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Abstract 

Low carbon energy systems are undeniable solutions for addressing environmental and climate 

change issues facing the world. Hydrogen-fueled polymer electrolyte fuel cell (PEFC) are at the 

forefront of clean energy technology solutions since they are producing no particulate emissions 

and only water as a by-product at the point source (cars) and can improve air quality. Critical to 

their widespread adoption is the need for a reduction in the PEFC stack cost which is mainly 

attributed to the expensive Platinum (Pt) catalyst and development of new materials in catalyst 

layer. This work aims at investigating the effect of material (such as ionic polymer or ionomer 

type, substrate and contamination) and operational conditions (such as temperature and relative 

humidity, RH) on hydration behavior (water uptake and proton conduction) of ionomer thin film 

in catalyst layer, and then developing a correlation describing how those parameters effect 

hydration properties (water uptake and proton conductivity) of the ionomer thin film. The results 

of this study will enable the engineers to better optimize the performance of their produced PEFCs. 

In this work, we reported the water content and proton conductivity properties of thin-film 

ionomers (30 nm) at 80 °C over a wide range of relative humidity (0−90%) for seven different 

ionomers differing in the side-chain structure, including the number of protogenic groups, with the 

equivalent weight ranging from 620 to 1100 g/mol of sulfonic acid.  

The results show that the acid content or equivalent weight of the ionomer is the strongest 

determinant of both the swelling and the proton conductivity of ionomer films at a given relative 

humidity. The proton conductivity of low-equivalent-weight ionomers was higher than that of 

higher-equivalent-weight ionomers. Significantly higher values of both water content and proton 

conductivity are observed at 80 °C compared to those at 30 °C, implying that room temperature 

data are not reliable for estimating ionomer properties in the fuel cell catalyst layer.  
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We also studied the impact of exchange of protons with cobalt ions on the humidity dependent 

(0−90% RH) hydration and conductivity of ∼30 nm thin ionomer films at a fuel cell-relevant 

temperature (80 °C). A significant suppression (up to 2 orders of magnitude at low RH) in ionic 

conductivity was observed for all ionomers upon exchange of protons with cobalt ions, evidently 

because the water content of the ionomer films decreases upon Co2+ exchange. The most 

interesting finding of the study is that a large variation in conductivity between the H+ form and 

Co2+ form of ionomer films at a given RH is significantly minimized when conductivity is 

correlated with the water content.  

Then we focused on how carbon and Pt substrate impact the 10 nm ionomer swelling rate under 

different RHs. It was found that films on Pt substrate, have higher swelling rate than those on 

carbon and SiO2 substrates. These results prove the evidence of better water network and higher 

proton conductivity in ionomers on Pt substrate, indicating that the interactions between ionomers 

and substrate affects internal structure of ionomers as well as the film surface especially in ultra 

thin films (< 10 nm). Moreover, water sorption studies on ionomer thin films shows that water 

absorption is slower than water desorption. It could indicate that the rate of water absorption 

controlled by the rate of interfacial transport and swelling while the desorption rate mainly controls 

by interfacial mass transport. 
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Chapter One: General Introduction 

1.1.Project background 

Nearly 80% of greenhouse gas emissions are attributed to fossil fuel usage and the 

production of carbon dioxide (CO2) is considered to be the central reason for global climate 

change. Besides, fossil fuels are responsible for local air pollution and human health problem due 

to emission of particulate matter during combustion [1]. 

Around 24% of energy related global greenhouse gas emissions in the world comes from 

transportation vehicles running on fossil fuels [2]. The number of car passengers worldwide is 

anticipated to increase to 2.5 billion by 2050 (Figure 1.1b) [3]. Long-term exposure to air pollution 

contributed to the deaths of 6.1 million people in 2016 with strokes, heart attacks, lung disease and 

lung cancer causing many of them [4]. This means an increased level of pollution and healthcare 

problems associated rise in direct and indirect costs [5]–[7]. Moreover, this contributes to global 

warming which in turn causes climate change. The effects of climate change are a threat to human 

existence and must be enthusiastically and adequately put under check. This will keep the global 

temperature rise to below 2 °C as suggested by the Paris Agreement [8], [9]. 

Using hydrogen chain (electrolyzer, hydrogen storage, and fuel cells) as energy storage and 

conversion technologies has attracted significant attention as a solution for the technological gap 

toward a net-zero CO2 emission society [13].  

An alternative to fossil fuels utilizing combustion system is electrochemical energy 

conversion devices.  Batteries, fuel cells, and electrochemical capacitors (ECs) are the most well 

known systems for electrochemical energy storage and conversion [14]. Hydrogen-fueled polymer 
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Figure 1.1. a) Global primary energy consumption per annum, reproduced with the permission 

from Ref [1]. b) Global CO2 emissions in transport by mode in the sustainable development. The 

dotted line indicates the year which various transport stopped consuming fossil fuels. Reprinted 

with the permission from Ref [1], [10] 

 

electrolyte fuel cell (PEFC) are at the forefront of clean energy technology solutions since they are 

producing no particulate emissions and only water as a by-product at the point source (cars) and 

can improve air quality [7]. It is anticipated by the International Renewable Energy Agency (2020) 

that the hydrogen energy cost will become competitive with conventional energy sources by 2030. 

So, several countries have planned to have hydrogen energy industries and infrastructure ready or 

the arrival of full commercialized hydrogen application [15]–[18]. The costs of hydrogen related 
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technology are decreasing continuously due to the progress in technology and supply chain. This 

would be great step in commercialization of this technology [18]. In fact, some companies already 

have commercialized their fuel cell vehicles like Toyota (Mirai) [19], Honda (Clarity) [20] and 

Hyundai (Tucson) [21]. 

Critical to further widespread adoption of PEFCs is the need for a reduction in the PEFC 

stack cost without comprising the performance. Both cost and performance are primarily attributed 

to the PEFC catalyst layer. It has been estimated that the expensive Platinum (Pt) catalyst 

contributes to 40% of the fuel cell system cost [22]. A significant factor affecting the performance 

are the intrinsic activity of the catalyst and the transport characteristics of the cathode catalyst 

layer. The catalyst layer (CL) consists of Pt/C aggregates which are covered by ionomer thin film. 

Electrons and protons conduct via carbon and ionomer respectively (Figure 1.2). Oxygen diffuses 

through ionomer film to get to the active layer of Pt/ ionomer interface. Hence, oxygen diffusivity 

and proton transport are impacted by ionomer density and ionic domain of ionomer. For maximum 

utilization of these catalysts and high in operando electrochemical performance, facile transport of 

the reactant of the electrochemical reactions, i.e., electrons, protons and gases (e.g., hydrogen and 

oxygen) must be ensured. That helps to boost the performance of the fuel cell system which will 

conduct to a reduction in catalyst layer cost significantly. Thus, understanding the properties of 

ionomer thin films in catalyst layer is considered to be one of the important problems for the PEFC 

research and development [22], [23]. 

As elaborated in the next chapter, there is a need to investigate and quantify the effect of 

material (such as ionic polymer or ionomer type, substrate, and contamination), operational 

conditions (such as temperature and relative humidity) and preparation process (e.g., annealing 

temperature) on the hydration-controlled properties, i.e., water uptake and proton conduction, of 
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ionomer thin films. Such data will help to correlate aforementioned fuel cell operating parameters 

and their hydration properties (water uptake and proton conductivity). The results of this study will 

help the technology developers to make data-driven informed choice regarding material selection 

and operational parameters (such as temperature and relative humidity (RH)) of PEFCs and also 

provide guidance on electrode processing conditions. The data will also serve as input for 

computational models of catalyst layer, which can be applied to optimize the performance of 

PEFCs. 

 

Figure 1.2. Schematic of polymer electrolyte membrane (PEM) fuel cell catalyst layer. 

1.2.Research objective 

The primary goal of my research is to investigate and quantify the impact of ionomer 

composition (side-chain length and equivalent weight (EW)) on the properties of ionomer thin 

films. Another key goal of my research is to examine the impact of cation contamination, arising 

from leaching of cobalt (Co) from alloy catalysts, on ionomer thin film properties. In addition, the 

research is aimed at understanding whether and how the hydration properties (water content and 

proton conduction) of the films are dependent on physical characteristics such as film thickness, 
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fabrication variables such as substrate type, and local environmental variables such as relative 

humidity, and temperature. To attain the broader research goal, four sub-tasks discussed below 

were be undertaken 

i) The effects of equivalent weight (EW) and side-chain characteristics of ionomer on 

hydration properties of the ionomer. The overall objective was to quantify the role of ionomer 

structure (EW and side chain length and structure) on water uptake and proton conduction of thin 

film. A number of sub-objectives were planned including: a) investigating the effect of temperature 

on the ionomer thin film hydration properties. b) investigating the effect of thickness on ionomer 

thin film properties. in this part tried to achieve the 10 nm thickness (relevant to PEFC CLs, i.e., 

4-10 nm) for ionomers. c) achieve a universal correlation between proton conductivity and water 

content.  

ii) The effects of cation-exchange on the water uptake and proton conductivity of ionomer 

thin film (as a function of RH) of thin films of ionomers differing in molecular structure or EW. 

The key objective was to investigate the impact of cobalt ions on water uptake and proton 

conductivity of ionomer thin films. A number of sub-objectives were planned including a) 

development of a method for preparing cobalt exchanged ionomer thin films and measuring the 

hydration properties of the ion exchanged ionomers. b) investigation of the role of ionomer 

structure (EW and side chain length) on the impact of cobalt exchange on ionomer thin films 

hydration properties. c) determine the existence of a universal correlation between proton 

conductivity and water content for cobalt exchanged ionomers. 

 iii) The effects of different substrates and humidity cycling on the water uptake and 

kinetics of water uptake in ionomer thin films. The key objective was to investigate the role of 
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wettability of substrate and ionomer hydration hysteresis on ionomer thin film swelling via 

measuring the thickness changes at different RH. 

1.3.Thesis Structure 

The thesis comprises 7 chapters and the main contributions related to the three specific objectives 

stated above are presented in Chapters 4, 5 and 6. The following is a brief description of the content 

of each chapter. 

Chapter 1. General Introduction: This chapter contains an overview of research topic 

and motivation behind this research work. This chapter also contains a guideline on the overall 

thesis goals.  

Chapter 2. Literature review and Relevant Background: This chapter contains the 

background knowledge on the fundamental of PEFC, CL and ionomer thin films. A review of 

existing literature as it relates to the ionomer cation contamination, ionomer/substrate interaction 

and ionomer EW and side chain structure has also presented . Finally, research gap and challenges 

as it existed at the time of conception of the thesis has been identified through extensive literature 

review related to this research topic. 

Chapter 3. Experimental Techniques: In this chapter, the experimental techniques 

adopted in this study have been described.  

Chapter 4. Humidity-dependent hydration and proton conductivity of the 

perfluorosulfonic-acid (PFSA) ionomer thin films at fuel cell relevant temperature: Effect of 

ionomer equivalent weight and side-chain characteristics. In this chapter, the water uptake, and 
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the proton transport properties of ~30 nm ionomer thin films are investigated as a function of 

ionomer EW and ionomer sidechain structure and length. This chapter also discuss the effect of 

thickness on ionomer thin film properties. Ellipsometry and Electrochemical impedance 

spectroscopy (EIS) were employed to determine the water uptake and protonic conductivity of the 

thin films respectively. A detailed protocol, experimental methodology, data collection and data 

interpretation are described. 

Chapter 5. Conductivity and hygroscopic expansion of ionomer thin films: Effect of 

cobalt exchange and thermal/aqueous treatment. This chapter highlights the effects of cation 

(cobalt ion) contamination on ionomer thin films. In this work water uptake and proton conduction 

of ionomer thin films of thickness ~ 30 nm are investigated as a function of RH  at two different 

doping level (fully exchanged and non- exchanged). In addition, the chapter elucidates the role of 

ionomer side chain and EW on the impact of cobalt contamination on ionomer thin film properties.   

Chapter 6. Water sorption in ionomer thin films: Investigation of substrate and 

hysteresis effects. This chapter highlights the effects of substrate wettability on ionomer thin film 

(10 nm) swelling (water uptake). Moreover, this chapter investigate the hysteresis effect on 

ionomer water uptake in thin films and the kinetics of water uptake. The diffusion coefficient of 

water absorption and desorption were studied through hydration cycling for 10 nm ionomer thin 

films. Quartz Crystal Microbalance (QCM) was used for kinetic studies in this chapter.   

Chapter 7. Conclusions and Recommendations for Future Work: This chapter 

provides a summary of key findings and future directions relevant to the development and 

optimization of materials for PEFC CL.  
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Chapter Two: Literature Review and Relevant Background 

This chapter provides a general background of polymer electrolyte fuel cell (PEFC) 

technology including an introduction to the key components of PEFC and their function. The intent 

is to present the existing research gaps and challenges via a concise literature review on the key 

papers on the specific topic and in the field. 

2.1. Polymer Electrolyte Fuel Cell (PEFC) 

A fuel cell is an electrochemical device that converts chemical energy directly into 

electricity. Its origin can be traced to the early 1840s [24]. Fuel cells are often classified based on 

the type of membrane used. One type of fuel cell, known as the polymer-electrolyte fuel cell 

(PEFC) –made of proton-conducting polymer electrolyte membrane (PEM, mainly Nafion) and 

Platinum (Pt)-based materials as catalyst – has received remarkable attention in the past decades 

due to their performance (fuel-to-electricity conversion efficiency of 60%) [25]. The promise of 

high efficiency, zero point-source CO2 and particulate matter emissions, and the potential for 

independence from traditional energy sources make PEFCs highly desirable energy conversion 

device. Tremendous progress has been made in the PEFC technology over the past decade, but 

some challenges remain unaddressed [22], [26].  

In the following section, first, the key components of PEFC are discussed, and then selected  

R&D works pertinent to the thesis topic are summarized. 
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2.1.1. Key components of PEFC 

Polymer electrolyte membrane fuel cell is composed of several components including 

polymer electrolyte membrane (PEM), catalyst layers (CLs), and gas diffusion layers (GDLs), 

shown in Figures 2.1. Akin to a battery, a PEFC has an anode and a cathode that are separated by 

an electrolytic medium that allows only ions to conduct but not electrons. Humidified hydrogen 

gas is fed to the anode side and humidified oxygen is fed to the cathode side. Humidification is 

necessary to ensure proton conduction in the PEM and the ionic polymer in the CLs, as elucidated 

later. Hydrogen (H2) diffuses through the anode-side GDL to arrive at the anode CL where 

hydrogen oxidation reaction (HOR) takes place (Eq. 1) and hydrogen molecules are split into 

protons and electrons at the platinum/ionomer interface. The released protons are transported 

through the PEM towards the cathode; this drives the electrons off the anode through an external 

circuit to the cathode. At the cathode CL, the protons released at anode, oxygen (O2) gas diffused 

through cathode-side GDL, and electrons travelled across external circuit will undergo a chemical 

reaction called oxygen reduction reaction (ORR) (Eq.2) through which water and heat are 

produced [27], [28]. The produced water is partially utilized for humidification purposes of the 

membrane because the membrane’s performance (i.e., proton conductivity) is highly dependent on 

its water content. 

HOR: H2(g)  2H+ + 2e−          (2.1) 

ORR: 4H+ + 4e− + O2(g)  2H2O(l)         (2.2) 

The overall reaction can be described as follows (Eq. 3): 

2H2 + O2   2H2O                                                                                                                 (2.3) 
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Figure 2.1. Schematic representation of a PEM fuel cell. 

 

The main role of PEM is that it only allows positively charged ions (H+) to pass through. 

GDL is responsible for facilitating diffusion of reactants (i.e., O2, and H2) across the catalyst layer, 

and controlling the humidity in catalyst layer and membrane through supplying humid gases,  

removing produced water off the catalyst layer, and conducting electrons from the flow-channels 

to the CLs. Sufficient hydration of ionomer in the catalyst layer and membrane is needed to ensure 

high proton conductivity, since proton conduction is highly mediated by water. The 

electrochemical reactions and transport of all key species occur in the CL. Thus, the CL can be 

said to be the heart of a fuel cell. The CL is discussed in the following section, since this thesis is 

concerned with one of the key material components of CL.  
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2.1.2 Catalyst layer (CL) 

PEFC CL is typically a 5-10 μm thick, porous nanocomposite of Pt/C catalyst (Pt supported 

on carbon nanoparticles) and an ionic polymer or ionomer. The platinum nanoparticles are 2-5 nm 

and are supported on ~ 30 nm carbon black particles. The ion-conducting polymer film coating 

these Pt/C particles are only a few nanometers (4-10 nm) in thickness (Figure 2.2) [22], [29]–[32]. 

The ionomer thin film facilitates the transport of protons  to catalyst particles (e.g., Pt) where 

electrochemical reactions occur. Also, it helps in removing the produced water out of CL. To state 

simply, electrons conduct through the carbon to reach the external circuit, and oxygen and protons 

through the ionomer to access the surface of catalyst nanoparticles [31]. 

 

Figure 2.2. Schematic of fuel cell catalyst layer. 

 

As mentioned earlier, the transport of protons, oxygen gas, and water take place in the 

ionomer thin film of cathode CL. The proton conduction through the ionomer film is highly 

dependent on water content of the ionomer. Any introduction of non-proton cation into the ionomer 

thin film during preparation or operations stages could also significantly affect the ion conduction 

through the ionomer. As a result of poor proton conductivity of the cation-contaminated ionomer, 

the performance of fuel cell can be adversely impacted due to poor access of catalyst sites by the 
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protons. A dense ionomer thin film would notably impact the local oxygen transport, because the 

oxygen diffusion through ionomer will be drastically constrained. Confinement and interfacial 

interactions are known to influence polymer thin film characteristics. There is now evidence that 

they also affect ionomer thin film properties (discussed later in section 2-3-1). All these facts 

evidently demonstrate the crucial role of the ionomer thin film in a CL. Driven by the need to - 

reduce cost, enhance performance, and increase durability, there is a considerable focus on the 

development of new materials as well as operations at elevated temperatures. However, integration 

of a new catalyst and catalyst support material or changes in operating conditions would require 

considerations of how the ionomer interactions with the new materials and operating conditions 

impacts its key functional property (proton conductivity). Availability of new ionomer materials 

has expanded the portfolio of ionomers permitting the selection of a suitable ionomer for new 

catalyst/catalyst support material or new operating conditions. Some of the key research 

developments and their impact on ionomer are summarized below. 

2.1.2.1. Decreasing the Pt content in CL, for instance, using Pt – alloys catalyst 

Significant efforts have been made to reduce the amount of the expensive Pt metal in CL 

by introducing Pt-alloys and core‒shell type nanostructure catalysts (e.g., a cobalt core with a Pt 

shell) [33], [34]. However, it has been reported that the alloying metals such as Co and Ni leach 

out of the catalyst and migrate from the ionomer/catalyst interface to the CL ionomer and into the 

membrane [35]–[38]. These ions can exchange with protons in the ionomer and potentially impact 

the ionomer properties such as proton conductivity and water uptake [36], [37], [39], [40]. The 

extent to which these properties are affected by and how different the ionomers respond to metal 

leach-out are still unknown and not quantified.  
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2.1.2.2. Increasing the operating temperature of fuel cell up to 110 ˚C 

High operational temperature (between 100 and 200 °C) would have several advantages 

over the low temperature condition (60 to 80 °C), as it helps in promoting the cathode kinetics, 

and improving heat management in the fuel cell. High temperature operation demands designing 

new ionomers with high conduction under low RH. Several new ionomers that are variations of 

fluorocarbon ionomer and, also, new hydrocarbon ionomers have become available in last five 

years. However, the RH dependent proton conductivity –which is correlated to fuel cell operating 

conditions– of these ionomers is not available, particularly for thin films of less than 50 nm. This 

makes data-driven ionomer material choice difficult [41]. 

2.1.2.3. Interaction of ionomers with supporting substrates 

Carbon materials such as graphene or carbon nanotubes, which are carbon corrosion 

resistant are being considered as catalyst supports. Recently, Orfanidi et al have claimed that 

nitrogen-group functionalization of commonly used carbon black support, i.e. Vulcan Carbon, 

improves ionomer coverage of Pt/C and also induces changes in internal structure of ionomers 

[42], [43]. The interaction of ionomers with supporting substrates, which could contain different 

type of carbon, may affect ionomer properties (such as, proton transport and water content) but 

have not been studied [42], [44]  

Clearly, understanding the behavior of the ionomer thin films – particularly, the impact of 

ion contamination arising from leaching of alloy metals of Pt alloy catalysts, humidity, and 

substrate on ionomer properties (such as proton conduction and water content) – is crucial for 

robust design and guidance of material selection for PEFCs. Next, the ionomer material commonly 

used in PEFCs is introduced. 
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2.1.3. Ion-containing polymer (Ionomer) 

Ionomers belong to the class of ionic polymers. Ionomers were defined in 1970s by 

Eisenberg as polymers containing 10-15 mol% ionic groups are known as an ionomer [30], [45]. 

Generally, when we refer to the term “ionomer”, we are concerned with the properties of the ionic 

polymer in solid state. The perfluorosulfonic-acid ionomers (PFSA) are the most widely employed 

ionomers for PEFC applications. PFSA ionomers are made of fluorocarbon chains tethered upon 

copolymer of poly(tetrafluoroethylene) (PTFE) with side chains ending with polar sulfonic acid 

ionic group, SO3H [30] (Figure 2.3). High thermal and chemical stability of their fluorinated 

backbone and the chemical nature of their side chains, i.e., the sulfonic group [46], made them a 

promising candidate for PEFC applications. Equivalent weight (EW) is commonly used to 

represent the degree of sulfonation in PFSA ionomers that is negatively correlated to the ion 

exchange capacity (IEC). In other words, EW decreases when IEC increases [31]. Nafion, 3M, and 

Aquivion are among the most common PFSA ionomers used in the industry. The differences in 

the structure of these ionomers are shown in Figure 2.3. The commonalities amongst these 

ionomers are Teflon backbone and sulfonic acid end group. On the other hand, the differences are 

in the side chain length and the composition of the side chain. Nafion was designed and developed 

by DuPont in the 1960s. Since then, it has been widely employed as a benchmark PEM in fuel 

cells.  
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Figure 2.3. Chemical structure of PFSA ionomers. 

 

2.1.3.1. Phase segregated morphology and hydration related properties of PFSA ionomers 

Properties, structure, and functionality of ionomers are primarily dictated by their 

hydration-dependent nanostructure that can be categorized into hydrophilic transport pathways and 

hydrophobic polymer matrix [30], [31]. Electrostatic forces drive the aggregation of ion-pairs 

(SO3¯/H3O+) in dry conditions forming ionic clusters. These strong electrostatic forces also serve 

to cross-link the low-energy fluorocarbon backbones. When exposed to humid environment, the 

affinity of sulfonic acid for water results in hydration of the ionomer. The fluorocarbon backbones 

are hydrophobic and want to minimize their interaction with water. The extent of water sorption 

by ionomer at a given relative humidity is a result of the net chemical/mechanical force balance. 

The chemical forces are associated with the hydration of ions while mechanical force is imposed 

by the rigid backbone. The hydrated PFSA ionomer is known to have a well-defined phase-

segregated structure comprised of water-filled ionic channels/clusters and water-free matrix. The 
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morphology of this phase segregation gives PFSAs their unique ion transportation characteristic 

[31]. 

 

Figure 2.4. Schematic representation of cluster-network at a) different hydration level [47], [48], 

and b) different EW and side chain length [31]. 

 

Under dry conditions, where the water content λ (number of water molecules per sulfonic 

group) is less than 2.0, the sulfonic acid is not dissociated. Neither the protons nor the sulfonic 

group is fully hydrated. Fully hydrated proton (first shell) has 4 water molecules. The ionic clusters 

are also poorly connected. Both factors result in poor conduction at low water content (Figure 

2.4a).  

When the water content of ionomer increases (3 < λ < 7) due to exposure to humid 

environment, the small isolated ionic clusters start to grow in size. This results in the formation of 
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a percolating interconnected network of ionic clusters (Figure 2.4a). The hydration of the protons 

also leads to separation from the counter-ion and improved mobility of the protons. Thus, both 

enhanced mobility of protons (local effect) and better ionic domain connectivity dramatically 

increases the conductivity. 

Further increase in water content (λ > 7) of ionomer through increasing RH, provides the 

hydrophilic domain with more water molecules enabling them to grow improving their 

connectivity. The protons and sulfonic groups are fully hydrated and separated from each other; 

i.e., sulfonic acid is largely dissociated resulting in a further improvement in the mobility. This 

enables the ions/protons to travel easier across the ionomer mainly because of the presence of free 

water molecules [30], [31] (Figure 2.4a).  

The EW of ionomer and the length of its sidechains also impact its transport properties. 

Low EW ionomer simply implies that there is more acidic material within the fluorocarbon matrix. 

The length of the sidechain can be thought to affect the size of ionomer cluster. The ion-pair in 

ionomers with large side-chains, even if they are spaced apart, would be able to reach out to the 

ion-pair of another side-chain and cluster. Short-side chains will have steric inhibition in reaching 

out too far. Thus, the length of side chains and spacing between then would be expected to impact 

the size of cluster and thereby the distribution and connectivity of the ionic cluster. For these 

reasons, shorter sidechains and smaller EWs (i.e., shorter backbones) result in better connectivity, 

since water forms better dispersed domains. This leads to the formation of less tortuous transport 

pathways. However, in ionomers with longer sidechains and higher EWs (i.e., longer backbones) 

it can be hypothesized that the water forms larger but disconnected domains. This would result in 
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the formation of more tortuous transport pathways and correspondingly to inferior connectivity 

especially at low water content [49]–[51] (Figure 2.4b). 

When the thickness of ionomer decreases, especially to the length scale of less than 50 

nanometers, the confinement effect (discussed in more detail later in this section) could 

significantly impact the ionomer response (more specifically, the phase segregation) to changes in 

RH, EW, and sidechain lengths.  

Water content (λ): This parameter defined as the number of water molecules per sulfonic 

acid group quantifies the local water accessible by the acid group sites. It increases monotonically 

with the humidity of the environment, i.e., RH (Figure 2.5).  

As discussed above, water content affects the effective concentration of mobile protons 

and their mobilities through controlling the extent of sulfonic acid dissociation and the dilution of 

protons. The connectivity and tortuosity of the water corridors in the hydrophilic domains of 

ionomer, indeed, affect the long-range proton transport. Therefore, quantifying the water content 

of ionomer would significantly help us in understanding how proton conduction is correlated with 

ionomer structure (Figure 2.5) [30]. 
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Figure 2.5. Nafion membrane water content as a function of water activity reported by different 

groups with schematic representation of different states of water. Reprinted from [31] with 

permission. 

 

Proton conductivity is the most important functional property of ionomers for use in 

polymer-electrolyte- based electrochemical devices. It is primarily controlled by water content, 

which in turn is affected by the environmental relative humidity. Strong affinity of sulfonic acids 

for water is the driving force for initial sorption of water to dry ionomers [30], [52].  

Ionomer proton conductivity (σ) is a function of various parameters: proton mobility (𝜇ுశ), 

concentration of charge carrier (𝐶ுశ), and structure of the ionomer thin film ‒ defined as an 

unknown function of porosity (𝜑௪) and tortuosity (𝜏௪) ‒ . It is represented by the following 

equation: 

𝜎 = (𝜇ுశ)(𝐶ுశ)𝑓(𝜑௪, 𝜏௪)                                                                                                                     (2.4) 
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Any change in these factors may result in an increase/decrease in proton conduction of ionomer. 

The proton mobility depends on water environment, while the concentration of charge carrier is 

fixed for a given ionomer, as it depends on the number of counterions (SO3
− groups) on the 

ionomer backbone. The lower the equivalent weight of ionomer, the higher number of sulfonic 

groups for given mass of ionomer it has. This corresponds to having more protons [53]–[56].  

When the water content is low (λ < 2), the sulfonic acid groups do not dissociate. Thus, the 

hydronium ions stay bound exhibiting significantly low mobility and conduction occurs primarily 

by vehicular mechanism. By increasing the water content to intermediate levels (λ = 2-8), the 

sulfonic groups dissociate but the protons stay close to the sulfonic groups. Within an ionic cluster, 

there may be sufficient water to form a connected network of water. If the clusters are also 

connected, then proton conduction both within a cluster and between the cluster could occur by 

Grotthus hopping, wherein protons transit via hydrogen bonding in the surrounding water 

molecules. At high water content of λ>8, complete dissociation of sulfonic groups occurs, and the 

produced hydronium ions get distant from the sulfonic groups. The protons are highly mobile and 

there is connected network of water molecules. This ensures proton conduction to occur via 

Grotthus hopping mechanism [57]–[59]. 

2.1.3.2. Influence of confinement and contamination on hydration related properties of PFSA 

ionomers 

Thickness effect. Thickness of ionomer films could significantly alter the properties of 

ionomers. For studies of non-ionic polymers, we know that when the thickness of polymer film 

tends to the characteristic length of its polymer-chain, its structure and properties can begin to 

deviate strongly from that of the bulk material. This thickness dependency of polymer thin film 
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properties is generally described as confinement effects [60]. These effects in thin film ionomers 

could originate from either the interactions between polymer and substrate [61] or the preferential 

orientation of the polymers on the substrate. Similar behavior can be expected for ionomers. Thus, 

although the PFSA ionomer, or more precisely Nafion ionomer, has been extensively studies in its 

bulk form, its structure and properties, especially those relevant to fuel cells cannot to be 

extrapolated to thin film form [62].  

Very little was known about PFSA ionomer thin film properties a decade ago. In fact, there 

was little discussion or questions raise about whether ionomer thin films would exhibit 

significantly different characteristics than its bulk form. The intense research over the past 7-8 

years, including those by Karan group has now conclusively established that the ionomer thin films 

have significantly different properties than their bulk counterpart [30], [31]. It is now known that 

once the film thickness reaches below 100 nm, a strong interplay between the confinement and 

substrate interactions controls the ionomer’s nanostructure (such as ionic domain size, and 

backbone and side chain orientation) and properties (such as water uptake and proton conduction). 

As the film thickness approaches 10s of nanometers, i.e., comparable to CL ionomers, the impact 

of substrate interactions becomes even more dominant. Thus, in the thin-film regime, ionomer 

properties significantly deviate from those of the bulk form (i.e., PEM), and the magnitude of these 

deviations depends on the substrate and the operating conditions (e.g., RH and temperature). It is 

reported that the ion conductivity of thin-film ionomer could drop by 1/7th compared to the bulk 

ionomer for planar electrodes [63]. Similar behavior is also observed for water uptake, swelling 

dimension, and transport properties of thin-film ionomer [54]. These changes in properties of thin-

film ionomer are mainly attributed to thickness, polymer-substrate interactions, and structural 

changes [63]. Lower proton conduction than the bulk films primarily due to confinement effects 
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has been observed for Nafion thin films [27], [54], [64]. Nafion thin films (less than ~100 nm) 

showed lower swelling [65], [66], water uptake amounts (Figure 2.6b) and rates[65], [67]–[69], 

ionic conductivity (Figure 2.6a), water diffusion [53], [70], and contact angles [53], [70]. Further, 

different groups have reported different properties. While Karan group had reported RH-dependent 

proton conductivity, they did not report water content. Other groups reported water content but did 

not study the proton conduction characteristics. Furthermore, the effect of materials parameters 

such as ionomer type and substrate have not been systematically studied, making it difficult to 

develop a generalized understanding of how these parameters affect hydration properties.  

 

Figure 2.6. (a)Proton conductivity of the Nafion nano thin films, of various thickness ranging 4 

nm to 300 nm, at 25 ◦ C as a function of RH, reprinted from [65] with permission,(b) comparison 

of water uptake behavior of catalyst layer (CL) ionomers (measured without the membrane). 

Reprinted from [31] with permission. 
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Cation contamination. As discussed earlier, significant effort has been directed towards 

the reduction of the cost of PEFCs through decreasing the amount of expensive Pt in the metal-

based catalyst. To this end, both non-Pt group metal and low-Pt content alloy catalysts have been 

explored [29], [71]. Innovative approaches in alloying Pt with transition metals (such as Co, and 

Ni) resulted in designing new electrocatalysts with activities close to those of pure Pt catalyst [71]–

[73]. The world’s first serially produced commercial fuel cell vehicle, Toyota Mirai utilizes Pt-Co 

catalyst [19], [22], [35]. Although significant cost reductions have been achieved using Pt-Co/Ni 

as a catalyst, but the performance losses became more pronounced because of Co/Ni loss and 

migration to membrane. As a consequence of Pt-Co/Ni degradation [35]–[37], [74], the metal 

cations (Mn+) migrate from catalyst to thin film ionomer and ionomer membrane primarily 

because they have higher affinity towards sulfonate (SO3ˉ) end groups than H+, as depicted in 

Figure 2.7. For this reason, the effect of cation contamination/exchange on the properties of 

membrane has been received significant attention from industry researchers over the past decade. 

 

Figure 2.7. Schematic of hydrated ionomer morphology in H+ and Co2+ forms. 
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It is evident that exchange of cations (such as, Co2+, Na+, Li+, K+, Cs+, Ca2+, Ni2+, Fe3+, 

Al3+, etc.) had a severe effect on the performance and durability of the PEFC due to significant 

decrease in conductivity of the membranes [75]–[80]. Metal cation contaminants have shown to 

replace protonic sites, reduce transference number of conductive species, lower 

ionomer/membrane conductivity [79]–[81], and hinder oxygen-reduction reaction [39], [76], [82], 

[83]. Mitigating these negative impacts is of critical importance to meeting durability and lifetime 

requirements of PEFCs for market purposes [84]. In bulk PFSA ionomers, metal cations impact 

water sorption, conductivity, gas-transport coefficients, density, mechanical properties, and 

morphological structure [81], [85]–[88] Therefore, it is expected that metal cations impact the 

properties of ionomer thin films.  

Although, there is a tremendous amount of literature on the effect of cation-exchange on the 

membrane properties (such as water uptake and ion conductivity), there are only limited 

exploration of the effect in nano-thin film ionomers. Hence, this work first aims at quantifying the 

impact of cation contamination (specifically Cobalt) on the hydration properties of nano-thin film 

ionomers. 

2.2. Research gaps, goals, and approach 

Considering the combination of material (EW, substrate type, cation contaminant), 

processing (annealing) and operational parameters (temperature, humidity), it is evident that there 

is a gap in quantitative data on how relevant hydration properties – water content and proton 

conduction are affected by these parameters. Arising from the lack of these data is the limitation 

of providing any CL material selection and processing guidance or understanding the impact of 

operational parameters on hydration properties. The lack of correlative data set, e.g., water content 
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as a function of RH and conductivity as a function of RH, on similarly prepared ionomer films 

prevents to support or deny any hypothesis on why ionomers of different thicknesses or material 

type exhibit different proton conductivity at a given operating conditions (temperature and RH). If 

an ionomer exhibiting low conductivity is also found to have lower water content, we can explain 

that the conductivity suppression is due to water content. The lack of correlative data set also 

precludes developing and testing hypothesis on the underlying reasons for any observed 

differences in proton conductivity – e.g., whether the mobility or the structural parameters (see 

equation 4) play any roles or not. 

Research goals. The overall goal of the proposed research is to develop an improved 

understanding (through quantitative data acquisition) of the impact of selected material and 

processing parameters on the hydration properties – water content and proton conduction - of 

ionomer thin films. Since, the parameter space is large, films of only 2-3 film thickness and data 

at  temperatures relevant to fuel cell operations will be studied. To attain the broader research goal, 

four sub-tasks discussed below will be undertaken: 

i) Quantifying the effects of equivalent weight (EW) and side-chain characteristics of 

ionomer on the water uptake and proton conductivity (as a function of RH).  

ii) Quantifying the effects of cation-exchange on the water uptake and proton conductivity 

(as a function of RH) of thin films of ionomers differing in molecular structure or EW.  

iii) Quantifying the effects of different substrates on the water uptake (as a function of RH).  

iv) Quantifying the effects of humidity cycling on the water uptake and it’s kinetic in 

ionomer thin films (as a function of RH) .  
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Chapter Three:  Experimental Techniques 

This chapter presents the basic principle underlying each of the experimental techniques 

common to data collection in Chapters 4, 5 and 6. Specific information for experimental details 

for a particular chapter are provided in each chapter as needed. 

3.1. Characterization techniques 

3.1.1. Electrochemical Impedance Spectroscopy (EIS) 

Electrochemical Impedance Spectroscopy (EIS) is a powerful technique that has been 

known to the electrochemistry community for more than a century. Electrochemical impedance 

spectroscopy (EIS) was carried out with a potentiostat. A small magnitude 10-100 mV sinusoidal 

voltage signal is applied to probe the impedance characteristics of a cell. Conductivity 

measurements were carried out on ionomer films coated on interdigitated array (IDA) of gold 

electrodes by following the approach described in earlier papers of our group [53], [56], [68], [89]. 

Briefly, impedance is measured on the ionomer films on IDA (Au electrode on SiO2 substrate 

consists of 110 teeth with 100 μm gap between each teeth, shown in Figure 3.1, using two – 

microprobe applying AC voltage to the interface to measure the response, i.e., the impedance of 

the system. 
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Figure 3.1. a) IDA of Au electrode supported by SiO2 terminated wafer. b) schematic 

representation of Nafion nanofilm on SiO2 supported IDA gold electrode. Gray/dark blue color 

represents SiO2, golden color represents Au electrode and light pink represents Nafion thin film. 

 

In this work, the AC signal (100 mV) is applied over a wide range of frequencies (10 MHz 

to 0.01 Hz) to generate an impedance spectrum for the electrochemical cell under test. Z-view 

impedance software (Version 3.0a, Scribner Associates Inc.) was used to fit and analyse the 

equivalent circuit model to data.  

The typical impedance response of ionomer thin films consists of a semicircle ( at high 

frequency) and a vertical like line (at low frequency) (Figure 3.2 a) [65]. The impedance response 

of 10 nm Nafion film at different RH measured at 60 C have been presented in Figure 3.2 b [65]. 

The main goal of impedance measurement is to find the proton transport resistance in ionomer thin 
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films. Hence, an equivalent circuit model is fitted to the impedance response to extract the proton 

transport resistance of thin films. Figure 3.2 shows the equivalent circuit model that we used in 

this work.  

 

Figure 3.2. a)Typical impedance plot of Nafion thin film and the fitting with equivalent circuits. 

Rfilm, Cfilm, Cdl, and RS represent thin film resistance, thin film capacitance, double layer 

capacitance and serial resistance respectively. b) Nyquist impedance plots for 10 nm Nafion® film 

at 60 °C and different RH, reprinted from [65] with permission.  

 

Nyquist plot is used to visualize the Impedance data. In this plot, the y-axis shows the imaginary 

part, and the x-axis is the real part. Starting from the origin of the plot, where the frequency is 

high, the frequency decreases as we move away from it. The observed semi-circle can be simply 



29 
 

modelled through defining an equivalent circuit of two parallel capacitor and resistor (Figure 3.2). 

This will enable us to find the absorbed film resistance Rfilm, as Rfilm is simply the diameter of the 

observed semi-circle. Using the measured Rf, then, one can calculate the film conductivity as 

follows [31]: 

𝐶𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝜎௙௜௟௠ =  
1

𝑅௙௜௟௠
 

𝑑

𝑙 (𝑁 − 1)𝑡
                                                                                           (3.1) 

where L, d, and N are the length, spacing, and number of teethes on the IDA, and t is the film 

thickness. More information could be find in Karan group papers [65]. 

Impedance measurement for this thesis: In this thesis, EIS was employed for film proton 

conductivity measurement. A two micro-probe setup connected with Biologic SP-200 potentiostat 

has been used for impedance measurement. Z view software has been used for data interpretation 

and model fitting. 

3.1.2. Variable Angle Spectroscopy Ellipsometry (VASE) 

Ellipsometry is one of the most widely used tools for measuring the optical properties, 

thicknesses of thin films with thicknesses ranging from a few nanometers to micrometers and 

roughness of the films. To simply describe the main principal underlying this technique, 

Ellipsometer composed of a light source which sends elliptically polarized light to the object under 

study. As these polarized light travels through the object, it can be reflected, diffused, transmitted, 

and scattered (Figure 3.3). The reflected and transmitted light from the object will then pass 

through a rotating polarization state analyzer. The light that is already elliptically polarized in 

analyzer will reach the detector. The detector converts those light into electronic signals and stores 

them as a function of the rotation angle (α). By comparing the output polarization from detector 



30 
 

with the original one from the light source, one can measure the changes in polarization, and extract 

the parameters.  

 

Figure 3.3. Typical Ellipsometry configuration [90]. 

 

Ellipsometry measurements were carried out using a VASE Ellipsometer (J. A. Woollam 

Co., Inc., USA). All the parameters like thickness, refractive index of the ionomer and other 

physical parameters can be acquired by fitting phase shift (difference) (Δ) and amplitude ratio 

upon reflection (tan (Ψ)) with different physical model using the WVASE32 software. The model 

used Frensel’s equations to calculate a prediction of response (Equation 3.2). The calculated 

parameters are compared with the experimental results and the best fit is chosen based on an 

estimator like Mean Squared Error (MSE) (Figure 3.4). Using the true model would give us the 

best values for parameters like film thickness, roughness and optical parameters (i.e., refractive 

index). 

𝑟௣

𝑟௦
=  tan 𝛹  𝑒ି௜∆                                                                                                                                        (3.2) 

Where rp and rs are intensities of the reflected light that are polarized in the plane and polarized 

perpendicular to the plane, respectively.  
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Figure 3.4. A sample of Variable Angle Spectroscopic Ellipsometric (VASE) data and a fitting 

model for a ~12 nm Nafion film on SiO2 substrate. 

Figure 3.5 shows the process of data analysis in Ellipsometry.   

 

Figure 3.5: Flowchart of Ellipsometry data analysis [89]. 

Ellipsometry measurement conduced in this thesis: Ellipsometry has been used to 

investigate the thickness, the optical parameters, homogeneity and roughness of the films. All the 

experiments carried out in a controlled temperature and relative humidity using a built-in chamber 

in Ellipsometry. Ellipsometry measurements were carried out using aVASE Ellipsometer (J. A. 

Woollam Co., Inc., USA). The resulting Ψ and Δ spectrum was fitted with different physical model 

using the WVASE32 software setting a number of fitting parameters including thickness, surface 

roughness and optical constant. The difference in the thickness of the ionomer at a specific 

temperature and relative humidity and the thickness at same temperature but 0% RH yields the 
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swelling. The swelling data was converted to water content, λ, i.e., the number of the water 

molecules per acid groups of the ionomer is calculated [69], [81] according to the following 

equation: 

𝜆 =  
𝑚𝑜𝑙 (𝐻ଶ𝑂)

𝑚𝑜𝑙 (𝑆𝑂ଷ)
= ൬

𝑚ோு −  𝑚଴

𝑚଴
൰ ቆ

𝐸𝑊

𝑀ுమை
ቇ =

(ℎோு −  ℎ଴)

 ℎ଴
 ቆ

𝐸𝑊

𝑀ுమை
ቇ ൬

𝜌ுమை

𝜌௜௢௡௢௠௘௥
൰                      (3.3) 

where, EW is the equivalent weight of the ionomers in g/mol, MH2O is the molecular weight 

of water which is 18.01 g/mol, ρH2O is the density of water (g/cm3), ρionomer is the density of ionomer 

(g/cm3), h0 is the thickness of the ionomer thin film at dry condition and hRH is the thickness of 

film equilibrated at a specific RH. 

 

3.1.3. Quartz Crystal Microbalance (QCM) 

Quartz Crystal Microbalance (QCM) has been used to investigate the water uptake in 

ionomer thin films. QCM is a kind of crystal oscillators that used to detect properties change (Mass 

changes ) of films applied to the quartz sensor surface. The QCM device detect changes using 

frequency change of quartz crystal as a result od applied electrical potential.  

The mass change detected on the surface of the crystal is calculated using the change in 

frequency (Δf) . QCM can measure mass changes between ng/cm2 to 100 μg/cm2. Mass detected 

can be given by the saurberry equation (Equation 3.4) which assumes that any additional film 

deposited on the crystal has same acousto-elastic properties as the quartz. This assumption has 

been shown to be sufficient for uniform, rigid, thin film deposits. 

∆𝑚 =  −
∆𝑓

𝐶௙
                                                                                                                                              (3.4) 

where, Cf  is a constant that depends on the property of the crystal used. For example, for a 5 MHz 

AT-cut quartz crystal at room temperature, C is approximately equal to 17.7 ng/(cm2·Hz). This 
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means that the addition of 17.7 ng/cm2 of mass on a 5 MHz quartz crystal causes a frequency 

change of 1 Hz.  

In this work, Au coated QCM have been used and the thin film was coated uniformly using 

spin coater. The schematic of frequency changes in QCM is shown in Figure 3.6. To measure the 

mass associated with water taken up by ionomer, damped resonant frequency associated with 

ionomer coating has to be separated from depression in frequency associated with water uptake. 

As a result, mass of water absorbed has is referenced from both unloaded bare crystal frequency 

as well as dry ionomer coated frequency. Amount of water taken up by ionomer can be calculated 

via: 

𝑀𝑎𝑠𝑠 𝑢𝑝𝑡𝑎𝑘𝑒 =  
𝑚ோு − 𝑚ௗ௥௬

𝑚ௗ௥௬
=  

∆𝑓ோு −  ∆𝑓ௗ௥௬

∆𝑓ௗ௥௬
                                                                           (3.5) 

 

Figure 3.6:Schematic representation of frequency change for quartz crystal in different states – 

uncoated crystal to coated crystal followed by slow decrease during water sorption. 
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QCM measurement for this thesis: QCM measurements technique has been used for water 

uptake measurements via mass change and investigating the kinetics of water sorption in ionomer 

thin films. The QCM200 — 5 MHz QCM (SRS Stanford research system, USA) equipped with its 

Data Acquisition Software has been used for all the experiments. 
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Chapter Four: Humidity-Dependent Hydration and Proton 

Conductivity of PFSA Ionomer Thin Films at Fuel-Cell-

Relevant Temperatures: Effect of Ionomer Equivalent 

Weight and Side Chain Characteristics 

This chapter has been reproduced from “Humidity-Dependent Hydration and Proton Conductivity 

of PFSA Ionomer Thin Films at Fuel-Cell-Relevant Temperatures: Effect of Ionomer Equivalent 

Weight and Side-Chain Characteristics”, ACS Appl. Mater. Interfaces 2022, 14, 45, 50762–50772, 

doi:10.1021/acsami.2c12667, with the permission from ACS (American Chemical Society). 

Copyright (2022) American Chemical Society. Dr. Devproshad K. Paul (Ballard Power Systems 

Inc) and  Dr. Alan P. Young (Ballard Power Systems Inc) are the co-authors in the manuscript. 

 

 
4.1. Introduction 

Polymer electrolyte fuel cells (PEFCs) have gained significant interest in the recent years 

for transportation, materials handling, and stationary applications [94]. There is a continued 

demand for a further improvement in their performance and a reduction in their cost. Both of these 

technological goals for PEFCs are linked to the catalyst layers [95]. For cost reduction, high 

activity catalyst that are also durable are being explored [96], [97]. For performance enhancement, 

in addition to the efficient electrochemical kinetics of the oxygen reduction reaction, facile 

transport of species in the catalyst layer (CL) must be considered. This is because the technological 

goal for performance is to achieve higher current density at higher cell potential [98]. Higher 

current density implies high flux of all the reactants to and the products from the catalyst sites. For 
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PEFC cathode catalyst layer (CCL), this translates into the transport of oxygen, protons, and 

electrons to the catalytic site and of produced water away from the site. The material properties 

(e.g. conductivity) and catalyst microstructure (e.g. porosity, tortuosity) must be chosen and/or 

designed to minimize the higher gradients in the pertinent potential associated with quantity being 

transported, e.g. concentration of oxygen, and ionic potential of proton conducting phase, to 

minimize transport losses.  

The conventional PEFC CL is a 5-10 μm thick nanoporous, nanocomposite comprising supported 

platinium or platinum-alloy catalyst  and ionomer [29]. The Pt or Pt-alloy nanoparticles are 2-5 

nm in diameter and are supported on a larger carbon black particles (~ 30 nm diameter). The 

ionomer forms an ultrathin coating (7-15 nm) on the aggregates of Pt/C particles and is often 

considered as a binder (Figure 4.1) [22], [29]–[32]. However, in addition to binding the Pt/C 

powder the ionomer serves many critical functionalities that impacts the performance of a CL. The 

most important role of the ionomer thin film is to facilitate the transport of protons to catalyst 

particles (e.g., Pt) where electrochemical reactions occur. It also ends up as a medium through 

which the gaseous oxygen reactant in the cathode catalyst layer must be transported from the pore 

to the reaction site, i.e. the Pt catalyst/ionomer interface. For high current density operations, facile  

transport of all these species must be ensured in the catalyst layer. New ionomer materials  increase 

our access to a wide range of ionomers for designing catalyst layers made with new 

catalyst/catalyst support material and specific operating conditions such as low relative humidity 

operations. 
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Figure 4.1. Schematic representation of  (a) highly localized structure of the PEFC catalyst layer, 

(b)  different states of water in ionomer thin film, reprinted with permission from [30]. Copyright 

2019 American Chemical Society. 

 

Perfluorinated ionomers, Nafion, 3M, and Aquivion, are commercially available and have 

been employed for catalyst ink formulation used for catalyst layer fabrication. The commonalities 

in these ionomers are the fluorocarbon, the Telfon-like backbone, and the sulfonic acid end group 

of the side chain. On the other hand, the differences between these ionomers arise from the 

differences in the length, composition, and average inter-side-chain distance of the side chains. 

Perfluoro imide acid (PFIA) is a new ionomer with a side-chain structure different from the 

classical perfluorinated sulfonic acid (PFSA) in that there are two protogenic groups in the side 

chain: the terminal sulfonic acid and the imide group in the middle of the side chain [99]. The 

aggregated effect of these differences may appear in the ionomer equivalent weight (EW),  defined 

as grams of polymer per mole of the acid group. Whereas EW offers a quick measure of the acid 

content of the ionomer (low EW has high acid content and vice-versa), the structural differences 

induced by the differences in the side-chain characteristics is not captured by a single parameter. 

Whether such structural differences significantly impact the key functional property of the ionomer 

- its proton conductivity - remains unquantified for these material in thin film form. 
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Two ionomers may have the same EW but may vary in side-chain length or in side-chain 

interspacing. However, these differences may have different impact on the ionic cluster size and 

the mechanical strength of the hydrophobic matrix. These two properties have been identified as 

key factors influencing the water uptake in ionomers. Since, the hydration level of ionomer impacts 

several transport properties, it is important to study the influence of ionomer structure on its 

hydration behavior and its proton conductivity. 

Only a few studies have investigated the effect of ionomer EW and sidechain structure on 

the cathode catalyst layer (CCL) and membrane properties [100]–[104] . In an early study, Buchi 

et. al reported O2 permeation in ionomer membranes of different EW ranging 1200 to 880 [105]. 

Recent studies have revealed a better picture of the effect of using low EW and short side-chain 

(SSC) ionomers on performance of the fuel cell. It has been shown that using SSC ionomer even 

when using lower amount of ionomer in CL (e.g. from 30% of Nafion to 20% of SSC ionomer) 

[106], [107] the performance of the fuel cell improved at operating condition of high temperature 

(>95 oC)and low relative humidity (< 50 %RH) [102], [106]–[110]. Several studies have 

investigated the impact and benefits (higher water uptake, proton conductivity and fuel cell 

performance improvement) of using low EW and SSC ionomers in CL and membrane for 

operations at high temperature (>95 oC) and dry condition (< 70 %RH) [50], [102], [104], [106]–

[111]. Only a few works have studied the effect of EW and side chain structure (Nafion®, 3M 

PFSA and DOW ionomer) on morphology, water uptake, conductivity and other transport 

properties  in the membrane [50], [51], [67], [110], [112]–[116]  and thin film form [67], [112]. 

However, most of these studies have reported data at low temperatures, typically room 

temperature.  
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In summary, the properties of low-EW and SSC ionomers in the thin-film form pertinent 

to CL of ionomers and at fuel cell operating conditions (80 °C and a wide range of RH values) 

covering a wide range of ionomers with different side-chain structures and different EWs are not 

available. Specifically, the water content and proton conductivity data at fuel-cell-relevant 

temperatures are scarce. Also, the correlation between water content and proton conductivity is 

missing under fuel-cell relevant conditions and at any temperature. Hence, this study fills these 

gaps via reporting the hydration and proton conduction properties at 80 °C over a wide range of 

RH values (0−90%) to assess how strongly EW impacts these properties and whether a universal 

correlation between water content and proton conduction exists. A majority of experiments were 

carried out for ionomer films of a nominal thickness of 30 nm. This thickness is higher than the 

7−15 nm thickness observed in catalyst layers but is amenable for fabricating films reproducibly 

for both water uptake and conductivity measurements. Selected experiments with thinner (10 nm) 

and thicker (80 nm) films were also carried out. 

4.2. Experimental  

4.2.1.Materials 

Ionomers with different equivalent weight (EW) and side chain structure, depicted in 

Figure 4.2, were used: Nafion EW1100 (long side chain (LSC) PFSA); 3M PFSA EW1000, 

EW825, EW725 (medium side chain (MSC) PFSA); 3M PFIA EW620; Aquivion PFSA EW980 

and EW830 (short side chain (SSC) PFSA). Nafion dispersion (EW1100) was obtained from Ion 

Power Inc. (USA) whereas the other 3M PFSA (EWs of 1000, 825, and 725) and PFIA (EW of 

620) ionomers were provided by 3M Fuel cells Component Group, MN, USA and Aquivion 

ionomers (EWs of 980 and 830) were provided by Solvay.  
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Figure 4.2. Chemical structures of (a) PFSA and (b) PFIA ionomer. The differences in the 

molecular structures of Nafion, 3M and Aquivion ionomers is denoted with specified values of x 

and y. 

 

4.2.2.Thin film preparation and characterization 

Thin films of 30 nm nominal thickness were prepared using spin coating. For preparation 

of ionomer thin film, the desired ionomer dispersion (1 wt%) were made by adding isopropyl 

alcohol to the stock ionomer dispersion. The diluted dispersion was ultrasonicated for 15 min and 

then placed at room temperature for 24 hours for equilibrating under ambient condition. Before 

spin coating, the dispersion was ultrasonicated for 10-15 min to make sure that the dispersion is 

homogenous and ready to use. The prepared dispersion was used to spin coat (at 5000 rpm and for 

30 sec.) on the substrate. 

For swelling experiments, films were coated on SiO2/Si wafer whereas for conductivity 

measurements films were also coated on SiO2 wafer but with interdigitated array (IDA) of gold 

Nafion        x = 1     y = 2
3M              x = 0     y = 4
Aquivion x = 0     y = 2

3M (PFIA)        x = 4     y = 2

Backbone

Side chains

Ionic group
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electrodes. The procedure to fabricate IDA electrodes can be found somewhere else [53], [56], 

[68], [69]. The spin-coated samples were kept in vacuum oven (22 mm of Hg or 2.93kPa) at 40 ̊C 

for 24 hours to dry out and make them ready for next steps. The film thickness was measured using 

M 2000 Ellipsometer (J. A. Woollam Co., USA) at different spot on the surface of the sample and 

they were around 30 ± 2 nm.  

4.2.3. Conductivity measurement 

Conductivity measurements were carried out on ionomer films on IDA electrodes by 

following the approach described in earlier papers from our group [53], [56], [68]. Briefly, 

impedance spectroscopy measurements on the films coated on IDA were performed using two 

microprobes connected to a SP - 200 potentiostat (Bio - Logic Science Instrument, USA). 

Electrochemical impedance spectroscopy (EIS) data modeling was perfomed using the analysis 

tool, Z Fit, in the EC-Lab Software. An environmental chamber (Model: MCB-1.2, CSZ products 

LLC., USA) was used to control relative humidity (RH) and temperature. A combined humidity 

and temperature sensor (EK-H4 Model, CMOSENS Tec., Switzerland) was utilized to monitor the 

local temperature and RH by placing the sensor near the sample. 

4.2.4. Swelling measurement 

The swelling of thin films at each humidity was determined by measuring the change in 

the film thickness at given RH compared to its thickness at zero humidity (i.e., dry film). A custom-

built environmental chamber, capable of controlling temperature and humidity combined with M 

2000 Ellipsometer (J. A. Woollam Co., USA) were employed to measure the thickness of thin film 

at various RHs. The details of the setup are provided elsewhere [69], [117]. 
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For swelling calculation, a sample was first kept at dry conditions (i.e., RH of 0% in the 

environmental chamber) for more than 2 hours and the dry thickness (h0) of the ionomer thin film 

was determined. Next, the RH of the system was increased in the increments of 20 up to 80% and 

finally to 90% RH. The sample was maintained at each RH for approximately half an hour to make 

sure that the system is equilibrated completely (Δh /h0 < 0.05% per min). At the end, RH of the 

system was set to the 0% RH to let the film go back to dry state again.  

The swelling data was converted to water content, λ, i.e., the number of the water molecules 

per acid groups of the ionomer is calculated [69], [81] according to the following equation: 

𝜆 =  
𝑚𝑜𝑙 (𝐻ଶ𝑂)
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where, EW is the equivalent weight of the ionomers in g/mol, MH2O is the molecular weight of 

water which is 18.01 g/mol, ρH2O is the density of water (g/cm3), ρionomer is the density of ionomer 

(g/cm3), h0 is the thickness of the ionomer thin film at dry condition and hRH is the thickness of 

film equilibrated at a specific RH. In all calculations, it is assumed that the density and thickness 

of thin film are uniform all over the sample surface and that the film expands only in the direction 

perpendicular to the plane of the film. There is a likelihood of in-plane expansion of the films as 

noted in a recent paper [118] from our group but it is ignored in the present work. It must be noted 

that λ is set to be 0 for dry films, as assumed by many groups, although it has also been argued 

that even in dry state one hydronium ion may be associated with a sulfonic group. Each sample 

was first placed in the environmental chamber at 0% RH for two hours. The measured thickness 

h0 at dry condition (RH of 0%) was used as the baseline. Then, the RH of the system was increased 

incrementally in 5 steps to reach a maximum RH of 90%. To ensure that the system is fully 

equilibrated at each RH, the sample was held at the specified RH for half an hour while the 

response was monitored. 
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4.3.Results and Discussion 

4.3.1. Effect of temperature on proton conductivity and water uptake  

Commercial polymer electrolyte fuel cells for transportation applications are designed for 

operations at temperatures significantly higher than room temperature. The US DOE performance 

targets for polymer electrolyte fuel cells are based on 80 ̊C operations[119]. Thus, the pertinent 

temperature for measurement of proton conduction and water uptake would be 80 ̊C. However, 

many of the ionomer thin film properties including proton conductivity, swelling and water uptake 

have been measured ex-situ at room temperature, likely due to the lack of temperature control in 

the environmental chamber used for these measurements. From membrane studies [50], [51] and 

some of our own prior studies [56], [117], [120] on ionomer thin films, it is known that 

measurement temperature can influence ionomer properties. To investigate the extent of changes 

in proton conduction and swelling behavior of ionomer thin films with temperature, these 

properties for Nafion (EW1100) thin film was measured at two different temperatures of 30 and 

80 ̊C. These results are shown in Figure 4.3a and 3b, respectively. As can be noted from Figure 

4.3a, the proton conductivity of the Nafion thin film is significantly higher at 80 ̊C compared to 

that at 30 ̊C especially at low RH. However, this difference decreases at higher RH. At 20% RH, 

the conductivity of the Nafion thin film at 80 ̊C is nearly two orders of magnitude higher than that 

at 30 ̊C. At 90% RH, the conductivity difference decreases yet the conductivity at 80 ̊C is almost 

three times higher than that at 30 ̊C. The conductivity values from the present study are in a good 

agreement with the Paul et al.[65] and shim et al.[121] results. For example, a conductivity of 3.2 

mS/cm at 30 °C and 80% RH for the spin-coated Nafion film in the present study is comparable 

to the data reported by Shim et al [121] (2.8 mS/cm) for spin-coated Nafion films at 75% RH and 
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30 °C, which is lower than the  values reported by Paul et al [65] (4.4 mS/cm) for self-assembled 

Nafion films. No data at 80 °C are available for comparison. 

It is known that proton conductivity of the ionomers is highly dependent on its water 

content (λ) [30], [122]. The water content expressed as λ (representing the number of moles of 

water per sulphonic acid group) estimated from swelling data, according to equation (1), is 

reported in Figure 4.3b. Significant differences in the water content of the ionomer film at 30 ̊C 

and 80 ̊C are observed. The effect of temperature on the conductivity, surface wettability and ion 

mobility of Nafion thin films was also summarized in a recent article [30]. The difference in 

lambda value of ≈1 is observed at any given RH for 80 ̊C and 30 ̊C. In the pioneering work on 

Nafion membrane conductivity, Zawodzinski et al. had correlated proton conduction as function 

of lambda and found an exponential dependency [115], [123]. Thus, a difference of 1 for lambda 

can result in a large difference in protonic conductivity. Upon plotting the conductivity of the 

Nafion thin film as a function of λ (Figure 4.3c), the differences in conductivity at 30 and 80 °C 

become much smaller, confirming that the proton conductivity of ionomer films is a strong 

function of water content. Small differences between the two datasets (30 and 80 °C) could be 

attributed to the differences in thermally activated properties such as proton mobility or diffusivity. 

From a practical application point of view, the results in Figure 4.3a highlight the need to determine 

the ionomer thin film properties at fuel-cell-relevant temperatures. All subsequent results reported 

in this paper are those obtained from measurements at 80 °C. 
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Figure 4.3. (a) Proton conductivity and (b) water content of Nafion thin film at 30˚C and 80˚C as 

a function of RH. (c) Proton conductivity of Nafion thin film at as a function of water content. 

 

4.3.2. Effect of equivalent weight and sidechain on proton conductivity and water uptake 

Figures 4.4a and 4b show the proton conductivity and water content, respectively, of 

different ionomers at 80 ̊C and different RH as a function of equivalent weight (EW). Higher EW 

ionomers have less acidic group than lower EW ionomers for a given mass of ionomer. If the 

density of the different EW ionomers is considered to be similar, then for ionomer films with 

comparable thickness, low EW ionomer films would have larger amount of acidic group than high 

EW ionomer films. Expectedly, the proton conductivity of ionomer thin films decreased with 

increasing EW (Figure 4.4a). On a semi-log plot, the σ exhibits a nearly linear dependency on EW 

at a given RH. Similar trend has been observed by Yandrasits [110] in saturated membrane (e.g., 

PFSA membranes equilibrated with liquid water). As it is shown in Figure 4.4d, ionomer thin films 

and membrane water content both have similar behavior towards the EW change; in both cases, 

the water content increased by decreasing EW. 

The proton conductivity dependency on EW at a given RH is described by the following 

expression: 
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  𝜎 = 𝑎 exp  (𝑏 ∙  𝐸𝑊)         ⇒      log  (𝜎) = log  (𝑎) + 𝑏 ∙ 𝐸𝑊                                                         (2) 

For example, at 90% RH the proton conduction dependency on EW is b=0.00285 mS/cm-

EW; for 80% and 60% RH, b = 0.00373 and 0.00438 mS/cm-EW, respectively, while at 40% RH 

b = 0.0073 mS/cm-EW. The reason for examining the conductivity dependency on EW at a given 

RH is that relative humidity is an externally controllable parameter as opposed to water content of 

the ionomers.  

The swelling rate of ionomer thin films also exhibits a similar dependency on EW (Figure 

4.4c). It would be expected that upon normalizing the amount of water to the number of protogenic 

groups, i.e., the water content (λ), the differences would become small. Surprisingly, a linearly 

decreasing trend for water content as a function of EW was observed. PFIA (620 EW) has the 

highest water content (≈9 at 90% RH), followed by 3M (725 EW), and the lowest water content 

was observed for Nafion 1100 EW (≈6 at 90% RH). In a free acid, the water content would not be 

expected to differ depending on the amount of acid in equilibrium with water vapor at the same 

chemical potential (or RH). However, the normalized water content for ionomers, including in the 

thin-film form, does appear to vary with acid content. This interesting behavior of water uptake of 

ionomers has been a subject of discussion and debate for several years now, and many different 

models have been proposed [50], [67], [124], [125]. One of the earliest models to consider water 

uptake as a balance between chemical and mechanical forces was proposed by Eisenberg in 1970 

[126]. More recent extension and application of this idea include works by Choi et al. [127], [128] 

and Kusoglu et al. [129]–[131]. It has been considered that rigidity of hydrophobic matrix puts 

mechanical constraints on the water uptake capacity of the hydrophilic ionic cluster. In fact, 

amongst the only known data for RH-dependent mechanical property of ionomer thin films, Page 

et al. [132]–[134] from NIST group had reported how thickness-dependent mechanical property 
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of thin films are correlated with water uptake. Thinner films had larger mechanical stress and 

correspondingly lower water uptake. Extension of this idea to our data would indicate that the 

rigidity of the backbone increases with increasing EW, which would then constraint the water 

uptake. Another factor is the ionic cluster size dependency of hydration energy [135]. It was 

observed that larger cluster size has lower hydration energy. Thus, in the limits of free floating 

sulphonic acids , it would be expected that such configuration would sorb most water and a single 

isolated sulphonic acid would have the least affinity of water. We would need both mechanical 

properties and cluster size data to ascertain how the side chain parameters – length and interspacing 

between side-chains – affect the two parameters. Measurement of mechanical properties of 

supported ionomer films requires specialized experiments [132]. The ionic cluster size can be 

determined from grazing-incidence small angle x-ray scattering (GISAXS)  but require beamline 

access. For now, the experimental data provide a simple guidance that the acid content (i.e., EW) 

has the strongest influence on water content whereas the side-chain parameters have smaller 

influence.  
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Figure 4.4. a) Proton conductivity, b) water content of ionomers at different RH and c) swelling 

rate of 30 nm ionomers as a function of EW measured at 80 ̊C while RH decreases; d) water content 

of different 30 nm ionomer thin films (at 90% RH and 80°C) and membrane at saturation as a 

function of EW [31], [67] . 

 

4.3.3.Proton conductivity – water content (σ- λ) correlation 

Conductivity of a charged species in a medium is classically described by the product of 

charge-carrier mobility and charge-carrier concentration. For ionomers, water content impacts 

both of these properties. Although the number of charge-carriers (protons) per mass of ionomer 
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can be computed from its EW, not all the charge-carriers are necessarily in a mobile state because 

the protons may be tightly bound to the counter ion (SO3
-) at low water content. Indeed, at higher 

water content the sulphonic acid may fully dissociate when the protons and SO3
- are fully hydrated. 

Protons need 4 water molecules to form their first hydration shell and SO3
- is thought to need 2-3 

water molecules to form its hydration shell [136]–[138]. Briefly, the ion-pair states in salt solution 

[139], [140] described as: (i) at low λ of up to 4, contact ion-pair (SO3-/H+) can be expected, (ii) 

at a λ of 6 to 7, the ion-pairs share the hydration water, and (iii) at greater than λ=7, protons can 

be considered to be dissociated from the sulphonic group. There is only one study where the state 

of water in the thin film form of Nafion was investigated [141]. In the study, the water content in 

Nafion films were considered to be anonymously high and as much as 15. The origin of the 

anomaly was later resolved [121] yielding a more reasonable values consistent with other studies 

including the present work. At low λ, nuclear magnetic resonance (NMR) revealed the water to be 

bound and only above λ of 6-7, free water was observed. These considerations were taken into 

account in the model developed for proton conduction in Nafion membrane in a much earlier work 

by Jalani and Dutta [127] and have also been discussed in works done by Kusoglu et al. [31] and 

Shrivastava et al [140]. It can be argued that for similar water content (λ), the mobility and the 

effective mobile concentration of protons would be similar for all ionomers. Now, PFSA ionomers 

are also known for their phase-segregated morphology comprising water-free hydrophobic matrix 

and hydrophilic domains containing clusters of ion-pairs when in dry state. Upon hydration, the 

shape and connectivity of the hydrophilic domains change, which then impact the effective 

transport of protons over a longer distance. Essentially, PFSA ionomers can be considered to be a 

composite of non-ionic matrix filled with pockets of acids connected irregularly via some tortuous 
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path. Accordingly, the proton conductivity of PFSA ionomers can be described to follow the 

following proportionality:  

𝜎ுశ ∝  [𝜇ுశ][𝐶ுశ][ 
𝜑ௐ

𝜏
]                                                                                                                           (3) 

where, σ is proton conductivity which is a function of various parameters: proton mobility (𝜇ுశ)  

representing the concentration of “mobile” charge carrier (𝐶ுశ), porosity (𝜑ௐ) , and tortuosity 

(𝜏ௐ). 

Since water content impacts all three terms on the right side of the proportionality 

expression, the simplest approach to correlating proton conductivity of ionomers to its physical 

property is via its acid-group normalized water content (λ). Figure 4.5a shows the conductivity-

water content (σ-λ) data for all ionomers. All ionomer films demonstrate similar dependency of 

conductivity on water content, i.e., very sharp rise in conductivity with small change in water 

content over the value of 0-4 and a slower increase in conductivity with water content at higher 

water content. It must be noted that the conductivity is plotted on a logarithmic axis. 

 

Figure 4.5. a) Proton conductivity, and b) water-volume fraction normalized proton conductivity 

of the ionomers as a function of water content (λ) at 80 °C. 
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First observation to be made is that the conductivity appears to be converging to a value of 

100 mS/cm as water content tends to 9. Significant differences in the conductivity of ionomers can 

be noticed at low water content with highest value for PFIA 620EW ionomer and the lowest for 

highest EW ionomer, Nafion 1100. These differences could arise from the differences in their 

microscopic structure of the proton conducting phase (𝜑ௐ,τ) and intrinsic properties (𝐶ுశ, 𝜇ுశ). 

PFIA exhibits higher conductivity than PFSA ionomers at any given water content (λ). Upon 

normalizing the conductivity with water volume fraction, i.e., rearranging expression (3) as 

(
𝜎ுశ

𝜑ௐ
ൗ ) ∝  [𝜇ுశ][𝐶ுశ][ 

ଵ

ఛ
]  , the PFIA data fall closer to the rest of the data. The higher water 

content and higher conductivity of PFIA in the membrane form were reported by Su et 

al.[142].They suggested that the enhanced conductivity is not only due to higher water uptake but 

also a combined impact of chemical interactions governing proton dissociation with water and 

more efficient proton transport [142]. 

The Mobility of protons in ionomers has been determined from pulse gradient NMR, which 

we do not have access to. As discussed earlier, solid state NMR of ionomers in thin film form is 

difficult to measure and only one such study exists [141]. Similarly, a direct measurement of 

tortuosity in any composite material is non-trivial and especially difficult to ascertain for the 

hydrophilic domain in the ionomer thin films. This leaves us with phase volume fraction as the 

only readily estimable quantity. A plot of σ/𝜑ௐ as a function of water content is reported in Figure 

4.5b. The data in this figure reveal two regions – one above λ of 4 and one over λ ranging from 0 

to 2. At λ>4, the (σ/𝜑ௐ) values for different ionomers seems to collapse to a single correlation line 

and depend only on the water content (λ). Since proton mobility is weakly dependent on the 

domain size [143], it may be inferred, as per proportionality of equation 3,  that tortuosity would 
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be the only influencing factor responsible for the differences in conductivity at lower lambda. In 

the low λ  range, the proton conductivity at any lambda varies by an order of magnitude.  

4.3.4.Effect of film thickness  

Polymer thin films including ionomer thin films are known to exhibit thickness-dependent 

properties [30]. In our earlier work on self-assembled Nafion (EW1100) films, a strong 

dependency of conductivity on the thickness for films below 50 nm was observed [65]. In the 

present study, all films were prepared by spin-coating. Differences in the internal structure of the 

studied ionomer films prepared by self-assembly and spin-coating can be found somewhere else 

[68]. Here, we have examined the thickness-dependency of proton conductivity and water content 

of films of three different nominal thicknesses (10, 30, and 80 nm) for three different ionomers. It 

must be noted that thickness-dependent properties of ionomer thin films have been discussed and 

summarized in recent articles [30], [31]. Effect of thickness on proton conduction was reported by 

Siroma et al. [66]; then Karan group [53], [69]; and more recently by Zhang, Kongkanand and 

Nagao group [63], [70], [144]. However, such data at fuel cell operating conditions of 80oC is 

lacking. Here, we report proton conductivity and water content of PFSA ionomers for three 

different film thicknesses – 10 nm, 30 nm, and 80 nm - in Figure 4.6. As can be seen, proton 

conductivity and water content of the PFSA ionomers decreases by reducing the thickness of the 

film and it has good agreement with result of Nagao [70] and Karan [69] group work. At 40% RH, 

the water content increased one unit (λ=1) when film thickness increased from 10 to 80 nm, while 

the differences became four units (λ=4) at 90% RH. However, the conductivity changes show an 

opposite trend in that the differences in conductivity is larger at low RH (40%) despite small 

difference in water content upon film thickness increase from 10 to 80 nm and is smaller at high 
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RH (90%).  At 40% RH, the conductivity increased two orders of magnitude by increasing the 

thickness while at 90% RH, the conductivity increased one order of magnitude.  

 

Figure 4.6. Thickness dependence of a) water content, b) proton conductivity, and c) proton 

conductivity as a function of water content at 80 oC and moderate (40%) and high (90%) relative 

humidities. ●: Nafion, ▲: 3M and ♦: Aquivion. 

4.3.5. Discussion on correlating ionomer thin film data with CL ionomer properties 

One of the motivations for the present study was to generate comprehensive data on 

ionomer thin films at fuel cell operations relevant temperature (80°C rather than the prevalent 

room temperature data) for several prominent ionomer varying over a wide range of equivalent 

weight. Ultimately, the idea is to use the thin film hydration and conductivity data as a guide for 

ionomer material selection for catalyst layer fabrication. To this end, it is useful to correlate thin 

film data and CL ionomer properties data. Two key ionomer properties that can affect the fuel cell 

performance are protonic conductivity and oxygen diffusivity of cathode CL ionomer.  

Determination of CL ionomer conductivity is not straight-forward due to the heterogeneity 

of ionomer distribution and non-uniformity of ionomer film thickness. However, the total ionic 

resistance of the CL can be determined from impedance spectroscopy of a fuel cell operated in a 

N2/H2 configuration [145]. Similarly, oxygen transport resistance can be extracted from limiting 
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current density measurements but translating that value into Intrinsic diffusivity of oxygen is 

complicated because of variability of oxygen path length, i.e., variation in ionomer thickness 

(Figure 4.1) within the CL. On the other hand, model systems such as uniform ionomer film of 

well-defined thickness on planar system permit the determination of proton conductivity and film 

thickness-dependent water uptake.  Thus, one to one comparison of the protonic conductivity of 

our thin films cannot be done with CL ionomer conductivity. As alluded to earlier, most of the 

prior data on conductivity and water content for ionomer thin films in the literature has not been 

reported at fuel cell operating temperatures (80oC), which adds another caveat when comparing 

in-situ (fuel cell) CL ionomer properties with thin film data. Recently, the effect of ionomer EW 

on the CL ionomer properties, i.e., ionic resistance and oxygen transport resistance using in situ 

fuel cell electrochemical diagnostic measurements, at fuel cell operating conditions (80C) for eight 

PFSA ionomers with EW varying from 720 to 1100 gr/mol and having long, medium and short 

side chain (Nafion, 3M and Aquivion respectively) was reported by Ramaswamy et al. [112]. Thus, 

we can remove one of the confounding factors, i.e. the influence of temperature from the 

correlation.  

Our ionic conductivity results imply that equivalent weight (or acid content) of the ionomer 

has the strongest impact on conductivity of the ionomer thin films. For membranes, Yandrasits 

[110] had also shown a strong correlation of conductivity with EW. Considering the thickness-

dependent conductivity of ionomer thin films, there is always a question of whether the trends 

observed (e.g. EW dependency on conductivity) for membrane form would still hold for CL 

ionomer. Accordingly, we have compared the H+ conductance of  cathode CL ionomer (Nafion®: 

LSC, 3M PFSA: MSC, Aquivion®: SSC with EW varying from 720 to 1100 gr/mol ), calculated 

as inverse of H+ transport resistance, reported by Ramaswamy [112] with the conductivity of 
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ionomer thin films (this work) both at 80°C. Both dataset, depicted in Figure 4.7a, show similar 

dependency on EW. It is worth noting that proton conduction in CL occurs through the thickness 

of catalyst layer but in-plane with respect to the ionomer film, and not through plane as sometimes 

incorrectly mentioned. While clear differences between the medium side chain ionomer and short-

side as well as long-side chain ionomers were observed for CL protonic conductance, no such clear 

distinction was observed for the uniform thickness thin film protonic conductivity.  

Oxygen permeability in Nafion membrane has been found to increase with relative 

humidity and explained in terms of increase in water content of the membrane, which provides a 

more facile pathway for oxygen diffusion at high water content than the diffusion through 

hydrophobic matrix. Similar analogy could be extended to oxygen diffusion through thin films of 

ionomer covering the Pt catalyst in the CL. However, some distinct differences may exist. The 

path length for transport of oxygen in membrane and CL ionomer differ significantly. The longer 

pathway (through tens of microns thickness) in membrane would imply that geometric effect such 

as tortuosity and inter-domain distances would be important. In the CL, the oxygen transport 

through the ionomer may not be subjected to long tortuous path and likely traverse only 1 or 2 

interdomain distance in the through plane distance before it arrives at the catalyst site (Figure 4.1). 

If so, the oxygen transport resistance in ionomer thin films may be dependent on the “state” of the 

water – bound, exchanged or free – as shown in Figure 4.7b [30]. A restrictive transport would be 

expected under conditions of bound water (λ<2), and become more facile as λ increases to 6-8 

when hydration shell is completed for both protons and sulphonic groups. The local oxygen 

transport resistance in CL is thought to be due primarily to the oxygen transport through the 

ionomer film [23]. Interfacial resistance at Pt/ionomer interface, rather than bulk diffusion through 

the film, is considered to be dominant resistance for the observed local transport resistance. 
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Nonetheless, water content of the ionomer film both at the interface and in the bulk may be 

important parameter controlling the oxygen transport resistance. It is pertinent to note that in a 

recent work from our group, the interfacial water determined from neutron reflectometry study 

was found to be ionomer side chain length dependent [209].  

To correlate CL local oxygen transport resistance (RO2) at 80oC and 70%RH reported by 

Ramaswamy et al. with water content of ionomer phase, we used the water content of ionomer thin 

films at 80% RH from our study as a surrogate for the CL ionomer water content. It is our view 

that under conditions of transport resistance measurement, water would be produced locally at 

Pt/ionomer interface, thereby resulting in CL ionomer hydration levels slightly higher than 

ionomer film equilibrated at 70%RH. Also, it is recognized that the water content of CL ionomer 

may be different than water content for uniform ionomer thin films of the present study due to 

many reasons including film thickness and substrate (carbon versus SiO2). For high EW ionomers, 

the lambda is low and correspondingly the RO2 is higher. At lower lambda (≈5), it appears that 

medium side chain (MSC) length ionomer has higher RO2 than shorter side chain (SSC) length 

ionomer. Although the data is limited, considering the MSC ionomers, a near leveling off of RO2 

is observed as lambda approaches a value of 6-8. If this is correlated with the state of water, it can 

be speculated that under these conditions, the water in ionomer is in free state and more mobile. 

This free water may then improve the mobility of the oxygen as well. This idea of correlating 

oxygen transport resistance for different ionomers would require careful study of CL water content 

determination and determination of oxygen transport resistance. For now, the water content for 

ionomer thin films may be considered as the best approximation. 
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Figure 4.7. (a) ionomer conductivity of thin films (this work) at 60% and 90% RH and the CL 

ionomer conductivity at 50%RH and 95% RH (Ramaswamy et al., [112]) as a function of EW at 

80°C, and (b) correlation of local O2 transport resistance reported by Rangaswamy with water 

content data for ionomer thin films.(Nafion: LSC, 3M PFSA: MSC, Aquivion: SSC and PFIA).  

 

4.4.Conclusions 

This study provides interesting insights into the hydration dependent properties, viz., water 

content and proton conductivity, of thin films (30 nm) for PFSA and PFIA ionomers at 80 °C with 

different equivalent weights (from 620 to 1100 g/mol of sulfonic acid) and varying side-chain 

lengths. The primary focus of our study, measurements of both water content and proton 

conductivity at 80 °C, which is a typical fuel cell operating temperature, revealed that the value of 

these properties was significantly higher than that at 30 °C. Since most of the studies in the 

literature have reported ionomer thin-film properties at room temperature, these results offer a 

cautionary note in so far as applying the results at 30 °C to fuel cell operating conditions. The acid 

content of the ionomer, i.e., the inverse of EW, was the strongest determinant of the water content 

and proton conductivity at any given relative humidity. Thus, water content and proton 

conductivity were found to decrease monotonically with increasing EW. A key contribution of the 



58 
 

present study is the examination of the correlation between water content and proton conductivity 

for seven ionomers. All ionomers exhibited an exponential type dependency of proton conductivity 

on water content. A single universal correlation for all ionomers could describe the trend, but the 

influence of side-chain characteristics, i.e., length and interspacing, was significant at low water 

content (λ < 4). The trends at higher water content appeared to exhibit proton conductivity, tending 

to reach an asymptotic value of ≈0.1 S/ cm. 
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Chapter Five: Conductivity and Hygroscopic Expansion of 

Ionomer Thin films: Effect of Cobalt Exchange and 

Thermal/Aqueous Treatment 

This chapter has been reproduced from “Conductivity and Hygroscopic Expansion of Ionomer 

Thin Films: Effect of Cobalt Exchange and Thermal/Aqueous Treatment”, J. Phys. Chem. C 2022, 

126, 42, 17862–17874, doi: 10.1021/acs.jpcc.2c05629, with the permission from ACS (American 

Chemical Society). Copyright (2022) American Chemical Society. Dr. Vinayaraj Ozhukil Kollath 

(former postdoctoral fellow) is the co-author in the manuscript. 

 

 

 

5.1. Introduction 

Polymer electrolyte fuel cell (PEFC) powered vehicles offer the advantage of longer 

driving range and quick refueling while maintaining many of the advantages of battery powered 

electric vehicles. Tremendous progress has been made in the PEFC technology over the past 

decade but further reduction in cost, enhancement in durability, and improvement in performance 

is still needed  [22], [26], [146], [147]. A key research focus has been to reduce the PEFC cost, 

which is attributed to the expensive Platinum (Pt) catalyst. Both non-Pt group metal and low-Pt 

content alloy catalysts are being explored in order to reduce the catalyst cost [29], [71]. Alloyed 

catalysts such as Pt3Co and Pt3Ni have low Pt content but demonstrate oxygen reduction reaction 

activity comparable to that of pure Pt nanoparticle catalyst [71], [148]–[150]. In fact, world’s first 

serially produced commercial fuel cell vehicle, Toyota Mirai utilizes Pt-Co catalyst [19]. However, 



60 
 

it is now known that cobalt (Co) can leach out from the alloy catalyst during fuel cell operation 

and cause performance degradation under long-term operation [35], [151]. After long-term 

operation of Pt-Co based electrodes, cobalt has been found in the membrane as well as in the 

catalyst layers of PEFCs [35], [74], [152]–[154]. Upon Pt-Co/Ni catalyst degradation [27], [29], 

[30], [155], the generated metal cations (Mn+) migrate from the catalyst surface into the thin film 

of ionomer coating it and then into the polymer electrolyte membrane primarily because they have 

higher affinity towards sulfonate (SO3ˉ) end groups of the ionomer/electrolyte compared to that 

between sulfonate ion and H+ [58], [81] For this reason, the effect of cation 

contamination/exchange on the properties of membrane has been received significant attention 

over the past decade. The effect of cation contamination or cation exchange, in general [46], [88], 

[153], [156], [157], and that of cobalt cation, specifically on the membrane properties have been 

reported. [37], [39], [152].  

From published work, it is evident that exchange of cations (such as, Co2+, Na+, Li+, K+, 

Cs+, Ca2+, Ni2+, Fe3+, Al3+) has a severe effect on the performance and durability of PEFCs due to 

a significant decrease in the ionic conductivity of the membranes [33]–[38]. Metal cation 

contaminants exchange with protons, reduce the transference number of conductive species, lower 

the ionomer/membrane conductivity [31], [42], [43], and hinder the oxygen-reduction reaction 

[43]–[46]. Mitigating these negative impacts is of critical importance for meeting the durability 

and lifetime requirements of PEFCs that are increasingly using Pt-Co alloy catalysts in commercial 

stacks [84].  

It is interesting to note that the presence of Co2+ even in a liquid electrolyte (H2SO4) results 

in a decrease in O2 diffusivity, O2 solubility, and the kinematic viscosity of the electrolyte [158]. 

In a recent study, the contamination effect of Co2+ in fuel cell operating condition was investigated 
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by injecting Co2+ ion solution through inlet air stream, and it was found that fuel cell voltage 

dropped significantly. The Co2+ effect was severe with decreasing temperature which led to a 

larger reduction in the ORR rate. Litster and co-workers[39], [159] have also investigated the 

oxygen transport properties of membrane of H+ and Co2+ forms of Nafion ionomer. They employed 

Nafion 117 membranes with different levels of Co-exchange (un-exchanged, partially- exchanged 

and fully-exchanged). The oxygen permeability through the membranes were reported in its 

inverse form as oxygen transport resistance (RO2), which was found to increase with an increasing 

level of Co exchange.  It was pointed out that Co2+ migration and accumulation in the cathode 

mainly cause the maximum RO2. The oxygen transport resistance increased by 100% at low water 

activity and less than 50 % at high water activity (saturated water activity) upon cobalt ion 

exchange of H+ form of Nafion membrane.  

Migration of Co2+ cation was evaluated in the membrane electrode assembly (MEA) of an 

operating PEMFC using Synchrotron micro-X-ray fluorescence (μ-XRF). It showed that the Co2+ 

distributions was not simply in through-plane direction and a semi-quantitative two-dimensional 

(electrochemical and transport coupled) model is needed to describe the potential gradient at the 

MEA edge [35] . In another study, the effect of Co contamination on fuel cell performance was 

studied under different oxygen concentrations, using impedance spectroscopy for measuring 

membrane and electrode proton transport resistance. It was found that the Co contamination 

increased the membrane proton transport resistance by an order of magnitude and CCL resistance 

follows similar trend with Co contamination. [152].  

These studies have established that the presence of Co2+ ions in cathode catalyst layer can 

adversely affect fuel cell performance. Thus, it would be expected that the leaching of Co from Pt-

Co alloys catalysts would impact the ionomer properties in the catalyst layer first and subsequently 
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the membrane conductance. The ionomer in the catalyst layers (CL) of PEFCs exist as few 

nanometers thin ionomer films coating Pt or Pt-Co catalyst supported on carbon (Figure 5.1) [29], 

[30], [160]. The ionomer serves as a medium for long-range ion/proton transport and the 

hydrophilic ionic domains also provide a dominant pathway for oxygen transport to the catalyst 

surface. Thus, Co2+ exchanged ionomer can affect both ion conduction and oxygen transport in the 

PEFC catalyst layers wherein Pt-Co catalysts are employed.  

 

Figure 5.1. Schematic of ionomer catalyst layer in PEFC system 

 

Whereas the impact of cations (compared to H+) on the conductivity of membrane form of 

Nafion is known [36], [37], [69], [79]–[81], [161], the extent of such effects for Nafion and other 

ionomer thin films has not been well studied. It is known that the properties such as the ionic 

conductivity, water uptake, and swelling of the nanothin ionomer films are significantly different 

than those of the bulk material [66], [162]. For example, at a given RH, Nafion thin films exhibit 

lower conductivity compared to the bulk/membrane form and, also, a correspondingly lower water 

uptake, usually described in terms of the parameter λ, which is number of water molecules per 

sulfonic groups. However, even at comparable λ, the thin films show suppressed conductivity than 
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its membrane form [54], [66], [162]–[164]. In a recent study, Han et al [165] reported the ionic 

conductivity of H+ form and Co2+ exchanged ionomer films of 40 nm and 120 nm thickness at a 

98% RH (in the temperature range between 20 and 50 oC). The found that the ionic conductivity 

of Co2+ exchanged films were suppressed compared to H+ form of the thin ionomer film. This 

trends qualitatively follows the trend expected from membrane data. However, without the 

accompanying water uptake data, no insights can be drawn on how the Co exchange impacts the 

hydration level. The water content of ionomer impacts many aspects of the ionic conduction 

including the ion-pair dissociation, (which impacts the local mobility of ions) and the connectivity 

of the ionic channels (which impacts the longer-range transport of ions) [165]. Han et al also 

observed monotonically decreasing conductivity with increasing Co2+ content but only a slight 

increase in conductivity with temperature increase from 298K to 323K was observed. The effect 

of RH was not reported in their work. Cai et al reported membrane and CCL proton resistance 

from MEAs with different Co doping level as a function of relative humidity. They found that 

under dry conditions (~ 35% RH), Co contamination has greater impact on proton resistance 

increase. Moreover, it is observed that membrane and CCL resistance follow the same trend upon 

the increase in Co contamination [152].  

In summary, to the best of our knowledge, there are two studies that report on the influence 

of Co2+ exchange on the conduction of ionomer thin films. One study reported ion conductivity of 

Nafion 1100 thin films of well-defined thickness (40 and 120 nm) [165] upon Co2+ exchange. 

Another study reported changes in CL ionomer (Nafion 1100) conductance for two different 

extents of Co2+ exchange [152]. Neither of these studies reported the water uptake of the ionomers 

and correlate the conductance to water content. Also, both studies have been limited to one type 

of ionomer – Nafion 1100. Recently, a number of commercial perflurosulphonic acid ionomers 



64 
 

have become available commercially, e.g. shorter side chain Perfluorosulfonic Acid (PFSA) 

ionomers (3M, Solvay) and 3M’s Perfluoroimide Acid (PFIA) ionomer. However, no study has 

reported the impact of Co-exchange on water uptake and conductivity of nanometers thin films of 

ionomers with differences in equivalent weight (acid content) and the underlying compositional 

variation introduced by altering the side-chain length or side-chain inter-spacing.  

In this work, we determine the hydration level and conductivity of 30 nm ionomer thin films over 

a range of humidity (0-90%) at 80 ̊C. Seven different ionomers – Nafion EW 1100, 3M PFSA EW 

1000, 825 and 725, Aquivion EW 980 and 830 and 3M PFIA EW 620 – were investigated. We 

also report the effect of thermal annealing and water exposure on water uptake and conductivity. 

The investigation of thermal annealing effect was not originally planned but became essential for 

comparing the hydration and ionic conductivity properties of H+ and Co2+ forms of the ionomer 

films as explained in results and discussion section. 

5.2. Experimental 

5.2.1. Materials 

Seven different ionomers varying in equivalent weight (EW) were investigated in this work 

(Figure 5.2). Nafion dispersion (EW1100) was obtained from Ion Power Inc. (USA) whereas the 

3M PFSA and PFIA ionomers were provided by 3M Fuel cells Component Group, MN, USA and 

Aquivion ionomers were provided by Solvay Company (Italy). Commercially available 5 wt. % 

Nafion solution (in 25/75 water to alcohol mixture), EW 1100 g.mol -1, from Ion Power was used 

to make diluted (1 wt. %) Nafion solution using isopropyl alcohol (IPA) (Sigma Aldrich) to have 

desired ionomer thin film thickness with spin coating method. Similar procedure is employed to 

prepare 3M PFSA and PFIA (Provided by 3M Fuel cells Component Group) and Aquivion 
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(Provided by Solvay) thin films. The diluted dispersion was placed at room temperature for 24 

hours for equilibrating and sonicated again after equilibration to ensure that the dispersion is 

homogenous and ready to use. Ionomer thin films were Co2+ exchanged by soaking in 0.1 M 

aqueous cobalt sulfate solution (Alfa Aesar, Canada) for 48 h.  

 

Figure 5.2. Chemical structures of ionomers which are used for investigation of Co exchanged thin 

films: (a) Nafion by Ion Power Inc Co., (b) PFSA by 3M Co, (c). Aquivion by Solvay Co. and (d) 

PFIA by 3M Co. 

 

5.2.2. Thin film preparation and basic characterization 

Thin films of nominal thickness of 30 nm were prepared using spin coating technique. For 

swelling experiments, films were coated on SiO2/Si wafer whereas for conductivity measurements 

films were also coated on SiO2 wafer but with interdigitated array (IDA) of gold electrodes. The 

procedure to fabricate IDA electrodes is described in detail elsewhere [53], [56], [68], [69]. The 

spin-coated samples were kept in vacuum oven (22 mm of Hg) for 20 hours to dry out at 40 °C or 

to anneal at 160 °C. To prepare the Co exchanged thin films, the dried or annealed samples were 

Backbone

Side chains

Ionic group

Nafion        3M PFSA Aquivion 3M PFIA      

a) b) c) d)
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soaked in excess amount of 0.1 M cobalt sulfate solution at room temperature (~ 23 °C) for 48 

hours to make sure that the thin ionomer films were fully exchanged. Next, Co-exchanged thin 

films were rinsed using DI water several times to assure that there is no extra Co solution on the 

surface of the film. Subsequently, the Co exchanged samples were placed in the vacuum oven at 

40 °C for 20 hours to make them ready for next steps.  

5.2.3. Quantification of Co2+ exchange 

To establish that Co exchange had occurred in the ionomer thin films and determined the 

Co exchange level, we applied inductively coupled plasma triple quadrupole mass spectrometer 

(ICPQQQMS-8900). The prepared Co exchanged thin film needed to be dissolved so, 

Dimethylformamide (DMF) solution (Sigma Aldrich) was used for dissolution of the ionomer thin 

film. After this step the dissolved sample were sonicated for 10-20 minutes followed by Co and S 

element content measurement via ICP-MS technique. For each ionomer, solution from two 

independent samples was prepared and triplicate ICP-MS measurements were performed for each 

solution. The reported variability from multiple experiments for each ionomer is presented in Table 

1. One Co2+ cation would replace 2H+ ion. Accordingly, it was determined that 95% H+ in PFSA 

ionomers and 96% H+ in PFIA ionomer was replaced by Co2+ (Table 5.1). The difference in Co/S 

molar ratio for PFSA and PFIA raised from the different structure of their respective side chain. 

PFIA has three sulfur and two protogenic group whereas PFSA ionomers have one sulfur and one 

protogenic group in their side chain. 
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Table 5.1. The results obtained using ICP-MS technique for ionomers’ Co2+ exchange 

quantification. 

Ionomer S (mg/Lit) Co (mg/Lit) Co/S Molar ratio Co exchange rate (%) 

Nafion 10.6  ± 0.04 9.4 ± 0.03 0.48 96 

3M 87.7 ± 0.33 78.9 ± 0.35 0.49 98 

Aquivion 12.5 ± 0.2 10.5 ± 0.1 0.46 92 

PFIA 72.5 ± 0.8 42.7 ± 0.51 0.32 96 

 

5.2.4. Conductivity measurement 

Conductivity measurements were carried out on ionomer films on IDA electrodes by 

following the approach described in earlier papers from our group [53], [56], [68]. Briefly, 

impedance is measured on the films on IDA using a two – microprobe connected to a SP - 200 

potentiostat (Bio - Logic Science Instrument, France) which was controlled by EC – Lab software 

that used for impedance measurement and electrochemical impedance spectroscopy (EIS) data 

modeling (analysis tool such as Z Fit). An environmental chamber (model MCBHS – 1.2-.33-.33-

H/AC, MicroClimate compact chamber from CSZ products LLC., USA) is used to control relative 

humidity (RH) and temperature. Temperature was maintained at 80oC. The repeatability 

experiments for ionic conductivity for selected samples (Nafion 100 EW, 3M 725 EW, Aquivion 

830 EW and PFIA 620 EW) at high RH (RH > 70% RH) yielded a variation of less than 5% for 

all samples except Aquivion (830 EW) which had variation as high at 7.3%. A combined humidity 

and temperature sensor (CMOSENS Tec., Switzerland) was utilized to monitor the local 

temperature and RH by placing the sensor near the sample.  

5.2.5. Water uptake measurement 
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The water uptake of thin films at each humidity was determined by measuring the change 

in the film thickness at given RH compared to its thickness at zero humidity (i.e. dry film). A 

custom-built environmental chamber, capable of controlling temperature and humidity combined 

with M 2000 Ellipsometer (J. A. Woollam Inc., USA) were employed to measure the thickness of 

thin film of various RHs. The details of the setup are provided elsewhere [69], [117]. 

For thickness measurements, a sample was first kept at dry conditions of 0% RH at 80oC 

in the environmental chamber for more than 2 hours and the dry thickness (ho) of the ionomer thin 

film was used for determination of water content. Next, the RH of the system was increased in the 

increments of 20 up to 80% and finally to 90% RH. The sample was maintained at each RH for 

approximately half an hour to make sure that the system is equilibrated completely (until 

ellipsometer response become steady). At the end, RH of the system were got back to the 0% RH 

to let it dry. The water content, λ, i.e. the number of the water molecules per protogenic group, of 

the ionomer is calculated [69], [81] according to the following equation: 

𝜆 =  
𝑚𝑜𝑙 (𝐻ଶ𝑂)

𝑚𝑜𝑙 (𝑆𝑂ଷ)
=

(ℎோு −  ℎ଴)

 ℎ଴
 ቆ

𝐸𝑊

𝑀ுమை
ቇ ൬

𝜌ுమை

𝜌௜௢௡௢௠௘௥
൰                                                                     (5.1) 

where, EW is the equivalent weight of the ionomers in g/mol, MH2O is the molecular weight of 

water which is 18.01 g/mol, h0 is the thickness of the ionomer thin film at dry condition, hRH is the 

thickness at specific RH in each step, ρH2O is the density of water (g/cm3) and ρionomer is the density 

of ionomer (g/cm3). In all calculations, it is assumed that the density and thickness of thin film are 

uniform all over the sample surface. It must be noted that λ is set to be 0 for dry films, as assumed 

by many groups, although it has also been argued that even in dry state one hydronium ion may be 

associated with a sulfonic group. The repeatability of water uptake measurement for selected 
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ionomers (Nafion 1100 EW, 3M 825 EW, Aquivion 830 EW and PFIA 620 EW) yielded a 

variation between 7.5% to 12.6 %.  

5. 3. Results and Discussion 

5.3.1. Surface morphology of the films before and after Co2+ exchange 

The dried, spin-coated films were characterized for film thickness and surface morphology 

by ellipsometer and atomic force microscopy (AFM) (Figure 5.3), respectively. It was confirmed 

that the thickness and the surface morphology of the samples did not change after Co exchange 

and no precipitation occurred on the surface of the samples. 

a) Before Co exchange 

  

b) After Co exchange 
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Figure 5.3. AFM topography and corresponding phase image of ~30 nm Nafion sample a) before 

and b) after Co exchange. 

 

5.3.2. Effect of thermal annealing and liquid water exposure  

In a set of early experiments, to achieve the Co exchange, when the Nafion films (dried at 

40 oC in vacuum oven) were exposed to Cobalt sulfate solution, often they floated away. We 

discovered that if the films were annealed at high temperatures and then exposed to Cobalt solution 

for ion exchange, they remained adherent to the substrate.  

Surprisingly, the conductivity measurement revealed that at higher relative humidity (RH), 

the Co-exchanged (Co2+ form) samples exhibited higher conductivity than annealed H+ form (or 

pre-exchanged) samples. We hypothesized that the seemingly counter-intuitive behaviour of Co2+ 

exchanged ionomer films exhibiting higher conductivity occurred due to differences in the pre-

treatment of the two samples. The ionomer film samples during Co2+ exchange process are exposed 

to aqueous solution which can relax the structure and plasticize the ionomer. On the other hand, 

H-form samples were not exposed to liquid water. In a previous study from our group, it was 

observed that the water uptake and ionic conductivity of annealed ionomer thin films dropped 
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significantly upon thermal annealing at 160oC [51-52]. However, when the same annealed sample 

was exposed to liquid water overnight, the conductivity could be nearly recovered to the pre-

annealed conductivity level [53], [68]. Whereas our protocol in the previous studies [53] was to 

dry film at 40 °C, we carried out a systematic study to examine the impact of thermally treating 

the films on their conductivity at 30°C over a wide range of relative humidity. The set of 

experiments carried out in developing the protocol for ensuring similitude of hygrothermal history 

of samples is depicted in Figure 5.4a. 

To decouple the effect of Co exchange on the conductivity of the ionomer films from that 

of the liquid exposure of annealed films, a set of experiments were carried wherein the H+ form of 

films, annealed at 160oC, were exposed to liquid water for the same period of time as that for 

exposure in cobalt solution. This comparison is presented in Figure 5.4b. It can be noted that the 

ionic conductivity of Co-form of Nafion is lower than the Ionic conductivity of water exposed but 

higher than annealed H- form of Nafion. For all films, it was observed that upon liquid water 

exposure, the 160oC annealed film almost recovered the conductivity equivalent to that of 

unannealed ones. Thus, exposure of annealed Nafion films to cobalt solution has two opposing 

effects. The liquid water relaxes and plasticizes the polymer allowing higher water uptake 

(compared to annealed films) in subsequently dried films whereas the Co exchange results in lower 

ionic conductivity compared to un-exchanged or proton-form of films.  
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Figure 5.4. a) Schematic depiction of different film treatment conditions and film characterization 

applied. b) Ionic conductivity of 30 nm Nafion film measured at 80 °C at various relative humidity 

(RH) and thermal treatment for H+ form and Co2+ form sample. 

 

These results affirm that it is essential to compare the Co-form of ionomers with water 

exposed H-form of ionomers. For the rest of the paper, all comparison between H-form and Co-
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exchanged films are made between liquid water exposed and Cobalt solution exposed samples, 

respectively. 

5.3.3. Ionic conductivity of H+ form and Co-exchanged Nafion thin film  

The ionic conductivities of H+ form and Co-exchanged thin films of Nafion as a function 

of relative humidity at 80 °C were measured. As expected, irrespective of the cation type, the ionic 

conductivity of Nafion increased by increasing the relative humidity. It can be noted that Co – 

exchange expectedly results in a systematic reduction of ionomer’s conductivity at all RH values 

(Fig 5.4b). As can be seen, the percentage decrease in ionic conductivity ranges ~40% at high RH 

(90% RH) to nearly 99% at 40%RH.  

5.3.4. Water uptake of H+ form and Co-exchanged Nafion thin film 

It is well-known that water content of ionomers affects its ionic conduction strongly and in 

several different ways. It affects the dissociation of sulfonic acid and thereby the ‘effective’ 

concentration of mobile ions. The intrinsic mobility of the ions is also a function of water content. 

Further, the shape/size and connectivity of the ionic domains/channels water affects the long-range 

ion transport. These factors will also affect the ionic transport of cation-exchanged ionomers. Thus, 

quantification of water content of the ionomer is important to get insight into whether the hydration 

level difference is the dominant factor for differences in the observed conductivity. In this work, 

the water content of the film has been determined from the RH-dependent swelling data measured 

by ellipsometry. Assuming that the polymer matrix density is constant, the thickness change due 

to water sorption can be used to determine the mass change, which can be then used to compute 

the number of water molecules per protogenic group (i.e., SO3
- for PFSA ionomer; and SO3

- and 

NH – SO for PFIA ionomer) or the water content parameter (λ). 



74 
 

Figure 5.5a shows the water content (λ) of Nafion film measured at 30 °C as a function of 

RH. Two sets of measurements are reported. One set corresponds to the water content for annealed 

film subjected to water exposure (H+ form) and the second set refers to film subjected to Co 

exchange (Co2+ form). Both films were vacuum dried at 40oC after water/solution exposure. As 

can be seen in Figure 5.5a, the water content of Nafion films is generally higher in H+ form samples 

than in Co2+ form, but these differences widen as RH increases. The presentation of complete set 

of data makes it difficult to discern the impact of equivalent weight and ionomer structure (side 

chain structure). Accordingly, results at a single RH examining the effect of EW and H+ or Co2+ 

is discussed later. A number of theoretical ideas have been put forth regarding the hydration 

behaviour of PFSA ionomers as summarized in recent review by Kusoglu and Weber [31]. 1H 

NMR investigations have revealed that three different regimes dependent on “state” of water exists 

[166]. This has also observed to be true for Nafion thin films as discussed by Karan [30] who 

reanalyzed the only reported NMR measurement on Nafion thin films [141] but considered the 

more recent water content data. Bound water is expected to be present at λ < 2, exchanged water 

up to λ of 4-6, and free water at λ above 7. If ionic cluster model is considered wherein clusters of 

SO3
-/ H+ ion-pairs exist in the clusters or domains, then it is thought that the initial water uptake is 

driven by tendency to form hydration shell around the H+. Thus, water uptake under such 

conditions is driven by enthalpy of hydration of the ions. At higher RH, after the primary hydration 

shell is formed, the water uptake is driven by entropic effects. In an early but seemingly obscure 

work, Dolar et al [167] had analyzed the RH-λ data to extract the free energy of hydration of ionic 

clusters. Here, a distinction must be drawn between the energy of hydration of ions, which is the 

energy of gaseous ions dissolved in excess water (infinite dilution), and the energy of hydration of 

ionic clusters. In the former, the reference energy is that of free ion (without any counter ion) and 
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liquid water. In the latter, the reference energy is that of ionic cluster comprising the anion (SO3
-) 

and the counterion or cation (H+ or CO2+), wherein the electrostatic interaction between the anion 

and cation exists in the dry state and is disrupted by the addition of water, considered to be in a 

condensed state. 

We have employed a similar approach as that of Dolar et al [167] to determine the free 

energy of hydration of ionic cluster calculated at different RH for H+ - and Co2+ - form of ionomers: 

∆𝐺̅ௌௐ =  −𝑅𝑇 ∫ 𝜆ுమை ∙ 𝑑 ln 𝑎ுమை + 𝑅𝑇 𝜆ுమை ln 𝑎ுమை  
௔ಹమೀ

௔ಹమೀ→଴
                                                        (5.2)  

where, ∆𝐺̅ௌௐ is the Gibbs free energy of swelling of the water (kJ/mol), R is the universal gas 

constant, T is the temperature and 𝑎ுమைis the water activity.  

∆𝐺̅ௌௐ of Nafion was plotted against 𝜆ுమை (Figure 5.5b). As can be seen, the Gibbs free 

energy change of water absorption is negative. ∆𝐺̅ௌௐ decreases by increasing λ, and it increases 

after Co exchange which is similar with other reports [57], [58], [168] and comparison of hydration 

Gibbs free energy change for different form of ionomers (i.e. proton form and Co form of ionomers 

like Nafion) shed light on the interaction of water with ionic moiety Co2+/H+ or ionic cluster of 

SO-
3H+/(SO3)2

-Co2+. Above 60 % RH, for both H-form (λ ≈ 7) and Co-form (λ≈ 4-5) of ionomers, 

the water uptake increases rapidly and the ionomer thin film swelling increase with increasing RH 

is high. Correspondingly, the free energy change of water sorption increased only slightly which 

is consistent with the completion of hydration of ion-pairs and transition to free water state for the 

added water[140], [168]. At a given λ, the Gibbs free energy change for hydration is higher for H+ 

form of ionomer compared to Co2+ exchanged form, indicating stronger affinity of water to H+ 

than to Co2+ in Nafion (Figure 5.5b). 
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(a) (b) 

Figure 5.5. a) Water uptake (λ) of 30 nm Nafion thin film at 80 °C as a function of relative 

humidity. b) Free energy of swelling (∆𝐺̅ௌௐ) as a function of λ for 30 nm Nafion thin film. 

 

It must be noted that the hydration enthalpy of cations play an important role for ionomer’s 

water uptake, especially for monovalent cations. Cations with higher hydration enthalpy are less 

hydrophilic, which implies that they form weaker bonds with water molecules resulting in lower 

water uptake of ionomer films[169]–[172]. For ionomers exchanged with divalent cation (Co2+) 

the charge density (z/rc) of cations plays an important role in water uptake and other dependent 

properties. At low RH, the “bound water” exists and its mobility is restricted and as such the 

difference between proton form and Co2+ form of the ionomer is small and it indicates that the 

initial water uptake is less effected by Co2+ cation  size which agrees well with the results reported 

in Shi et al’s work [81]. On the other hand, at high RH water content increases and the system 

enters the “free water” regime wherein ions (like protons) can transport freely through the water 

channels. Larger cation (Co) form stronger pairs with sulfonate groups. Thus, there is a 

competition between the sulfonate group and water to interact with Co 2+. Hence, the result would 

be stronger electrostatic interaction which would lower the cation’s mobility [173]–[175]. The 
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smaller water content results in smaller cationic mobility too. These two factors cause a reduction 

in ion conductivity in ionomers after Co exchange [46], [58].  

5.3.5. Effect of ionomer equivalent weight and structure 

The ionic conductivity of PSFA and PFIA ionomers before and after Co exchange are 

compared in Figure 5.6a. Irrespective of ionomer type and ionic moiety (PFSA vs PFIA), as 

expected, ionic conductivity increases with an increase in relative humidity. Consistent with prior 

membrane studies [36], [37], [58], [81], [152], [159] and the recent ionomer thin film study [165]  

comparing ionic conductivity of H+ and Co2+ forms of PFSA, we also observed significant 

reduction in conductivity of Co2+ form compared to H+ form at all RH. PFIA has the highest 

conductivity among all tested ionomers in both proton and Co form. On the other hand, Nafion has 

the lowest conductivity in both form of ionomers. To investigate the effect of EW of ionomers on 

ionic conductivity, ionic conductivity of ionomers in proton and Co form are compared in Figure 

5.6b. As expected, ionomers with lower EW have higher conductivity in proton and Co form. at 

low RH (Figure 5.6b), we observed conductivity differences between proton and Co form of 

ionomer is higher (two order of magnitude higher in proton form) at low RH and these differences 

is smaller at high RH (two to three times higher in proton form) (Figure 5.6b). It is known that 

ionic conductivity is dependent on water content. 

The ionic conductivity of ionomers increases with a decrease in the EW, i.e. an increase in 

the sulphonic group content. PFIA (620 EW) ionomer exhibits the highest conductivity. For the 

ionomers with similar EWs, e.g. ~830EW (3M EW 825 and Aquivion 830) and ~1000 EW (3M 

980 and Acquivion 1000), 3M ionic conductivity is slightly higher than Aquivion conductivity. 

Nafion and 3M ionomers have similar EW but at the same RH, 3M ionomer has a better 

performance, and it comes from its different side chain structure (Aquivion has the shortest side 
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chain (SSC)length  and Nafion hast the longest side chain (LSC) and 3M known as the medium 

side chain (MSC) length ionomer). After Co exchange, the conductivity of all ionomers is reduced. 

However, PFIA exhibits the least suppression in conductivity after Co2+ exchange. The 

conductivity suppression at 90%RH at 30C for PFIA is lowest at ~40% and highest for Nafion at 

~85%. For ionomers with EW lower than 800, PFIA shows better performance compared to the 

3M. For ionomers with EW higher than 800, 3M and Aquivion exhibit similar performance, and 

they are better than Nafion. All these behaviours are because of their differences in sidechain 

structure.  

(a) (b) 

Figure 5.6. Figure 5.6. Ionic Conductivity at 80 °C of ~30 nm ionomer thin films before and after 

Co exchange as a (a) function of relative humidity (RH), (b) function of equivalent weight (EW) 

at low RH (40% RH) and high RH (90% RH). 

 

The differences in conductivity at a given RH for ionomer with different EW can arise 

from the differences in water content, λ. Accordingly, we determined λ of all ionomers over a 

range of RH in Figure 5.7. As expected, the water content of the ionomers increases with an 

increase in the RH. PFIA has higher water content than the other ionomers in both proton and Co 
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forms of the ionomers (Figure 5.7a). It is interesting to note that at low RH, the differences between 

water content of the ionomers are very small (negligible) (Figure 5.7b) while the differences in 

conductivity at similar low RH was high (Figure 5.6b). On the other hand, at high RH the 

differences in λ is larger compared in contrast to the conductivity, which were close to each other 

at high RH.  

 

(a) 

 

(b) 

Figure 5.7. Water uptake at 80 °C of ~30 nm ionomer thin films before and after Co exchange as 

a (a) function of relative humidity (RH), (b) function of equivalent weight (EW) at low RH (40% 

RH) and high RH (90% RH) 

 

5.3.6. Discussion 

Consistent with prior membrane studies and, also, with the recent ionomer thin film studies, 

significant differences between the H+ and Co2+ forms of PFSA was observed with a significant 

reduction in conductivity of Co2+ form compared to H+ form at all RH. The complementary 

measurements of ionomer swelling revealed lower water uptake for Co2+ form compared to H+ 

form. Thus, qualitatively one can deduce that lower ionic conductivity is due to lower water uptake 

of the ionomer films. The question then arises is whether the two different forms have similar 
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conductivity at comparable water content. If so, the water content could be deemed to be the main 

determinant of the ionic conductivity of these systems. Accordingly, we have plotted the 

conductivity of H+ form and CO2+ form of ionomer thin films as a function of the corresponding 

water content (λ) (Figure 5.8).  Two interesting observations can be made from the data. First, the 

large differences in ionic conductivity for unexchanged ionomers (H+ form) at any specific RH as 

noted in Figure 5.6a appear to be less so when plotted as a function of water content. Second, 

although significant decrease in conductivity of PFIA ionomer thin film was noticed after Co 

exchange, this difference also appears to be less prominent when expressed as a function of water 

content.  

 

Figure 5.8.Ionic Conductivity at 80 °C of ionomer films, before and after Co exchange as a 

function of water content (λ). 
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The ionic conductivity-water content relationship reveals that lower conductivity of Co2+ 

exchanged ionomer is lower than H+ form ionomer films due partially to lower water content of 

Co-exchanged ionomer. However, at lower RH significant differences in conductivity is noted at 

similar water content, indicating the influence of other parameters which may arise from 

differences in ionomer makeup. It has been shown [31] that domain-spacing of ionomers are also 

affected by the ionomer molecular structure. The differences in domain spacing may influence 

geometric factors such as tortuosity of the hydrophilic domains. The effective ionic conductivity 

can be expressed as a product of three factors: mobile species concentration, mobility of the ionic 

species, and a morphological factor accounting for the volume fraction (ε) and tortuosity (τ) of the 

conducting phase. Of these three factors, two of them – mobility and ε/τ – depend on the water 

content. The mobility is expected to have a complex relationship with water content. At lower 

water content, the cation/anion pair would be strongly attracted to each other and lower the 

effective concentration of mobile cation. At higher water content, the ions would be dissociated 

but also have increased size due to hydration shell. The ε/τ would increase since the water volume 

fraction would increase and with an increase the connectivity would improve resulting in decrease 

in tortuosity. If for simplicity’s sake, we consider that the network of hydrated channels for both 

H+ and Co2+ are similar, then at a given water content (water content per SO3
-), the differences in 

conductivity could be attributed to the product of mobility and effective concentration of mobile 

ions. The data of Figure 5.8 is plotted for selected ionomers to examine this hypothesis. Since, 

experimentally, the controllable variable is RH and not λ, we plot the conductivity for H+ and Co2+ 

forms of the ionomer thin films at integer values of λ for ionomers (Nafion, 3M and Aquivion and 

PFIA). We note that the conductivity of H+ is clearly more than three times that of Co2+ form. This 

implies that conductivity reduction is not merely due to decrease in concentration of mobile ions 
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but likely to the differences in the mobility of cations. At higher λ, it may be expected that the 

cations are dissociated from the counter-ion.  However, the mobility at comparable λ would still 

be different since the complete hydration of cations and their mobility differ. 

To investigate the ionic conductivity of Nafion thin film in proton form and Co form at 

different temperature, the ionic conductivity reported by Han et al at different temperature [165] 

and this work data were plotted in Figure 5.9. It was shown that our data and its trend is in a good 

agreement with Han et al data. Ionic conduction at different temperature and Co contamination 

level could use to have Arrhenius plot, for calculating the activation energy of proton conduction 

associated with the proton conduction mechanism (Slope of Arrhenius plot). The activation energy 

for 30 nm Nafion thin film in proton form at 90% RH was found to be 17.35 kJ/mol which is higher 

than the reported activation energy for Nafion membrane (9-15 kJ/mol) [31], [53], [65], [66] and 

may be attributed to the confinement effect in thin films that cause reduction in proton mobility 

[30], [31].  The activation energy of Co form of the Nafion was found to be 25.6 kJ/mol and is 

higher than the proton form because the Co ion is bound to sulfonic acid group more tightly and it 

cause an increase in activation energy and a change in ion transport mechanism in Co form. Han 

et al. reported the activation energy for 40 nm film at proton form and cobalt form to be 17 kJ/mol 

(in proton form), 20 kJ/mol (at 73% contaminated with Co) and 27 kJ/mol (at 86% contaminated 

with Co). Our results are in good agreement with their findings.   
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Figure 5.9. Comparison of ionic Conductivity of Nafion films in proton and Co from as a function 

of temperature, based on the reported values of 40 nm Nafion film at C(H+) in M= 0.28 from Han 

et al. [165] and 30 nm Nafion film this work. 

 

We also compare the RH-dependency of catalyst layer ionic conductance and membrane 

conductance reported by Cai et al. [152] with RH-dependency of 30 nm Nafion thin film from the 

present work. It is noted that CL ionic conductivity cannot be easily defined [117] since the 

ionomer distribution is non-homogeneous through the CL including variation in the ionomer film 

thickness [160]. The thickness-dependency of water content and proton conductivity implies that 

an average thickness or property cannot be assigned. In contrast, the ionomer films in the present 

study are continuous and of well-defined thickness. Nonetheless, we thought it would be 

interesting to examine the differences and similarities in the CL ionic conductance (and membrane 

ionic conductance) and ionomer thin film conductivity. From Figure 5.10 below, we can note that 

the RH-dependency at lower RH for thin films (present study) is quite strong compared to that 

reported for CL ionic and membrane ionic conductance. At higher RH, the RH-dependency (slope 
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of the plots) are similar. The extent of suppression of conductance upon Co2+ exchange reported 

by Cai et al is much larger than that observed for thin films. Note that our results for suppression 

of ionic conductivity of thin films are very similar to that observed by Han et al (Figure 5.9). The 

origin of these differences can only be surmised at this point and may be due to the vastly 

difference microstructural characteristics, such as ionomer connectivity and discontinuous films 

in CL as well as nanoscopic structural differences induced by the substrate (Pt and C substrate in 

CL versus SiO2 substrate used for thin film studies. 

 

Figure 5.10. Ion conductivity of 30 nm Nafion thin films (this work) and ionic conductance (1/R)  

of catalyst layer and membrane reported by Cai et al. [152] as a function of RH . 

 

5.4. Conclusions 

This study provides interesting insights on the effect of Co contamination on hydration 

dependent properties (ion conductivity and water uptake) of PFSA and PFIA ionomer thin films 

(30 nm) with different equivalent weight (EW)(620 to 1100 g/mole of sulphonic acid) and side-

chain length at 80 ˚C.  
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The ionic conductivity of ionomers thin films was measured using impedance spectroscopy. The 

changes in ionic conductivity in all ionomers showed similar behaviour.  All ionomers exhibited 

suppression of ionic conductivity by Co contamination (a decrease of over two orders of magnitude 

at low RH), consistent with the earlier studies. The new insight provided from the present study is 

thar this suppression in conductivity arises from the suppression in water uptake of the ionomer 

films upon Co2+ exchange. RH dependent swelling measurement revealed lower swelling, i.e. 

lower water uptake, of ionomer films upon Co2+ exchange. Our study also highlighted that thermal 

annealing and liquid water exposure can dramatically impact the conductivity of the films. Thus, 

it is important when comparing conductivity and water uptake of H+ form of films with Co2+ form 

of ionomer films to subject the films to similar hygro-thermal pre-treatment. Co2+ has a larger 

impact on hydration dependent properties of ionomer thin films at lower RH. The impact was 

lower for PFIA ionomer than PFSA ionomer and is attributed to different side chain structure of 

PFIA ionomer, which has two acid sites on its side chain. In conductivity – water uptake 

relationship, the differences between  H+ form and Co2+ form of ionomer films becomes less when 

the water content increases. Accordingly, a new universal relationship for ionic conductivity and 

water content of the ionomer films is introduced in this work.  
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Chapter Six: Water Sorption in Ionomer Thin Films: 

Investigation of Substrate and Hysteresis Effects 

6.1. Introduction 

Ionomer, carbon support and Pt catalyst are three main component of catalyst layers (CLs) 

in a fuel cell. Ionomer thin films play an important role of facilitating ion transport within the CL 

and between the membrane and the CL [22], [23], [68], [176]. Ion transport is strongly dependent 

on water content of the ionomer.  Water is fed to the fuel cell system via humidified gases is also 

produced at the cathode via oxygen reduction reaction [177]. Water in the feed gases are 

transported through gas diffusion layer (GDL), catalyst layer (CL), ionomer and finally from 

electrode to the membrane where acts as a charge transport vehicle (Figure 6.1) [178]. The kinetics 

of water absorption/desorption in ionomers in fuel cell is of particular interest for fuel cell 

operations [115], [179]. Since the early work by Siroma and co-workers [66] reporting the decrease 

of proton conductivity with decreasing Nafion film thickness, studies on the relationship between 

interfacial structure of PFSA ionomers and proton transport properties have increased. It is now 

acknowledged that the ionomer thin film transport properties are influenced by the interaction 

between the ionomer and the substrate [56], [68], [70], [180]. Studies on ionomer films with 

thickness less than 100 nm on different substrates have been reported [30], [31], [187], [52], [68], 

[181]–[186]. Different techniques like Neutron Reflectometry [188]–[192], GISAXS [67], [68], 

[132], [183], FTIR [193], [194], Ellipsometry [68], [118], [183], [195]–[197] and QCM [54], [68], 

[182], [189], [195]–[197] and even coarse-grained molecular dynamics simulations [198] were 

used.  
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There are significant reports of the investigation of the properties of Nafion thin film (less 

than 100 nm) supported on Si and SiO2 substrates [54], [66], [67], [69], [132], [199]. However, 

there have been questions about the relevance of these measurements to fuel cells where precious 

metal and carbon are used as catalyst part and ionomers are in contact with these catalytic 

substrates. It was observed that the morphology of ionomer depends on the substrate [68], [183], 

[190], [180]. Other studies investigated the effect of hydrophobicity of the substrate on water 

uptake and morphology of ionomer thin films [183], [195]. They found that the thin films on 

hydrophilic substrate absorb more water compared to the films on hydrophobic substrate [186], 

[187]. 

 

Figure 6.1. Schematic of the water vapor pathway. 

 

Water transport through Nafion membrane has been investigated for decades by different 

methods [179], [200]–[202]. Reported diffusion coefficient using different methods varied by 

order of magnitude depend on the method of measurements like steady state permeation, NMR 

Pt Ionomer 

Carbon 
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diffusion or dynamic water uptake/loss. Majsztrik et al.  provide an excellent summary of reported 

diffusion coefficient and trends for membrane [177]. Satterfield et al. discussed that effect of 

activity and phase of water on the permeation and sorption and indicated that the effective water 

permeability may be limited by interfacial mass transport, diffusion, or polymer swelling dynamics 

[203]. Majsztrik et al.[177], [204] found that the effective water diffusion coefficient decreased 

with decreasing water activity, causing diffusion to become rate limiting at low water activity. 

However, despite the number of studies were focused on Nafion membrane, there are limited 

number of studies on water diffusivity in Nafion thin film.  Eastman et al. [132] studied Nafion 

thin films (20 - 222 nm), they found that the water sorption in thin films (< 60 nm) is thickness 

dependent and confinement effects are more dominant than interfacial effects [132]. Davis et al. 

[205] measured water sorption and diffusion in a Nafion thin film using in-situ polarization 

modulation infrared reflection absorption spectroscopy (PM-IRRAS), they found that the 

interfacial mass transport limitation is minimal and water diffusion coefficient in thin films was 4 

– 5 order of magnitude lower than bulk membrane and was dependent on the initial hydration state 

of the Nafion [205]. This study was opposed to the other studies that find water transport as mainly 

governed by interfacial mass transport [132], [182]. 

Nevertheless, nearly all recent studies were restricted to one ionomer (Nafion) and to 

thickness of more than 20 nm (except one study on 4 nm self-assembled Nafion [68]). For better 

understanding of the relationship between ionomer properties and hydrophobicity of the substrate 

and ionomer /substrate interaction, we need to extend our study in length scale of 10 nm for 

different ionomers with different structure to provide us an insight into the effective factors on CL 

transport resistance. The main goal of this chapter is to investigate the substrate (SiO2, Carbon and 

Pt) effect on morphology and properties of ionomer (Nafion, 3M, Aquivion) thin films (~10 nm). 
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More specifically, the effects of wetting property of the substrates (hydrophilicity/hydrophobicity), 

and operating condition (temperature and RH) are investigated in determining the morphology, 

wettability and water uptake of the ionomer thin films and at the end, the water diffusion 

coefficient in CCL thin films (10 nm films)  was investigated to see what would control it and 

quantify the effect of water activity in ionomer on water diffusion[206] . 

6.2. Experimental 

6.2.1. Materials 

In this work, three different ionomers, Nafion dispersion - EW1100 (Ion Power Inc. 

(USA)), the 3M PFSA-825 EW (3M Fuel cells Component Group, MN, USA) and Aquivion – 830 

EW (Solvay Company (Italy)) were investigated. All ionomers were used to make diluted (0.2wt. 

%) solutions using isopropyl alcohol (IPA) (Sigma Aldrich) to have desired ionomer thin film 

thickness with spin coating method. The diluted dispersion was placed at room temperature for 24 

hours for equilibrating and after that sonicated to make sure that the dispersion is homogenous and 

ready to use. Substrates including silicon with native SiO2, C and Pt were used in this work. For C 

and Pt, a thin physical layer of the respective materials has been deposited on the silicon wafer. Pt 

substrate was obtained from NINT, Alberta and Carbon substrate was prepared, optimized, and 

characterized in house.  

6.2.2. Substrate cleaning and Film preparation: 

The SiO2 and Pt substrates were soaked into acetone for 30 min, followed by 2 min 

sonication in each of the following solvents: IPA, acetone, and DI water. At the end, they were 

washed with IPA, acetone and Millipore water, then dried by N2 blow for a few min and kept under 

UV light at O3 atmosphere for 30 min and made them ready for ultrathin film preparation on them. 
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The substrate with carbon layer were gently washed by IPA and dried by N2 blow before UV light 

at O3 atmosphere.  

After cleaning the substrates, the ~10 nm thin films were prepared using spin coating. The 

diluted in IPA (0.2% wt) ionomer solutions were deposited on substrates using spin-coating (at 

5000 rpm for 30 Sec). Then, Samples were dried at vacuum oven at 40 C for 24 hours. The water 

uptake and conductivity measurements were done immediately after samples were removed from 

vacuum oven to minimize the aging effects.  

6.2.3. Film characterization 

In this work, the surface morphology, roughness, and film thickness of the ionomer thin 

films were examined by AFM while wettability of the thin films were studied by water contact 

angle measurements. The proton conductivity of thin films on Carbon and Pt has not investigated 

due to the conductive nature of the substrate. However, the water uptake of the thin films was 

measured using Quartz Crystal Microbalance (QCM) and Ellipsometry techniques. 

6.3. Result and discussion:  

6.3.1. Surface wettability by water contact angle measurement: 

For the surface wettability characterization, contact angle measurements (via Goniometer) 

with water were used. Water contact angle can be used to quantify the hydrophilicity (θ <90 

degrees) and hydrophobicity (θ >90 degrees) of the surface. Based on the value of water contact 

angle, the ionomer thin films and substrates can be classified into three categories: a) hydrophilic 

b) hydrophobic, and c) intermediate. The water contact angle of the blank substrates and ~10 nm 

ionomer thin films on different substrate were measured and shown in Figure 6.2.  
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Figure 6.2. Water contact angle of ~10 nm ionomers (Nafion, 3M and Aquivion) thin films on 

SiO2, Carbon and Pt substrate. squares, blank substrate; circles, Nafion thin film; triangles, 3M 

thin film; and diamonds, Aquivion thin films. Open symbols are as prepared samples (dried at 40 
oC in vacuum oven); solid symbols are samples after experiencing high temperature (80 oC) and 

high humidity (90% RH). 

 

As we expected, the substrate dependency of the water contact angle of ionomer thin films 

was observed as presented in Figure 6.2. Water contact angle of all ionomers on all substrate 

decreases after experiencing high humidity (90% RH) and high temperature (80˚ C) indicating 

organization of the ionomer including the free surface. The contact angle of ionomer thin films on 

SiO2 is considerably lower than the films on Carbon and Pt. The water contact angle of SiO2 

substrate was measured to be as low as 31 degrees while that for carbon and Pt were found to be 

75 and ~59 degrees, respectively. lower contact angle was expected for Pt as metals are known as 

super hydrophilic material. This could be the result of absorption of impurities from air on the 

surface of the Pt substrate during the experiments.  The lower contact angle of ~10 nm ionomers 
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on SiO2 show that the surface is highly hydrophilic, comparable to findings by Paul et al. who 

reported data for self-assembled Nafion thin films (4 and 10 nm) [98] while the contact angle of 

70 and 80 degrees for ionomers on Carbon and Pt substrates indicate that the surfaces of these 

samples are more hydrophobic (less hydrophilic). SiO2 substrate with hydrophilic surface 

generated hydrophilic film surface while Carbon and Pt with intermediate (less hydrophilic 

compared to the SiO2 substrate) substrate surface generated less hydrophilic film surface. It shows 

that the hydrophilic substrate wetting interaction have a great influence on the molecular 

orientation of ionomer thin films but the nature of this interaction is not fully understood. The same 

behavior has been observed by Mohamed et al. [184] and Paul et al. [89] examined the wettability 

of spin coated and self- assembled Nafion thin films on different substate, respectively, using 

contact angle.  

Among these three ionomers, Nafion is the more hydrophilic one on different substrate and 

Aquivion has the highest water contact angle (less hydrophilic) on all three substrates. The 

wettability changes can be induced due to changes in the roughness [30], [198], [207]. Hence, the 

surface roughness of the films and substrates was examined using AFM. The root mean square 

(RMS) roughness of the films on Carbon varied from 0.27 to 0.67 nm, whereas that on Pt varied 

from 0.32 to 0.58 nm. Based on the RMS roughness of all ionomer film surfaces and substrates, it 

could be concluded that the roughness of the films do not play any significant role in the observed 

wettability differences. On the other hand, due to the very low thickness of the films, confinement 

and interfacial interactions induced organization are expected to play a role in the surface 

wettability of ionomers tin films on different substrate [30]. In thin films, the ionomers aggregate 

oriented parallel to the surface therefore the surface of the substrate dictate the level of the 

hydrophobicity of the thin film surface [30], [208].  
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6.3.2. Film topology by AFM: 

The film topology investigated by AFM is presented in the Figure 6.3 below. AFM images 

and surface roughness of blank substrates (SiO2, Carbon and Pt) show that the surface was smooth 

with negligible roughness. After the film preparation, images of films surface on different 

substrates were presented. It was found that the film morphology depends on substrate surface 

energy which SiO2 has higher surface energy compared to the Carbon and Pt (Carbon and Pt 

surface energy are close to each other). the aggregation pattern or the morphology of the films 

changed by changing the substrate [89]. For all three ionomers, it was observed that the ionomers 

on SiO2 are less aggregated compared to the films on Carbon or Pt. and this is the comparable 

results that Paul et al [55], [89]  reported for self-assembled Nafion thin film on different substrates. 
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6.3.3. Substrate influence on water uptake of ionomer thin films 

Swelling of all three ionomers thin film on SiO2, Carbon and Pt were measured by 

Ellipsometry at 80 ˚C. The main goal of this work is to investigate whether the substrate and its 

hydrophilic nature could have any effect on the water uptake of ultrathin ionomer films. Figure 6.4 
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Figure 6.3. AFM images of (2 x 2 µm²) of blank substrate and 10 nm ionomer (Nafion, 3M ad 

Aquivion) thin films on SiO2, Carbon and Pt substrate. 
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shows the swelling of ionomer thin films on different substrate (SiO2, Pt and Carbon) as a function 

of relative humidity.  

It was observed that the changes in swelling of ionomers on Pt is the highest followed by 

films on SiO2 and Carbon. The nominal thickness of all ionomers is 10 nm. Hence, the confinement 

effects would be similar for all substrates and the source of these differences comes from the 

interactions with the substrate and different structural organization of ionomers on substrates. 

Based on the proposed structural organization for Nafion thin film on SiO2 substrate by Paul et al.  

[89], it is suggested that the 10 nm films of ionomers on SiO2 substrates would be multi-lamellar 

films with water-rich inter-lamellar layer. The substrate wettability appears to control the film 

organization on substrate surface. The sulfonic groups are hydrophilic, and the Teflon backbone 

is hydrophobic. Hence, the backbones are expected to orient parallel to the surface. In this work, 

all three substrates are hydrophilic (they have different level of hydrophilicity) so, the orientation 

of ionomers on substrate may be similar. Therefore, the water rich inter layer will cause the 

differences between the water uptake of the ionomers on different substrate. Shrivastava et al [209] 

employed neutron reflectometry (NR) and quartz crystal microbalance (QCM) to quantify the 

interfacial and bulk water in ionomer thin films on Pt. Interfacial water layer for Nafion films on 

SiO2 was observed by Dura et al. [190]. Hence, the differences between swelling rate of the 

ionomers on different substrate may partially arise from differences in interfacial water content for 

ionomer on different substrates. Additionally, the differences in ionomers structure and 

rearrangement, water network cluster size and their connectivity of ionomers on different substrate 

may be the cause of observed differences in the swelling rate.   
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Figure 6.4. Water vapor sorption of ~10 nm ionomer thin films (Nafion, 3M and Aquivion) on 

different substrate (SiO2, Carbon and Pt) as a function of relative humidity at 80 ̊ C. circles, Nafion 

thin film; triangles, 3M thin film; and diamonds, Aquivion thin films. Red color, films on SiO2 

substrate; green color, films on carbon substrate and blue color, films on Pt substrate. 

 

Previous studies suggested the presence of thin oxide layer on the SiO2 and Pt surface under 

humidified condition [68], [210], [211]. Hence, electrostatic interactions between the hydronium 

ions and negatively charged oxygen atoms on the surface of substrate and sulfonic – acid moieties 

results in more stabled hydronium and sulfonic acid groups pair which result in more water uptake 

in ionomers on the surface of Pt and SiO2 substrate [67], [68], [210], [212], [213]. 

By increasing the humidity, the difference in the water content for ionomers on different substrate 

decreased and water content of ionomers on Pt and SiO2 substrate are found to be closer to each 

other at high RH (> 70% RH), specially for ionomers with low EW (i.e. Aquivion830 and 3M 
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825). Considering the low lambda () values at low to mid RHs (up to 70% RH), the absorbed 

water can be considered to solvate the sulfonic group but remains as bound and exchanged water. 

This affects the swelling of hydrophilic domains to a small extent. 3M and Aquivion ionomers 

have similar swelling behavior due to the similarity of their EWs. At higher RH (more than 70% 

RH), swelling increases due to higher uptake of free water molecules specially for low EW 

ionomers because of their high sulfonic- group density. 

Another interesting observation is the difference in swelling between ionomers for the 

same substrate. Among all ionomer thin films on substrates, Aquivion exhibits the highest change 

in thickness following 3M and Nafion. This is in agreement with the findings of Shrivastava et al. 

[209] and our previous studies about the effect of EW on ionomer thin films hydration properties. 

This trend was seen in all three substrates, and it shows that this correlation between ionomer 

structure (like side chain length) and water uptake of ionomer thin films exists in all three 

substrates.  

6.3.4. Impact of humidity cycling on swelling of ionomer thin films 

During fuel cell operations, ionomer in the catalyst layer is expected to experience different 

humidity during to shutdown, start-up, and variable current/load. The response of ionomer films 

to RH cycling with increasing and decreasing the RH several times was investigated by monitoring 

the film thickness during the cycles. First, a thin film under study was exposed to dry air to make 

sure there is no humidity in the film environment and thereby establish a baseline for dry film. 

Next, the humidity was increased up to 90% RH. This sequence was repeated two more times and 

at the end thin films were exposed to dry air for more than 12 hours (overnight) for final thickness 

measurement. The thickness of all ionomers thin films was measured at each step for water content 

calculation. Figure 6.5 shows the RH cycle protocol used for experiments and analysis.  
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Figure 6.5. RH protocol used for humidity cycling investigation experiment. 

 

For swelling rate and water content calculations, to quantify the differences of the 

ionomer’s water content at each step compared to the as prepared ionomer thin film, the reference 

dry thickness (h0) was set to the equilibrated dry thickness at ~0% RH in first cycle, and the 

saturated thickness at each cycle was set to the thickness of the film at 90% RH of each cycle.  

Figure 6.6 shows the change in thickness of ionomers during RH cycling. At dry condition 

(0% RH). the swelling of ionomers increased after exposed to humid environment for the first 

time. Even after drying the ionomer overnight (more than 12 hours), there is still a sub-layer of 

water in the ionomer that is so difficult to be removed and it confirmed the formation of a water 

rich interface in ionomer thin films. 
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Figure 6.6. Swelling rate of ~10 nm ionomers (Nafion, 3M and Aquivion) on SiO2 substrate at 80 

C as a function of relative humidity cycling. 

 

At humid condition (90% RH) (Figure 6.6), the swelling of the ionomers increased after 

first cycle. The data in Figure 6.6 show that the swelling and de-swelling (relaxation) of the 

ionomers occurred by changing RH, increased the maximum swelling rate capacity. In Cycle 2, a 

slight reduction in the swelling rate was seen. However, it was observed that after several RH 

cycling, the swelling rate of ionomers merged to a stable value which is higher than that observed 

for the first round (cycle 0) of RH cycling. The humidity in the first round causes the structure 

relaxation and plasticization in ionomer and allowing higher swelling occurred in the next cycles. 

The results shows that this impact is long-lasting and the hydration properties (swelling rate of the 

ionomer/ water content) of the ionomer did not come back to the stage before humidity cycling 
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start (cycle 0). These results indicate that the humidity cycling has stronger effect on ionomer 

thickness swelling (water content) than ionomer structure. These trends were similar for all 

ionomers, and it shows that it is not dependent to the EW of ionomer or side chain length or 

structure. 

6.3.5. Water vapor sorption in ionomers 

To understand the water uptake kinetics of ionomer thin films (10 nm), Quartz Crystal 

Microbalance (QCM) (Inficon, East Syracuse, NY) was used and data analyzed assuming 

Sauerbrey equation holds. Ionomer thin films were deposited on gold QCM using spin coating the 

diluted in IPA (0.2% wt.) ionomer solutions were deposited on substrates using spin-coating (at 

5000 rpm for 30 Sec). Then, Samples were dried at vacuum oven at 40 C for 24 hours. QCM 

crystal was sealed in its holder and place in a custom-made chamber for in-situ monitoring the 

relative humidity and temperature of the environment.  

The experimental procedure for all the samples were similar. All measurements were 

performed at 30˚C due to the limitation of QCM crystal specification. Two different RH change 

protocols were used to investigate the absorption and desorption of water. In the first protocol, the 

sample was equilibrated at 30°C and 0% RH and the RH of the system was increased step by step 

up to 90% RH and then decreased step by step as shown in Figure 6.7a. At each RH, the 

measurement was carried until a quasi-equilibrium or steady state was reached. This was arbitrarily 

defined as frequency change of less than +/-1 Hz over 10 minutes period. Once this quasi-

equilibrium state was achieved, the humidity was changed to the next value in the RH. The second 

protocol was similar to humidity cycling experiment described in section (6.3.4), the RH change 

rapidly between 0 and 90% RH (Figure 6.7b). The frequency of coated QCM crystal measured 

after equilibration at each RH and used for water uptake calculation. 
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(a) 

 

(b) 

Figure 6.7.  a), b) The humidity profile adopted for investigating the effect of RH at constant 

temperature (30 °C) on Ionomer thin film water content. 

 

The water sorption and desorption were calculated using frequency change (Δf) 

measurement conducted by using QCM and Sauerbrey equation and founding the mass change 

based on the frequency change (Equation 6.1) (full QCM details can be found in section (3.1.3)). 

𝑊𝑎𝑡𝑒𝑟 (𝑚𝑎𝑠𝑠)𝑢𝑝𝑡𝑎𝑘𝑒 =  
𝑚ோு −  𝑚ௗ௥௬

𝑚ௗ௥௬
=  

∆𝑓ோு −  ∆𝑓ௗ௥௬

∆𝑓ௗ௥௬
                                                      (6.1) 

where, 𝑚ோு is the mass of the ionomer at specific RH that was measured, 𝑚ௗ௥௬ is the mass of the 

dry ionomer film that was measured at dry condition (0% RH), ∆𝑓ோு is the frequency change of 
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the ionomer at specific RH that was measured and ∆𝑓ௗ௥௬ is the frequency change of the dry 

ionomer film that was measured at dry condition (0% RH).  

Figure 6.8 a, b shows a sample of frequency and mass change respectively in measuring 

water uptake in blank QCM gold crystal using QCM technique at 30˚ C.  

a) 

 

b) 

 

Figure 6.8. representation of a) frequency change and b) mass change of a bare gold QCM crystal 

under RH changes at 30˚ C. 
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6.3.5.1. Diffusion Coefficient of Water in Ionomer Thin Films 

Fickian model is commonly used for diffusion coefficient evaluation [200], [201], [214]. 

However, it was noticed that some ionomers did not exhibit Fickian behavior [132], [178] like 

coefficient dependency on ionomer thickness [179], [204], [205], and concentration [179], [204], 

[215], [216] and the difference between adsorption and desorption diffusion coefficient [179], 

[215], [217], [218]. 

In this study, Fickian model was used to compute the diffusion coefficient of water 

ionomers at 30 C. It is known that the Fickian model may not adequately capture the water 

diffusion kinetics when there is high humidity differentials for a step-change, e.g., RH change from 

in one step from 0% and 90% RH. For protocol-1, the step change is around 20% so it could give 

us a good estimation for water absorption/desorption Diffusion Coefficient [132], [177], [219], 

[220].  

For this purpose, at first, as shown in Figure 6.9, the water mass uptake is plotted vs. the 

square root of absorption/ desorption time. Assuming constant or average diffusivity over the 

absorption/desorption time, the mass uptake is predicted to follow the following relationship [220]: 

M (t)

𝑀ஶ
≈  

2

√𝜋 
 ඨ

𝐷 𝑡

𝑙ଶ
                                                                                                                                       (1) 

𝑀ஶis the mass at saturated condition (i.e. at infinite time), M(t) is the mass at time, t is the time 

(Sec.) and L is the film thickness. When mass loading plotted vs. t1/2 this curve produces a straight 

line for the initial stage of absorption. The slope of the straight line is used for diffusivity 

calculation. The dashed line in Figure 6.9 is an example of what is mentioned above for calculating 

the slope in each stage.  
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Figure 6.9. Mass loading of 10 nm Nafion measured at 30 C vs. square root of absorption time. 

The red dashed line is a fit to Fickian diffusion (eq. (1)). 

 

The diffusion coefficient of ionomer thin films (~10 nm) for the two different RH step 

change protocols are reported in Table 6.1 and Table 6.2. The absorption diffusion coefficient 

column defined when RH changes from 0 to 90% and the desorption diffusion coefficient column 

defines when RH varied from 90 to 0 % RH. Table 6.1 shows water absorption and desorption 

diffusion coefficient of ionomer thin films as a function of for RH (RH changes gradually) at 30 

˚C. 3M and Aquivion ionomer showed similar behavior to the Nafion thin film. 

The absorption and desorption kinetics of all ionomers increased by increasing the RH. 

Water desorption is seen to be (~ an order of magnitude) faster than water absorption in all RHs. 

Most of the research were focused on investigating the kinetics of water sorption in ionomer 
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membrane and there are few studies on diffusivity of water sorption in thin films for comparison. 

The water diffusion coefficient in Nafion thin films was reported ~2 × 10-13 cm2/s for 20 nm Nafion 

using Polarization-Modulation Infrared Reflection−Absorption Spectroscopy (PM-IRRAS) 

method and ~ 2 × 10-12 cm2/s for 50 nm Nafion using QCM method [132]. Krtil et al also reported 

~4 × 10 -14 cm2/s for Nafion diffusion coefficient using QCM method [221]. These differences in 

diffusion coefficient may arise from different experimental measurement techniques, conditions, 

and history of samples. 

 

Table 6.1. Diffusion Coefficient (cm2/s) of ionomers thin films at 30 °C when RH was changed 

in steps 0 to 20, 20 to 40, 40 to 60, 60 to 80, and 80 to 90. 

Diffusion Coefficient (cm2/s) 

 Nafion 3M Aquivion 

RH 

(%) 
Absorption Desorption Absorption Desorption Absorption Desorption 

20 0.4 × 10 -18 1.2 × 10 -17 0.2 × 10 -16 1.8 × 10 -15 0.5 × 10 -16 1.5 × 10 -15 

40 1.5 × 10 -18 1.8 × 10 -17 1.2 × 10 -15 0.84 × 10 -14 1.1 × 10 -15 1.3 × 10 -14 

60 1.8 × 10 -17 1.1 × 10 -16 1.5 × 10 -14 1.2 × 10 -14 1.7 × 10 -14 1.6 × 10 -14 

80 3.3 × 10 -17 4.2 × 10 -16 4.3 × 10 -14 6.2 × 10 -14 4.7 × 10 -14 5.8 × 10 -14 

90 4.8 × 10 -17 6.3 × 10 -16 5.9 × 10 -14 9.5 × 10 -14 5.5 × 10 -14 8.7 × 10 -14 
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Table 6.2. Diffusion Coefficient (cm2/s) of ionomers thin films at 30 °C when RH step change 

from 0% to 90% RH and 90% to 0% is applied. 

Diffusion Coefficient (cm2/s) 

 Nafion 3M Aquivion 

C
ycle 

Absorption Desorption Absorption Desorption Absorption Desorption 

0 4.3 × 10 -18 1.5 × 10 -16 1.2 × 10 -16 2 × 10 -15 0.4 × 10 -16 1.8 × 10 -15 

1 0.4 × 10 -16 0.6 × 10 -16 0.9 × 10 -15 3.7 × 10 -15 1.2 × 10 -15 2.3 × 10 -15 

2 1.6 × 10 -16 2.3 × 10 -16 2.3 × 10 -15 6.5 × 10 -15 2.7 × 10 -15 7.6 × 10 -15 

 

Table 6.2 shows water absorption and desorption diffusion coefficient of ionomer thin 

films as a function of for RH (RH changes from 0 to 90% and vice versa instantly) at 30 ˚C. It is 

observed that the desorption diffusion coefficient is bigger than absorption diffusion coefficient 

for all ionomers which shows desorption happened faster than absorption for all ionomers. This 

behavior is in a good agreement with previous research reports[178], [200], [221]. The absorption 

coefficient of ionomers for the first cycle is smaller than the subsequent cycles. 3M and Aquivion 

ionomer showed similar behavior to the Nafion thin film. 

The differences between kinetics of absorption and desorption of water in ionomers suggest 

complex interplay between diffusion mechanism and microstructure of the films. There are two 

processes involved in the sorption of water in ionomers film: a) interfacial mass transport from 

water vapor into the film, b) diffusion of water within the film through the hydrophilic domains 

[200]. The state of the ionomer, i.e. the connectivity of hydrophilic domains and the relaxation of 

polymer chains is certainly different at different water content. Thus, the differences in diffusivity 
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at low RH and high RH can be attributed, if not entirely, then significantly to the differences in the 

ionomer microstructure. It is noted that diffusion coefficient for desorption is larger than that for 

absorption. This difference can also be attributed partially to differences in relaxation state and 

hydrophilic domain connectivity. It is suggested that if the dry ionomer is exposed to water vapor 

for the first time, after initial water uptake, ionomer structure will rearrange and become more 

relaxed to accommodate the water into the hydrophilic domains of ionomers. On the other hand, 

during desorption, the polymer does not need to shrink before water leaves the ionomer. Thus, this 

difference in the polymer microstructure can also explain the differences in diffusivity for 

absorption and desorption processes.  

6.4. Conclusion 

To investigate the impact of substrate (Pt and carbon) on ionomer structure and properties, 

wettability of ionomer films and RH-dependent  swelling rate were measured. The hysteresis of 

water sorption/desorption from ionomer was also investigated.  

The wettability study of ionomers on Pt, carbon and SiO2 substrate showed that the surface 

of ionomers on SiO2 substrate are more hydrophilic than ionomers on Pt and carbon substrate.  It 

shows that the tendency of forming SO3H cluster groups on carbon and Pt substrate is not as strong 

as SiO2 substrate. The swelling rate of 10 nm ionomer on Pt substrate were observed to be higher 

than those on carbon and SiO2 substrates. These results indicate that the strong binding of ionomer 

on Pt does not adversely impact the water sorption. In fact, the opposite is true. The differences in 

wettability and swelling rate of ionomer film on carbon and platinum substrate indicate that the 

interactions between ionomers and substrate affects internal structure of ionomers as well as the 

film surface especially in ultra thin films (< 10 nm). 
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Moreover, water sorption studies on ionomer thin films shows that water absorption is 

slower than water desorption. It could indicate that the rate of water absorption controlled by the 

rate of interfacial transport and swelling while the desorption rate mainly controls by interfacial 

mass transport. 
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Chapter Seven: Conclusions and Recommendations for 

Future Work 

 
7.1 Conclusions 

In this thesis, new data for hydration-driven properties, pertinent to fuel cell catalysts layer, 

of ionomer thin films were generated. The work was undertaken to fill the gap in knowledge 

pertaining the quantitative information on the key functional properties - water sorption and proton 

conductivity - of new ionomers that have become available. Although the ionomers investigated 

in the present thesis all belong to the perfluorosulphonic acid (PFSA) class of polymer, the extent 

to which the molecular variation (side-chain length and inter side-chain distance) affect the water 

sorption and proton conductivity were not fully quantified. The these reports a comprehensive 

dataset comprising the aforementioned properties of thin films (<100 nm) of seven different 

ionomers over a wide range of relative humidity 0-90% and temperature (30, 60 and 80oC). The 

new data generated for specific ionomers is expected to useful for scientists and engineers 

responsible for electrode fabrication and design. The comprehensive set of data also allowed 

investigation of a universal relationship or generalized behaviour of ionomer thin films. This thesis 

has made several contributions towards the advancement of the PEFC research field. These key 

findings are summarized below. 

Effect of ionomer equivalent weight and side-chain characteristics: First contribution 

of this work is the generation of new data for water content and proton conductivity of seven PFSA 

ionomers (30 nm films for PFSA ionomers with different equivalent weight – from 620 to 1100 

g/mole of sulphonic acid – and varying in side-chain length) as a function of relative humidity. 
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The collective analyses of the data revealed that the acid content of the ionomer, i.e., inverse of 

EW, was the strongest determinant of the water content and proton conductivity at any given 

relative humidity. Thus, water content and proton conductivity were found to decrease 

monotonically with increasing EW. All ionomer exhibited the expected exponential-type 

dependency of proton conductivity on water content. A single universal correlation for all 

ionomers could describe the trend but the influence of side-chain characteristics – length and 

interspacing – was significant at low water content (λ<4) . Proton conductivity data indicated that 

for all ionomer at higher water content there was a trend to reach an asymptotic value of ≈0.1 S/cm. 

The present study also showed why it is important to quantify the properties at fuel cell operating 

temperature (80°C) rather than commonly reported measurements at room temperatures (~30oC). 

At comparable relative humidity, the data in the thesis established that both water content and 

proton conductivity are significantly higher at fuel cell operating conditions (80oC) than at room 

temperature (30oC). The differences in proton conductivity arise from differences in water content. 

The important finding from the thesis is that the differences in proton conductivity at two 

temperatures diminish at comparable water content. The new data provides a more relevant source 

for use in fuel cell catalyst layer modeling. The availability of water content data also allowed 

correlation between literature reported oxygen transport resistance and ionomer water content.  

Effect of cobalt exchange and thermal/aqueous treatment: An important contribution 

of this study has been the quantification of the extent of suppression of hydration properties when 

proton-form of ionomers are contaminated by Co2+ ion.  All ionomers exhibited suppression of 

ionic conductivity by Co contamination (a decrease of over two orders of magnitude at low RH), 

consistent with the earlier studies. The new insight provided from the present study is that this 

suppression in conductivity arises from the suppression in water uptake of the ionomer films upon 
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Co2+ exchange. The RH dependent swelling measurement revealed lower swelling, i.e., lower 

water uptake, of ionomer films upon Co2+ exchange. The study also highlighted that thermal 

annealing and liquid water exposure can dramatically impact the conductivity of the films. Thus, 

it is important when comparing conductivity and water uptake of H+ form of films with Co2+ form 

of ionomer films to subject the films to similar hygro-thermal pre-treatment. Co2+ has a larger 

impact on hydration-dependent properties of ionomer thin films at lower RH. The impact was 

lower for PFIA ionomer than PFSA ionomer and is attributed to different side chain structure of 

PFIA ionomer, which has two acid sites on its side chain. From conductivity – water uptake 

relationship, the differences between H+ form and Co2+ form of ionomer films becomes less when 

the water content increases. Accordingly, a new universal relationship for ionic conductivity and 

water content of the ionomer films is introduced in this work.  

Effect of substrate and hydration hysteresis: The swelling rate of 10 nm ionomer thin 

films on Pt, carbon and SiO2 substrate revealed that films on Pt substrate have higher swelling rate 

than those on carbon and SiO2 substrates. These results prove the evidence of better water network 

and higher proton conductivity in ionomers on Pt substrate. An important implication of the result 

is that it provides a counter argument for local oxygen transport resistance caused by densification 

of ionomer on Pt. The higher hydration level implies that oxygen transport through hydrophilic 

domain would be facile. The results also indicate that the interactions between ionomers and 

substrate affects internal structure of ionomers as well as the film surface especially in ultra thin 

films (< 10 nm). The combined results for hydration (swelling) and wettability study of ionomers 

on Pt, carbon and SiO2 substrate reveals that both bulk and surface morphology of ionomer films 

are affected by the substrate.  
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Moreover, water sorption studies on ionomer thin films shows that water absorption is slower 

than water desorption. It could indicate that the rate of water absorption controlled by the rate of 

interfacial transport and swelling while the desorption rate mainly controls by interfacial mass 

transport. 

7.2 Recommendations for Future Work 

Although this thesis has contributed in several ways towards the quantification of the 

properties of thin films of ionomers with different structure (different side chain length and 

structure), yet some areas of the topic remained unexplored. Based on the key findings achieved 

throughout the thesis, following are the suggestions that must be considered to further advance the 

knowledge of ionomers in CL: 

 Investigate the water uptake and proton conductivity of ionomers thin films (10 nm) on substrates 

with different hydrophobicity (hydrophilic Pt, hydrophobic and hydrophilic carbon substrate) at 

fuel cell operational temperature (~80oC) to advance our knowledge about the effective parameters 

on controlling the proton transport in CL.  

 Quantify the water uptake of catalyst layer at fuel cell operational temperature (~80oC) and 

correlate with thin film water uptake as well with proton conductivity in catalyst layer. 

 Investigate thermal expansion of different ionomer thin films (10 nm) on different substrate (Pt 

and carbon) using heated cell ellipsometry to gather more data about the effect of ionomers and 

substrate and their interaction and its effect on ionomer properties.  

 Investigate the substrate-dependent properties of cobalt exchanged ionomer thin films. Hydration 

and thermal expansion properties of contaminated ionomers could be examined on different 

substrate (Pt and carbon) using ellipsometry to gather more data about the effect of substrate on 

the effect of contamination on ionomers properties.   
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