

PPO1-TMA-1.5 10 26 1.5 10 ~45±5 

PPO5-TMA-1.5 84 68 1.5 25 ~45±5 

PPO5-TMA-1.9 110 73 1.9 21 ~30 ±5 

PPO5-Pip-1.8 93 75 1.8 23 ~45±5 

* Values for fully humidified membranes at 60 °C, ** Measured when received 

 

 
 

Figure 5.19 Membrane conductivity as a function of current density at 90 % RH, calculated 

from the HFR of EIS measurements. Experiments on 0.4 mgPt cm-2 electrodes in 100 % H2ǁO2, 

at 50 °C, 130 ml min-1 flows and measured at 8 points per decade, and 1 mA amplitude from 

100 kHz-100 mHz. 

 

The polymer membranes were first evaluated in the fuel cell by measuring 

their ionic conductivity using EIS at several different current densities, and 

at two different humidification states, saturated and 90 % RH. The results 

obtained at 90 % RH are shown in Figure 5.19. A comparison of the ionic 

conductivities in the graph to those in Table 5.2 shows that around 80 % of 

the conductivity was lost in an operating fuel cell compared to ex situ 

values for polymers with a 5-carbon spacer. The drop in ionic conductivity 

was identified as a result of the high λ-values (λliq) or water uptake 

measured in solution for these polymers, which would be significantly 

lower in the dryer fuel cell environment (see λgas section 1.4.1). The lower 
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λgas-value is expected to cause lower ionic conductivity due to limited 

clustering, and channel formation. A dependence on the λ-value was 

concluded after eliminating the possibilities of polymer degradation or 

residual bromide counter ions, as described in paper V. The lower 

difference between fuel cell and ex situ ionic conductivity for 

PPO1-TMA-1.5 was probably due to its lower λliq, and therefore lower 

dependence of conductivity on channel formation and water clustering.  
 

 
 

Figure 5.20 Polarization curves with and without IR-correction comparing saturated with 

equilibrated conditions at 90 % RH for the four different types of membranes. 

a) PPO1-TMA-1.5, b) PPO5-TMA-1.5, c) PPO5-TMA-1.9 and d) PPO5-Pip-1.8. Measured at 

50 °C, and H2ǁO2 flows of 130 ml min-1 with 1 mV s-1 scan rate from OCV to 0.1 V 

 

The relationship between the ionic conductivity, and overall performance 

was then investigated by comparing the polarization curves for each 

polymer as recorded, and as IR-corrected, see Figure 5.20. The 

IR-correction was performed using the HFR values from impedance at 
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16 mA. This was decided after verifying that the small differences in 

conductivity with current density (i.e. more water produced) shown in 

Figure 5.19 would not affect the IR-drop significantly. Comparison of the 

membranes to each other shows that PPO5-TMA-1.9 has the highest 

overall performance and ionic conductivity. The membrane for 

PPO5-TMA-1.9 was also 30 % thinner due to issues with solution casting, 

and thereby has the highest water flux, as described in section 5.2.2. 

Therefore, a PPO5-TMA-1.9 membrane with higher thickness than the 

other membranes was also tested and still showed high conductivity and 

performance. For PPO1-TMA-1.5 the lower performance was shown to be 

primarily related to its higher resistance and lower water flux. However, 

for both PPO5-TMA-1.5 and PPO5-Pip-1.8 there are also other 

contributions to the performance losses, as they show lower performance 

for approximately the same water flux and conductivity as PPO1-TMA-1.5. 

The PPO5-TMA-1.5 and PPO5-Pip-1.8 also show a larger loss in 

performance for lowered humidity that cannot be correlated only to 

increased resistance. Therefore, even if water flux and resistance 

contribute to performance losses, it is also necessary to consider electrode 

and membrane interactions. 
 

 
Figure 5.21 Nyquist plots for the different PPO membranes. Experiments on 0.4 mgPt cm-2 

electrodes in 100 % H2ǁO2, at 50 °C, 90 % RH, 130 ml min-1 flows and measured at 8 points 

per decade, and 1 mA amplitude from 100 kHz-20 mHz. 

 

The IR-corrected data show that the performance losses are not due to 

interfacial resistances between electrodes and membrane, as these are 

included in the HFR. However, impedance spectra at 16 mA for the 

membranes and the more well-studied Tokuyama A201 membrane in 

Figure 5.21 show an increase of the low frequency resistance (LFR) for the 
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cells with lower performance. The LFR is normally associated with 

electrode processes. In the literature, it has been shown that a mismatch 

between the membrane and the ionomer in the electrodes can affect the 

cell performance of PPO83,91. It was theorized that the membrane structure 

in an AEMFC may cause inhomogeneous ionic conductivity through the 

cell36,83. The growth of LFR can be explained by lower effective ionomer 

conductivity, but how the membrane affects this is still not clear and 

should be investigated further. Nonetheless, our study shows that 

membranes with low λliq, i.e. capacity for water uptake (such as 

PPO1-TMA-1.5) or higher IEC (such as PPO5-TMA-1.9) improve the 

membrane conductivity during operation, which results in improved 

performance. This suggest that a combination of the two would be 

preferable to reach higher current densities. 

5.3.2 CNF-based membranes in a PEMFC 

In a PEMFC, a low-cost and more environmentally-friendly membrane 

material based on renewable resources is desirable. The potential of 

cellulose nanofibers (CNF) containing carboxylic acid groups as the base 

for such a membrane was investigated. The material characterization was 

primarily performed at Stockholm University, and is described in more 

depth in paper VI. The prepared membranes had an equivalent charge of 

either 600 or 1550 µmol g-1 carboxylic groups per polymer weight. The 

CNF-membranes with the highest charge also showed the highest ionic 

conductivity in the PEMFC, around 2 mS cm-1. This ionic conductivity is 

the highest value reported yet for cellulose-based membranes. All the 

CNF-membranes showed an ionic conductivity in line with this value, and 

that it was independent of membrane thickness. In Figure 5.22, the water 

uptake and membrane conductivity can be seen as a function of RH. The 

water uptake was measured for two different counter ions at the carboxylic 

group, and showed that a protonated CNF-membrane has five times lower 

water uptake compared to the sodium form. In addition, a large difference 

in water uptake was observed between 95 and 85 % RH for the protonated 

CNF-membrane; thereafter, the decrease was smaller, and quite linear 

with lowered humidity. The ionic conductivity was measured only for the 

membrane with H+ as counter ion, and was shown to be stable for an 

interval of RH before dropping when the RH was below 65 %. The drop 

shows that the conductivity is partly dependent on humidification. 
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Figure 5.22 Water uptake of the cellulose membranes a) measured by a microbalance under 

RH conditions at 30°C. b) membrane conductivity as function of RH calculated from the HFR 

of EIS measurements. Experiments with 0.5 mgPt cm-2 electrodes in 30 mL min-1 H2ǁN2 

60 mL min-1, at 30°C, 8 points per decade, and 1 mA amplitude from 100 kHz-1 mHz. Values 

from the literature (empty symbols) for Nafion® 212 and CNF, see references in paper VI.  

 

Besides ionic conductivity, another key property for membranes to be a 

viable option for PEMFC operation is low gas permeability. The gas barrier 

properties were evaluated in a fuel cell setup by both cyclic voltammetry 

and crossover current density measurements as shown in Figure 5.23a) 

and b). The similar hydrogen adsorption peaks in the cyclic 

voltammograms show that a good interaction between electrodes and 

membrane is achieved for both Nafion® and the carboxylated CNF. The 

shift to higher current densities for the Nafion® cell indicates a higher 

hydrogen crossover, which was confirmed by the crossover current density 

measurements for samples of different thickness. The permeability is 

shown to increase with lowered membrane thickness for the 

CNF-membranes, but it can be seen that the 13 μm CNF-membrane has 

only a third of the permeability compared to the 51 μm Nafion®. The low 

permeability of cellulose is possibly related to the layered structure of the 

fibers and the well-known high mechanical strength.  

 

After confirming low gas crossover, the fuel cell performance was evaluated 

for the two differently charged CNF-structures and a series of different 

thicknesses. The polarization curves are shown in Figure 5.23c) and d), 

where the performance of the CNF-membranes can be seen to increase for 

higher IEC and lower thickness. 
 



 

 50 - Results and discussion 

 
 

Figure 5.23 Cyclic voltammertry, a), crossover current density measurements, b), and 

IV-curves for the different CNF-membranes, c) and d). Experimental data for 0.5 mgPt cm-2 

electrodes at 30 °C, 95 % RH, 130 ml min-1 flows, CV curves in 30 mL min-1 H2ǁN2 60 mL 

min-1 at 30 mV s-1 scan rate from 0.1-1.2 V, crossover measurements in 30 mL min-1 H2ǁN2 60 

mL min-1 at 0.5 mV s-1 scan rate from OCV-0.7 V and IV curves in 30 mL min-1 H2ǁO2 50 mL 

min-1, and a 1 mV s-1 scan rate from OCV-0.1 V. 

 

The relatively high OCV of all measurements shows that the gas 

permeability translates also to the H2ǁO2 environment. The polarization 

curves show that carboxylated CNF can be used as a membrane in an 

operating fuel cell, and the IR-correction shows that the lower performance 

of the CNF-membranes compared to Nafion® was primarily due to the 

membrane resistance. The IR-correction was performed using the ohmic 

resistance measured by EIS. Even if the properties today are not superior 

to Nafion®, one of the interesting aspects of applying CNF-membranes is 

that they could be prepared through a well-established paper 

manufacturing process. Therefore, they can be interesting for lower cost 

fuel cells, and should be developed by studies of material variations and 

attempts to increase the ionic conductivity. 
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6 Conclusions and outlook  
 

The purpose of this thesis has been to investigate PEFC limitations of 

alternative polymer electrolytes, which are promising for reducing costs 

and increasing sustainability. The replacement of the proton-conducting 

polymers with hydroxide-conducting ones may allow for reducing the cost 

of catalysts. In the AEMFC studies, a large part of the work was aimed at 

increasing the understanding of cell limitations. Hereafter, the conclusions 

are divided in the same chapters as in the results and discussion. 

6.1 AEMFC electrodes and reaction kinetics 
In papers I-III, the influence of electrode properties and reaction kinetics 

on AEMFC performance was investigated. The electrode preparation and 

the anode and cathode limitations were studied by a combination of 

electrochemical characterization and physics-based modelling. The first 

study shows that ionomer content and electrode morphology have a large 

impact on AEMFC performance. The study of the hydrogen oxidation 

reaction shows that it proceeds through the Tafel and Volmer steps. The 

reaction rates of both steps are similar in size, and need to be included in 

AEMFC modelling. The impedance of the modelled hydrogen oxidation 

reaction was compared to the impedance in an operating AEMFC, and 

shows that the low-frequency semicircle in the Nyquist plot can be 

assigned to the cathode. The high-frequency semicircle is more difficult to 

interpret, and seems to contain elements from both anode and cathode. 

Varying catalyst loadings and reactant partial pressures show that both 

electrodes have an impact on the overall performance. By modelling, it was 

shown that insufficient effective ionomer conductivity through the catalyst 

layer causes low utilization of both electrodes. Only a fraction of the 

catalyst is available for reactions. At the cathode, the reaction limitation 

was shown in the kinetic region (at low current densities) and is caused by 

a low exchange current density, and thereby a low reaction rate. At the 

anode, the reduced performance is more visible for low hydrogen partial 

pressures where the Tafel step limits the reaction rate. To improve catalyst 

utilization, it is necessary to optimize the electrode structures. Two 

important factors to target, based on the electrode morphology study, are 

lowered porosity and decreased electrode thickness. 
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6.2 Relative humidity and water flux in AEMFCs 
The water flux in an operating AEMFC is complicated by the consumption 

of water at the cathode and the twice as high production at the anode. The 

different processes of water flux, diffusion-driven (due to partial pressure 

gradients) and apparent drag (current induced), were investigated and 

related to the cell performance in papers IV and V. The results showed a 

clear increase in water content at both anode and cathode outlet during 

operation. The increase in water at both electrodes shows a low risk for 

dry-out, because the water consumption is rapidly balanced by water 

transport through the membrane. The diffusion-driven water flux is only 

~10 % of the total water transport at higher current densities; the rest is 

the apparent drag. The apparent drag of water was in the opposite direction 

to the migration of hydroxide ions for all current densities studied. It was 

shown in paper V that the water flux is primarily related to membrane 

thickness. The low dependence of polymer structures on the water flux 

might change with larger differences in the backbone structure. However, 

a water flux primarily related to thickness was valid for both Tokuyama 

and poly(phenylene oxide)-based membranes. It was also shown that, at 

low current densities, small variations in water flux cannot explain 

differences in performance, but that it will have a larger significance at 

higher current densities.  

6.3 Novel polymer electrolyte membranes in PEFCs 
Both poly(phenylene oxide)-based membranes for an AEMFC and 

nanocellulose based membranes for a PEMFC were studied. The studies 

used both analytical techniques and electrochemical characterization in an 

operating fuel cell.  

 

The poly(phenylene oxide) study in paper V investigated four different 

polymer chain structures in an AEMFC. The materials had variations in 

water uptake, side-chain configuration, and ion-exchange capacity. The 

results showed that the ionic conductivity of polymers with high water 

uptake is very dependent on humidification. A comparison of membrane 

properties and polarization curves showed that higher performance was 

promoted by thinner membranes, higher ionic conductivity, and lower 

capacity for water uptake. In addition, it was shown that ex situ 

performance does not correlate directly to the performance in the AEMFC, 

illustrating the importance of material evaluation in an operating fuel cell. 
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The cellulose membranes study in paper VI showed that our membranes 

made from carboxylated cellulose nanofibers had higher ionic conductivity 

compared to previous cellulose-based materials studied for fuel cell 

applications. Furthermore, all membranes showed a conductivity two 

orders of magnitude lower than Nafion®, but also had a lower gas 

permeability. The ionic conductivity remained stable for 95-65 % relative 

humidity. The overall performance of the cellulose membranes was shown 

to be limited by membrane resistance. Still, as an exploratory study, the 

material showed potential for future development, especially if the 

conductivity can be increased.  

6.4 Outlook 
The optimal electrode properties in an AEMFC need further research. 

Methods to vary morphology could be changing the fabrication method, 

catalyst powder composition, or ionomer type. These studies should be 

coupled to physics-based models, as this thesis shows that performance 

limitations due to morphology overlap with reaction kinetics.  

 

In the studies of water flux, it was shown that the electrodes hindered the 

fuel cell from reaching high currents. It would be interesting to study the 

water flux for higher current densities, at which point issues with flooding 

and dry-out should be more severe. For future applications, it would also 

be interesting to study the system at different cell temperatures to see if the 

water transport would be affected.  

 

In the study of different polymer chain structures as membranes, AEMFC 

performance was affected by the combination of different membranes and 

ionomers. The mode of interaction between membrane and ionomer, and 

how this can be used to optimize performance, is of interest when studying 

new polymers in the fuel cell. To investigate such effects, different ionomer 

structures should be evaluated with at least two different stable 

membranes. 

 

Finally, with regard to the cellulose membranes, there are many studies 

still needed to evaluate the long-term operation, temperature dependence, 

and electrode optimization. The material has shown promise, and, as a 

next step, should be studied more deeply in the application.   
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