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Abstract 

Polymer electrolyte fuel cells (PEFC) convert the chemical energy in 

hydrogen to electrical energy and heat, with the only exhaust being water. 

Fuel cells are considered key in achieving a sustainable energy sector. The 

main obstacles to wide scale commercialization are cost and durability. The 

aim of this thesis is to evaluate new materials for PEFC to potentially lower 

cost and increase durability. To lower the amount of expensive platinum 

catalyst in the fuel cell, the activities of Pt-rare earth metal (REM) alloy 

catalysts have been tested. To improve the lifetime of the carbon support, 

the carbon corrosion properties of multi walled carbon nanotubes have 

been evaluated. To reduce the overall cost of fuel cell stacks, carbon coated 

and metal coated bipolar plates have been tested. To increase the 

performance and lifetime of anion exchange membranes, the water 

transport has been studied. 

The results show that the Pt-REM catalysts had at least two times higher 

specific activity than pure platinum, and even higher activities should be 

obtainable if the surface structures are further refined. 

Multi-walled carbon nanotubes had lower carbon corrosion than 

conventional carbon Vulcan XC-72. However, once severely corroded their 

porous structure collapsed, causing major performance losses. 

The carbon coated metallic bipolar plates showed no significant increase 

of internal contact resistance (ICR) by cycling, suggesting that these 

coatings are stable in fuel cells. The NiMo- and NiMoP coated bipolar 

plates showed low ICR, however, presence of the coated bipolar plates 

caused secondary harmful effects on the polymer membrane and ionomer.  

Considering the water transport through anion exchange membranes it 

was found that most membranes showed very similar water transport 

properties, with more water detected at both the anode and cathode when 

a current was applied. The most significant factor governing the water 

transport properties was the membrane thickness, with thicker 

membranes reducing the backflow of water from anode to cathode. 

The results indicate that all of the new tested materials have the capability 

to improve the lifetime and reduce cost and thereby improve the overall 

performance of PEFC.  

 

Keywords: Fuel cell, Pt-REM, Alloy catalyst, Multi walled carbon 

nanotubes, Bipolar plates, Water transport  
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Sammanfattning 
Polymerelektrolytbränsleceller (PEFC) omvandlar den kemiskt bundna 

energin i vätgas till elektrisk energi och värme, med endast vatten som 

utsläpp. Bränsleceller ses som en viktig del i att skapa en hållbar 

energisektor. Det största hindret för kommersialisering är kostnaden och 

den begränsande livslängden. Syftet med denna avhandling är att 

utvärdera nya material som skulle kunna sänka kostnaden och öka 

hållbarheten av PEFC. För att minska mängden dyr platinakatalysator i 

bränslecellen har aktiviteten av legerade katalysatorer av platina och 

sällsynta jordartsmetaller testats. För att öka livslängden av bränslecellen 

har kolkorrosionsegenskaperna av flerväggade kolnanorör (MWCNT) 

utvärderats. För att kunna minska den totala kostnaden på 

bränslecellsstacken har kol- och metallbelagda bipolära plattor 

undersökts. För att öka livslängden och öka prestandan av anjonledande 

membran har vattentransportegenskaperna av dessa membran studerats. 

Resultaten visar att de legerade katalysatorerna hade mer än två gånger 

högre elektrokemisk aktivitet än ren platina. Ännu högre elektrokemiska 

aktiviteter bör kunna erhållas om ytstrukturen kan förbättra ytterligare. 

För MWCNT var kolkorrosionen lägre än för de konventionella 

kolpartiklarna av Vulcan XC-72. Efter mycket korrosion, kollapsade dock 

den porösa strukturen, vilket ledde till stora förluster i prestanda. 

De kolbelagda bipolära plattorna uppvisade inga signifikanta ändringar i 

kontaktmotstånd (ICR) efter de elektrokemiska testerna. Detta betyder att 

de är stabila i bränsleceller. De NiMo- och NiMoP-belagda bipolära 

plattorna hade låga ICR-värden, dock ledde beläggningens närvaro till 

försämringar av membran- och elektrodegenskaper. 

Alla testade anjonledande membran uppvisade liknande 

vattentransportegenskaper, med ökning av vatten på både anoden och 

katoden under drift. Membranens tjocklek visade sig ha störst påverkan på 

vattentransporten. Med tjockare membran detekterades mindre vatten på 

katoden, vilket betyder att tillbakaflödet av vatten hämmas av 

membranets tjocklek.  

Sammanfattningsvis visar resultaten att alla nya testade material i alla fall 

till viss del kan lösa problemen med den höga kostnaden och korta 

livslängden och därmed öka den totala prestandan av PEFC. 

 
Nyckelord: Bränslecell, Pt-REM, Legerad katalysator, Flerväggade 

kolnanorör, Bipolära plattor, Vattentransport  
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1 Introduction 
 

To mitigate the effects of global warming the world’s energy sector needs 

to shift away from fossil fuels. This change is required to combat the 

current increase of greenhouse gases (GHG) that are the cause of global 

warming. A recent UN report on global warming (IPCC Climate Report 

2018 [1]) concluded that it is possible to limit the global warming to 1.5 °C 

if drastic measures are taken. This requires GHG emissions to be halved by 

2030 and reach net zero by 2050. To achieve a net zero energy sector, 

renewable energy usage needs to increase. As renewable energy is 

intermittent in its nature, the excess energy needs to be stored. This can 

partially be done in, for example, batteries. However, for the large energy 

quantities required on a national level, converting the energy into 

hydrogen, using electrolyzers, can be more practical. Polymer electrolyte 

fuel cells (PEFC) are an efficient way of converting the chemical energy 

stored in hydrogen into electrical energy [2]. Using a combination of 

different electrochemical devices, a sustainable energy sector can 

be realized. 

 

One large GHG emission source is the transport sector. In 2016 the 

transport sector of the European Union member states contributed 27 % 

of the total GHG emission [3]. Of this, 72.1 % was due to road transports. 

Fuel cells play an important part in a green transport sector as they can 

achieve higher energy conversion efficiency than conventional internal 

combustion engines (ICE), while also not producing any GHG 

emissions [2].There are currently several battery electric vehicles (BEV) in 

use that already allow for emission free transport. The benefit of 

hybridizing BEV with fuel cells is that the combined system can achieve 

higher energy densities than batteries alone, especially for larger systems 

[4]. This higher energy density is especially important in automotive 

applications, as space and weight are limited.  

  

The barrier for large scale commercialization of fuel cells is that the 

systems are still expensive. This is partially due to the lack of mass 

production, which is assumed to drastically cut costs [5]. However, even if 

mass production is achieved with current materials, the cost needs to be 
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reduced further, with the 2018 estimate for the system being $46/kWnet 

compared with the cost goal of $30/kWnet , which would be approximately 

the same cost as ICE [6]. As such, there is still a need to develop and 

evaluate new materials for fuel cells. 

 

Although new materials often show very promising results ex-situ, in 

simulated fuel cell environments, their performance in a fuel cell can vary 

greatly. This is because the fuel cell environment is very different from the 

simulated one. To understand if these materials are indeed useful for fuel 

cell applications, they need to be evaluated in fuel cells.  

 

1.1 Scope of this thesis 
 

The aim of this thesis was to evaluate new materials for polymer electrolyte 

fuel cells (PEFC). The new materials can all potentially lower the cost and 

increase the durability of PEFC. All materials were evaluated in lab-scale 

fuel cell setups. The thesis will focus on four main areas. The first is 

characterizing the activity of Pt-rare earth metal (REM) alloy catalysts for 

the oxygen reduction reaction (ORR) in proton exchange membrane fuel 

cells (PEMFC). The second is to investigate the carbon corrosion of multi-

walled carbon nanotubes (MWCNT) as carbon support for PEMFC. The 

third is to measure the contact resistance and performance of carbon, 

NiMo, and NiMoP coated metallic bipolar plates for PEMFC. The fourth is 

the evaluation of water transport of a commercial membrane (Tokuyama 

A201) and poly (phenylene oxide) (PPO) based membranes in anion 

exchange membrane fuel cells (AEMFC). 

 

By developing more effective materials for fuel cells this thesis is part of 

goal 7, affordable and clean energy, and goal 13, climate action, of the UN 

sustainable development goals. 
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2 Background 

2.1 Polymer electrolyte fuel cell components 

2.1.1 Working principle of PEFC 

 

The polymer electrolyte fuel cell (PEFC) converts chemical energy into 

electrical energy and heat. The most common energy carrier is hydrogen, 

which results in water as the only exhaust gas. There are two main types of 

PEFC, the proton exchange membrane fuel cell (PEMFC) and the anion 

exchange membrane fuel cell (AEMFC). The working principle of both is 

shown in Figure 1. The electrochemical reactions, required for the fuel cell 

to operate, take place in the anode catalyst layer (ACL) and cathode catalyst 

layer (CCL). The two catalyst layers need to be separated by an electrolyte, 

which in the case of PEFC, is a solid polymer membrane. The membrane 

allows for ionic transport but is electrically insulating. Gas transport to the 

electrodes is facilitated by gas diffusion layers (GDL). The membrane, the 

two catalyst layers, and GDL are commonly referred to as membrane 

electrode assembly (MEA) and can be considered the core of a fuel cell. To 

extract useable electrical energy from a fuel cell, the electrons need to flow 

through an external circuit. To complete the circuit, bipolar plates (BPPs) 

are used as current collectors, cooling, and as gas distribution flow fields.  

 

 
Figure 1: Schematic view of a proton exchange membrane fuel cell (left) and an anion 
exchange membrane fuel cell (right). 

 
Both PEMFC and AEMFC fuel cells have the same type of components, 

except for the membrane which is either a proton exchange membrane 

(PEM) or an anion exchange membrane (AEM), respectively. The 
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difference in membrane changes the transported ion, which is either a 

proton (H+) or a hydroxide ion (OH-). This can more clearly be seen in the 

electrochemical reactions. 

 

The two main reactions in PEMFC are: 

 

2𝐻2 → 2𝐻+ + 4𝑒−    

 

𝑂2 + 4𝑒− + 4𝐻+ → 2𝐻2𝑂    

 

For AEMFC the reactions are: 

  

2𝐻2 + 4𝑂𝐻− → 4𝐻2𝑂 + 4𝑒−   

 

𝑂2 + 2𝐻2𝑂 + 4𝑒− → 4𝑂𝐻−    

 

The total reaction for the two systems is the same: 

 

2𝐻2 + 𝑂2 → 2𝐻2𝑂    

 

The difference in reactions and pH will also have effects on stability of the 

components and operating conditions.  

 

The following sections will focus on different components. Section 2.1.2-

2.1.5 will focus on components for PEMFC and section 2.1.6 will focus on 

components for AEMFC.  

 

2.1.2 Catalyst layer 

 

The catalyst layer in a fuel cell is where the electrochemical reactions take 

place. The electrochemical reactions require that transport of gas, ions, and 

electrons can occur simultaneously. The regions where these transport 

requirements are fulfilled are called the triple phase boundaries. Several 

components need to be present to achieve a high amount of triple phase 

boundaries. The first is a catalyst, which needs to facilitate the hydrogen 

oxidation reaction (HOR) at the anode or the oxygen reduction reaction 

(ORR) at the cathode. The second is a catalyst support, which is usually 
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carbon particles. The support’s function is to allow for high electric 

conductivity and provide a favorable porosity. The right level of porosity is 

important to achieve a well-functioning catalyst layer, as too high porosity 

can result in low electrode utilization, whereas too low porosity can result 

in poor mass transport. Finally, ionomer is required for ionic transport. 

The amount of ionomer is also important, as too much can lower the 

porosity and hinder the mass transport. However, too little ionomer can 

lead to insufficient ionic transport and poor wetting of ionomer on the 

catalyst, and subsequently low catalyst utilization [7,8]. 

2.1.3 Cathode catalysts 

 

In PEMFC the state-of-the-art catalyst is either pure platinum or a 

platinum alloy. Platinum is distributed in the catalyst layer as carbon 

supported nanoparticles. Though platinum is a very effective catalyst, it is 

an expensive and scarce metal and reducing the amount would 

significantly lower the cost of fuel cells. Both the HOR at the anode and the 

ORR at the cathode in a fuel cell requires catalysts to function optimally. 

The two reactions have different reaction kinetics with the HOR reaction 

being very fast, and not responsible for significant losses during operation. 

In contrast, the ORR is sluggish and responsible for the largest efficiency 

loss in an operating fuel cell. Thus, more studies focus on reducing the 

amount of platinum or increasing its activity for the ORR.  

 

There are several routes to reduce the amount of platinum in a fuel cell. 

One approach is to switch to a non-noble metal catalyst. Examples of non-

noble metal catalysts are Fe-N-C [9,10] and Co-N-C [10] catalysts. 

Removing platinum from the cathode obviously lowers the total amount of 

platinum, and thereby the cost of the fuel cell. However, due to their lower 

activity, these catalysts usually require higher amounts of catalyst, which 

increases the thickness of the catalyst layer. In addition, although the 

stability of these catalysts is increasing, further improvement is required 

[11–13]. 

 

A second approach is to create geometries which have a high 

electrochemical active surface area (ECSA) with respect to the loading, or 

a high density of more active crystal planes. This can be done by forming 

different geometries, such as nano-frames [14,15], nano-wires [16], or 

nanostructured thin-films [17,18]. By tuning the geometry of platinum, 
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more active sites are created, allowing for higher current densities. The 

ideal crystal surface is difficult to discern and studies seem to point towards 

the importance of both steps and terraces to achieve high activity [19]. 

 

Finally, alloying platinum with a different material can be done to reduce 

the amount of platinum. By replacing platinum from the bulk, with the 

alloying metal, the total amount of platinum in the catalyst is reduced. The 

alloyed platinum can also have higher intrinsic activity than pure platinum. 

The activity increase of the alloys has been linked to strain effects, 

electronic ligand effects, as well as ensemble effects [20]. The most studied, 

and currently most active, alloy is Pt-Ni [15,16,18,21]. Even though Pt-Ni 

shows very high activity, stability and dealloying are still main 

issues [22,23]. 

 

Alloy catalysts of platinum with Rare Earth Metal (REM) have a more 

negative heat of formation for the alloy [24], that should make the bulk 

more stable. This is because the REM is more energetically favored to stay 

in the bulk of the alloy, then to diffuse, and subsequently oxidize, at the 

surface. These alloys have been shown to have higher activity than pure 

platinum both as thin films [25–27] and as nanoparticles [28,29]. The 

structure of the PtREM catalyst consists of a PtREM bulk with a thin layer 

of pure platinum on the surface, which also protects the bulk alloy. The 

higher activity of these alloys comes from that the PtREM bulk causes 

strain on the surface layer of platinum.  

2.1.3.1 Platinum degradation 

 

Platinum degradation can lead to loss of performance in a fuel cell. As the 

cathode is more important than the anode for the performance of the 

PEMFC, this section will focus on the cathode.  
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Figure 2: Pourbaix diagram of platinum. Figure taken from Atlas of Electrochemical 
Equilibria in Aqueous Solution [30]  

  
Many of the degradation mechanisms are coupled with the formation of 

platinum oxides. According to the Pourbaix diagram of platinum, Figure 2 

[30], hydroxide/oxide formation will always occur above 1.0 V. The 

hydroxide/oxide region potentials are lowered with increased pH, and can 

also be dependent on particle size [31]. During normal operation, the cell 

voltage of a PEMFC is around 0.6 - 0.9 V, and the pH at the platinum is 

around 1. At these conditions very little oxide coverage is expected. There 

are several cases which can cause higher potentials or changes in pH, such 

as fuel starvation. There are four main degradation mechanisms for 

platinum [31–34]. The first is the dissolution of platinum. This can either 

occur directly:  

 

𝑃𝑡(𝑠) ⇋ 𝑃𝑡2 + 2𝑒−   E0 = 1.2 V vs SHE 

 

Or through platinum oxide growth, and subsequent dissolution: 

 

𝑃𝑡(𝑠) + 𝐻2𝑂 ⇋ 𝑃𝑡𝑂(𝑠) + 2𝐻+ + 2𝑒−  E0 = 0.98 V vs SHE 
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𝑃𝑡𝑂(𝑠) + 2𝐻+ ⇋ 𝑃𝑡2+  + 𝐻2𝑂 

 

𝑃𝑡𝑂(𝑠) + 𝐻2𝑂 ⇋ 𝑃𝑡𝑂2(𝑠) + 2𝐻+ + 2𝑒−  E0 = 1.045 V vs SHE 

 

𝑃𝑡𝑂2(𝑠) + 4𝐻+ ⇋ 𝑃𝑡2+  + 2𝐻2𝑂  E0 = 0.84 V vs SHE 

 

The dissolved platinum can reform into new nanoparticles. However, 

unless the region where the reforming takes place is a triple phase 

boundary, the platinum will not be active. The second degradation 

mechanism is Ostwald ripening. In this mechanism, dissolved platinum 

from smaller particles diffuse and re-deposit on larger particles. The third 

is particle coalescence, where nanoparticles migrate and agglomerate. As 

the particles become larger through these mechanisms their total 

electrochemical surface area decreases. Lastly, particle detachment can 

occur. This is linked with the loss of carbon support through carbon 

corrosion. As the support is destroyed the nanoparticles simply detach and 

become inactive. All types of degradation reduce the electrochemical active 

surface area, and as such the efficiency of the catalyst layer. 

 

2.1.4 Carbon catalyst support 

  

Catalyst supports are required to increase the total surface area of the 

catalyst particles as well as providing good electronic conductivity within 

the catalyst layer. The most common support is carbon black as it has high 

electrical conductivity and is relatively cheap. Although carbon is mostly 

inert in the fuel cell environment, it can still corrode under certain 

conditions. Carbon corrosion can cause platinum detachment, or loss of 

porosity which leads to mass transport limitations [35,36]. The 

electrochemical reactions for carbon corrosion are as follows: 

 

𝐶 + 2𝐻2𝑂 → 𝐶𝑂2 + 4𝐻+ + 4𝑒−  E0 = 0.207 vs SHE 

 

𝐶 + 𝐻2𝑂 → 𝐶𝑂 + 2𝐻+ + 2𝑒−   E0 = 0.518 V vs SHE 

 

These reactions are slow, so during regular fuel cell operation, around 0.6-

0.9 V, they can be considered negligible. Global hydrogen and local 
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hydrogen starvation are the main causes of carbon corrosion in an active 

fuel cell. 

 

Global hydrogen starvation occurs when not enough hydrogen is present 

to produce the electrical current. This can happen due to a blockage in the 

gas inlet, or by inadequate gas flows. As there is not enough reactant, the 

carbon in the anode compartment reacts to satisfy the reactions. Due to the 

higher potential of the carbon corrosion reaction than that of the ORR at 

the cathode, the cell potential becomes negative [37,38]. This means that 

global hydrogen starvation leads to carbon corrosion at the anode.  

 

Local hydrogen fuel starvation occurs when parts of the anode have a 

mixture of hydrogen and oxygen. This can take place when, for example, 

there is water droplet formation, or during start-up and shut down. This 

phenomena is called “reverse-current decay” [39] and will be described 

briefly. In an operating fuel cell, the anode metal potential is near the 

equilibrium potential of hydrogen. If oxygen is present at the anode, it can 

cause the ORR to occur, with the required electrons supplied by the 

hydrogen filled regions of the anode. As the electronic conductivity in the 

catalyst layer is high, the anode potential is maintained, and instead the 

electrolyte potential in this region is lowered. The lowered electrolyte 

potential causes the cathode side of the same region to increase. This high 

potential can enable carbon corrosion or other side reactions to occur, with 

the excess electrons being used for the ORR in the oxygen-rich regions of 

the cathode. This means that local fuel starvation mainly effects the 

cathode [39–41]. 

 

2.1.5 Bipolar plates 
 

A single fuel cell has an operating voltage between 0.9 and 0.6 V. This is 

usually far below the voltage requirement of 200 V or more required for 

electrical device and automotive applications. To achieve these high 

voltages, several single cells need to be connected in series and this is 

achieved by using BPP. The BPP separates the gases of adjacent cathodes 

and anodes, while providing electrical conductivity. Single fuel cell cells 

joined together in this manner are often referred to as a stack. 
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Desirable properties of bipolar plates are low interfacial contact resistance 

(ICR), low ohmic resistance, high mechanical stability, and good heat 

conductivity. Bipolar plates are most commonly made from graphite, 

titanium, composites, or stainless steel. Graphite is stable in the PEMFC 

environment; however, it is brittle and costly for large scale manufacturing. 

In comparison, metallic bipolar plates are cheap and have excellent 

forming and mechanical properties. However, they are not chemically 

stable in the PEMFC environment. The degradation of metallic BPPs can 

cause two major problems. The first is the formation of oxide films that can 

increase the ICR. This will occur if the corroded species have low electrical 

conductivity, which is the case for most metal oxides [42,43]. The second 

concern with metallic bipolar plates is the release of metal ions, which can 

have several negative effects on fuel cell performance and stability [43–

46]. Released metal ions can lower the membrane’s ionic conductivity as 

metal ions replace the protons bound directly to the sulfonic groups in the 

perfluorosulfonic acid (e.g. Nafion) membrane [46,47]. This effectively 

blocks the position for ionic transport. Released metal ions can also 

function as a Fenton’s reagent [44], which causes the continuous creation 

of radicals, which, in turn, can cause membrane and ionomer degradation. 

 

2.1.6 Membranes 

2.1.6.1 AEMFC and water transport 

 

The membrane in a fuel cell functions as an ion conductor, gas barrier, and 

electric insulator. Nafion is the most common PEMFC membrane, as it has 

very good properties for fuel cell applications, but it is expensive to 

produce. By changing from PEMs to AEMs, cheaper precursor materials 

can be used. However, the change to AEMFC from PEMFC is not without 

difficulties. One of the main problems is the water management. 

Appropriate water management is key to achieving higher current 

densities [48–50]. The difficulty lies in that the electrochemical reactions 

at the cathode consume water and produce water at the anode. The lack of 

water can increase polymer degradation, mainly through Hoffman 

elimination [48,51,52]. The conductivity of several AEMs is closely linked 

to the water content. A study by Duan et al., on Tokuyama A201 

membranes found that a change of relative humidity from 70 % to 100 % 

had nearly a nine-fold increase on the conductivity [53]. Proper water 
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management of AEMFCs is required to obtain similar stability as in 

PEMFCs [48,54]. Water transport in PEFCs is usually modelled in two 

ways [55–58]. In one model, it is assumed that water and the membrane 

can be considered one single phase with the diffusion of water due to the 

concentration gradient on each side of the membrane. In the other model 

it is assumed that water and the membrane form two distinct phases, and 

that the diffusion is driven by the hydraulic pressure. These channels are 

created due to the phase separation caused by the hydrophilic and 

hydrophobic regions of the polymer’s interaction with water. In broad 

terms the single-phase model is more often assumed at lower membrane 

water content and the channel model is more applicable at higher 

membrane water content.  
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3 Experimental methods 
 

3.1 Fuel cell setups 
 

Two main types of fuel cell setups were used. All setups have two gas flow 

connections. One for the counter electrode (CE) and one for the working 

electrode (WE). For all measurements the inlet gases were humidified 

using humidity bottles (Fuel Cell Technologies). The gas flows were 

controlled either by rotameters (Brooks) or by digital mass flow controllers 

(MFC) (Brooks or Alicat). A picture of a setup used for PEMFC 

measurements is shown in Figure 3 a. Most of the PEMFC studies utilized 

CO-stripping and this setup requires that the WE has two different gas 

connections, as shown in Figure 3 b. The cell house used in this thesis, 

except for Paper IV, is the in-house developed cell house [59,60]. This cell 

house allows for probes to be contacted with the GDL, which is required 

for ICR measurements. For the ICR measurements a voltmeter 

(Keithley 2700 or Agilent 34970A) was used to record the voltage drop. 

Further, this cell house has separate clamping and sealing pressure, which 

allows the clamping pressure to be varied during measurements. Finally, 

as the current collector can be retracted this cell house can easily perform 

measurements with and without BPPs. 
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Figure 3: a) Picture of fuel cell setup used for PEMFC measurements and b) schematic of 
double MEA thin film measurement. 

 

For the AEMFC measurements, and Paper IV, a commercial cell house 

(Fuel Cell Technology) was utilized. A picture and schematic of the setup is 

shown in Figure 4. For the water flux measurements, the setup has 

humidity sensors (HYT 939), mounted in t-piece tube fittings, at the inlet 

and outlet of the fuel cell.  

 

 
Figure 4: a) Picture and b) schematic of fuel cell setup used for AEMFC water 

flux measurements 
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3.2 Fuel cell materials 
 

For PEMFC measurements Nafion 212 membranes were used. The GDL 

used was Sigracet 25BC. The counter electrode material was 0.5 mgPtcm-2 

GDEs (FuelCellsEtc). For the double MEA experiments (Paper I and II) a 

commercial GORE MEA (0.45 mgcm-2 PtRu / 0.45 mgcm-2 Pt) was used. 

The thin film catalysts were deposited on Carbel GDL and produced by 

collaborators at Chalmers University of Technology. For BPP 

measurements a different commercial GORE MEA was used 

(0.1 mgcm-2 Pt / 0.4 mgcm-2 Pt). Prior to measurement the thin film 

electrodes were pretreated with 0.1 M HClO4. 

 

The Pt/MWCNT and Pt/N-MWCNT samples were produced by 

collaborators at Aalto University. The electrodes in this study were 

produced by drop casting on Sigracet 25 BC GDL. 

 

Two types of bipolar plates were tested. The first are commercial carbon 

coated stainless steel plates, with a special flow field and shape to fit in the 

cell house. The second type were fabricated by electrodepositing Ni, Mo 

and P on a formed stainless steel bipolar plate. For these, both 30 mAcm-2 

and 100 mAcm-2 deposition current densities were tested. 

 

For AEMFC measurements A201 membranes (Tokuyama Corp.) were 

used. The electrodes were produced utilizing 36 wt% Pt on carbon black 

(Tanaka Kikinzouku International K.K) and AS-4 ionomer (Tokuyama 

Corp.) in the ink. The electrodes were then produced by drop casting on 

Sigrcaet 25BC GDL. The PPO-membranes were produced by collaborators 

at Lund University. Prior to measurements the membranes were ion 

exchanged for different durations in 1 M KOH. 

 

3.3 Electrochemical methods 

3.3.1 Cyclic voltammetry 

 

Cyclic voltammetry (CV) is an electrochemical technique for which the 

potential is changed at a constant rate. In this work CVs are used to 

determine the ECSA of the catalyst and to understand changes in the 
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platinum catalyst. By sweeping the potential the current response is 

indicative to the processes occurring on the electrode surface. This current 

can either be oxidative or reductive, depending on whether electrons are 

being consumed or produced. An example CV for platinum utilized in a 

PEMFC is shown in Figure 5. 

 

 
Figure 5: Typical H2/N2 CV for platinum catalyst in a PEMFC. Red text shows the reactions in 

the forward sweep (increasing potential) and black text shows the reactions in the backward 

sweep (decreasing potential). Roman numerals designate the three different regions, 

separated by vertical dashed lines. Measurement done with 5 % H2 in Ar and N2 at 30 °C, and 

scan rate of 200 mVs-1.  

 

The three main regions of a platinum CV are: 

 

 I: The region 0-0.4 V, often referred to as the Hydrogen region, 

where the dominating processes are the adsorption/desorption 

and evolution of hydrogen. 

 II: The region 0.4-0.5 V, often referred to as the Double layer 

region, where there are no faradaic processes occurring. 

 III: The region 0.5-1.2V, often referred to as the Oxygen region, 

where the dominating processes are the formation and reduction 

of surface oxides on the surface. 
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The exact voltage span of these regions depends on several experimental 

parameters [61–63]. These include, for example, temperature, relative 

humidity of inlet gases, gas flow rates, or whether the tests are done in 

rotating disk electrode (RDE) or in-situ in PEMFC. Furthermore, if the 

sample is not pure platinum, new peaks can occur [64]. This can be due to 

either changes in binding energy of the surface or the other material 

reacting directly. 

 

These regions can be used to determine the ECSA of the sample. The 

equations used for this are: 

𝐸𝐶𝑆𝐴 =
𝑄

Γ
 

 

Where Q is the charge associated with the event being investigated and Γ 

is the charge associated with one monolayer of coverage. To obtain Q from 

a CV the following equation is used: 

 

𝑄 = ∫ 𝐼𝑑𝑡 = ∫ 𝐼𝑑𝐸
𝑑𝑡

𝑑𝐸
  

Where ∫ 𝐼𝑑𝐸 is the integral in one of the regions and 
𝑑𝑡

𝑑𝐸
 is the inverse of the 

scan rate. The faster the scan rate, the larger the detectable current. The 

ECSA is often a desirable parameter to determine because it allows for 

more direct comparison between different catalysts [65]. It has been shown 

that ECSA detected from CV is comparable to that from the BET adsorption 

isotherms [66].  

3.3.1.1 Hydrogen region 
 
The hydrogen peaks are correlated with the following reactions: 

 

𝑃𝑡 + 𝑒− + 𝐻+ ⇌ 𝑃𝑡―𝐻 

 

For these reactions Γ is often assumed to be 210 μCcm-2 [67] This value is 

based on an assumption that the crystal planes of platinum have a certain 

ratio between them [68]. The different planes have calculated charges 

varying from 147-295 μCcm-2  [68]. As such, if the platinum under 

investigation has a different ratio of planes, an incorrect value for the ECSA 

can be expected, with up to 40 % error if the crystal planes are completely 

of one phase. Even for well-defined platinum surfaces the ECSA 
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determined from these peaks is often 90 % of the actual value [68]. 

Furthermore, one of the main challenges to find the true ECSA is to choose 

valid integral limits. This is caused by the presence of the hydrogen 

evolution reaction, which occurs at potentials close to 0 V vs SHE. 

Furthermore, the inert gas flow rate, usually N2, can cause a decrease in 

ECSA. This is attributed to the increased H2 evolution rates due to a shift 

in Nernst potential [67]. 

3.3.1.2 Oxygen region 
 

Even though the region is often referred to as the oxygen region, the 

reactions taking place are oxidation of the surface. The peaks in the oxygen 

region are caused by the following reactions: 

 

𝑃𝑡 + 𝐻2𝑂 ⇌ 𝑃𝑡―𝑂𝐻 + 𝑒− + 𝐻+ 

 

𝑃𝑡―𝑂𝐻 ⇌ 𝑃𝑡―𝑂 + 𝑒− + 𝐻+ 

 

𝑃𝑡―𝑂 + 2𝑒− + 2𝐻+ ⇌ 𝑃𝑡 + 𝐻2𝑂 

 

For these reactions Γ is often assumed to be 420 μCcm-2, which is a 2:1 ratio 

compared to the hydrogen adsorption/desorption. Studies have shown 

that the oxidation peak is dependent on the vertex potential used [69] 

because surface oxides need to be present for oxidation to occur. This 

causes the peaks to be harder to utilize practically in determining the ECSA 

of the sample [61]. The oxidation occurring at higher potentials, which 

leads to high oxide coverage, can lead to rearrangement of the surface, as 

was discussed previously in section 2.1.3.1 [70]. Thus, the ECSA can change 

during the CV measurement.  

3.3.1.3 Double layer region 
 
The double layer region can also be used to determine the surface area of 

the electrode. As shown in Figure 5 this region lies between the hydrogen 

and oxygen region. The ECSA from this region can be calculated from the 

following equation: 

 

𝐸𝐶𝑆𝐴 =
𝑖

𝑑𝐸
𝑑𝑡

∗ 𝐶𝐷𝐿
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where i is the capacitive current and CDL is the reference value for the 

capacitance of the material. This equation is different from the other ECSA 

measurements, as it is the magnitude of the current, not the charge, which 

is indicative of the surface processes. Using the double layer capacity to 

determine the ECSA is difficult, since nearly all materials contribute to the 

capacitance. Usually it is the carbon support which contributes the most to 

the double layer capacity. Thus, this region is most often used to detect 

changes in the carbon support. 

3.3.1.4 CO-stripping 
 
CO-stripping takes advantage of the fact that CO binds strongly chemically 

to platinum. The chemical reaction is as follows: 

 

𝑃𝑡 + 𝐶𝑂 → 𝑃𝑡―𝐶𝑂 

 

once the CO has bound to the surface it blocks any additional reactions. 

Once the potential is swept forward the following reaction occurs: 

 

𝑃𝑡―𝐶𝑂 + 𝐻2𝑂 → 𝑃𝑡 + 𝐶𝑂2 + 2𝐻+ + 2𝑒− 

 

A typical CO stripping curve is shown in Figure 6.  
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Figure 6 : Typical CO stripping curve. Measurement done with 5 % H2 in Ar and N2 at 30 °C, 
and scan rate of 200 mVs-1. 

 
The CO-oxidation causes the peak seen in Figure 6. From this the ECSA 

can be determined. For these reactions Γ is often assumed to be 

420 μCcm-2. This value is valid for CO that binds as a single monolayer to 

the platinum surface [71]. It is generally viewed that CO binds stronger to 

the platinum surface compared to hydrogen, making CO more resistant to 

changes in experimental conditions and contaminants [72]. Steric effects 

can cause CO-stripping to be less precise than hydrogen 

adsorption/desorption. Another artifact occurs if there is oxygen left in the 

system. This oxygen can react chemically with the adsorbed CO, 

forming CO2. 

 

𝐶𝑂 +
1

2
𝑂2 → 𝐶𝑂2 

 

If this happens the measured ECSA will be lower than the true value, as 

there is less CO left on the surface. As such the system being tested needs 

to be free from oxygen. Most studies report ECSA values from CO-stripping 

that are higher than that for H adsorption/desorption [62,63,66].  
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3.3.2 Electrochemical Impedance Spectroscopy in H2/O2 
 
Electrochemical impedance spectroscopy (EIS) is a technique that 

characterizes several phenomena occurring in a fuel cell. Depending on the 

combination of gases used when performing EIS, different information can 

be obtained. When performing EIS with H2 and O2, a common 

interpretation is that the cell resistance can be found at the high frequency 

intercept (HFR) and the charge transfer resistance, as the difference 

between the HFR and the low frequency intercept (LFR).  

 

3.3.3 Polarization and activity 

 

The main goal of most catalyst development is to achieve a highly active 

and stable catalyst. The activity is often evaluated by measuring the 

potential or current density while varying the other. By doing this for the 

entire potential range, a polarization curve can be constructed. An example 

of a polarization curve is shown in Figure 7. When discussing the features, 

the polarization curve is often divided in three regions, where one loss is 

causing the most significant decrease in performance. The first region (I) 

is called the kinetic region and is characterized by a fast decay of the 

potential with increasing current. The main cause for performance losses 

in this region is due to the increased overpotential of the reactions. The 

second region (II) is called the ohmic region and is characterized by a linear 

decrease in potential with increased current. In the ohmic region the 

performance loss is mainly due to the membrane conductivity. The final 

region (III) is called the mass transport region and can be recognized by a 

sharp decrease in potential at higher currents. This rapid decrease is due 

to mass transport of reactants to the catalyst, which limits the total current. 

However, when analyzing polarization curves, it is important to remember 

that all sources of losses can occur in all regions. 
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Figure 7: Schematic polarization curve of a PEMFC with H2 and O2. Each curve has losses 
according to the legend. ORR: losses from the oxygen reduction reaction. IR: Ohmic losses. 
MT: Losses due to a mass transport limiting current. Roman numerals denote the 
different regions. 

 

To be able to compare different samples, the obtained current needs to be 

normalized. There are three main ways of normalizing. One way is 

geometric current density (A/cm2); this is the easiest to measure, as the 

geometrically exposed area is easy to determine. Geometric current density 

gives the performance of the fuel cell. A second way is mass activity 

(A/mgPt); this gives information about how well the catalyst is being 

utilized. A high mass activity can also be indicative of a very active catalyst. 

A third way is by the electrochemical surface area (A/cm2
Pt). By 

normalizing by ECSA, the intrinsic specific activity of the catalyst can be 

determined. A sample with high specific activity, but low mass activity, 

would mean that the catalyst is very active, but due to poor catalyst layer 

optimization, or large particle size, is not being fully utilized. 

 

3.3.4 Hydrogen crossover 
 
Although the membrane should stop gases from crossing from the anode 

to the cathode, they are not perfect gas barriers. Crossover of hydrogen 
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leads to loss of efficiency as mixed potentials will exist on the cathode. The 

flux of hydrogen crossover can be evaluated by the following equation: 

 

𝑁𝐻2
= 𝐷𝐻 2

∗
𝑑𝐶𝐻2

𝑑𝑥
 

 

where N is the flux, D is the diffusion coefficient, C is the concentration and 

x is the membrane thickness. Lowering the hydrogen flux can be achieved 

in several ways. One is to use a thicker membrane, increasing 𝑑𝑥. Another 

is to use dilute hydrogen, effectively lowering the driving force 𝑑𝐶𝐻2
. A 

third way is to use platinum as a hydrogen scavenger. This is done by 

placing a catalyst layer of platinum between two membranes. As diffused 

hydrogen and oxygen coexist at this interlayer, they will react chemically 

on the platinum catalyst to form water. Practically this can be done by 

using a commercial MEA and a Nafion membrane. This will be referred to 

as a double MEA setup. 

 

Hydrogen crossover can be measured by sweeping the potential with 

hydrogen at the CE and an inert gas at the WE. An example of a hydrogen 

crossover measurement is shown in Figure 8. As the potential is increased, 

the HOR occurs at the WE. The slope of the initial measurement is due to 

the cell resistance, and to obtain the crossover current the initial 

measurement needs to be IR-corrected. Once corrected the crossover 

current can be found where there is no increase in current with increased 

potential, as at that point, the limiting current is reached. An increased 

crossover current can give information about the membrane, as pinholes 

and other membrane degradation mechanisms can lead to higher gas 

permeability. 
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Figure 8: Example of crossover current measurement. Correction done by removing the 
resistance. Measurement done  at 80 °C, with H2 and N2, scan rate of 1 mVs-1, on aged 7 cm2 
commercial MEA. 

 

3.4 Thin film model electrodes 
 
State-of-the-art catalyst layers are porous. While this gives much higher 

geometrical current densities, there will be uneven current distribution 

through the porous catalyst layer, due to ionomer conductivity losses and 

mass transport. Mitigating these losses is a goal of catalyst layer 

optimization. However, when evaluating a new catalyst this poses an issue, 

as the losses due to the catalyst layer can make interpreting the intrinsic 

activity of the catalysts difficult. Further, porous electrodes usually operate 

at high current densities, making effects of flooding and heat generation 

more significant. 

 

The use of thin film model electrodes can help resolve some of these issues. 

By having planar electrodes there will be limited current distribution in the 

catalyst layer. Further, planar electrodes have low ECSA, and generate low 

geometric current densities, which in turn generates low amounts of heat 

and water. However, this low ECSA also makes the effects of hydrogen 

crossover more noticeable. The model electrodes in this work have been 
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prepared by sputter deposition, allowing for high control of the 

composition and thickness of the catalysts.  

 

3.5 Measuring carbon corrosion 
 
Carbon corrosion in fuel cells can be measured in two main ways. The first 

is by studying electrochemical changes such as the increase in double layer 

capacity and the increase in other CV features. These features are difficult 

to solely attribute to carbon corrosion, as they often overlap with the 

reactions on the platinum catalyst. The second is by coupling the 

electrochemical measurements with an exhaust gas detection method. This 

is required to reliably quantify carbon corrosion. One gas detection method 

is mass spectrometry (MS). Corroded carbon is released mostly as CO2 

(m/z=44), and to a lesser extend as CO (m/z=28). The other gases used are 

H2 (m/z=2), H2O (m/z=18), O2 (m/z=32), N2 (m/z=28), or Ar (m/z=40), 

which do not share a peak with CO2. However, CO shares a peak with N2, 

and is why Ar is used in these measurements. 

 

3.6 Measuring internal contact resistance 
 
When using a bipolar plate, the main performance loss is from the contact 

resistance between the bipolar plate and the GDL. This resistance can be 

measured through EIS, but the other resistances, such as the membrane 

resistance, will also be seen in the result. As a fuel cell degrades both 

resistances tend to increase, and the two need to be measured separately. 

This can be achieved by placing two probes in the fuel cell, one contacting 

the GDL and one contacting the back of the BPP. The total resistance 

measured by the probes will be: 

 

𝑅𝑡𝑜𝑡 = 𝑅𝑃−𝐺𝐷𝐿 + 𝑅𝐺𝐷𝐿 + 𝑅𝐺𝐷𝐿−𝐵𝑃𝑃 + 𝑅𝐵𝑃𝑃 + 𝑅𝐵𝑃𝑃−𝑃 + 𝑅𝑜𝑡ℎ𝑒𝑟  

 

where R is the ohmic resistance. Contact resistances are noted by a x-y pair, 

where x and y are the two contacted surfaces, and P is the probes. The final 

term is the resistance from wires and connectors. Practically the resistance 

is measured by a voltmeter measuring the voltage drop between the probes.  
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3.7 Measuring water transport 
 

During operation, fuel cells produce water that can be in either liquid or 

gas phase. If the water is not transported away from the catalyst layer, 

liquid water will form. These water films can cause mass transport 

limitations and limit the performance of the fuel cell.  

 

Humidity sensors allow for an easy way to quantify the water transport. 

The main equation used to calculate the amount of water in the gas stream 

was:  

 

𝑛𝐻2𝑂 = 𝑛𝐷𝑟𝑦 ∗
𝑝𝐻2𝑂

𝑃𝑡𝑜𝑡 − 𝑃𝐻2𝑂

= 𝑛𝐷𝑟𝑦 ∗
𝑅𝐻 ∗ 𝑃𝑝𝐻2𝑂

𝑠𝑎𝑡 (𝑇)

𝑝𝑡𝑜𝑡 − 𝑅𝐻 ∗ 𝑝𝐻2𝑂
𝑠𝑎𝑡 (𝑇)

 

 

where n is the molar flow and p is the partial pressure. For the case when 

there is no current, and symmetrical flows of dry gas, the water flux across 

the cell can be written as: 

𝑁𝐻2𝑂 = 𝑛𝐷𝑟𝑦 (
𝑝𝐻2𝑂,𝑂𝑢𝑡 

𝑝𝑡𝑜𝑡 − 𝑝𝐻2𝑂,𝑂𝑢𝑡

−
𝑝𝐻2𝑂,𝐼𝑛

𝑝𝑡𝑜𝑡 − 𝑝𝐻2𝑂,𝐼𝑛

) 

 

where N is the flux from one side of the cell to the other. 

 

However, if a current is applied, the changes in the dry flow need to be 

considered and the flux equations then become: 

 

𝑁𝐻2𝑂,𝐴 = (𝑛𝐷𝑟𝑦 −
𝐼

2 ∗ 𝐹
)

𝑝𝐻2𝑂,𝑂𝑢𝑡 

𝑝𝑡𝑜𝑡 − 𝑝𝐻2𝑂,𝑂𝑢𝑡

− 𝑛𝐷𝑟𝑦 (
𝑝𝐻2𝑂,𝐼𝑛

𝑝𝑡𝑜𝑡 − 𝑝𝐻2𝑂,𝐼𝑛

) 

 

𝑁𝐻2𝑂,𝐶 = (𝑛𝐷𝑟𝑦 −
𝐼

4 ∗ 𝐹
)

𝑝𝐻2𝑂,𝑂𝑢𝑡 

𝑝𝑡𝑜𝑡 − 𝑝𝐻2𝑂,𝑂𝑢𝑡

− 𝑛𝐷𝑟𝑦 (
𝑝𝐻2𝑂,𝐼𝑛

𝑝𝑡𝑜𝑡 − 𝑝𝐻2𝑂,𝐼𝑛

) 

 

The equations are different for anode and cathode due to the differences in 

electrochemical reactions.  

 

When considering all the different means of water transport in the system 

the following equation is used: 
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𝑑𝑁𝐻2𝑂

𝑑𝐿
= (−𝐾 ∙ ∆𝑝 +

𝑖

𝐹
𝜂 +

𝑖

𝑧𝐹
) ∗

𝐴

𝐿
 

 

where K is the water transport due to partial pressure gradients Δp, η is the 

apparent drag coefficient and is defined as positive in the direction of the 

hydroxide transport, z is the number of electrons in the electrochemical 

reactions, A is the cell area and L is the channel length. The model assumes 

a plug flow and homogeneous current distribution.  
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4 Results and discussion  

4.1 Thin film catalysts 
 

4.1.1 Measuring activity on thin film catalysts 
 
Thin film electrodes have many potential benefits as a model system. 

However, there are several artifacts that can change the measured values 

from these electrodes. 

 

Hydrogen crossover leads to a mixed potential at the cathode, which 

polarizes the cathode without a current being drawn. The result of utilizing 

two different hydrogen crossover mitigation strategies are shown in 

Figure 9. As can be seen without any mitigation strategy (black curve) the 

open circuit voltage (OCV) of the measurement was very low. The first 

mitigation strategy was to use diluted hydrogen (red curve) instead of pure 

hydrogen. This lowered the partial pressure of hydrogen, which in turn 

lowered the hydrogen crossover. The second strategy was using an 

additional MEA (blue curve), increasing the thickness and adding an 

interlayer of platinum, which functions as a hydrogen scavenger. This 

strategy further lowered the effects of hydrogen crossover. By utilizing an 

additional MEA it was possible to use pure hydrogen (green curve). The 

slightly lower current at high potentials, compared with the diluted 

hydrogen with double MEA, is due to slightly lower ECSA of this sample. 

Using pure hydrogen is beneficial as it allows for higher currents to be 

achieved before hydrogen starvation occurs at the anode. Even though 

hydrogen crossover can be corrected by measuring it, and subtracting it 

from the polarization curve, this is a questionable practice for thin film 

electrodes. Crossover currents, measured in these cells, are often on the 

order of 1 mAcm-2, and the measured current from these samples is on the 

same order of magnitude. If corrected, the correction term would dominate 

the reported activity. 
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Figure 9: Effect of using different hydrogen crossover mitigation strategies. Measurements 
done with 60 nm platinum, cell temperature of 80 °C, 100 % RH, and a scan rate of 20 mVs-1. 

 
Utilizing pure hydrogen and an additional MEA, the effects on 

performance of varying the cathode flow were investigated, and are 

visualized in Figure 10. The highest and lowest flow of oxygen were chosen 

due to the limitations of the mass flow controller. As the flow of oxygen was 

increased, the maximum current and the OCV were increased. This is not 

unexpected, as more oxygen causes a slight overpressure and dilutes any 

hydrogen crossover. Surprisingly the current obtained at higher potentials 

is lowered with increased flows. This decrease in current is thought to be 

due to decreased amounts of water in the catalyst layer, which in the 

absence of ionomer, can facilitate the ionic transport [73]. 
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Figure 10: Effect of different oxygen flow rates. The measured OCV at the tested flow rate is 
shown in the parenthesis. Measurements done with 60 nm platinum, a constant anode flow 
rate of 14 mlnmin-1, cell temperature of 80 °C, 100 % RH, and a scan rate of 1 mVs-1. 

 
The final two measurement parameters that were investigated were 

hysteresis and sweep rate, as shown in Figure 11. By increasing the sweep 

rate, the measured performance was increased. This is most likely due to 

hysteresis effects, as the system does not have time to stabilize at the given 

potential when the sweep rate is high. However, hysteresis effects are also 

noticed during slower scan rates.  
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Figure 11: Effect of scan rate and hysteresis. Full lines are the forward scans and the dashed 
lines are the reverse scans. Measurements done with 60 nm platinum, anode flow rate of 
14 mlnmin-1, cathode flow rate of 7.4 mlnmin-1, cell temperature of 80 °C, and 100 % RH. 
 

To get accurate values for the specific activity is further complicated when 
considering ECSA measurements. As discussed previously the ECSA, 
obtained  in  a  PEMFC,  from  CO-stripping  is  often  higher  than  
H-adsorption/desorption [62], especially for higher scan rates [74]. For 
these measurements it was found that the ECSA from CO-stripping was 
50 % or 260 % higher than that from H-desorption, at scan rates of 20 and 
200 mVs-1 respectively. This highlights the importance of utilizing CO-
stripping when determining the ECSA, but also makes comparison 
between studies even more difficult. 
 
For a double MEA sample with pure hydrogen, the measured activity for 

the lowest and highest performing set of measurement parameters is 

189 µAcm-2
Pt and 1000 µAcm-2

Pt, respectively. This is an increase of 4.5 

times, exemplifying how absolute values of activity are very difficult to 

compare. The value for Pt nanoparticles is often stated at 200 µAcm-2
Pt, but 

reported values vary greatly from 40 to 470 µAcm-2
Pt [65]. However, what 

has been found in this work is that the increase is approximately the same 

for all tested samples, meaning that a relative comparison is still valid.   
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4.1.2 Pt-REM alloy catalysts 
 
The activity of platinum can be enhanced by alloying platinum with a 

second element. The alloys studied in this thesis were Pt3Y, Pt5Gd, and 

Pt5Tb (Paper I and II). Before mounting in the fuel cell, the catalysts were 

cleaned in 0.1 M HClO4. The cleaning removed the surface REM, in the 

forms of REM-oxides, from the catalyst surface. The effect of cleaning is 

shown in Figure 12. If the alloyed catalysts were not cleaned, the 

performance was slightly worse than for pure platinum. This is most likely 

because the REM-oxides block surface platinum. The “as sputtered” 

sample shown in Figure 12, had been operating between 0.9 and 0.6 V for 

~16 h before the polarization curve was recorded, suggesting that the 

surface REM-oxides are not removable under these conditions. If removal 

of REM-oxides does not take place in-situ, REM-oxides that are formed 

during fuel cell operation would not be removed. This would cause the 

formed REM-oxides to affect surface sites, lowering the overall 

performance of the fuel cell.  

 

Figure 12: Effects of cleaning electrodes. Measurement done with 5 % H2 in Ar and O2, cell 
temperature of 80 °C, 100 % RH, and a scan rate of 20 mVs-1. 

 
The polarization curves for all the tested alloys are shown in Figure 13. As 

can be seen, all the alloy catalysts have higher specific activity than pure 
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platinum. The measured activity at 0.9 V was 2.5 times the activity of pure 

platinum for Pt3Y and Pt5Gd and 2 times for Pt5Tb. 

The lower activity for Pt5Tb, compared with Pt5Gd, could be due to the 

lower stability of Pt5Tb [25]. Similar activity increases have been reported 

previously for Pt3Y [75,76]. Due to the standard error between samples, 

this difference was not statistically significant. At higher currents the 

activity increase was lower, which was due to other effects, such as local 

mass transport, lowering the performance. 

 

 

Figure 13: Polarization curve of all tested Pt-REM alloys. The error bars are the standard error 
of the mean. Measurements done with 14.8 mlnmin-1 H2 and 7.4 mlmin-1 O2 at 80 °C, 100 % 
RH and a scan rate of 1 mVs-1. 

 
In Figure 13 the averages for all tested samples are shown, and the error is 

due to random factors. However, due to the large difference between the 

activities, up to a 50 % increase, further analysis was performed. Cyclic 

voltammetry for one sample of each alloy is shown in Figure 14. All alloys 

have distinct platinum features, which means that no response from other 

metals are detected. If the alloying has caused changes in the binding 

energies of oxygen, these effects should be visible in the oxide regions, at 

potentials above 0.5 V. For the forward sweep there was a slight shift to 

more negative potentials for the oxide formation peak of the Pt5Gd sample. 

There was also a shift, towards lower potentials, in the oxide reduction 
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peak for all alloys. These shifts in the oxide peaks point towards an 

increase, not the predicted decrease, in the oxide bond strength [77]. 

However, this trend has been seen in several studies [27,78]. 

  

 
Figure 14: Cyclic voltammetry of the different alloys. The increased activity compared to pure 
platinum is shown in the parenthesis. Measurements done with 5 % H2 in Ar and N2 at 30 °C, 
100 % RH and a scan rate of 200 mVs-1. 

 
Comparing the CO–stripping results showed similar results as the CVs. As 

seen in Figure 15, the general shapes of all CO oxidation peaks are the 

same. A second peak, seen at 0.8 V for Pt5Tb and 0.84 V for Pt, was only 

noticed for higher ECSA samples. The main observable difference between 

samples was that the Pt samples had higher ECSA than the alloy samples. 

A slight shift of the CO-peak was noted, similar to the oxide peak shift. The 

very similar peak position indicates that CO binds equally strong to all 

samples.  
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Figure 15: CO-stripping curves of the different alloys. The ECSA, in cm2, is shown in the 
parenthesis. Measurements done with 5 % H2 in Ar and N2 at 30 °C, 100 % RH and a scan rate 
of 200 mVs-1. 

 
The samples were further characterized by energy-dispersive X-ray 

spectroscopy (EDX) and X-ray photoelectron spectroscopy (XPS). EDX 

gives information about the bulk composition and XPS gives information 

about surface composition (a few nm depth). The results for all tested 

alloys are shown in Figure 16. The as sputtered samples all showed higher 

amount of REM in XPS than in EDX. This means that during sputtering 

there is a surface enrichment of REM. However, de-convolution of the XPS 

showed that a significant amount of this REM was non-metallic oxides. The 

acid cleaning removed the non-metallic REM, which was the cause for the 

large reduction of surface REM seen in the XPS at this stage. The EDX 

showed a slight decrease for Pt3Y, which is expected by the removal of Y. 

However, the EDX of Pt5Gd and Pt5Tb show a slight increase. After the 

electrochemical tests all alloys had a decrease in their total REM content, 

most likely due to leaching of the alloy. Pt5Gd and Pt5Tb both showed a 

decrease in the surface REM, caused by a growth of the Pt overlayer. The 

increase of the surface REM for Pt3Y was likely due to Pt corrosion, which 

can occur at potential above 0.8 V [79]. The differences in the XPS and 

EDX behavior between Pt3Y and Pt5REM shows that while the alloys give 
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similar performance, they seem to have different characteristics, and might 

have different optimal activation strategies and operating conditions. 

 

 
Figure 16: EDX and XPS analysis of alloy catalysts. The total catalyst composition calculation 
assumes that only Pt and REM are in the catalyst. 

 
The performance of the measured alloy catalysts was lower than the 

approximately 3 to 6 times performance increase measured in RDE 

measurements [24,25,27]. Further, the EDX and XPS showed that the 

sputtered catalysts had lower than the expected REM content, which was 

25 % for Pt3Y and 17 % for Pt5Gd and Pt5Tb. A lower amount is partially 

expected, due to the Pt overlayer. To better understand the lowered 

activity, EDX-TEM was used. The EDX and a schematic for the as 

sputtered and acid pretreated samples for Pt3Y are shown in Figure 17. The 

sputtered catalysts had a nominal thickness of 60 nm, however, due to the 

porous nature of the substrate, a non-homogeneous film was formed. 

Towards the edges of the sputtered films, the films got thinner, and after 

the acid pretreatment these layers became devoid of Y. This means that 

there will be a mixture of Pt3Y, PtxY and pure Pt in each sample, which 

lowers the overall activity as compositions other than Pt3Y have lower 

activity [27]. 
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Figure 17: Atomic percentage of Pt and Y detected by EDX and schematic cross-section along 
a line in TEM micrograph for a) as-sputtered and b) acid pretreated Pt3Y thin films on GDL.  

 
If the decreased performance is caused by regions of thinner alloys, the 

ECSA could be used as a descriptor for activity. However, it is important to 

consider that ECSA can be changed for many reasons, and a decrease could 

be due to either smoother films, or due to insufficient coverage. The 

electrochemical activity as a function of ECSA for all samples is shown in 

Figure 18. As can be seen, for the alloyed catalysts there is a slight trend 

that the lower the ECSA, the higher the activity. Nevertheless, the results 

show that all tested alloys have high electrochemical activity. 

 
Figure 18: Comparison of the ECSA and the electrochemical activity increase compared to the 
average activity of platinum. The circled samples are the ones which are used as examples in 
Figure 14, Figure 15, and Figure 16.  
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4.2 Carbon supports 
 
As described previously, the most common catalyst support is carbon, 

which can corrode at higher potentials. One way to lower the carbon 

corrosion is to use multi-walled carbon nanotubes (MWCNT) as they have 

a higher amount of graphitic carbon, which is more resistant to corrosion 

[80]. Further, nitrogen functionalization of carbon has shown to decrease 

the carbon corrosion [81,82]. 

 

The carbon corrosion of three different carbon supports; multi-walled 

carbon nanotubes (MWCNT), nitrogen doped MWCNT (N-MWCNT) and 

Vulcan XC-72, were studied (Paper IV). To cause carbon corrosion the 

materials were cycled between 0.1 and 1.6 V with a scan rate of 20 mVs-1. 

The electrochemical results of the corrosion are shown in Figure 19. At 

beginning of life (BOL), the Pt/MWCNT and Pt/ N-MWCNT samples had 

lower ECSA/gPt, which is most likely due to approximately 2.5 times larger 

Pt nanoparticle in these samples, shown in Figure 1 Paper IV. Further, the 

nitrogen doping of the MWCNT has led to a considerable increase in the 

double layer capacity of the material, which occurs due to 

functionalization. During cycling the formation of the quinone-

hydroquinone redox peaks developed. These can be observed between 0.5 

and 0.7 V in the positive sweep and between 0.6 and 0.4 V in the negative 

sweep. The peaks are more pronounced in the Pt/Vulcan and Pt/MWCNT 

sample than in the Pt/N-MWCNT, suggesting that the nitrogen doping 

hindered the formation of oxygenated species. The Pt-oxide reduction 

peak, between 0.7 and 0.9 V, increased for Pt/MWCNT, was stable for 

Pt/N-MWCNT and decreased for Pt/Vulcan, indicating an activation or 

increased usability in the case of MWCNT and a probable loss of Pt 

nanoparticles for Pt/Vulcan. Finally, the initial onset potential for carbon 

corrosion, highest for Pt/MWCNT and lowest for Pt/Vulcan, showed that 

the MWCNT samples had higher initial resistance to corrosion compared 

with Vulcan. However, during cycling the onset potential decreased for 

both Pt/MWCNT and Pt/N-MWCNT, while it increased slightly for 

Pt/Vulcan, resulting in similar onset for all samples after the corrosion 

cycling to 30 % carbon loss. 
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Figure 19: Corrosion cycles, measured by cyclic voltammetry between 0.1 and 1.6 V, for (a) 
Pt/MWCNT, (b) Pt/N-MWCNT, and (c) Pt/Vulcan. (d) Changes in double layer capacity at 
0.4 - 0.45 V during corrosion cycles. Measurements done with 5 % H2 in Ar and N2, at 80 °C, 
100 % RH, and scan rate of at 20 mVs−1.  

  
By coupling the electrochemical measurement with a MS, the gaseous 

species were analyzed. An example of carbon corrosion is shown in 

Figure 20 a. As the potential was increased above 1 V, the CO2 in the 

exhaust stream was increased. Due to the fast scan rate, there were 

significant amounts of CO2 at lower potentials in the backwards sweep. The 

carbon loss of the different samples per cycle, and normailized to the 

amount of initial carbon, is shown in Figure 20 b. While the initial 

corrosion of the different supports was different, with Pt/Vulcan having 

significantly more corrosion than the other samples, after cycling all 

samples had approximately the same corrosion rate. The Pt/N-MWCNT 

had a higher carbon loss than the Pt/MWCNT, indicating that the nitrogen-

doping of the material does not reduce the carbon corrosion rate. This is 

likely related to the very different electrochemical surface areas of the two 

samples and to the higher degree of non-graphitic carbon present in 

N-MWCNT.  
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The increase in double layer capacity was similar to the increase in carbon 

corrosion for all samples, suggesting that increasing the amount of 

available carbon, or the functionalization of carbon, increases the 

corrosion rate. 

 

 
Figure 20: a) Example of corrosion cycle of Pt/Vulcan from 0.1 V to 1.6 V vs RHE at 20 mVs−1 

with specific current density (black, left axis) and CO2 concentration (red, right axis) data 

calculated from CO2 mass spectrometry signal (m/z=44). Darker lines show the forward 

sweep, and lighter lines show the backward sweep b) Carbon loss of fuel cell cathodes based 

on different catalysts during each consecutive potential cycle 

 
The changes in the catalyst layer due to the carbon corrosion were studied 

further. To investigate the physical degradation cross-section scanning 
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electron microscopy (SEM) was performed, shown in Figure 21. At BOL, 

Figure 21 a-c, a significant difference between the BOL and end of life 

(EOL) for the different samples was observed. Where Vulcan, Figure 21 c, 

formed a relativity denser layer, the MWCNT samples, Figure 21 a-b 

formed very porous catalyst layers. This is due to the large number of 

secondary pores formed in MWCNT catalyst layers. The carbon corrosion 

leads to a decrease in the catalyst layer thickness for all samples. The loss 

was more significant for the Pt/MWCNT and Pt/N-MWCNT compared to 

the Pt/Vulcan. The more severe loss of thickness for the MWCNT samples 

suggests that the large secondary pores collapsed as the carbon was 

corroded.  

 
 

 
Figure 21: SEM images of catalyst layers at BOL(a-c) and at EOL (d-f). The cathode catalyst 
layer of Pt/MWCNT (a and d) and Pt/N-MWCNT (b and e) and Pt/Vulcan (c and f) is located 
between the vertical white lines. 

 
The large changes of the catalyst layer thicknesses were not reflected on 

the micro-scale, as shown in Figure 22, where no significant changes were 

observed. The only observable effect was the increased concentration of 

ionomer, which is expected.  
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Figure 22: SEM images of catalyst layers at BOL (a,b) and at EOL (c,d) of Pt/MWCNT (a 
and c) and Pt/Vulcan (b and d). 

  
After corrosion the performance of the fuel cell is reduced, as in shown 

Figure 23. The performance, at lower potentials, at EOL for MWCNT 

samples was lower than the Pt/Vulcan sample, suggesting that the highly 

porous structure is important for the functionality of these supports. The 

measured ECSA after corrosion was similar for all samples. The loss of 

ECSA for all samples is most likely due to Pt corrosion [35,83]. The main 

difference between the MWCNT and Vulcan, at the corroded state, is 

related to the catalyst layer morphology. However, it should be noted that 

the CNT samples were corroded for more cycles than the Vulcan sample. If 

evaluated for the same amount of cycles, instead of the amount of corroded 

carbon a more favorable performance might be obtained. 
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Figure 23: IR-free polarization curve for samples at BOL and EOL. Measurements done with 
H2 and O2 at 80 °C, 100 % RH and a scan rate of 1 mVs-1. 
 

4.3 Bipolar plates 

4.3.1 Carbon coated metallic bipolar plates 
 
Carbon coatings on metallic bipolar plates serve to lower the ICR, as well 

as protecting the metal from metal ion dissolution. The stability of MEAs 

in the presence of BPP was tested in the new European driving cycle 

(NEDC) [84]. The NEDC simulates the varying power demands of an 

automotive application. The results are shown in Figure 24. As can be seen 

the performance of the MEA was reduced after cycling. Further, the 

transients in regions with higher current densities increased with cycling.  
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Figure 24: NEDC measurements of a 7 cm2 commerical MEA with carbon coated BPP at both 
anode and cathode. Measured at 80 ° C, 66 % RH, clamping pressure of 8 bar and H2 and air 
with stoichiometry of 1.3 and 1.5 . 

 
Three regions from Figure 24 were chosen to evaluate degradation. A low 

(red marker at 410 s), a medium (blue marker at 880 s), and a high (green 

marker at 1150 s) current region. The decay for each region, with and 

without a carbon coated metallic BPP, is shown in Figure 25. The decay for 

all regions was fairly linear, and after 700 cycles resulted in approximately 

3 % performance loss. In the low and medium current regions, the decay 

was about the same for both the sample with a coated BPP and with only 

the carbon current collector. In the high current region, the sample with a 

BPP showed slightly higher losses, most likely due to the presence of metal 

ions in the MEA [46]. The presence of metal contaminations was found, 

through SEM analysis, to be due to unsuitable laser drilling of the gas 

inlets, which caused metallic stains to form on top of the coating. It is 

important to note that this is a manufacturing error caused by the unique 

shape of the bipolar plates used in this setup. 
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Figure 25: Comparison of losses of the three chosen regions in the NEDC for a 7 cm2 
commercial MEA with a) only graphite current collectors and b) with coated BPPs at both 
anode and cathode. % load refers to the load compared to the current recorded 0.65 V at BOL. 
The values in the legend are the performance losses per cycle at the specified load. 

 
The effects of cycling on the ICR are shown in Figure 26. For both the 

anode and cathode there was a decrease in ICR with continued cycling. The 

decrease on the anode and cathode are proportional and are most likely 

caused by clamping pressure equalization. This is an effect of the springs 

used to apply the clamping pressure in these experiments. No increase in 

the ICR was detectable for either anode or cathode during cycling, 

suggesting that the conductivity of the carbon layer was not degraded. This 

was confirmed by SEM/EDX, where no changes in morphology and 
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compositions of the coatings were detected. These results show that 

continuous sources of metal ions can be damaging for the fuel cell 

performance, however, carbon coatings provide stable and low ICR under 

the applied conditions. 

 

 
Figure 26: Changes in ICR of bipolar plates located at the anode and cathode Measured at 

80 ° C, 66 % RH, clamping pressure of 8 bar and H2 and air with stoichiometry of 1.3 and 1.5. 
ICR calculated at 100 % load. 

   

4.3.2 Ni-Mo and Ni-Mo-P coated metallic bipolar plates 
 
Ni and Mo and P alloys are known to have high corrosion resistance [85]. 

As such, electroplating metallic bipolar plates with Ni-Mo and Ni-Mo-P 

can improve their performance. The three coatings evaluated were 

Ni-Mo (100), Ni-Mo-P (100), and Ni-Mo-P (30), where the number in 

parentheses reflects the current density of the electroplating [85]. The 

coated bipolar plates were evaluated in a PEMFC and placed on the 

cathode side of the fuel cell (Paper VII). The effects of 115 h at 0.143 Acm-2 

are shown in Figure 27. The uncoated 316L stainless steel BPP showed very 

fluctuating ICR, which also remained high throughout the measurements. 

In comparison, the coated samples showed more stable ICR over time. 

Further, the Ni-Mo (100) and Ni-Mo-P (100) had lower ICR than the 

uncoated samples. All coatings had an increase in ICR over time, which is 
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due to oxidation of the coatings. However, after an initial increase the Ni-

Mo (100) had stable ICR of 10 mΩcm2. 

 

 
Figure 27: ICR of the uncoated and coated bipolar plates placed at the cathode. Measured 
with H2 and O2, at load of 0.143 Acm-2, a cell temperature of 80 °C and 90 % RH. 

 
To understand if the coatings were affected by the PEMFC environment, 

EDX analysis was performed. As seen in Figure 28 all coatings showed an 

increase in their oxygen content after the fuel cell tests. This is most likely 

due to oxidation of the Ni. The oxygen increase was most significant for the 

Ni-Mo-P (100) and lowest for Ni-Mo-P (30), which could be correlated to 

the slower deposition producing smoother layers, thereby reducing the 

amount of surface Ni. The increase in carbon and fluoride was either due 

to membrane degradation or contaminations from the GDL.  
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Figure 28: EDX analysis of the different coated bipolar plates before and after electrochemical 
measurements. 

 
The CV of the samples at BOL and after 115 h is shown in Figure 29. The 

curves are IR-corrected to allow for easier comparison between samples. If 

the fluoride measured in the EDX was from membrane degradation, the 

hydrogen crossover of these samples should increase, and if it is from 

ionomer degradation, the ECSA of the samples should decrease. All 

samples have had an increase in hydrogen crossover. The initial crossover 

current was approximately 2.5 mAcm-2. The highest increase was for 

Ni-Mo-P (100), roughly 10 mAcm-2 increase, whereas the lowest was for 

Ni-Mo-P (30), roughly 1.5 mAcm-2 increase. Further, the decrease in ECSA 

for Ni-Mo (100), Ni-Mo-P (30) and the uncoated sample was 21 %. For the 

Ni-Mo-P (100) sample the decrease in ECSA was 28 %. The increase in 

hydrogen crossover and the decrease in ECSA confirms that the fluoride 

increase found from the EDX is from membrane and ionomer degradation.  

 



48 - Results and discussion 
 

 

Figure 29: Cyclic voltammetry of Ni-Mo(100), Ni-Mo-P(100), Ni-Mo-P(30) and uncoated 
316L BPP samples at BOL, and after 115 h. Measurements done with H2 and N2 at 80 ° C , 90 
% RH at scan rate of 100 mVs-1. IR was corrected by measuring the resistance between 0.4 
and 0.6 V. 

 
Evaluation of the coatings showed that Ni-Mo-P (100) was not very 

suitable for PEMFC.  Ni-Mo (100) showed the lowest and most stable ICR 

performance of the coatings, whereas Ni-Mo (30) had the lowest increase 

of hydrogen crossover. This suggests that Ni-Mo-P (30) affects the other 

components the least. As such, even if it had higher ICR, this coating might 

be most suitable for a fuel cell, however, further measurements are 

required. When evaluating bipolar plates in fuel cells it is important to 

consider all effects, and not solely focus on ICR. 

 

4.4 AEMFC 

4.4.1 Optimizing the ionomer to catalyst ratio 
 
As discussed previously too much or too little ionomer in the catalyst layer 

can affect the performance of the catalyst layer. To investigate these effects 

several different ionomer-to-catalyst (I/C) ratios were tested as electrodes 

in an AEMFC (Paper V). As seen in Figure 30, too low, below I/C of 0.4, or 



Results and discussion - 49 
 

too high, I/C above 1, led to decreased performance. For too little ionomer, 

this is due to low ECSA, whereas for too much it is due to both lower ECSA, 

compared to the optimal point, and mass transport limitations.  

 

 
Figure 30: Results for different ionomer content, with a constant catalyst loading of 
0.4 mgPtcm-2. Measured with H2 and O2, cell temperature of 50 °C, 95 % RH, and a scan rate 
of 1 mVs-1.  

 
To verify the morphology of the prepared electrodes overview and cross-

sectional SEM were performed. The cross sections, Figure 31 a-c, show that 

the thickness decreases slightly with higher ionomer content. Thus, the 

main morphological effect of increased ionomer content is a decrease in 

porosity. Higher magnification of the cross sections, Figure 31 d-f, reveals 

the existence of ionomer film formation for high ionomer contents. This 

film formation was only seen for I/C above 1 and is only on the surface of 

the GDE. The high magnification of the overview SEM, Figure 31 g-i, shows 

similar results, with large variations between samples. For the I/C 0.8 

sample the overview SEM, Figure 31 g, reveals a high amount of ionomer. 

However, the cross sections showed no such film, with a structure more 

resembling that seen in Figure 31 e.  
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Figure 31: Cross sectionial SEM (a-f) and overview SEM (g-i) for I/C ratios of 0.2 (a,d,g) 0.8 
(b,e,h) ,and 1.5 (c,f,i). The scale bar for a-c is 250 µm and d-i is 5 µm. 

 
When considering I/C it is important to note that the optimal I/C can 

depend on the catalyst loading [8]. As the morphology of the catalyst layer 

can be different for e.g. different solvents [86] and deposition times [87], 

the optimal I/C might depend on these factors as well. Finally, swelling of 

the ionomer [87] can make morphology measurements by SEM 

misleading, as the morphology will be different from the fully hydrated and 

heated fuel cell conditions.  

These results show the importance of optimizing the I/C of electrodes. 

Further, when performing SEM analysis of the morphology, cross-section 

SEM is important, since formation of surface films can give a distorted 

understanding of the actual composition. 

 

4.4.2 Water transport in AEMFC 
 
As described previously, water effects in AEMFC have been linked to the 

performance [49,50]. Several studies have concluded that dry out of the 

cathode is a major factor in the membrane degradation. By lowering the 
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inlet relative humidity of the gases, the performance of the AEMFC is 

lowered, as seen in Figure 32. This is due to lowered conductivity of the 

ionomer in the catalyst layer. 

 

 
Figure 32: Effect of different symmetrical inlet relative humidities for drop casted electrodes 
and Tokoyama A201 membrane. Measurements done at 50 ° C with H2 and O2, and a sweep 
rate of 1 mVs-1 

 
Quantifying the water transport is critical to understand the processes 

occurring. To quantify the water transport in AEMFC two sets of 

experiments were performed (Paper III). The first set of experiments 

evaluated the diffusion properties of the membranes, and an example of 

this type of measurement is shown in Figure 33 a. The relative humidity of 

side A was higher than that of side B. The difference in relative humidity at 

the outlets was lower than at the inlets, meaning that diffusion across the 

membrane has occurred. After ~100 s the relative humidity of side B was 

lowered and reached the new set point after ~2000 s. During this 

transition, both the inlet and outlet of side B decreased in humidity. 

However, even the outlet of side A decreased, indicating that the rate of 

transport is dependent on the activity of the water vapor.  
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Figure 33: a) Steady-state measurement of flux over membrane, obtained under constant 
argon flow of 7.33 lnh-1 on both sides, and a cell temperature of 50 °C. Inlet gas humidification 
was set to 86 % at side A and varied from 60 % to 51 % at side B. Vertical dotted lines indicate 
the interval when the RH is being changed. b) Total molar flux of water across the cell as 
function of average pressure. Trend lines are for visual aid only. 

 

The results of repeating the diffusion measurements for several 

combinations of inlet relative humidity is shown in Figure 33 b. The results 

show that there is a linear correlation between the differences in water 

vapor activity, which is proportional to the water partial pressure at these 

conditions. To further understand the diffusion resistances, one side of the 

membrane was contacted with liquid water. This increased the diffusion 

due to two effects. The first is the removal of a potential interfacial 
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resistance, between gases to membrane, for water transport, which has 

shown to be significant for AEMFC membranes [88]. The second is that 

the water content of the membrane, λ, is higher if the membrane is in 

contact with liquid water. The measured increase, at the same driving 

force, for liquid-vapor compared to vapor-vapor is approximately three. 

This means that the interfacial resistance cannot be dominating the 

transport resistance, as then the increase would be approximately two. 

 
Figure 34: a) Anode, cathode, and total water increase when a current is applied. Obtained 
with a hydrogen flow of 7.47 lnh-1, oxygen flow of 8.21 lnh-1, a cell temperature of 50 °C, and an 
inlet relative humidity of 90 %. The numbers above each step denotes the current density 
(mAcm-2). b) Anode, cathode, and total water increase as a function of current density. Filled 
lines are the measured values and the dotted lines are the water production and consumption 
due to the electrode reactions calculated from the current density.  
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The second set of experiments performed were done by measuring the 

water transport with an applied current and performing galvanostatic 

experiments at different current densities. An example of a water 

measurement with an applied current is shown in Figure 34 a. When a 

current was applied, the water content of both anode and cathode 

increased. As the electrochemical reaction at the cathode consumes water, 

this means that there is a significant flux of water from the anode to the 

cathode. The result of the galvanostatic measurements is shown in 

Figure 34 b. The linear increase of water content on both anode and 

cathode indicates that it can be explained by an apparent electroosmotic 

drag term. The calculated apparent drag coefficient for these 

measurements is -0.64, which means that water is transported from the 

anode to the cathode when a current is applied. Further, the measured 

water content means that approximately 2/3 of the produced water at the 

anode is transported to the cathode. This shows that current induced 

cathode dry out is very unlikely for these systems at these current densities. 

  

An apparent drag coefficient is a combination of all effects that occur when 

a current is drawn. A first consideration would be that the increase in water 

flux is due to a formation of water film, which would increase flux, as shown 

in Figure 33 b. To investigate this, water flux measurements at different 

inlet relative humidities were performed. If there is a water film forming, 

the lowered inlet RH would have higher flux, as the activity of liquid water 

is one. The results, shown in Figure 35, show no difference in increase in 

water content of the anode and cathode. Further, as no changes are seen 

with increased humidity, the apparent drag coefficient is not affected by 

the water content. These results show that the increase in flux when a 

current is applied is not due to liquid water formation at the anode. 
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Figure 35: Water increases for different symmetrical inlet relative humidities and current 
densities at the a) anode and b) cathode.  

 

To understand if the polymer structure changes the water transport 

properties several PPO-based membranes were tested (Paper VI). The 

tested membranes had different ion exchange capacity, functional groups, 

and thicknesses. All tested membranes had similar diffusion, and water 

drag transport, as shown in Figure 36. The calculated apparent drag 

coefficients, for all membranes, are negative, which means cathode dry out 

is not an issue for any of the tested membranes.  
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Figure 36: a) Total molar flux of water across the cell as function of average pressure, for 
different membranes. b) Percentage of net produced water which leaves the cell at the anode 
(full lines) and cathode (dashed lines) for different membranes. 

 
The most significant parameter for the water transport was the membrane 

thickness. As shown in Figure 37, independent of the membrane 

chemistry, the water produced at the cathode scaled with thickness. The 

thicker the membrane, the lower amount of water detected at the cathode. 

This trend suggests that cathode dry-out could become an issue for 

membranes with a thickness greater than 100 µm.  
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Figure 37: Net produced water which leaves the cell at the cathode as a function of 
membrane thickness. 

 
The previous measurements showed that the diffusion driving force for 

vapor-vapor and liquid-vapor were not large enough to explain the 

increase in water transport when a current was applied. However, the 

linear increase with thickness suggests that the transport is diffusion 

driven, as an increase in thickness increases the diffusion resistance. This 

means that the apparent drag observed during these measurements is most 

likely due to a large increase in the diffusion coefficient when a current is 

applied. However, why this would be linear with current requires 

further study. Measuring and understanding the water transport in 

AEMFC is key to accurately describing and improving the performance 

of AEMFCs. 
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5 Conclusions and outlook 
 

5.1 Thin film electrodes and alloy catalysts 
 

The use of thin film electrodes as model electrodes was investigated. The 

results showed that by manipulating different measuring conditions the 

measured activity of platinum was increased. The use of a secondary MEA 

as a hydrogen filter, removed the largest influence of hydrogen crossover, 

allowing for more accurate measurements. By lowering the flow of oxygen, 

more water could be retained, allowing for higher activities to be achieved. 

Increasing the sweep rate increased the measured activity. Finally, 

hysteresis was noted for all tested conditions, and persisted even at low 

sweep rates. By modifying the measurement parameters an activity 

increase of 350 % could be achieved. This means absolute values for 

activity are very subjective, and only relative comparisons should be used 

when evaluating new catalysts. 

 

The alloy catalysts, based on Pt3Y, Pt5Gd and Pt5Tb, were tested in a fuel 

cell setup. After activation the alloy catalysts all showed an activity increase 

of about 2.5 times compared with pure platinum. The EDX and XPS 

confirmed that acid pretreatment removed surface REM which is required 

to achieve the higher activities. The activity increase achieved was lower 

than that measured in RDE measurements, and was found to be due to 

thinner regions of the alloys dealloying. The alloys showed an increased 

activity with lower ECSA, likely due to less dealloyed regions being present. 

The results suggest that even higher activities might be achievable if only 

the correct alloy structure is present.  

 

5.2 Carbon corrosion of MWCNT 
 

The corrosion properties of MWCNT, N-MWCNT and Vulcan XC-72 were 

tested in a PEMFC environment. It was found that the CNT samples had 

lower carbon corrosion than the Vulcan XC-72 sample. This was due to the 

higher amount of graphitic carbon in the MWCNT. After extensive 

corrosion, the porous structure of the MWCNT samples collapsed, 
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significantly lowering the performance. The losses were most significant at 

the higher currents, suggesting that the porous structure is important for 

catalyst layers utilizing MWCNTs. 

  

5.3 Coated metallic bipolar plates for PEMFC 
 

The evaluation of carbon-coated bipolar plates showed that ICR is not 

affected by cycling. However, the performance was lowered due to the 

presence of metal ions, which is attributed to metallic stains caused by laser 

drilling of the gas inlet. This, in turn, means that proper manufacturing of 

the coated bipolar plates would solve this issue.  

 

Ni-Mo and Ni-Mo-P coatings were measured for 105 h in a fuel cell under 

load. It was found that all coatings had low ICR. However, after testing, all 

measurements showed an increase in the hydrogen crossover current, 

caused by membrane degradation. The best ICR performance was seen for 

Ni-Mo (100), whereas the lowest increase of hydrogen crossover was seen 

for Ni-Mo-P (30). This suggests that the Ni-Mo-P (30) coating might be the 

most suitable coating for the lifetime of the fuel cell. 

  

These results show that for evaluating metallic bipolar plates in PEMFCs, 

all aspects need to be considered as the systemic effects of BPP degradation 

are not simply reflected by increased ICR values. 

  

5.4 Water transport in AEMFC 
 

The water transport properties of several AEMFC membranes were 

evaluated. The results showed that water transport without a load was 

proportional to the difference in water partial pressure and thickness. 

Further, when one side was exposed to liquid water, the increase in flux 

was approximately three, which suggests that there are more effects than 

just removal of interfacial transport resistance. When a load was applied, 

the water content on both sides increased, meaning that the apparent drag 

is negative. It was also found that the water transport properties were not 

affected by the membrane water content. When comparing different types 

of membranes, thickness was found to be the most significant membrane 
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property affecting water transport. These results suggest that current 

induced cathode dry out is very unlikely. 

 

5.5 Outlook 
 

In this thesis the studies performed evaluated several new materials in a 

PEFC. It has been shown that most materials have the potential to improve 

the overall performance of PEFCs. However, these new materials create 

other challenges when they are incorporated.  

 

The next step for Pt-REM alloy catalysts evaluation would be to study 

stability and degradation mechanisms. If the high activity is not stable, 

they are not useable in practical applications. Another aspect would be to 

measure their activity in AEMFC to see if the activity and stability are 

linked to the pH of the cell. 

 

For MWCNT it would be interesting to make more optimized catalyst 

layers, and check if these layers retain the high carbon corrosion resistance. 

Further, measuring the effects of only corroding 5-10 % of the carbon, 

where the performance decrease is not as severe, would allow for improved 

understanding of the performance of these catalyst supports. 

 

The next step for testing of carbon-coated metallic bipolar plates is to apply 
more suitable manufacturing routes and, thus, avoid the artifact of metal 
stains. This will allow accurate assessment of these materials. It would also 
be interesting to investigate how the presence of carbon-coated metallic 
bipolar plates affect other aspects, such as hydrogen crossover. For Ni-Mo 
and Ni-Mo-P coated bipolar plates further evaluation of stability and 
secondary effects need to be further evaluated.  
 

With respect to water transport it would be interesting to measure the 

water transport at higher current densities, as there might be effects which 

only occur then. Also, a deeper understanding of the effects of different gas 

diffusion layers and catalyst layer morphology on the water transport 

would also be of benefit. If the water transport properties are linked to any 

of these, it would allow for better overall explanations of the water 

transport. Finally, to understand more about AEMFC stability, it would be 

important to determine whether balancing the water content can increase 

the lifetime of AEMFCs.
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