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Abstract 

This thesis is focused on the water uptake and swelling properties of sub-micron thin ion-

conducting polymer (ionomer) films. One motivation for this work stems from the need to resolve the 

discrepancy between high water uptake and low proton conductivity properties observed in Nafion®  thin 

films on SiO2 substrate. In addition, the effects of film thickness, substrate, ionomer equivalent weight 

(EW), and annealing on the intrinsic properties of ionomer thin films were studied. Ionomer thin films 

were characterized using the quartz crystal microbalance (QCM) and ellipsometry for their density, 

refractive index (RI), water uptake and swelling properties.  

Water uptake studies showed that the effect of substrate on water uptake of Nafion®  thin films 

were not as strong as expected. Meanwhile, a thickness-dependent water uptake was observed for Nafion®  

thin films. Similar trends were observed for the two low EW ionomers suggesting similar nano-structure 

in the thin film form. Interestingly, comparison of water uptake showed that low EW ionomers adsorb 

comparable or less water than Nafion in the thin film form.  

A combined QCM and ellipsometer setup was employed for the first time to simultaneously 

measure the water uptake and swelling, respectively as a function of humidity. All thin films appear to be 

affected by confinement effect as evident by the swelling dimension and volume of mixing. Thermally 

annealed (160 oC) Nafion®  thin films experienced a significant decrease in water uptake and swelling 

properties. 
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Chapter 1 

Introduction 

 

Demand for clean and sustainable energy systems is increasing in the automotive industry as 

regulations are being put in place to reduce emission.1,2 Polymer electrolyte fuel cell (PEFC) is a 

promising technology for direct conversion of chemical energy to electricity efficiently. Due to its 

high efficiency and zero local emission, hydrogen-fueled PEFCs are considered to be cleaner 

alternative to the internal combustion engines as energy conversion system for transportation 

application. However, for fuel cells to be fully commercialized the cost must be further reduced 

while the performance and durability must be increased. For PEFCs, all of these issues are 

strongly related to the catalyst layer (CL) where the electrochemical reactions take place. The 

cost is associated with the use of precious Platinum (Pt)catalyst. The performance is dependent on 

the intrinsic properties as well as the microstructure-dependent effective properties of the material 

phases of the CL. The durability issues are linked to the loss of Pt catalyst as well as the 

degradation of its carbon support and the ion-conducting polymer (ionomer).  

 

To introduce these issues, the key components of a PEFC are shown in Figure 1.1. These 

include the membrane electrode assembly, porous carbon paper or cloth called porous transport 

layer (PTL), and the gas flow channels. The membrane electrode assembly (MEA) is composed 

of the anode and cathode CLs separated by a proton-conducting polymer electrolyte membrane 

(PEM). Currently the industry leading PEM is Nafion® , a perfluoro-sulfonic acid (PFSA). The 

ion-conducting polymer (ionomer), which is utilized as the PEM, and also in the CL where it 

exists as a thin film along with platinum (Pt) and carbon (C) aggregates, is responsible for proton 

conduction. For fuel cell operations, water-mediated proton transport through the ionomer is 
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crucial; sufficient hydration of ionomer is required for proton transport. Extensive studies on the 

Nafion ionomer in its bulk or membrane form, particularly on its proton conductivity and water 

uptake properties as well as its internal structure, have been reported.3 However, the ionomer in 

the CL exists as an ultra-thin film (4-10 nm) that is thought to coat the aggregates of Pt/C 

catalysts. The properties of the ionomer material at such small length scales are not fully 

understood. It has been hypothesized that the confinement effect of polymers on substrates can 

result in dramatically different structures and properties than the bulk counterpart. The primary 

functional property of the ionomer in the CL is proton conduction, which in turn is a function of 

water content that in turn is dependent on local humidity. In addition, recent experimental studies 

on low-Pt loading CLs,4,5 have alluded that the local transport (Figure 1.1(c)) and the interfacial 

effects of ionomer films are responsible for higher than known or accountable-for-losses in the 

CLs.6  In order to understand the transport limitations that inhibit fuel cell performance, both the 

intrinsic and effective properties of the ionomer in the CL is of interest.7 Unfortunately, direct 

investigation of Nafion®  in the CL is difficult because of many factors including the composite 

nature of the CL, the heterogeneity, and challenges in probing within nanometers size pores.  

 

 

Figure 1.1: (a) MEA (b) Microstructure of CL (c) Transport and Reactions in the CL.  
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Thus, in order to study the fundamental properties of Nafion®  in the thin film form, a uniform 

film cast on a planar well-defined substrate allows for measurements on material of controlled 

thickness. In fact, a thickness-dependent proton conductivity of Nafion®  thin films has been 

observed.8 Nafion®  thin films prepared on silica (SiO2) substrate exhibited significantly lower 

proton conductivity compared to the membrane form. The conductivity was found to decrease 

with thickness. However, when the water uptake of these films was studied, an opposite trend was 

observed; that is, the thin films were found to absorb significantly more water than the 

membrane.6 Furthermore, thin Nafion films on gold (Au) substrate showed much lower water 

uptake than the membrane.9 Also, thermal annealing was found to result in a decrease in proton 

conductivity. A more detailed review on ionomer thin films are presented in Chapter 2. 

 

1.1 Motivation 

 

The aforementioned observations on Nafion thin film conductivity and water uptake has 

prompted several questions:  

 

- Why was a higher water uptake but a lower conductivity for thinner films (<20 nm) 

observed?  

- Is there a possibility of experimental artifact in the prior measurements of water uptake? 

- How is the water uptake related to physical dimension change or swelling? 

- Upon thermal annealing, do water uptake and swelling exhibit similar relationship as that in 

unannealed films? 
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1.2 Objectives 

 

The overall goal of this thesis is to study the behavior of ionomer thin films at varying but 

controlled conditions of relative humidity. In particular, the focus is to characterize the mass 

water uptake and swelling of the thin films as a function of ionomer film thickness and substrate. 

The specific tasks undertaken in this study to meet the aforementioned goal are outlined below:  

 

- To fabricate ultra-thin films of controllable and uniform thickness on planar substrates. 

- To characterize the physical properties of the prepared films including uniformity of the films 

and gravimetric density. 

- To develop experimental setup and protocols for measurement of water uptake of thin 

ionomer films using quartz crystal microbalance (QCM) setup. 

- To develop experimental setup and protocols for measurement of swelling behavior of thin 

ionomer films using ellipsometry. 

- To quantify water uptake and swelling property as a function of humidity, thickness, 

substrate, and equivalent weight. 

- To investigate the influence of thermal treatment on the properties of Nafion®  thin films. 

 

1.3 Approach 

 

In order to answer the above questions in section 1.1, an experimental study in this thesis has 

been undertaken. A quartz crystal microbalance (QCM) was employed independently to quantify 

the water uptake of the ionomer thin films. Later, a custom-built cell to accommodate QCM 

holder in a spectroscopic ellipsometry setup was employed for simultaneous measurement of 
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mass uptake of water and thickness change of the thin ionomer films. The effects of thickness, 

substrate type and thermal annealing on water uptake have been systematically investigated. 

 

The discrepancy between proton conductivity and water uptake of Nafion®  thin films on SiO2 

substrate has been investigated. Finally, in collaboration with Automotive fuel cell cooperation 

(AFCC) the water uptake properties of two different ionomers has been investigated.  A review of 

literature presented in the next chapter provides the existing knowledge of ionomers in both the 

membrane and thin film form. 

 

1.4 Thesis Layout 

Below is a description of the chapter-wise layout of the thesis including a brief summary of the 

key content of each chapter. 

 

Chapter 1: Introduction 

This chapter introduces the motivation and approach for this thesis. The basic knowledge of fuel 

cells is provided for readers to understand the objective of this thesis. 

 

Chapter 2: Literature Review 

This chapter presents the fundamentals of PEFCs and the role of the ionomer inside the catalyst 

layer. The knowledge gap existing between ionomers in the membrane form and thin film form in 

literature has been studied, focusing mainly on Nafion® . The structure and properties of Nafion®  

in the membrane form is provided. A thorough literature review on the water uptake property of 

Nafion®  and the effect of thickness, substrate, annealing and equivalent weight is also included. 

Furthermore, a thorough literature review on the kinetics of water sorption has been presented, 

along with the difficulties that were encountered. 
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Chapter 3: Experimental Techniques: Theory and Application 

In this chapter, the theory and application of the experimental techniques employed in this thesis 

has been presented. The fundamentals behind the operation of the instruments are presented along 

with how the raw data can be interpreted to meaning observations. 

 

Chapter 4: Fabrication and Characterization of Sub-Micron Thin Ionomer Films 

The fabrication processes of sub-micron thin ionomer films on quartz crystals are presented in 

this Chapter. Two methods for film fabrication are introduced: self-assembly and spin-coating. 

The physical and optical characteristics of the films including mass, thickness, roughness, density 

and refractive index are introduced. Chapters 5 through 7 are restricted to spin-coated films. 

 

Chapter 5: Thickness and Substrate-dependent Water Uptake Properties 

This chapter focuses on the water uptake property of Nafion®  in the thin film form. The 

anomalous water uptake observed for films prepared on SiO2 substrates is investigated and 

resolved. The effect of thickness on water uptake of Nafion®  thin films are studied and compared 

to the previously reported proton conductivity.    

 

Chapter 6: Effect of Ionomer Equivalent Weight on Water Uptake Properties 

This chapter reports the water uptake property of two new ionomers with differing equivalent 

weight. The thickness-dependent water uptake of these ionomers is compared to the results 

observed for Nafion® . 
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Chapter 7: Combined Water Uptake and Swellability Study of Sub-Micron Thin Ionomer 

Films and the Effect of Annealing 

This chapter reports the first-ever combined QCM-Ellipsometry system that allows simultaneous 

monitoring of mass and thickness change in thin films during water sorption and desorption. The 

water uptake and swellability of ionomer films are studied in conjunction. Furthermore, the effect 

of thermal annealing on the water uptake and swelling properties in Nafion films®  is presented. 

 

Chapter 8: Conclusions and Recommendations 

A summary of the observations and findings of this thesis is presented in this chapter. 
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Chapter 2 

Literature Review 

 

2.1 Introduction 

 

This chapter provides an overview and the importance of studying supported ionomer 

thin films. A brief introduction and history of PEFC is described along with its operational 

characteristics. The structure and properties of ionomers in the membrane form and as thin films 

are presented and the differences between the two are discussed. The reasoning behind the 

experiments that were performed will be explained to guide the readers.  

 

2.2 PEFC 

 

While the fundamental idea of fuel cells has been around since the 19th century, PEFCs 

gained increasing attention mostly due to NASA utilizing it for the Gemini program in the 1960s. 

However, due to the high cost of PEFCs, the adoption of PEFCs to terrestrial applications was 

minimal and could only be used in special applications where high funding was available. Interest 

in PEFCs has skyrocketed in the past two decades mainly due to environmental concerns,10 

coupled with the introduction of the PFSA ionomer membrane Nafion®  by E.I. Du Pont de 

Nemours and Company. PEFCs are thought to play a major role as clean and efficient energy 

conversion technology for stationary and automotive applications.  

 

The basic function of PEFCs is the conversion of chemical energy into electrical energy 

by electro-oxidation of hydrogen and electro-reduction of oxygen in a single device. The 
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electrochemical reactions take place in the electrodes, also known as CLs. The CL is a porous 

composite structure consisting of Platinum (Pt) catalyst on carbon (C) support, and an ion-

conducting polymer (ionomer). As shown in Figure 2.1, the two electrodes (the cathode and the 

anode) are separated from each other by an ionomeric membrane usually known as the polymer 

electrolyte membrane (PEM). The reacting gases for the anode and the cathode, i.e. hydrogen and 

oxygen, respectively, are supplied to the cell via the channels in a conducting solid plate, known 

as the flow-field plate. An electron conducting porous layer, typically made of porous carbon 

paper, separates the flow-field plate from the CL. This layer commonly known as the gas 

diffusion layer (GDL) is supposed to distribute the gases uniformly to the CL. In addition, the 

GDL also transports electrons, heat, and water to/from the CL from/to the flow-field plate. 

 

 

Figure 2.1: Illustration of PEFC. Figure is taken from reference [7]. 

 

The overall reaction of hydrogen and oxygen reacting to produce water can be broken 

down into the following two half-cell reactions; hydrogen oxidation reaction (HOR) and the 

oxygen reduction reaction (ORR) occur at the anode and cathode respectively: 
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At anode: 𝐻2 → 2𝐻+ + 2𝑒− [HOR] 

At cathode: 
1

2
𝑂2 + 2𝐻+ + 2𝑒− → 𝐻2𝑂 [ORR] 

Overall reaction: 𝐻2 +
1

2
𝑂2 → 𝐻2𝑂  

 

At the anode, hydrogen is oxidized by catalytic Pt nanoparticles and the reaction 

byproducts are transported to the cathode via different paths – protons travel internally via the 

PEM whereas the electrons through the external circuit to the cathode side. At the cathode, 

oxygen is reduced upon combination with protons and electrons generated on the cathode to 

produce water as a byproduct. The rate of reaction not only depends on the intrinsic 

electrocatalytic activity of the catalyst but also on the reactants and byproducts transport, which 

dictates the local concentration or potential of the pertinent reacting species.11,12 The activity of 

the catalyst is dependent on its size, morphology, and structure. Platinum as a catalyst is very 

efficient for both the HOR and ORR but it is also very expensive. For maximizing the utilization 

of catalyst on a mass basis, 2-5 nanometers sized Pt particles dispersed on carbon support is used. 

In a CL, aggregates of these Pt/C catalysts are held together by a coating of the ionomer. The 

roles of the carbon support and ionomer are not limited merely to the physical aspect of support 

and binding. From an electrochemistry point-of-view, it is also the role of the carbon support to 

provide electronic pathways for electrical current flow to and from reaction sites while the 

ionomer is responsible for the transport of protons, and the local transport of reactant molecules 

(O2 or H2) and product water to or from the reacting Pt/ionomer interface. The transport of 

various species is affected by the CL microstructure. Unfortunately, the microstructure of the CL 

remains debatable due primarily to difficulty in resolving the various material phases – Pt, carbon 

and ionomer – with sufficient spatial resolution. One of the first images showing a single carbon 
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particle decorated by Pt particles and covered by a thin film of ionomer was that by Karen More 

from Oak Ridge National Lab.13 The now-famous image is reproduced below as Figure 2.2 

 

 

Figure 2.2: TEM image of Pt/ionomer/C microstructure in the CL. Figure is taken from 

reference [13]. 

 

Although the image in Figure 2.2 shows uniformly coated ionomer film, other images in 

the paper show the ionomer is non-uniformly distributed. While electron conductivity of the 

carbon is relatively high, significant resistance to gas and proton transport through the ionomer 

phase are present which can result in poor utilization of Pt. The gas and proton transport are 

further linked to water management.7,11,12,14-16 While it is necessary for the CL to be hydrated 

enough for facile proton transport, excessive water will flood the cathode and hinder transport of 

gases leading to decreased performance as evident in Figure 2.3. Thus, understanding both the 

role played by ionomer on water transport and the influence of water on ionomer properties is 

important. 
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Figure 2.3: Polarization curve showing the effect of flooding on cell performance. Figure is 

taken from reference [15]. 

 

2.3 Nafion®  ionomer 

 

2.3.1 Nano-structure and morphology  

 

2.3.1.1 Nafion®  as PEM 

 

Nafion® , developed by DuPont in the 1960s, is a copolymer of perfluorinated vinyl ether 

co-monomer and tetrafluoroethylene (Teflon® ). It is a perfluoro-sulfonic acid with molecular 

structure as shown in Figure 2.4. The side chain contains sulfonic group, which is hydrophilic 

while the fluorocarbon monomer backbone is hydrophobic. The most commonly employed 

Nafion®  1100 corresponds to when x=6 and y=1. 1100 represents the ionomer’s equivalent 

weight (EW) which is grams of dry Nafion®  per sulfonic acid group when the material is in the 

acid form. The ion-exchange capacity (IEC), which is widely used for ion exchange resins, is 

related to the EW by the equation IEC=1000/EW. 
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Figure 2.4: Molecular structure of Nafion® . 

 

Nafion®  plays an important role in PEFCs because of its chemical stability and hydration 

properties. While many studies have been conducted on free-standing membrane form,1 the exact 

nanostructure of Nafion®  is still debated. Using x-ray scattering and diffraction techniques, 

various models attempt to define the structure.17-20 Unfortunately Nafion®  only yields a single 

peak within the ionic domain (denoted as the ionomer peak) which can be fit to various models 

depending on the assumptions employed. A typical small angle x-ray scattering (SAXS) data 

showing the ionomer peak is shown in Figure 2.5. Other techniques such as TEM21 or atomic 

force microscopy22 (AFM) have been employed to provide insight on the structure with limited 

success. 
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Figure 2.5: SAXS experimental data of ionomer membrane. Figure is taken from reference 

[16]. 

 

One of the earliest proposed structural models for Nafion is the cluster-network model by 

Gierke et al17. Using SAXS and wide angle x-ray scattering (WAXS) on ionomers with EW 

ranging from 1100 to 1800, they concluded that the swollen state of Nafion®  is best described 

assuming spherical ionic clusters with an inverted micellar structure as shown in Figure 2.6(a). 

According to them, the cluster diameter, number of sulfonate sites per cluster, and the number of 

water molecules per cluster could be estimated and was found to increase linearly with increasing 

water content. They attributed this phenomenon to the expansion in cluster size and redistribution 

of the sulfonate sites. 
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(a) Cluster-network model.17 

 

(b) Water-channel model.18  

Figure 2.6: Structural models of Nafion®  ionomer membrane. Figures are taken from 

references [17-18]. 

 

While Gierke’s cluster-network model17 is widely popular, many researchers are skeptical 

about the shape and spatial distribution of the ionic clusters. SAXS studies have been fitted to 

elongated structures within the ionic domain, which is not explained by Gierke’s model. Other 

models that were proposed include the sandwich model by Haubold et al19 and the fibrillar 

structure model by Rubatat et al20. However, Schmidtz-Rohr et al18 attempted to fit SAXS data 

available in literature to various proposed models but to no avail. Instead they proposed a water-

channel model, which successfully fit all available SAXS data. The model is shown in Figure 

2.6(b) and it consists of parallel water channels surrounded by partially hydrophilic side branches.  

 

In addition to the ionomer peak, an additional peak appears at q = ~0.05 nm-1. According 

to Gebel et al23, this peak is encountered in semi-crystalline polymers such as polyethylene or 

polytetrafluoroethylene (PTFE). Mauritz and Moore3 attributed this peak to the crystalline 

organization within the fluorocarbon matrix and observed that it disappeared near the melting 

point of PTFE. 
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2.3.1.2 Nafion®  thin film 

 

As mentioned previously, Nafion®  exists as ultra-thin (4-10 nm) film in the CL. Here, it 

is important to define thin films. In this work, thin films are referred to sub-micron films 

supported on a substrate. Films of thickness less than 100 nm may be defined as ultra-thin films. 

Recently, there have been a number of studies on thin and ultra-thin Nafion films, including those 

from our group, aimed at probing the structure and properties of the films. These studies have 

shown the properties and structure of the Nafion films are thickness- and substrate-dependent. For 

supported sub-micron polymer films, interfacial confinement at the polymer-substrate boundary 

are well known and contributes to thickness-dependent structure and properties.7 The interfacial 

characteristics dominate the observable bulk-like characteristics.  

 

For Nafion, Dura et al24 reported that for films (~60 nm) on SiO2, lamellar structures are 

formed as confirmed by Neutron reflectometry (NR). However, the same study on Au and Pt 

surfaces showed no multilayer structure. Mohamed et al25 observed SO3H nano-clusters are 

oriented differently with different substrate using positron annihilation study and water contact 

angle. Films of thicknesses >100 nm exhibited a hydrophobic surface similar to that observed in 

freestanding membranes.26,27 While the contact angle of thinner films on Si substrates went as low 

as 6o indicating hydrophilic surface, the contact angle for films on glassy carbon and Pt/Si only 

went down to roughly 61o. In our group Paul et al28 also proposed the nanostructure of ultra-thin 

and thin Nafion®  films on SiO2 as shown in Figure 2.7. Ultra-thin films (<55 nm) have a 

hydrophilic surface while thicker films (>55 nm) have a hydrophobic surface. 
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Figure 2.7: Proposed nano-structure of ultra-thin and thin Nafion®  films according to Paul 

et al. Figure is taken from reference [28]. 

 

2.3.2 Water uptake and swelling 

 

Nafion membrane: Water uptake of Nafion®  is expressed in hydration number (λ), 

number of moles of water per moles of sulfonic acid groups. λ is calculated using the water mass 

uptake and IEC, 

 

 λ = (
𝑚𝑅𝐻 − 𝑚0

𝑀𝐻2𝑂
) (

1000

𝑚0 ∙ 𝐼𝐸𝐶
) (2.1) 

where 𝑚𝑅𝐻 is the sample mass at a designated relative humidity (RH), 𝑚0 is the dry mass of the 

film, 𝑀𝐻2𝑂 is the molecular mass of water, and IEC is the ion exchange capacity.  
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 For Nafion membrane, the water uptake has been well studied. Water uptake in Nafion®  

membrane can be seen as a two-step process.29 Water molecules in the polymer are strongly 

attracted to the ionic components and slowly fill the ionic domain while trying to overcome the 

hydrophobic backbone resistance. Once the resistance is overcome by sufficient chemical 

potential, the polymer swells allowing more water molecules to be captured by the sulfonate ions. 

The water vapor sorption isotherm of Nafion®  membrane can be seen in Figure 2.8. An 

interesting phenomenon that Nafion®  membranes experience is the Schroeder’s Paradox,30 where 

Nafion®  membrane exposed to liquid water exhibits a λ of 22 as opposed to only λ of 14 when 

exposed to saturated vapor phase. This has been attributed to surface tension at the interface.    

 

 

Figure 2.8: Equilibrium water vapor sorption of Nafion®  membrane at 30 oC. Figure is 

taken from reference [29]. 

 

  The same two-step process can be observed in the swelling property of Nafion®  

membranes. Using a creep instrument, Benziger et al31 studied the swelling strain of at varying 

temperatures which can be seen in Figure 2.9. The results are similar to that of the water sorption 

equilibrium, which is an indication that there exists a linear relationship between water uptake 

and swelling. 
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Figure 2.9: Linear swelling strain of Nafion membrane. Figure is taken from reference [31]. 

 

Nafion thin films: Water uptake of sub-micron Nafion®  films has been studied by various 

groups using the Quartz Crystal Microbalance (QCM).  One of the earliest studies using the QCM 

was conducted by Krtil et al.32 They reported the water uptake of 20 - 80 nm film on silver quartz 

crystal had similar values to that of bulk membrane. Meanwhile, Kongkanand33 and Corti et al34 

observed lower water uptake for thinner films. Kongkanand studied water uptake of films of 

thickness ranging from 33 – 3000 nm on Au quartz crystal and observed lower water uptake 

compared to membrane at all water activities. He also observed that water uptake decreased as 

thickness decreased.  Corti et al observed similar trends for films on Au, Si, glass, graphite, and 

indium tin oxide (ITO) substrates using Environmental ellipsometric porosimetry technique as 

illustrated in Figure 2.10. They further deduced that films cast on substrates that exhibit 

hydrophilic properties (Si, glass) absorb higher water content compared to hydrophobic (graphite, 

Au, ITO) substrates. 
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Figure 2.10: Water uptake of Nafion®  films (300~600 nm) on various substrates compared 

to bulk membrane (solid line). Figure is taken from reference [34]. 

 

However, a collaborative study by our group found that not all thin films exhibit lower 

water uptake compared to the bulk membrane.6 It was found that while 55 and 160 nm films on 

SiO2 showed lower water uptake compared to the bulk membrane, water uptake of 4 and 10 nm 

films showed significantly higher water uptake. Furthermore, the water uptake was found to 

increase as thickness decreased. The results can be seen in Figure 2.11.  

 

 

Figure 2.11: Water sorption of Nafion®  thin films on SiO2 substrates and a function of 

thickness. Figure is taken from reference [6]. 
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Meanwhile in a similar study on Au substrates it was observed that water uptake of 

Nafion®  thin films were insensitive to thickness and absorbed less water than Nafion®  

membranes. The swelling property observed using Ellipsometry also showed no trend with 

thickness. This is presented in Figure 2.12. 

 

 

Figure 2.12: Thickness swelling from ellipsometry (left) and water uptake from QCM 

(right) of spin-cast Nafion thin film on Au substrate as a function of RH. Figure is taken 

from reference [9] 

 

Effect of thermal annealing: When a polymer is thermally annealed above its glass 

transition temperature, the morphology restructures as to minimize the surface energy. Annealing 

improves the mechanical properties of Nafion®  membranes but it also affects the water uptake 

properties.9 For Nafion®  thin films, in our group Paul et al9,35 observed a visible decrease in 

conductivity for sub-micron thin films after thermal annealing as well as decreased water uptake 

and swelling. Corti et al34 investigated the effect of annealing on Nafion®  thin films utilizing 

grazing-incidence small-angle X-ray scattering (GISAXS) and reported a reduction in water 

uptake due to formation of crystalline domains at the substrate interface. Annealing studies in the 

membrane form has been reported to seeing similar effects.26,36-38  
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Effect of EW: Research to develop alternatives to the commercially leading Nafion®  

membranes has been ongoing. PEFCs operate at high temperature and low humidity environment 

and it is well known that Nafion®  membranes’ performance significantly depreciate at these 

conditions.39,40 In addition, the use of fluorine based technology to produce Nafion®  membranes 

are of environmental concern. The cost of production is not cheap as well.40,41 Ionomers to 

replace Nafion®  and achieve higher performance for PEFC applications is needed. 

 

In order to achieve higher water retention capabilities, many alternatives that have been 

developed are short-side-chain ionomers; they have lower molecular weight per each sulfonate 

group. This results in a lower equivalent weight. Some well-known ionomers that has been 

studied intensively are: Dow ionomer42,44 (~840 EW) from Dow Chemical Company, 3M 

ionomer43 (~800 EW) from 3M, and Hyflon/Aquivion42 (~870 EW) from Solvay Specialty 

Polymers. Water uptake properties of these ionomers have been studied in the membrane form. 

Several literatures have shown that as the equivalent weight decreases the water uptake properties 

increase42,43 while some reports that water uptake are comparable.44 However, no literature has 

been published on equivalent weight-dependent water uptake or swelling properties of various 

ionomers in the thin film form.   

 

2.3.3 Proton conductivity as a function of water content 

 

As mentioned several times throughout the thesis, the main role of ionomers in PEFCs is 

proton conduction, and is directly influenced by water uptake. In our group Paul et al8 focused on 

the proton conductivity of Nafion®  thin films on SiO2 substrates. The proton conductivity of 

Nafion®  thin films compared to membrane is presented in Figure 2.13. It can be seen in Figure 
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2.13(a) that Nafion membrane shows higher conductivity than thin films at all humidities. 

Combining the conductivity data and water uptake data reported by Paul et al, Figure 2.13(b) 

shows that while thin films absorb more water than membranes, the exhibit lower conductivity. 

This discrepancy between high water uptake and low proton conductivity needs to be resolved.   

 

  

Figure 2.13: Proton conductivity of Nafion®  membrane and thin films at 25 oC as a function 

of (a) RH and (b) water uptake. Data is taken from reference [8]. 

 

2.3.4 Water transport behavior 

 

Original aim of this thesis project was to understand the kinetics of water transport 

through the ionomer. Knowledge of water transport would allow us to gain knowledge on the 

nanostructure of ionomer thin films, mainly how the water channels are present within the 

polymer. However, due to lack of the structure of Nafion®  thin films, describing water transport is 

not simple. A lot of assumptions must be made to model the behavior of water transport.  

Ionomers are amphiphilic; how they orient themselves at the free surface play an important role 

in water sorption and subsequent transport within the film. Ionomers experience swelling upon 

sorption of water when exposed to water-containing environment. This swelling phenomenon can 

(b) (a)

) 
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be caused by the expansion of channels or clusters, which will affect the rate of diffusion. As 

stated earlier, the thickness of the film will also have an effect on swelling. Change in thickness 

can result in different orientations of the hydrophobic backbone and hydrophilic side chain. 

Substrates effect also exists as they have their own affinity for water. To accurately model the 

transport of water through ionomer thin films, there are many factors that must be taken into 

account.  

 

Water transport through Nafion®  thin films can be classified into three major phenomena; 

interfacial transport, diffusion and relaxation. A diagram depicting each phenomenon is shown in 

Figure 2.14. It is still not known what the rate-limiting step occurs for water transport in the 

ionomer thin film. There are many different factors that must be taken into account to justify the 

results obtained through experiment, which also varies to some degree between researchers.31,33  

 

 

Figure 2.14: Diagram of (Left) interfacial and bulk phenomenon expected to be present 

during water transport and (Right) possible water activity profile during water transport. 

 

At the vapor-polymer interface, water molecules must transfer from the vapor phase into 

the polymer, which itself is phase-segregated; this is referred to as interfacial transport.45 At the 

macroscopic level, a chemical potential gradient exists when the un-equilibrated polymer is 
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brought in contact with water vapour. Sorption of water by the polymer can alter both the 

interfacial and internal structures of the polymer film. At the microscopic level, water molecules 

will experience both a repulsive force from the hydrophobic backbone and an attractive force 

from the hydrophilic SO3
- group. Interfacial resistance is evident from the time it takes for water 

content at the membrane/gas diffusion layer (GDL) interface taking time to reach equilibrium as 

observed by Hsing et al46 during their adsorption experiment.  Regarding interfacial resistance, 

Benziger et al31 stated that “the hydrophobicity of the membrane surface, the change in phase of 

water at the interface, and a gas-phase boundary layer will contribute to the interfacial 

resistance”31. Kongkanand33 attributed interfacial resistance to the disordering of water channels 

at the vapor-polymer interphase and went further to hypothesize that for Nafion®  thin films, a 

significant portion of the net water transport would be attributed to interfacial resistance. As the 

film thickness decreases, the orientation of the ionomer will change and the wetting properties of 

the substrate will have an effect.  A list of mass-transfer coefficient values reported in literature 

has been present by Kongkanand: 

 

 

Figure 2.15: Membrane Mass-Transfer Coefficients at 80 oC Reported by Various Authors 

taken from reference [33]. 

 

Inside the polymer, water molecules travel through the hydrophilic channels due to a 

chemical potential gradient and are attracted to the sulfonic groups. Many assume that they 
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follow a Fickian diffusion type transport. Using a simple Fickian diffusion with one impermeable 

layer, Krtil et al32 found the diffusion coefficient of water in a 20 nm thin film on silver substrate 

was 7 orders of magnitude lower than that of the membrane. A list of water diffusion coefficients 

for Nafion®  reported in literature has been provided by Benziger et al31: 

 

 

Figure 2.16: Water self-diffusion coefficient in Nafion®  reported by various authors taken 

from reference [31]. 

 

However, since the diffusion coefficient is a function of water content, a simple Fickian 

model is inadequate. In particular, the size and connectivity of the hydrophilic pores and water 

channels change with the water content. The absorption of water also affects the mobility of 

polymers. Thus, while not the universally accepted terminology, this phenomenon is termed 

‘relaxation’ in many models. Berens and Hopefenberg47, famous for their diffusion-relaxation 
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model, attributed this term to “(the) redistribution of available free volume through relatively 

large scale segmental motions in the relaxing polymer”45. Similarly, Satterfield and Benziger48 

utilized this term for the rate of polymer re-arrangement and polymer swelling in their interfacial 

transport-relaxation model. Furthermore, Krtil et al32 added that the transport of water molecules 

in and out of the ionic clusters, deemed water transfer reaction would play a huge factor in water 

transport inside Nafion® .  Interestingly, the two terms relaxation and reaction are interchangeable 

“because the immobilization can be also thought to be relaxation between the immobilized 

molecules and the fixing sites”47 according to Pantelic. Thus differentiating between the two 

types of transport will be another task. 

 

By putting all these information together, more complex models are being presented to 

get a better understanding of water transport through Nafion® . A recent paper by Benziger et al31 

studied diffusion and interfacial transport of water in Nafion®  membranes with a more 

complicated model. They included terms such as tortuosity and volume of hydrophilic domains in 

the polymer to obtain effective diffusivity and interfacial transport. The volume of hydrophilic 

domain was calculated by comparing the actual swelling to ideal swelling. Tortuosity was 

calculated by swelling strain (creep experiment) and diffusivity (nuclear magnetic resonance).  

 

Studying absorption and desorption kinetics would have been a very interesting topic to 

investigate. During the early stages of this project, several concerns arose while setting up the 

experimental apparatus. It was apparent that distinguishing between external changes (RH, temp) 

to internal water uptake was not possible. Although time-varying data for absorption and 

desorption were obtained, it was concluded kinetics of external environment equilibration were of 

time scales compared to that of the kinetics of the water sorption by the film. To further validate 

this point, no paper that studied kinetics reported their humidity data and assumed the humidity 
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change was a step change. Even when the same setup reported in literature were used, it was not 

possible to make the humidity change be a ‘step-change’. There was always a delay, which took 

several minutes for the humidity change to reach equilibrium. This is likely comparable to the 

time constants for one or more of the steps in water transport in ionomer films. Further, the slow 

response observed could have been an issue with the sensor itself, as the sensing probe also 

incorporates an unspecified polymer, this could not be verified. For a membrane, a diffusivity of 

108 cm2/s was observed from a water vapor sorption experiments.45 Assuming then that a 100 nm 

film has a diffusivity value 3-order of magnitude lower, the response time, τ, will be only 100 

seconds. For a 10 nm film assuming 4 orders of magnitude lower diffusivity values, the response 

time will be 10 seconds. With these assumptions, it is obvious that a humidity step change that 

takes a few minutes will be impossible to show the accurate diffusion phenomena for the 

ionomer. 

 

2.4 Summary 

 

In summary, the functional properties of thin ionomer films are not fully known. 

Hydration number of thin ionomer films has been reported. However, significant differences in 

hydration of films on SiO2 and other substrates remains confounding. More importantly, 

contradictory behavior of low conductivity for thinner films but correspondingly high water 

uptake has been observed. This begs the question – which result is realistic and why are we 

seeing such a difference? This thesis will attempt to solve this conflict. Limited data on swelling 

of films as a function of humidity is available. No study has reported the simultaneous 

measurement of water uptake and swelling. Finally, there are no reported work on the effect of 

ionomer equivalent weight on water uptake and swelling properties on thin films. 
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Chapter 3 

Experimental Techniques: Theory and Application 

3.1 Introduction 

 

In this chapter, the key experimental techniques employed to characterize the ionomer 

thin films are presented. A brief theory/principle of the measurement technique and the 

application of each instrument are provided. 

 

3.2 Characterization techniques 

 

3.2.1 Quartz Crystal Microbalance (QCM) 

 

Mass change measurement by QCM: Quartz crystal microbalance is a useful technique 

for measuring change in mass of a substrate or a film on a substrate arising from either adsorption 

or absorption. Fundamentally, during the measurement the frequency of a quartz crystal resonator 

is monitored/measured. The oscillation of the crystal is effected by application of a controlled 

external alternating voltage. The change in frequency of the resonator can occur due to changes in 

the density-viscosity of the medium to which the resonator is exposed or due to 

absorption/adsorption or desorption of material from the surface or film over the surface of 

resonator. For rigid films, Sauerbrey equation permits the correlation of change in frequency to 

mass gained/lost per unit area. The Sauerbrey equation can be used to calculate the mass of the 

film deposited on the electrode surface by assuming that the film is an extension of the underlying 

crystal. The Sauerbrey equation can be found below. Change in frequency is proportional to 

change in mass by a sensitivity factor (Cf) which is constant for a 5 MHz AT-cut quartz crystal. 

The Sauerbrey equation requires the film to be uniform, rigid and thin, and is applicable when the 
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change in frequency of the mass is less than 2% of the frequency of the unloaded crystal (5 

MHz).  

 

 
∆f = −

2𝑓0
2

𝐴√𝜌𝑞𝜇𝑞

∆𝑚 (3.1) 

 ∆f = −𝐶𝑓∆𝑚 (3.2) 

where f0 is the resonant frequency of blank quart crystal, A is the area of the working electrode, 

𝜌𝑞 and 𝜇𝑞 are the density and shear modulus of quartz. 

 

Density of polymer films: The density of the film can be calculated by dividing the 

thickness obtained using ellipsometry by the mass (per area) of film obtained using the QCM. 

The dry film mass can be obtained by subtracting the resonant frequency of blank substrate at dry 

condition from the resonant frequency of the crystal after film preparation at dry condition. The 

frequency change can then be converted to mass using the Sauerbrey equation. 

 

 
𝜌𝑓,𝑑𝑟𝑦 =

∆𝑚𝑑𝑟𝑦

t𝑓,𝑑𝑟𝑦
 (3.3) 

   

3.2.2 Variable Angle Spectroscopic Ellipsometry (VASE) 

 

In this thesis, variable angle spectroscopic ellipsometry was used to determine the 

thickness and optical properties of ionomer films. It is capable of measuring the thickness of 

nanometer-scale layers. Thus, it is being used in wide areas of research including semiconductors, 

flat panel displays, biosensors, and optical coating industries.50 The working principle behind 

ellipsometry is quantifying the change in the polarization of light as it reflects or transmits 
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through a material. Polarized light is generated from a source and directed towards the material at 

various angles. The light reflected from the material and its various interfaces within is captured 

and analyzed by the detector and the change in polarization is used to determine the thickness and 

optical properties of the material. The polarization change is represented by two parameters, psi 

(ψ) and delta (∆), which are the amplitude ratio and phase difference respectively. A typical 

ellipsometry configuration is shown in Figure 3.1. 

 

Polarized light is defined as having a known parallel (p) and perpendicular (s) orientation 

and phase.  A typical light source, also known as unpolarized light generates electromagnetic 

wave with random orientation and phase. The polarizer converts unpolarized light into polarized 

light by making the orthogonal waves to have the same amplitude and phase. The resulting 

orientation of the light is linear.  When light interacts with a material, the p- and s- components 

change resulting in an ‘elliptical’ shape consisting of orthogonal waves of arbitrary amplitude and 

phase. This is where the name ellipsometry comes from.  

 

 

Figure 3.1: Typical ellipsometry configuration. Figure is taken from reference [50]. 

 

VASE does not provide the thickness and optical properties directly from the 

measurement. It only provides the complex reflectance ratio, ρ, of the sample, which is related to 

the two parameters by Equation 3.1. In order to obtain the thickness and optical properties of the 
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material, the user must select an appropriate optical model to fit the parameters over a wide range 

of wavelengths. The goodness of fit is quantified in terms of the Mean Squared Error (MSE. 

Parameters such as the thickness, roughness, uniformity, and refractive index (RI) can be 

obtained. The data analysis steps taken are shown in Figure 3.2. 

 

 ρ = tan(𝜓)𝑒𝑖∆ (3.4) 

 

 

Figure 3.2: Flowchart of ellipsometry data analysis. Figure is taken from reference [51]. 

 

The Cauchy model was used to obtain the thickness and refractive index of thin ionomer 

films. It is commonly used for transparent materials and expresses the refractive index, n, of the 

material as a function of the wavelength of light, λlight shown in Equation 3.5. The refractive index 

is the real part of the complex refractive index which is expressed as �̌� = 𝑛 + 𝑖𝑘. The complex 

part, k, which is called the extinction coefficient, measures the amount of light absorbed by the 

material. For this model, it is assumed that there is no absorption, thus k(𝜆light) = 0. 
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 n(𝜆light) = 𝐴 +
𝐵

𝜆light
2 (3.5) 

where A and B are Cauchy parameters.  

 

 An alternate model, such as the Effective Medium Approximation model was tested by 

Paul 52 to compare the thickness of the film using different models. He concluded that regardless 

of the model, the thickness of the film was similar. Therefore, in this thesis, only the Cauchy 

model will be presented. 

 

3.2.3 Atomic Force Microscopy (AFM) 

 

Atomic force microscopy is a type of scanning probe microscopy useful for determining 

the morphology and roughness of the surface of thin ionomer films. A cantilever with a sharp tip 

scans the surface of the material while a laser beam is being reflected from the top to a photo 

detector, which records its movement. As the tip experiences movement due to the force variation 

between the tip and the surface, the intensity of the reflected beam change. The change in 

intensity can be analyzed to show a height deviation or deflection force depending on a constant 

force or constant height mode of the scanner. The force experienced by the tip is calculated with 

Hooke's law and its dependence on the tip-surface distance is shown in Figure 3.3.  

 

In constant force mode, or contact mode, the tip operates in the repulsive regime as 

shown in Figure 3.3. The tip is in direct contact with the surface. In constant height mode, or non-

contact mode, the tip operates in the attractive regime. Tapping mode is a hybrid of the two 
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previous modes. The tip is vibrating at a fixed frequency and as the tip comes in contact with the 

surface, the disturbance in frequency can be analyzed to determine the height of the sample. 

 

Figure 3.3: Force experienced by tip versus distance of tip to surface. Figure is taken from 

reference [53]. 

 

3.2.4 Goniometer 

 

Goniometer is a useful tool for studying the wetting property of liquids on a sample 

surface.54 By placing a drop of liquid onto the surface, the contact angle can be obtained. Using 

water as the liquid, one can study whether the surface is hydrophilic or hydrophobic. The 

instrumentation is presented in Figure 3.4. 
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Figure 3.4: Instrumentation of goniometer (contact angle measurement). 

 

After the water droplet is placed on the sample surface, the image is captured by the 

camera. The DROPimage software (Ramé-hart) can then analyze the image and obtain the contact 

angle directly. The measured contact angle can be employed by a suitable model, e.g. Young’s 

equation to obtain the surface energy: 

 

 𝛾𝑠𝑣 = 𝛾𝑠𝑙 + 𝛾𝑙𝑣 cos 𝜃 (3.6) 

where 𝜃 is the contact angle, 𝛾𝑠𝑣 and 𝛾𝑙𝑣 are the solid and liquid surface free energy, and  𝛾𝑠𝑙  is 

the surface-liquid interfacial free energy. 

 

Typically, hydrophobic surfaces exhibit high water contact angle (θ>90o) while 

hydrophilic surfaces exhibit low water contact angle (θ<90o).  
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3.2.5 Electrochemical Impedance Spectroscopy (EIS) 

 

Electrochemical impedance spectroscopy is a useful tool to investigate the protonic 

resistance within the film. Impedance measurements are performed by applying a single-

frequency voltage to the sample or device of interest contained within or connected to two 

electrodes. The current generated experiences a shift in phase and amplitude due to the resistance, 

or more correctly the impedance, of the sample. When the measurement is carried out over a 

range of frequencies, a spectrum of impedance as a function of frequency results. This is the basis 

of impedance ‘spectroscopy’. The impedance result is usually represented by a Nyquist plot as 

shown in Figure 3.5.  

 

 

Figure 3.5: Impedance presentation of (a) Equivalent circuit and (b) Nyquist plot. 

 

In this work, a comb-type inter-digitated electrode upon which the polymer film was 

deposited was employed. Using an appropriate model for the setup, the resistance of the film can 

be calculated and converted to conductivity using the following formula,52 

 

 
𝑘𝑓 =

1

𝑅𝑓

𝑑

𝑙(𝑁 − 1)𝑡
 (3.7) 
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where kf is conductivity of the film and Rf is fitted resistance of the film. d, l, and N represents 

space between IDA electrodes (100 μm), length of teeth (0.8 cm) and number of electrodes (100) 

respectively. t is the thickness of the film. 

 

 

3.3 Summary 

 

The fundamental principles behind the main instruments used in this thesis have been 

described. Further experimental procedure and measurement protocol including but not limited to 

the above instruments will be presented in later chapters. 
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Chapter 4 

Fabrication and Characterization of Sub-Micron Thin Ionomer Films 

 

4.1 Introduction 

 

In this chapter, the fabrication and characterization of sub-micron thin ionomer films are 

described in detail. A thorough run-through starting from the cleaning protocol of the blank 

substrate to the physical characterization of the films is presented. All substrates, unless otherwise 

specified, were pre-cleaned using the same cleaning protocol. The blank substrate was 

characterized using atomic force microscopy (AFM) for roughness and goniometer for water 

contact angle. The fabricated films were characterized using the quartz crystal microbalance 

(QCM) for dry mass, ellipsometer for thickness and refractive index (RI), AFM for roughness and 

the goniometer for water contact angle. Since the properties that are being studied are temperature 

and humidity sensitive, the validity of the experimental setup is proven. Issues encountered at 

each step of the experiment are discussed. 

 

4.2 Fabrication of film 

 

As discussed in Chapter 2, polymer film properties can be thickness- and substrate-

dependent. Sub-micron thin ionomer films of thicknesses ranging from 16 nm to 155 nm were 

prepared on quartz crystals of varying working electrode surfaces using two different preparation 

methods: self-assembly and spin-coating.  
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4.2.1 Substrate cleaning 

 

All films were fabricated on a 5 MHz quartz crystal (QC) (Tangidyne, Greenville, SC), 

which was AT-cut and 1 inch in diameter as shown in Figure 4.1. To remove surface 

contamination prior to film fabrication, the substrates were subjected to a strict cleaning protocol. 

QCs were immersed in acetone for 20 min followed by rinsing with acetone, IPA and DI water 

several times. The QCs were then dried with clean dry air. All types of substrate were subjected 

to the same cleaning procedure. 

 

 

Figure 4.1: Schematic of front (left) and back (right) design of quartz crystal for QCM 

measurements. Drawing is not to scale. 

 

4.2.2 Ionomer dispersion preparation 

 

Commercially available 5 weight percentage (wt%) Nafion®  stock solution (LQ-1105, 

75/20 w/w alcohol to water, EW 1100) was purchased from Ion Power, USA. The stock solution 

was diluted to desired concentrations by addition of isopropyl alcohol (IPA) (Sigma-Aldrich) to 

prepare Nafion®  dispersions. Dispersions were sonicated for 5 min and equilibrated for at least 24 

h to bring the dispersions down to its lower aggregation state.  
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4.2.3 Self-assembly method 

 

QCs were placed inside a crystal holder (Maxtek, Teflon® ) exposing only the front side 

with the working electrode. The crystal holder was fully immersed in the ionomer dispersion and 

sealed for 12 h to allow for self-assembly as shown in Figure 4.2. The holder was taken out from 

the solution and the QC was dried with clean dry air for 30 min prior to further drying in the 

vacuum chamber at 40 oC and low vacuum overnight (10 – 15 h).  

 

Figure 4.2: Self-assembled Nafion®  thin film preparation on quartz crystal. 
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4.2.4 Spin-coating method 

 

A commercial spin coater (WS-650MZ-23NPPB, Laurell Technology Corporation® ) was 

employed for spin-coating of polymer films. For film fabrication, the working electrode of the 

crystal was placed on the spin coater stage, 0.1 mL of diluted ionomer dispersion of known 

ionomer concentration was injected onto the working electrode of the crystal and spun for 30 

seconds at 5000 RPM. The spin-coated films were subjected to the same drying protocol as the 

self-assembled films. 

 

4.3 Characterization of film 

 

4.3.1 QCM measurement for ionomer film mass determination 

 

Resonant frequency of QCs under dry air flow (0% RH) at 25 oC before and after film 

fabrication was measured. The resulting frequency change was converted to dry film mass using 

the Sauerbrey equation.  

 

4.3.2 Ellipsometry measurement 

 

Ellipsometry measurements were performed on QCs with and without film-coating. The 

blank substrate measurement was carried out to obtain optical constants for the underlying 

substrate layer required for fitting subsequent ellipsometer data with a multi-layer model. 

Measurements were done at three different angles (55, 65 and 75 degrees). All measurements 

were performed in an open environment where the relative humidity varied in the 10 - 20 % 

range. To obtain the thickness of films, the focusing probe with ~300 microns spot size, was 
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employed to measure the thicknesses at 13 different locations of the electrode and used to 

determine the average thickness and standard deviation. 

 

4.3.3 AFM measurement 

 

AFM images were obtained to study the surface features (roughness and phase contrast) 

of blank substrates and the thin films. All measurements were performed at ambient conditions in 

tapping mode by Dr. Paul in our research group. 

 

4.4 Results and Discussions 

 

Unless otherwise stated, all results presented in this section refer to spin-coated films on Au. 

 

4.4.1 Dry film mass 

 

To obtain the dry mass of films, the frequency change that occurred due to film 

fabrication was recorded and converted to mass change using the Sauerbrey equation. For blank 

substrate measurements, the resonant frequency under dry air flow at 25 oC was recorded after the 

cleaning protocol. After films were deposited onto the substrate and dried overnight, the resonant 

frequency was recorded again under the same condition.  

 

Frequency measurements of QCM were performed in an environmental chamber.  A 

schematic representation of the setup is shown in Figure 4.3. All experiments were performed at 

25 oC. The temperature control was ± 0.1 oC. The humidity inside the cell containing the crystal 
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and holder was controlled with two flow controllers, one of which allowed the flow of air through 

bubbler containing water. The temperature and humidity were recorded at all times using two 

probes (SHT71, Sensirion AG Switzerland). A sample profile for humidity and temperature 

during the measurement is shown in Figure 4.4. Subjecting a humidity change causes a change in 

frequency. The stability of the frequency when exposed to a humidity step-change can be 

observed in Figure 4.5. It took about 15 minutes for the frequency to stabilize. All frequency 

changes were given at least 30 minutes for equilibration to be reached. 

 

 

Figure 4.3: Experimental setup for QCM measurements. 
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Figure 4.4: Representative RH and temperature profiles during a QCM experimentation. 

 

Figure 4.5: Frequency and RH stability during a humidity step change. 
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To obtain the dry mass of the film, it is necessary to ensure stable reading in dry (0% RH) 

conditions. As well, it is important that repeatable values of resonant frequency of unloaded and 

ionomer loaded crystals are obtained. While QCM measurements were performed with the crystal 

placed in a crystal holder, it was noticed that every time the holder was assembled and 

disassembled, there was a slight deviation in frequency. These frequency changes, while not 

significant compared to the frequency change due to film fabrication (<10% for thinnest film) 

still was a cause of concern. This issue is significant as it carries over to the calculation of 

hydration number. To compensate for the error, the resonant frequency was averaged out of 5 

measurements; each time disassembling and assembling the setup. The film mass as a function of 

dispersion wt% for all Nafion®  films prepared is shown in Figure 4.6. The graph shows a linear 

trend between film mass and concentration (wt%) of Nafion in the dispersion. The error bars 

represent 1 standard deviation of the 5 measurements, which is denoted as system error. It is to be 

noted that the large variation for 3.0, 4.0 and 5.0 wt% dispersions are due to ageing of the 

dispersion.   It was noticed that dispersions that were dormant in the fridge showed signs of 

decrease in volume. The exact nature of this phenomenon was not studied and to eliminate this 

issue all subsequent dispersions were prepared the day before film preparation. 
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Figure 4.6: Dry film mass as a function of dispersion wt% of spin-coated films. The error 

bars indicate system error. 

 

4.4.2 Film uniformity: thickness and roughness 

 

4.4.2.1 Thickness 

 

To investigate the uniformity of films, ellipsometry measurements were performed on 13 

different points on films on the working electrode. Thickness of films was obtained by fitting 

ellipsometry data using a simple Cauchy model for optical property of Nafion. Prior to film 

deposition, the blank substrate was measured to obtain its psi and delta values. This data was used 

as the underlying substrate layer for the ellipsometry modelling. In the table below, the 

ellipsometry measurements of the various blank substrates and a diagram of its corresponding 
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layer are presented in Figure 4.7. For the metal (Au and Pt) substrates, because light is only 

reflected, a B-spline model was employed to verify that the surface is the corresponding metal. A 

B-spline model is a convenient data-analysis technique, which simply defines the optical 

properties of the layer by connecting a set of cubic polynomial splines. The thickness of these 

layers is not calculated. For the SiO2 layer, the underlying substrate layer was Au with an 

additional Si layer on top. The quartz layer in all substrates is not modelled as light does not 

travel through the Au or Pt layers.  
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Figure 4.7: Ellipsometry measurement and diagram of corresponding layer for Au (top), Pt 

(middle), and SiO2 (bottom) substrates. 

Initially, films were prepared using the self-assembly method. However, thickness 

measurements showed that all films were non-uniform. Figure 4.8 shows the results for 

measurements performed on a sample self-assembled film. Thickness gradually decreases from 

the top to the bottom, displaying a variation of almost 60 nm. From further investigation we were 

able to identify that the issue was caused during the initial drying stage of the film. To remove the 

excess solvent from the substrate, the entire holder was tilted 45o and nitrogen was flowed from 

the top-to-bottom in a sweeping motion. This tilting motion was causing the films to have this 

non-uniform feature. Unfortunately, if the excess solvent were not evaporated with the holder 

being tilted there would be residual left above the ionomer layer causing other issues. This 

fundamental problem could not be fixed. Thus an alternative spin-coating method was employed.  
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Figure 4.8: Thickness measurements performed on self-assembled Nafion film. 

After switching to the spin-coating method and developing a new protocol, the issue was 

resolved. Figure 4.9 shows the thickness measurements on a sample spin-coated film. Unlike the 

self-assembled film, it can be seen the standard deviation in thickness was within 2 %. For even 

the thickest films prepared using spin-coating, the standard deviation did not exceed 5 %. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.9: Thickness measurements performed on ~77 nm thick spin-coated Nafion film. 

 

Avg. thickness 77.3 nm 

1 St. dev 1.3 nm 
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The film thickness as a function of dispersion wt% for all Nafion®  films prepared is 

shown in Figure 4.10. Once again, the graph shows a linear trend between film thickness and 

dispersion wt%. 

 

Figure 4.10: Film thickness as a function of dispersion wt% of spin-coated films. The error 

bars indicate spatial variation. 

 

4.4.2.2 Roughness 

 

Roughness of films was investigated using the AFM. To avoid damaging the samples, 

AFM imaging was performed after all thickness and water uptake measurements were finished. 

All films were dried extensively prior to imaging to minimize the effect of residual water. AFM 

image of the thinnest films on respective substrates is presented in Figure 4.11. The roughness 

was calculated by the Pico Image Elements 7.1 software. All films show very smooth surfaces 
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and the roughness calculated from the line scan shows a deviation of less than 5 % from the film 

thickness.  

 

 

 

(a) 26 nm film on Au 

 

Roughness: 0.882 nm 

 

 

 

(b) 20 nm film on Pt 

 

 

Roughness: 0.683 nm 

 

 

 

(c) 25 nm on SiO2 

 

 

Roughness: 0.958 nm 

Figure 4.11: AFM image (left) and typical line-analysis (right) for films on (a) Au, (b) Pt, 

and (c) SiO2 
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4.4.3 Thickness-dependent density and refractive index 

 

Using the mass obtained by QCM and thickness by Ellipsometer, the thickness-dependent 

density and refractive index (RI) was obtained. The density of dry Nafion®  membrane has been 

reported to be between 1.8 and 2.0 g/cm3. The RI of dry Nafion®  membranes has been reported to 

be about 1.3655,56 within a spectral range of 500-600 nm. Figure 4.12 shows a close relationship 

between density and RI of the films. For thicker films (>80 nm) the RI is very close to that of the 

membrane at 1.36. The slight deviation of the RI from the value of 1.36 is identically observed in 

the density. When the RI is 1.36, the corresponding density is roughly 1.93 g/cm3. This close 

relationship between RI and density is expected since both are obtained by simultaneous fit to the 

ellipsometry data.  

 

As the films get thinner (25-50 nm), interesting trends emerge. For the 50 nm films, while 

the RI is similar to that of the membrane, its density is relatively higher. For the 30 nm film, 

while the density is relatively similar, its RI is comparably lower. The thinnest films (~25 nm) 

exhibit a significant decrease in both density and RI. Paul et al35 observed a similar trend for 

films below 10 nm thickness. As observed for thicker films, the drop in RI can be attributed to the 

drop in density. As the density of the films decrease, there is higher voidage or free volume 

within the polymer causing a decrease in RI. 
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Figure 4.12: Thickness-dependent density (□) and refractive index (∆) of Nafion®  films 

prepared on Au QCs. Error bars indicate system error. 

 

The properties of films on Pt substrates are shown in Figure 4.13. The RI of thicker films 

is close to 1.36. The thinnest film (19 nm) has an RI of 1.31 which is the same drop observed 

previously on Au substrate. However, unlike the thinnest film on Au, there is no significant drop 

in density for the 19 nm film. In addition to this observation, the density between samples of 

similar thickness varies significantly while the RI is reproducible. The density of ~50 nm films 

vary from 1.9 to 2.1 g/cm3 while the density of ~150 nm films vary from 1.8 to 2.0 g/cm3. In 

order to identify this variability, the blank Pt substrate was investigated. AFM on the surface of 

the blank Pt surface showed presence of ‘peaks’. Figure 4.14 shows an AFM line-analysis of a 

sample blank Pt substrate which shows two islands of ~ 7 nm peaks. These peaks might be 

responsible for the variation in density that we are observing. Unfortunately, it was not possible 

to probe the entire area of the Pt substrate so the roughness of the substrate was not considered.  
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Figure 4.13: Thickness-dependent density (□) and refractive index (∆) of Nafion®  films 

prepared on Pt QCs. Error bars indicate system error. 

 

 

Figure 4.14: Line-analysis of samples blank Pt substrate showing high degree of roughness. 

 

4.4.4 Water contact angle (WCA) 

 

In addition to obtaining the surface roughness of the films using the AFM, the wetting 

properties of each substrate and film was obtained using the contact angle goniometer. By 

1.18

1.20

1.22

1.24

1.26

1.28

1.30

1.32

1.34

1.36

1.38

1.5

1.6

1.7

1.8

1.9

2.0

2.1

2.2

2.3

0 50 100 150 200

Fi
lm

 n
 @

 5
5

0
 n

m

Fi
lm

 d
e

n
si

ty
 (

g
/c

m
3
)

Thickness (nm)

Density

n @ 550 nm



 

56 

 

obtaining the contact angle of the liquid (water), it is possible to identify whether the surface is 

hydrophilic or hydrophobic. Surface that exhibit WCA below 90o are said to have a hydrophilic 

surface while hydrophobic surfaces exhibit WCA above 90o. All our blank substrates showed 

WCA ~90o indicating hydrophobic surfaces.  

 

The surface wettability of all films spin-coated onto QCs showed comparable values to 

the blank substrate. This indicates that all our films have a hydrophobic surface. This is 

comparable to the reported value of Nafion®  membranes.57 Meanwhile, it was reported by Paul52 

that films of thickness <55 nm on SiO2/Si wafers exhibited hydrophilic surfaces. However, even 

for our thinnest film (~20 nm) the surface wettability showed a hydrophobic surface. The reason 

for this discrepancy can be attributed to the differences in the substrate. Nafion films on carbon 

and gold surfaces have been observed to be hydrophobic. 

 

4.5 Conclusions 

 

In this chapter, we introduced two different film preparation methods: self-assembly and 

spin-coating. The films were characterized using QCM and ellipsometry for its dry mass and 

thickness. The ellipsometry measurement showed non-uniformity in self-assembled films which 

lead us to use the spin-coating method. A strict protocol was followed during film preparation and 

a linear trend between thickness and dispersion wt% was observed.  

 

The spin-coated films on gold electrodes of the QCs showed uniform and smooth 

hydrophobic surfaces for all thicknesses and substrates as confirmed by AFM and goniometer. 

Using data obtained from the QCM and ellipsometry, the thickness-dependent density and RI was 

obtained. The density of thicker (>55 nm) Nafion®  films on Au were between 1.8 and 2.0 g/cm3 

and were closely related to its RI. The thinner (<55 nm) films on Au exhibit a sharp drop in both 
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density and RI. The density and RI trend for films on Pt were different and inconsistent which is 

attributed to the presence of random peaks on the blank Pt substrate. 
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Chapter 5 

Thickness and Substrate-dependent Water Uptake Properties  

 

5.1 Introduction 

 

Proton conductivity is an important property of the ionomer as the primary function in the 

CL.3-7 As stated in Chapter 2, the intrinsic property is not the same in the thin film form compared 

to the membrane form. The structure and water uptake affect proton conduction and the former 

are thickness- and substrate-dependent. Previously, our group reported significantly depressed 

proton conductivity of Nafion®  ultra-thin films on SiO2 supported films compared to the 

membrane.6 However, when the water uptake was measured by Hickner group (Penn State Univ., 

USA), an opposite trend of higher water uptake for lower thickness was observed; thin films (4-

10 nm) exhibited significantly higher water uptake compared to the membrane. The discrepancy 

between these results needs to be clarified. Furthermore, the effect of thickness and substrate 

(SiO2, Au, and Pt) on water uptake is reported in this chapter. 

 

5.2 Anomalous water uptake on SiO2 substrate 

 

In this work, thin films on SiO2 substrates prepared by spin coating were characterized 

for water uptake at various RH and 25 oC. It must be noted that the vacuum-dried thin film was 

assigned a λ value of zero. Krtil et al32 reported that for Nafion®  membranes, drying for a short 

amount of time could lead to residual water with λ = 1.5 at dry conditions. In order to address this 

issue, all films were dried extensively in the vacuum oven for a prolonged period of time as 

mentioned in section 4.2.3. The water uptake data for spin-coated films with thicknesses ranging 
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from 16 to 146 nm are presented in Figure 5.1 in addition to the previously reported data. Our 

data shows that, in agreement with the previously reported data, water uptake is significantly 

higher than that of the membrane. For a simpler comparison, water uptake of films at 75% RH 

has been presented in Figure 5.2. We also observe that water uptake decreases with increasing 

thickness and our data fills in the gap between the previously reported data adequately. While it 

verifies that the previously reported data is not wrong, it does not explain the discrepancy 

between high water uptake and low proton conductivity. 

 

 

Figure 5.1: Water uptake of Nafion®  films on 300 nm SiO2 substrate (◊). Data reported by 

Modestino et al6 (X) are also included. 
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Figure 5.2: Water uptake of Nafion®  films on 300 nm SiO2 substrate (◊) at 75% RH. Data 

reported by Modestino et al6 (depicted by symbol X) are also included. 

 

Initially, the high water uptake was attributed to the contribution of interfacial water on 

the ‘observed’ water uptake. It was hypothesized that the interfacial water will not change with 

the SiO2 layer thickness, provided it was dense. If the sputtered SiO2 layer was nanoporous, then 

films on different thicknesses of SiO2 layer would exhibit different amounts of water uptake. All 

previously reported data in this work have been on thin films prepared onto 300 nm SiO2 layer on 

Au. In order to investigate the effect of SiO2 layer thickness, QCs with 100 nm SiO2 layer on Au 

were purchased. Water uptake data for films with thicknesses ranging from 25 – 83 nm at 75% 

RH are presented in Figure 5.3. Interestingly, films of similar thicknesses (25 and 40 nm) exhibit 

water uptake value greatly different. This result is unexpected; how is the thickness of the SiO2 

layer below the film affecting water uptake of the film? Due to limitations in studying the nano-
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structure of the films, the focus was shifted toward the blank substrate. Experiments were carried 

out on blank SiO2 substrates to verify if they were the root cause of this issue.  

 

 

Figure 5.3: Water uptake of films on 100 nm SiO2 substrate (□) at 75% RH added to Figure 

5.2. 

 

The water uptake of blank substrates is plotted in Figure 5.4. The Au and Pt substrates 

adsorbed negligible amount of water, equivalent to forming a water layer of roughly 0.7 nm on 

the surface at 75% RH. Lee and Staehle58 reported roughly 3 nm water layer formation on films 

on Au at the same condition. The SiO2 substrates on the other hand adsorbed a significant amount 

of water. At 75% RH, the observed water uptake on 100 and 300 nm SiO2 layer corresponds to a 

water layer of 8 and 18, nm respectively. Water adsorption on SiO2 substrate has been attributed 

to the presence of silanol groups at the surface.59 Asay and Kim60 reported that at 100% RH, a 3 

nm multilayer of water can form on native oxide films. The high multilayer forming on our QC 

substrate suggests presence of pores. The SiO2 substrates that were used in this thesis were 
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prepared by sputter-deposition and it has been reported that sputter-deposited SiO2 layers exhibit 

highly-connected open pores as large as 2.6 nm.61 The ratio of water adsorption on 100 nm to that 

on 300 nm SiO2 layer is almost 3 at all RH providing further evidence of the porosity. Attempts 

were made to investigate the porosity of the SiO2 layer of our substrate but were unsuccessful. A 

confocal microscope was employed, and while initial results looked promising, they were deemed 

unfit due to the sensitivity of the instrument.  

  

 

Figure 5.4: Comparison of water uptake of blank substrates. Error bars indicate sample-to-

sample variation. 
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5.2.1 Corrected versus non-corrected λ 

 

To obtain the correct water uptake for films on SiO2 substrates, the water adsorption on 

blank SiO2 substrates must be taken into account. Prior to film fabrication, the water uptake of 

blank SiO2 was measured and recorded. After the film was prepared, the water uptake study was 

repeated. The corrected water uptake for films on SiO2 substrates was obtained by subtracting the 

blank SiO2 water uptake from the film water uptake, 

 

 𝑊𝑈𝑐𝑜𝑟𝑟 = 𝑊𝑈𝑤𝑖𝑡ℎ 𝑓𝑖𝑙𝑚 − 𝑊𝑈𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝑓𝑖𝑙𝑚 (5.1) 

where WUcorr is corrected water uptake, WUwith film is water uptake of film and WUwithout film is water 

uptake of the blank SiO2 substrate. 

 

The uncorrected and corrected water uptake of 25 nm Nafion®  films on 100 and 300 nm 

SiO2 substrates are presented in Figure 5.5. The uncorrected water uptake for both films is much 

higher than the membrane water uptake. However, once the blank water uptake is taken into 

account, the corrected water uptake of both films is comparable and much lower than that of the 

membrane. Although the corrected water uptakes are not identical, the fact that they are 

comparable after correction indicates that the anomalous water uptake observed on SiO2 substrate 

can be attributed to the blank SiO2 adsorbing water.  
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Figure 5.5: Uncorrected (open) and corrected (solid) water uptake of 25 nm films on 100 

(red ◊) and 300 (blue □) nm SiO2 substrate. 

 

5.2.2 Substrate-effect on water uptake 

 

Considering the reason underlying the anomalous water uptake of films on SiO2 substrate 

has been discovered, the study on the effect of substrate can be investigated using the corrected 

water uptake. Figures 5.6 to 5.8 compare the water uptake of <55, 80, and 150 nm films on Au, 

Pt, and SiO2 respectively. The reason for plotting <55 nm films together is explained later in the 

chapter. In Figure 5.6, the water uptake of <55 nm films on various substrates are plotted along 

with the water uptake of the CL reported by Weber et al5. The corrected water uptake of the 25 

nm on SiO2 is comparable to the water uptake of 25 nm on Au and 54 nm on Pt. They all exhibit 
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water uptake values lower than what is reported for the membrane. The water uptake of thin films 

is comparable to the CL water uptake at lower RH (< 40%) but adsorbs more at higher RH.  

 

 

Figure 5.6: Water uptake of <55 nm films on Au (□), Pt (∆), and SiO2 (◊) compared to WU 

of CL (○) taken from reference [5]. The uncorrected (open) and corrected (solid) data for 

film on SiO2 substrate are presented.  

 

In Figure 5.7, the water uptake of ~80 nm films on Au, Pt, and SiO2 can be seen. For 

these films, after the water uptake of the 83 nm on SiO2 is corrected, the values of all three films 

are very comparable. Similarly, in Figure 5.8 the water uptake of ~150 nm films are also 

comparable all exhibiting water uptake similar to that of the membrane. This suggests that water 

uptake of Nafion®  thin films although dependent on substrate type are not as strong a function of 

substrate as previously reported6. 
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Figure 5.7: Water uptake of 80 ± 3 nm films on Au (□), Pt (∆), and SiO2 (◊). The 

uncorrected (open) and corrected (solid) data for film on SiO2 substrate are presented. 

 
 

Figure 5.8: Water uptake of 150 ± 4 nm films on Au (□), Pt (∆), and SiO2 (◊). The 

uncorrected (open) and corrected (solid) data for film on SiO2 substrate are presented. 
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5.2.3 Correlating conductivity with water uptake 

 

One of the main reasons for studying water uptake of films on SiO2 substrate was to 

resolve the contradiction between low proton conductivity and high water uptake. Conductivity of 

two films, 25 and 83 nm were measured on interdigitated array (IDA) of Au electrode on SiO2 

using Electrochemical Impedance Spectroscopy (EIS).  

 

A plot of conductivity versus corrected λ is shown in Figure 5.9. Due to the high water 

uptake of Nafion®  membranes, proton conductivity at low λ is difficult to be obtained. However, 

if we extrapolate the membrane data to lower λ values, we can see that the thin film data no 

longer differs by 1 to 2 orders of magnitude. This indicates that the proton conductivity for 

Nafion®  is a strong function of water content and less of morphology. 

 

 

Figure 5.9: Conductivity versus λ of thin films on SiO2 compared to membrane.  
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5.3 Equilibrium water uptake on Au substrate 

 

Due to anomalous water uptake of blank SiO2 substrates, the Au substrate was chosen to 

carry out the thickness-dependent water uptake of Nafion®  thin films. Au substrates are ideal 

because they are inert and the blank substrate adsorbs insignificant amount of water. Films of 

thicknesses ranging from 25nm to 154 nm were prepared and tested for water uptake between 25 

and 75 % RH. Figure 5.10 shows the thickness-dependent mass water uptake of films at 20, 40, 

60 and 75% RH. Here, mass water uptake indicates the absolute mass calculated from the change 

in frequency converted using the Sauerbrey equation. Water uptake increases with increasing 

thickness and shows a sigmoidal shape plateauing near 100 nm. At 20% and 40% RH, the 150 nm 

film shows lower water uptake than the 130 nm film. The reason for this behavior is not clear or 

obvious. One possibility could be the error introduced by the rigid film assumption that is the 

basis of Sauerbrey equation, which is employed to calculate the mass change from the observed 

frequency change of the QC. It has been stated by Weber et al62 that the structure of thin films on 

silicon substrates was greatly impacted below 100 nm. While they observed a difference in 

structure for Au, Pt, and carbon substrates, the structural change occurring below 100 nm could 

be independent of substrate. The observed water uptake data seems to suggest that the water 

uptake above 100 nm is an intrinsic property.  The water uptake data were converted to hydration 

number and are plotted against RH in Figure 5.11. 
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Figure 5.10: Thickness-dependent absolute mass water uptake at various RH of Nafion®  

thin films on Au. Error bars indicate sample-to-sample variation. 

 

Figure 5.11: Water uptake for Nafion®  films on Au substrate.  
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Figure 5.11 shows a general increase in λ with increasing thickness, in addition to three 

different ‘clusters’. The thinnest films (25, 31, and 48 nm) show almost identical values that are 

much lower than that of the membrane. The 82 nm exhibited higher water uptake than the 

thinnest films but still lower than the membrane. The thicker films (96, 109, and 129)  are 

comparable to membrane water content which was observed by other groups9,33,34. The decrease 

in water content for the 154 nm was not investigated further. 

 

The water uptake of 95, 109, and 129 nm films are slightly higher than the thickest 154 

nm and are comparable to the membrane form. As mentioned earlier, the structure of thicker 

films (>100 nm) are expected to be similar, thus a similar water uptake is within expectation. The 

fact that we are observing slightly varying values for these films could be real, but one of the 

issues that might arise is the validity of the Sauerbrey equation for films >100 nm. Vogt et al63 

has reported that for thicker films, the Sauerbrey analysis might not be accurate as the viscosity of 

the film cannot be ignored. However, Weber et al62 have reported that for Nafion®  films of 

thickness <600 nm, the Sauerbrey equation was valid stating that Nafion®  experiences excessive 

viscoelastic losses at much greater thickness than pure polyelectrolytes. Due to limitations in 

studying the viscosity of the films, the Voigt analysis was not performed. Another contributing 

factor might be the sensitivity of the QCM. The main point is that water uptake of thin films does 

not exhibit water uptake higher than the membrane. 

 

The water uptake trend observed in Figure 5.11 is comparable to the proton conductivity 

reported by our group5 on self-assembled films prepared on IDAs as shown in Figure 5.12. It was 

observed that conductivity of films below 55 nm were comparable to each other while the 160 nm 

film exhibited conductivity slightly lower than that of the membrane.  The similar trend in water 

uptake and proton conductivity suggests that conductivity is mostly dependent on water content 
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rather than structure. To further verify this claim, film of thickness 78 nm was prepared and its 

conductivity was measured. A 23 nm film was also prepared and tested for comparison. In 

accordance with our water uptake property, the 78 nm film exhibited proton conductivity between 

the 23 and 160 nm films as presented in Figure 5.13. This further suggests that proton 

conductivity of Nafion®  thin films are highly dependent on water content rather than structure. 

 

 

Figure 5.12: Proton conductivity of the Nafion®  thin films of varying thicknesses 4-300 nm 

as a function of RH at 25 oC. Figure is taken from reference [8]. 
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Figure 5.13: Proton conductivity of 23 and 83 nm Nafion®  thin films at 25 oC as a function 

of RH. Data for <55, 160 nm, and membrane was taken from reference [8].  

 

5.4 Equilibrium water uptake for Nafion films on Pt substrate 

 

Thickness-dependent water uptake of Nafion thin films was also studied on Pt substrate. 

Thicknesses of films ranging from 20 to 150 nm were prepared and tested. It was reported by 

Murthi et al64 that water uptake of thin films on Au and Pt were comparable. The mass water 

uptake versus thickness and hydration number versus RH can be seen in Figures 5.14 and 5.15. 
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from 54 to 77 to 150 nm. The values are comparable to films of similar thickness on Au as 

expected.  

 

The water uptake of the 20 nm film is notable. The water uptake property of the 20 nm 

film is even greater than that of the 77 nm at all RH. While some groups attributed this 

phenomenon to the change in film structure below 20 nm6,33, the structure of the films was not a 

main focus of this thesis. Although this phenomenon was the main reason why the thickness-

dependent water uptake study was started, producing sub 20 nm films were difficult with the 

spin-coating method. Attempts were made to produce 20 nm Nafion®  films on Au but were 

unsuccessful.  

 

 

Figure 5.14: Thickness-dependent absolute mass water uptake at various RH for Nafion®  

thin films on Pt. 
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Figure 5.15: Water uptake for Nafion®  thin films on Pt. 

 

5.5 Conclusions 

 

Thickness-dependent water uptake properties of Nafion®  thin films were performed on 
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uptake previously observed on SiO2 substrates was resolved by taking into account the anomalous 

water uptake behavior of the blank substrate. Experiments with 300 nm and 100 nm SiO2 layers 
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hydration number, a similar trend was observed showing comparable trends to proton 

conductivity reported previously. All films exhibited water uptake values lower or comparable to 

that of Nafion®  membrane. The results indicate that proton conductivity is strongly dependent on 

water content rather than structure for films above 25 nm. 

 

Equilibrium water uptake study of ionomer thin films on Pt substrate showed a similar 

trend observed for the Au substrate (150 > 77 > 54 nm). Furthermore, the result of the thinnest 

film (20 nm) provided evidence of some change in Nafion®  thin films below 20 nm. This might 

suggest that proton conductivity in sub 20 nm films is not just dependent on water content, but 

also on structure. The phenomena observed in sub-20 nm films could not be studied on Au. 
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Chapter 6 

Effect of Equivalent Weight on Water Uptake Properties 

 

6.1 Introduction 

 

As mentioned in Chapter 2, developing alternatives to Nafion®  ionomers is an on-going 

area of research. The main goal is to reduce the price of production and increase performance of 

PEFCs. In order to achieve this goal, the new ionomer must retain the structural stability of 

Nafion®  while improving the intrinsic properties. As reported in Chapter 5, proton conductivity is 

highly dependent on water content. While there has been literature on the effect of equivalent 

weight on water uptake properties in the membrane form, there are none in the thin film form. All 

literature has reported that lower EW resulted in higher or comparable water uptake at all 

conditions.39-43 This chapter attempts to verify if this is the case in the thin film form. Two 

different ionomers of equivalent weight 710 and 790 were provided in dispersion form by 

Automotive Fuel Cell Cooperation (AFCC), Burnaby. No prior knowledge of the new ionomers 

in the membrane form or thin film form is known.  

 

6.2 Film preparation and characterization 

 

PFSI710 and PFSI790 dispersions were conditioned in the same manner as Nafion®  

dispersion as outlined in section 4.2.2. Thin films were fabricated onto QCs using the spin-

coating method as outlined in section 4.2.4.  
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PFSI710 thin films of thicknesses ranging from 22 – 93 nm and PFSI790 thin films of 

thicknesses ranging from 20 – 79 nm were spin-coated onto Au substrate. The thickness-

dependent density and RI of these films are presented in Figures 6.1 and 6.2.  

 

For PFSI710 films, the RI of thicker films (43, 48, and 93 nm) is comparably higher than 

Nafion®  films at about 1.38. The thinnest film (23 nm) shows a much lower RI of 1.28 where the 

drop is similar to the behavior of Nafion®  films. However, the density of all PFSI710 films is 

consistent around 2.0 g/cm3. While understandable for the thicker films, the thinnest film 

exhibiting comparable density but lower RI presents a similar issue as films on Pt substrate. The 

same trend can be seen for PFSI790 films. The RI is close to 1.39 for thicker films while it drops 

to 1.31 for the 20 nm film. The density of the thicker films (40, 55, and 79 nm) is again close to 

2.0 g/cm3. This time, there is a slight increase in density for the thinnest (20 nm) film. No issues 

with the Au QC or films were observed. These results suggest that the structural properties of 

PFSI710 and PFSI790 thin films are comparable to Nafion®  thin films up to 40 nm. The high 

density and low RI of the thinnest films are not fully understood at this moment. 
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Figure 6.1: Thickness-dependent density (□) and refractive index (∆) of PFSI710 films 

prepared on Au QCs. Error bars indicate system error. 

 

Figure 6.2: Thickness-dependent density (□) and refractive index (∆) of PFSI790 films 

prepared on Au QCs. Error bars indicate system error. 
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6.3 Water uptake properties 

 

Water uptake properties of thin films of AFCC supplied ionomers were carried out in the 

same manner as Nafion®  thin films. The mass water uptake data of each ionomer is presented in 

Figures 6.3 and 6.4. We observe an increase in water uptake with increase in thickness, similar to 

that of Nafion®  thin films. 

 

 

Figure 6.3: Thickness-dependent absolute mass water uptake at various RH for PFSI710 

thin films. 
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Figure 6.4: Thickness-dependent absolute mass water uptake at various RH for PFSI790 

thin films. 
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occurs in AFCC films as well. Further study on the structure of AFCC samples would shed light 

to this behavior. 

  

Figure 6.5: Water uptake for PFSI710 films on Au. 

 

Figure 6.6: Water uptake for PFSI790 films on Au. 
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6.4 Comparison of Nafion® , PFSI710 and PFSI790 thin films 

 

For comparison of the 3 ionomers, the hydration number as a function of RH for films of 

similar thickness were plotted together. The results are presented in Figures 6.7 through 6.10. 

Figures 6.7 and 6.8 show data for the thinner films (<55 nm) whereas Figures 6.9 and 6.10 show 

the data for thicker films (>55 nm). We observe that for the thinner films, all ionomers exhibit 

similar water uptake properties at all humidities. The 20 nm PFSI790 was excluded as to 

eliminate the disordering effect of sub 20 nm films. This has been observed by Zawodzinski et 

al65 as well when he compared the water uptake of Nafion®  membrane, Dow membrane (EW 800) 

and membrane C (EW 900). Water uptake of the three types of membrane exhibited similar water 

uptake values at all RH. Only when the membrane was immersed in water did they see an 

increase in water uptake for the low EW membranes. All films exhibited hydrophobic surface 

properties as confirmed by the contact angle measurements. As the interfacial characteristic is 

stronger than the bulk characteristic, this might be the reason why we see similar water uptake for 

the thinner films. 
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Figure 6.7: Water uptake of 23.5 ± 1.5 nm films on Au. 

 

Figure 6.8: Water uptake of 50.7 ±3.1 nm films of different ionomers on Au. 
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Figure 6.9: Water uptake of 80.5 ± 1.5 nm films on Au. 

 

Figure 6.10: Water uptake of 94.0 ± 1.0 nm films on Au. 
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Interestingly, Nafion®  films show higher water uptake for thick films (>55 nm). No 

literature for membranes has reported a decrease in water uptake as the EW of the ionomer gets 

lower. One reason for this interesting result could be the high crystallinity of low EW ionomers as 

observed by Subianto et al66. A study of different ionomers using the SEM showed that SSC 

Aquivion (EW 830) might have greater physical crosslinking causing higher crystallinity. 

Decrease in water uptake due to crystallinity has been predicted and observed by various groups 

as well35-38. Since the thinner film exhibit similar water uptake, it suggests that the films with 

thickness greater 55 nm region are more strongly influenced by the crystallinity. 

 

6.5 Conclusions 

 

Thin films of two ionomers, PFSI710 and PFSI790, were fabricated onto Au QCs and 

characterized in this chapter. Thin films were fabricated onto Au substrates using the same 

protocol as Nafion®  films. While the density of both samples was similar to that of Nafion®  thin 

films, their RI was higher. Water uptake properties of both AFCC ionomers showed similar 

trends with respect to films thickness as that observed for Nafion®  films; <55 nm films exhibited 

comparable water uptake to each other and then increased with thickness. The high water uptake 

of the thinnest PFSI790 film (20 nm) leads us to believe a similar change in structure is occurring 

similar to what was observed in Nafion®  films on Pt. Films of similar thickness for the three 

ionomers were compared to study the effect of EW on water uptake.  

 

While it has been reported that low EW leads to lower or comparable water uptake in the 

membrane form, it was found that this was not the case in the thin film form. While <55 nm films 

showed insignificant effect of EW on water uptake, comparison of thicker films (<55 nm) showed 

that Nafion®  films absorbs more water than AFCC films. This has been attributed to the higher 
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crystallinity observed in low EW ionomers, which could be having a greater affect in the thin film 

form. 
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Chapter 7 

Combined Water Uptake and Swellability Study of Sub-Micron Thin 

Ionomer Films and the Effect of Annealing 

 

7.1 Introduction 

 

Dimensional changes or swelling occur as water is taken up by the ionomer. The swelling 

properties of Nafion®  membrane have been reported.3,6,9,34 As water fills up the hydrophilic 

domains, the pores expand and the ionomer experiences restructuring. The swelling properties of 

thin films might give us an idea on the structure. So far, studies on water uptake and thickness 

have been performed separately on separate equipment: QCM and ellipsometry.6 Using two 

separate instruments may cause a number of issues including but not limited to the time-

dependent property changes of the ionomer. We present a new technique to simultaneously study 

mass uptake and swelling using the combined QCM and ellipsometry technique. The validity of 

the experiment is presented as well as initial measurements. The effect of thickness, EW, and 

annealing is reported. 

 

7.2 Experimental setup 

 

A custom stage for the ellipsometry was built to accommodate the quartz crystal holder. 

A metal base enveloping a quartz crystal holder was mounted on the ellipsometer. A humidity-

temperature sensor was placed inside along with the crystal. The sensor was not in the way of the 

light path.  A picture of the experimental setup is shown in Figure 7.1. To control the humidity, 

the holder was covered with a top with windows on each side for the light to enter and leave. Due 
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to the position of the windows, only one angle (65o) for ellipsometry measurements was obtained. 

It was confirmed previously that using one angle compared to three angles (55, 65, 75o) did not 

have a significant impact on thickness.  

 

 

Figure 7.1: Combined QCM (water uptake) and ellipsometry (thickness) setup. 

 

 Typical profiles of the measured parameters are presented in Figures 7.2 and 7.3. The 

thickness, humidity, frequency and temperature during a step-change in humidity can be 

observed. Figure 7.2 shows the stability of the thickness measurement before and after a humidity 

step change form 0 – 20% RH. It took about 30 minutes for the thickness to stabilize after the 

humidity change was induced.  

 

 As mentioned previously, QCM measurements are very temperature sensitive. According 

to the operation manual, the frequency reading can change by 8 Hz for every 1 oC change. In the 

previous setup, the temperature was controlled to ± 0.1 oC.  Unfortunately, due to the setup still 
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being fairly new and adjustment are still yet to be made, the temperature could not be controlled 

as well as we desired. Fluctuations in temperature were observed throughout the experiment and 

sometimes a temperature change of 1 oC was observed. In Figure 7.3, we can observe the 

fluctuation of frequency measurement before and after a humidity change. The ellipsometer 

calculated thickness fluctuation is in sync with the temperature fluctuation.  

 

 

Figure 7.2: Sample thickness and humidity profile during a step-change in humidity. 
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Figure 7.3: Sample thickness and temperature profile during a step-change in humidity. 

 

 In order to compensate for the effect of temperature, a simple temperature correction 

factor was added. The temperature correction factor, ksample, of each quartz crystal was obtained 

by observing the frequency change with temperature change (at 20, 30, and 40 oC) prior to film 

fabrication. The values ranged from 4 to 10 Hz / oC. The temperature-corrected frequency was 

calculated by, 

 

 𝐹𝑇_𝑐𝑜𝑟𝑟 = 𝐹𝑟𝑒𝑎𝑙 + 𝑘𝑠𝑎𝑚𝑝𝑙𝑒(𝑇𝑟𝑒𝑎𝑙 − 𝑇𝑖𝑛𝑖𝑡𝑖𝑎𝑙) (7.1) 

where 𝐹𝑇_𝑐𝑜𝑟𝑟 is the temperature corrected frequency, 𝐹𝑟𝑒𝑎𝑙 is the real frequency reading, 𝑇𝑟𝑒𝑎𝑙 is 

the real temperature reading, and 𝑇𝑖𝑛𝑖𝑡𝑖𝑎𝑙 is the temperature when the initial step change in 

humidity was introduced. 
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Comparison of the temperature-corrected frequency to the real frequency is presented in 

Figure 7.4. While this correction method was not perfect, the calculated frequencies result in a 

much stable response. All water uptake data presented in this chapter were calculated using the 

temperature-corrected frequencies if not stated otherwise.   

 

 

Figure 7.4: Sample frequency versus temperature-corrected frequency profile during a 

humidity step change. 
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different thickness, typically 2~3 nm less than ex-situ measurement. Unfortunately, this problem 

was not solved. It is to be noted that all films have been reported with their ex-situ measurements 

but all calculations were done with the in-situ measurements in this chapter. 
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7.3 Water uptake and swelling properties of Nafion®  films 

 

Three different Nafion®  films of thicknesses 25, 82, and 150 nm on Au were studied 

using the combined QCM-ellipsometry experimental setup.  Figure 7.5 shows the plot of absolute 

swelling as a function of λ for Nafion®  films on Au. Assuming one-directional swelling and no 

mixing, if all films experience the same swelling with same water content than the structure of the 

films could be said to be similar. Another group has made this assumption as well for thin films 

attributing it to lack of excess free volume or macroscale voids and confinement effects.9 

 

 

Figure 7.5: Swelling as a function of water content for untreated Nafion®  films on Au. 
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Paul52 in Figure 2.7. The thinnest (25 nm) film experiences the least swelling due to its high void 

fraction. As reported in Chapter 4, the density of the thinnest (25 nm) film was much lower than 

that of the thicker films. This suggests higher void fraction allowing the water molecule to be 

accommodated before the film experiences swelling. The discrepancy between the 82 and 150 nm 

film can be explained by the mixed-layer morphology. The bottom layer (<55 nm) of the film has 

higher voidage while the top layer (>55 nm) is denser. Due to the dense nature of the top layer, it 

would experience greater swelling.  

 

 

Figure 7.6 Normalized swelling as a function of water content for untreated Nafion®  films 

on Au. 

 

  For comparison, normalized swelling (swelling/thickness of dry film) was plotted against 
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 The above results were discussed assuming one-dimensional swelling with no mixing. 

One-dimensional swelling is assumed for thin films due to the significantly larger surface area 

compared to thickness. Furthermore, the ellipsometer is only capable of measuring thickness 

change in the z-direction (1-dimension), thus limiting our understanding of what is occurring 

inside the film. To further interpret the swelling behavior of the films and to examine the validity 

of one-dimensional swelling, the water uptake and thickness change data were related via 

equation 7.2 

 

 
1 + (𝜆)

�̅�𝐻2𝑂

�̅�𝑜

−
�̅�𝑚𝑖𝑥

�̅�𝑜

= (1 +
∆𝐿𝑅𝐻

𝐿𝑜
)

𝑚

 (7.2) 

where �̅�𝐻2𝑂 and �̅�𝑜 are molar volumes of water and polymer respectively, �̅�𝑚𝑖𝑥 is the volume of 

mixing, and m is the swelling dimension. The volume of mixing accounts for the non-ideal 

mixing of water and polymer phase and is mentioned to be present in Nafion®  membranes.9  

 

Using humidity-dependent 𝜆 and thickness change from the QCM and ellipsometer, 

respectively, the following was noted: (i) the swelling dimension was found assuming ideal 

mixing (�̅�𝑚𝑖𝑥 = 0) and (ii) the volume of mixing was found assuming 1-dimensional swelling 

(m=1). This was done because two separate instruments were used. With the new combined 

QCM+Ellipsometry setup, both the swelling dimension and volume of mixing will be solved 

simultaneously. Setting 1 + (𝜆)
�̅�𝐻2𝑂

�̅�𝑜
 as y and 1 +

∆𝐿𝑅𝐻

𝐿𝑜
 as x, equation 7.2 can be rearranged to, 

 

 y = 𝑥𝑎 + 𝑏 (7.3) 

where a = m and b = �̅�𝑚𝑖𝑥 �̅�𝑜⁄ . 
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Using TableCurve 2D (Systat Software Inc.), the swelling dimension and volume of 

mixing was obtained fitting the above exponential curve. The swelling dimension and volume of 

mixing for Nafion®  films can be seen in Figure 7.7. The swelling dimension of all films is around 

1 indicating that swelling is mostly in the z-direction. This can be interpreted as the films being 

affected by confinement effect. The volume of mixing is significantly lower than what is reported 

for the membrane and nearly close to 0 suggesting negligible non-ideal mixing.  

 

 

Figure 7.7: Swelling dimension (solid □) and volume of mixing (open □) of Nafion®  thin films 

on Au. Dashed lines indicate range of volume of mixing for Nafion®  membranes. 
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7.4 Water uptake and swelling properties of AFCC ionomer films 

 

The water uptake and swelling properties of AFCC ionomer films were measured in the 

combined QCM and ellipsometry setup. The plots of swelling as a function of water content are 

presented in Figures 7.8 and 7.9.  In both Figures, while not significant a thickness-dependent 

trend can be observed. For both ionomers swelling increases with increasing thickness. 

Furthermore, there is a clear difference in behavior between the thinner (< 55 nm) and thicker (> 

55 nm) films for both samples. As mentioned in Chapter 6, AFCC ionomer films appear to be 

experiencing the same morphological changes around the 55 nm thickness similar to Nafion®  

films and this swelling behavior is a further evidence in support of this. Films of thicknesses <55 

nm might have similar multi-lamellar structure, which is why similar swelling for the thinner 

films are observed. 

 

 

Figure 7.8: Swelling as a function of water content for untreated PFSI710 films on Au. 
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Figure 7.9: Swelling as a function of water content for untreated PFSI790 films on Au. 

  

 The swelling dimension and volume of mixing was investigated for the AFCC films as 

well. The results are presented in Figures 7.10 to 7.11. Most of the samples exhibit swelling 

dimensions very close to 1 suggesting the presence of confinement. One concern is the 23 nm 

PFSI710 film showing a dimensional swelling of less than 1, meaning that the film experienced 

more swelling than what was put in. This was not investigated further and thought to be the result 

of the error associated with the equipment. All AFCC films exhibit a volume of mixing close to 0, 
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Figure 7.10: Swelling dimension (solid ◊) and volume of mixing (open ◊) PFSI710 thin films 

on Au. 

 

Figure 7.11: Swelling dimension (solid ∆) and volume of mixing (open ∆) PFSI790 thin films 

on Au. 
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A comparison of the thickness-dependent swelling dimension and volume of mixing for 

all films on Au were plotted in Figures 7.12 and 7.13. While no thickness-dependent trend was 

observed, the confinement effect and negligible non-ideal mixing was confirmed for ionomer thin 

films.  

 

 

Figure 7.12: Swelling dimension of Nafion®  (□), PFSI710 (◊), and PFSI790 (∆) films on Au. 
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Figure 7.13: Volume of mixing for Nafion®  (□), PFSI710 (◊), and PFSI790 (∆) films on Au. 

 

7.5 Effect of aging and thermal annealing on Nafion®  films 
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mentioned in Chapter 2. After obtaining the untreated water uptake and swelling data, the films 
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which reported a decrease in water uptake with ageing. The slow relaxation of the polymer was 

attributed for this phenomenon. Meanwhile, the effect of ageing on swelling has not been 

reported. To introduce the effect of ageing on Nafion®  films, a single sample aged in an 

uncontrolled environment was tested at random. Figure 7.14 shows the depreciation of water 

uptake at all humidity for a 150 nm Nafion®  film on Au as it is aged. Measurements were done in 

the environmental chamber introduced in Chapter 4 to ensure accurate measurements. To 

eliminate the effect of aging from the effect of annealing, the films were annealed as soon as the 

untreated film data was obtained. The water uptake of annealed films was measured as soon as 

the films cooled down after the annealing protocol. 

 

 

Figure 7.14: Effect of aging on water uptake for 150 nm Nafion®  film on Au. 
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due to annealing are presented in Figure 7.15. The 25, 82, and 150 nm films experienced a 16, 12, 

19% increase in thickness respectively. No thickness-dependent trend was observed.  

 

 

Figure 7.15: Density of Nafion®  films on Au before and after thermal annealing. 
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No significant change in water contact angle was observed before and after annealing which 

suggests a structural change.  

 

Earlier reports which observed similar results attributed the decrease in water uptake to 

the increase in crystallinity within the polymer that inhibits water uptake26,35-38. The increase in 

crystallinity was confirmed by GISAXS studies.62 Once again, the depreciation in proton 

conductivity after annealing can be attributed to the decrease in water uptake for Nafion®  thin 

films. Also, although Paul et al35 reported that annealing only affects the water uptake of thicker 

films (>50 nm) this was not the case for our films. The discrepancy could be attributed to the 

difference in annealing time; 40 hours compared to 1 hour. Absolute swelling as a function of 

water content was plotted in Figure 7.19 for the annealed films. The trend is very comparable 

with the untreated films. 

 

 

Figure 7.16: Water uptake (solid) and swelling (open) data for 25 nm Nafion®  film on Au.  
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Figure 7.17: Water uptake (solid) and swelling (open) data for 82 nm Nafion®  film on Au. 

 

Figure 7.18: Water uptake (solid) and swelling (open) data for 150 nm Nafion®  film on Au. 
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Figure 7.19: Swelling as a function of water content for annealed Nafion®  films on Au. 
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the 25 nm film shows a slight decrease in swelling per water uptake after annealing, the 82 and 
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effects are mostly affecting the surface of the film, but as mentioned before no significant 
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frequency measurement of the QCM, further investigation is required to make a conclusion.  
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Figure 7.20: Effect of annealing on swelling as a function of water content for 25 nm 

Nafion®  film on Au. 

 

Figure 7.21: Effect of annealing on swelling as a function of water content for 82 nm 

Nafion®  film on Au. 
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Figure 7.22: Effect of annealing on swelling as a function of water content for 150 nm 

Nafion®  film on Au. 
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Figure 7.23: Swelling dimension (solid) and volume of mixing (open) of untreated (□) and 

annealed (∆) Nafion®  thin films on Au. Dashed lines indicate range of volume of mixing for 

Nafion®  membranes. 
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addition, the results further supported the proposed nano-structure of thin films by Paul for all 

ionomers. Investigation of swelling dimension and volume of mixing suggests the presence of 

confinement effect and negligible non-ideal mixing for thin films. No trend for EW was observed.  

 

The effect of annealing in Nafion®  thin films was significant on both the water uptake and 

swelling properties. Both properties faltered significantly after prolonged annealing. However, it 

was observed that swelling as a function of λ did not change after annealing as well as no 

significant difference in the swelling dimension and volume of mixing. The effect of annealing on 

Nafion®  thin films requires further investigation until a conclusion can be made.   
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Chapter 8 

Conclusions and Recommendations 

 

8.1 Conclusions 

 

Water uptake and swelling properties of thin ionomer films that play a crucial role in 

PEFCs were investigated in this thesis. The effect of thickness, substrate, EW, and annealing was 

studied. Thin films were prepared on quartz crystals and characterized using the QCM and 

ellipsometer: The QCM was employed to characterize the dry film mass and water uptake 

properties of the film, the ellipsometer for film thickness and optical properties, and combining 

the two techniques made it possible to study the density and swelling properties. Due to issues of 

non-uniformity of thickness of films created by self-assembly method on larger substrates (> 1cm 

 1cm), this thesis focused on spin-coated films. Spin-coating method of fabrication resulted in 

uniform and smooth thin films as confirmed by AFM. The density and RI of Nafion®  thin films 

were strongly correlated for thicker (>55 nm) films exhibiting values close to that of the 

membrane. The drop in RI for thinner (<55 nm) films were observed although further study on 

density is required. 

 

The discrepancy between high water uptake and low proton conductivity previously 

reported for Nafion®  thin films on SiO2 substrate was resolved by identifying the porous nature of 

the blank SiO2. A simple subtraction method taking into account the blank SiO2 substrate water 

uptake showed that water uptake was not strongly affected by substrate between Au, Pt, and SiO2. 

A thickness-dependent study of Nafion®  films on Au and Pt showed similar trends to previously 

reported proton conductivity trends which indicates that proton conductivity is strongly 
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dependent on water content. The increase in water uptake for sub-20 nm films was also observed 

on Pt.  

The study on the effect of EW in the thin film form has not been reported yet in literature. 

Alternative dispersions provided by AFCC were prepared and characterized in the same manner 

as Nafion®  films. The density and RI of AFCC samples showed comparably higher values than 

Nafion thin®  films. The effect of thickness on each AFCC sample showed similar trends to that of 

Nafion®  thin films indicating similar nano-structure. However, comparison of water uptake 

property between the various ionomers showed that interestingly Nafion®  (highest EW) adsorbed 

more water at higher thicknesses (>55 nm). For thinner (<55 nm) the water uptake was 

comparable. This could be attributed due to the high crystallinity observed in low EW ionomers. 

 

The swelling properties of ionomer thin films and the effect of annealing were studied 

using the customized QCM + ellipsometer setup. No thickness- and EW-dependent trend was 

observed, but investigation of the swelling dimension and volume of mixing indicated that 

confinement effect was evident for all ionomers thin films.  Annealing Nafion®  thin films greatly 

reduced its water uptake and swelling properties. However, a plot of swelling as a function of λ 

showed that annealing had almost no effect. The exact effect of annealing on thin film 

morphology needs further investigation.  

 

8.2 Recommendations 

 

While this thesis has introduced some new and interesting insight into ionomer thin films, 

further investigation is required to fully interpret the observations. While studying water uptake 

and swelling properties gives us a general idea on the response of ionomers in the thin film form 

when exposed to RH, it does not lend itself to fully clarifying the underlying physics of these 
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responses. As mentioned in Chapter 2, studying the kinetics of water uptake was a major focus of 

this thesis. However, due to limitations in controlling the humidity change this was not possible. 

If it is possible to instantaneously change the RH to a desired point, the response can be fully 

attributed to the film property which would allow us to obtain an understanding of the water 

uptake process and the morphology. 

 

Furthermore, calibration regarding the preparation and characterization techniques will 

lead to better results. The main issue with studying the density of thin (<55 nm) films is the error 

associated with the QCM system. Due to the high variance in frequency reading due to assembly 

and disassembly of the holder, obtaining the exact dry film mass requires some fine-tuning. A 

method to prepare uniform and smooth thin film on QCs while inside the holder is required. 

Regarding the combined QCM + ellipsometer system, a method to control the temperature 

fluctuation to a minimum is also required due to the sensitivity of QCM to temperature.  
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APPENDIX 

 

For comparison of the 3 ionomers, the mass water uptake as a percentage of dry film 

mass is presented through Figures A1 to A4. We observe for thinner films (<55 nm) the low EW 

ionomer thin films absorb more water compared to Nafion®  thin films at all humidity. However, 

for thicker (>55 nm) films this is not always the case. Interestingly, we observe that at certain 

humidity the water uptake of low EW ionomer thin films is either similar or even lower at 

sometimes compared to Nafion®  thin films of similar thickness.  

 

  

Figure A1: Thickness-dependent mass water uptake at 20% RH for thin films on Au. 
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Figure A2: Thickness-dependent mass water uptake at 40% RH for thin films on Au. 

  

Figure A3: Thickness-dependent mass water uptake at 60% RH for thin films on Au. 
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Figure A4: Thickness-dependent mass water uptake at 75% RH for thin films on Au. 
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