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ABSTRACT
The hydrogen fuel cell industry continues to make strides in terms of improving device
efficiency and performance, yet ion transport within the catalyst layer is not well understood.
Thin ionomer films coating the catalytic particles are responsible for proton transport throughout
the catalytic layer, yet the basic physical properties of these thin films, which interact with the
catalyst surface, are widely unknown. Fundamentally, the material properties of thin polymer
films are known to deviate from thick, free-standing membranes composed of the same material
based on their interfacial interactions. The work in this dissertation seeks to uncover the
properties of thin Nafion® films to begin to understand their role in catalyst layer performance.
By identifying the influence of processing conditions, polymer–substrate interaction, and
thickness on water uptake characteristics of thin Nafion® films, the proton and oxygen transport
parameters that are most relevant to performance in the catalyst layer can be understood. Since
the hydration of Nafion® is relevant for its proton conduction and performance in a fuel cell,
water sorption of substrate–supported Nafion® thin films was characterized via the change in
sample mass and thickness as the relative humidity (RH) of the sample environment was varied.
Monolithic thin Nafion® films were characterized for a variety of sample preparation conditions
and substrates to identify how processing conditions and other sample parameters may affect
water uptake.
Spin cast Nafion® films exhibited low density and refractive index for very thin films due
to the higher relative void fraction induced by rapid film formation. The density of hydrated
films was observed to decrease beyond the volume additivity limit as RH increased, and the
relationship between density and refractive index was confirmed with the Lorentz-Lorenz
relationship. The complex refractive indices (N = n + ik) of substrate–supported Nafion® films
were identified for spin cast films 10 to 1000 nm in thickness. A sharp decline in n was observed
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as film thickness decreased below 50 nm, and n was found to be influenced more by thickness
(i.e. processing conditions) than the underlying substrate (Au or SiO2). The spin casting process
caused polymer chains to preferentially align parallel to the substrate, leading to an increase in
anisotropy of the refractive index as measured by variable angle spectroscopic ellipsometry. The
incremental change in both thickness and refractive index was observed to increase more with
greater humidity, especially above 75 % RH. Chain anisotropy decreased as birefringence was
eliminated when Nafion® was solvent annealed at high RH. Spin cast films exhibited hysteresis
in mass uptake and swelling, confirming that some degree of polymer relaxation occurs as
Nafion® is swollen.
Thin Nafion® films on Au exhibited a lower percentage change in mass compared to
thicker films and Nafion® on SiO2. Nafion® has been shown to form a hydrated layer at the
interface of native oxide coated silicon which may account for the increased water sorption on
SiO2 compared to Au. Additionally, there may be significant interaction between the sulfonate
groups on Nafion and the Au surface. Mass uptake as a function of relative humidity was
evaluated for Nafion® films 80 to 1200 nm in thickness. By using two models to estimate mass
uptake, the magnitude of viscoelastic losses were evaluated as a function of thickness and relative
humidity. As film thickness increased above 600 nm, the divergence in mass predicted by the
Voigt and Sauerbrey equations indicated that thick films exhibited significant viscoelastic loss.
The significance of processing conditions in determining water uptake characteristics was
evaluated by comparing adsorbed and spin cast substrate supported films. Adsorbed Nafion®
films exhibited different water uptake characteristics than spin cast polymer films, likely due to
the structural differences induced in the film formation process. Confinement at an interface
constrained morphological organization for very thin films, which resulted in significant swelling
compared to thicker films due to the lack of hydrophobic domains that reinforce the film and limit
water uptake. In summary, the properties of ionomer thin films are determined by the interplay

v
between surface bonding and hydration, morphological organization, and mechanical properties.
The basic properties of Nafion® thin films discussed in this dissertation provide a basis for further
studies of proton and oxygen transport in the ionomer phase in a fuel cell catalyst layer.
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Chapter 1
Introduction

1.1. Background
Hydrogen fuel cells represent an important piece of the energy technology landscape that
will help to reduce the consumption of fossil fuels. Energy conversion with proton exchange
membrane (PEM)-based hydrogen fuel cells is an efficient way to produce electricity from
chemical fuels while emitting only water and heat as reaction byproducts. Great strides in the
lifetime and power output of PEM fuel cells (PEMFCs) have been made since their introduction
in the 1960s. PEMFCs have the potential to become a power source for electronics, vehicles, and
office buildings, but their performance must be improved and cost reduced before widespread
commercialization can be realized.
In a vehicle, a hydrogen fuel cell has a realistic maximum energy conversion efficiency
of 60 % while an internal combustion engine has an efficiency of only 25 %.1 A fundamental
understanding of the individual components of a PEMFC will help achieve maximum operational
efficiency and ultimately lower cost. At the cell level, major resistive losses in the cell are caused
by the reaction kinetics (as a charge transfer resistance) and ohmic resistance of the ionconducting membrane. As the industry standard ion conductive material in PEMFCs, Nafion®
has been extensively studied in an attempt to promote ion conductivity, operational durability,
and efficiency of PEMs.2–6 As environmental humidity increases, the membrane absorbs ambient
moisture which increases ion mobility through the ionomer.4 The morphology is intimately
connected to proton mobility, although the precise phase segregated structure is still debated in
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literature.5,7,8 In addition to its importance as a free standing membrane, Nafion® also plays an
important role in facilitating the transfer of protons between the PEM and gas diffusion layer in a
hydrogen fuel cell.
The PEM is comprised of a 20-250 m thick free-standing membrane, which constitutes
one of the key components of a fuel cell. Most fuel cell membrane research focuses on the
properties of materials with thicknesses much greater than 1 m, yet Nafion® films between 2 to
20 nm thick facilitate proton conduction throughout the porous electrodes and provide facile
proton transport between the catalyst sites and PEM.9 In this capacity, Nafion® takes the form of
a thin film, coating the catalytic platinum and carbon black support/filler particles in the catalyst
layer of the cathode. The properties of thin (< 100 nm) substrate-supported films are influenced
by their geometry and interfacial interactions; the material properties of thin polymer films are
known to deviate from free standing membranes composed of analogous materials.
Recently, resistive losses in the porous fuel cell electrode have been identified as a major
loss in fuel cell efficiency.10 It has been hypothesized that thin Nafion® films in the electrode are
the source of this unidentified resistance, however there are few fundamental investigations of the
properties of these thin films. Basic materials work is required to measure the properties of these
thin films to better understand transport in the fuel cell catalyst layer.

1.2. Motivation for this Work
The properties of substrate-supported Nafion® thin films are of importance in the
optimization of energy conversion devices. Publications on thin Nafion® films have only
emerged in the last few years,11–16 leaving the properties of sub-micron Nafion® films widely
unexplored. In this dissertation the effects of thin film confinement on the basic properties of
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substrate-supported Nafion® films are explored as well as the dynamic change in the material as it
absorbs water in a humid environment.
To identify the fundamental factors underlying the properties of thin Nafion® films and
the resulting oxygen, water, and proton transport in the catalyst layer, the structural differences
between bulk (~1000 nm) and thin (< 100 nm) films at ambient conditions and as a function of
relative humidity were investigated. The results were rationalized based on film processing
conditions, film thickness (i.e. the proportion of interfacial polymer), and interactions between the
polymer and the substrate on gold, native oxide, and carbon surfaces. Since water uptake is a
vital determinant of proton conductivity, spectroscopic ellipsometry was used to measure the
humidity-induced change in thickness, refractive index, and film composition. Quartz crystal
microbalance with dissipation was used to characterize mass uptake and the viscoelastic nature of
Nafion® thin films for samples between 45 and 1200 nm. Thickness and mass data were
combined to assess the density and void fraction of films at ambient and hydrated conditions.
The aim of this research is to determine the unique properties of confined Nafion® films and
understand how these properties contribute to the water sorption behavior and equilibrium water
uptake. The fundamental molecular properties of Nafion® including well-defined molecular
weight, glass transition temperature, radius of gyration, correlation length, solubility parameter,
or many other physical traits by which conventional polymers are usually characterized remain
unknown and are not readily measured. Therefore this dissertation represents only the beginning
steps towards the understanding how interfacial interactions and processing conditions influence
the properties and performance of thin Nafion® films.
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Chapter 2
Literature Review

2.1. Introduction
The importance of Nafion® as a thin film in the catalyst layer of PEMFCs will be
discussed along with the unique properties of thin polymer films. Emerging studies on the
properties of thin Nafion® films will be examined as they present results that support and
complement the research included in this dissertation. Nafion® will be introduced as a key
material for proton exchange membranes and background on the characteristics of PEMs will
elucidate improvements to be made in their water management properties. Water transport
properties in polymers and thin films will be discussed for their relevance to fuel cell
performance. The history and function of fuel cells along with the scientific challenges
associated with their lifetime and performance will be briefly discussed.

2.2. Hydrogen Fuel Cells

2.2.1. Basic Function
PEM fuel cells convert the chemical energy of hydrogen into electrical energy through
oxidation of hydrogen and reduction of oxygen. Hydrogen gas diffuses through flow channels in
the assembly to the porous gas diffusion layer (GDL), after which it encounters the catalyst layer.
H2 is oxidized into protons (H+) and electrons by catalytic platinum particles at the anode as in the
reaction in Equation 1-1:
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-

(1-1)

Through the intimate contact of the electrode, external circuit, and PEM, electrons are conducted
through the circuit while H+ ions are transported across the PEM. The proton exchange
membrane (also referred to as the polymer electrolyte membrane) electrically insulates the
electrodes while transporting protons from the anode to the cathode. Oxygen is reduced at the
cathode as it reacts with protons, producing water as a byproduct (Equation 1-2).
-

(1-2)

Therefore the overall cell reaction is:
(1-3)
Although the thermodynamic potential of this reaction is 1.23 V, the working potential of this
reaction is only ~ 0.7 V under reasonable current densities. Thus multiple fuel cell units are
combined in series into a “stack” to increase output. The basic components of a fuel cell are
represented in Figure 2-1.

Figure 2-1. Schematic of a hydrogen powered fuel cell.1
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The electrodes in a PEM fuel cell are vital to its efficiency as most of the activation
losses that decrease the thermodynamic potential occur in the electrodes. Electrodes have three
main functions: to conduct protons between the active catalyst sites and the proton exchange
membrane, to transport electrons to the current collector, and to effectively manage reactant and
product gases.2 Because the catalyst layer must sustain competing transport processes, there has
been significant consideration of the optimal distribution of components, their structure, and
physical properties inside the complicated porous geometry of the catalyst layer. The catalyst
layer is most commonly composed of catalytic platinum (or a Pt alloy), porous carbon particles,
and a thin binder layer of ionomer. The inclusion of thin ionomer films in the catalyst layer is
key to this work as they are responsible for proton conduction and the diffusion of gases to and
from reactive sites. The functionality and optimization of the catalyst layer is described in greater
detail in Section 2.3.3.
While PEMFCs are the most commercially viable types of fuel cells and a candidate for
automotive power, there are several other types of fuel cells which are classified by different
functionalities based on reactions at the semi-permeable electrolyte. Direct methanol fuel cells
and phosphoric acid fuel cells also depend on a polymer electrolyte coupled with a platinum
catalyst, however these use different fuel sources. Methanol has a high energy density but direct
methanol fuel cells have particularly low efficiencies, making them only practically useful for
portable applications. Alkaline or anion exchange membrane fuel cells are attractive for their use
of non-precious metal catalysts, but the conductive ion OH- becomes COOH as it is exposed to
CO2 and accelerates membrane degradation compared to PEMFCs. Solid oxide fuel cells are able
to function at temperatures up to 1000 °C since the electrolyte is composed of a solid ceramic, but
there is increased corrosion and breakdown associated with the elevated operating temperature.3
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2.2.2. History and Usage of Fuel Cells
The major economic leaders in fuel cell technology include Japan, Germany, Republic of
South Korea, and the United States of America. While fuel cells have yet to be mass produced
and marketed in personal vehicles, they are currently implemented in other applications. Fuel
cells are used to power warehouse forklifts, where pollution from exhaust causes potential health
concerns. As stationary power sources, they are used to power businesses and homes, usually
from reformed natural gas, which often has less intermittency than grid electricity. The efficiency
of PEMFCs is ~ 60 % for transportation and ~ 35 % for stationary power sources.3 Fuel cell
technology has been embraced by NASA, including both transportation and stationary sources on
the international space station and exploratory space missions. Their commitment to fuel cell
technology was cemented in 2005 when NASA finalized a modern PEM fuel cell test facility.4
The Department of Energy (DOE) predicts the ramp up to ubiquitous use of fuel cells will take 20
years based on cost reduction through economy of large scale manufacturing.5 Ongoing research
to improve efficiency and decrease cost of PEM fuel cells will ensure that PEMFCs play an
important role in the future energy landscape.
While basic fuel cell reactions were discovered in 1839,6 they were not adopted as a
power source until their inclusion by GE and NASA in the Gemini space missions during the
1960s.7 Membrane properties were poor for this generation of fuel cells, with comparatively low
proton conductivity and lower power outputs. Fuel cell technology was revolutionized by the
creation of the perfluorosulfonic acid membrane Nafion® by E.I. Du Pont de Nemours &
Company, Inc. Invented in 1962, it was initially used as a permselective membrane in chlor
alkali cells, but its potential as a PEM was realized several years later.8 Since then, the DOE has
led the effort to commercialize fuel cell technology for transportation and stationary power
sources. Through its diverse research efforts, the DOE’s “Hydrogen and Fuel Cells Program”
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focuses on reducing cost and increasing the efficiency of hydrogen power. Hydrogen is
considered a valuable alternative energy source for buildings, which account for ~ 36% of
primary energy consumption in the US. Research areas include hydrogen production, delivery,
and storage, as well as projects to optimize individual components of the fuel cell assembly. An
economy of scale has led to an 80 % reduction in the manufacturing cost of an automotive fuel
cell over the past 10 years, with a target cost of $30 per kW as of December 2012.9
Although hydrogen is the most abundant element on earth, it is usually found in a
coupled form, as in water or hydrocarbons. Hydrogen gas is harvested and consumed more
efficiently than gasoline in internal combustion engines, with 95% sourced from natural gas.
Despite hydrogen’s potential as a fuel source for vehicles, there are barriers to the commercial
adoption of new technologies. Hydrogen has one third of the energy density by volume of
gasoline. While hydrogen has a higher energy density than gasoline by mass, it is difficult to
condense, transport, and store.5 As a highly volatile gas, there are safety concerns regarding
proper storage and transport of hydrogen, especially in the case of an accident. With gasoline
being the industry standard fuel, another challenge associated with bringing hydrogen powered
vehicles into the mainstream is customer expectation that cars incorporating new technologies
should have increased fuel efficiency. By introducing a fuel source that must be transported and
dispensed in a new manner, new infrastructure must be developed to safely store and deliver
hydrogen fuel. While a more efficient source of power, the least expensive method of hydrogen
production currently costs three times more than the gallon gasoline equivalent.9 Consumers will
be reluctant to accept an increase in cost per gallon, frequency of refills, or distance a car will
travel on a tank of fuel over what they are accustomed. Practical improvements in hydrogen
production, distribution, and storage must be made in order to establish a hydrogen-based energy
economy.
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2.2.3. Scientific Challenges to Maintaining Fuel Cell Performance and Efficiency
There are many scientific challenges associated with improving the performance of PEM
fuel cells including water management, material cost, degradation, and operating temperature. To
increase efficiency, fuel cells should operate at elevated temperatures; however above 90 °C it is
difficult to maintain the proper level of hydration in the proton exchange membrane. Excess
water in the cell causes gas mass transport losses due to “flooding” in the porous diffusion media.
Conversely, too little water significantly decreases proton conductivity within the membrane and
electrodes. During drive cycling, expansion and contraction of the PEM can cause loss of contact
with the electrodes. Cracking and short circuits can also result from a loss of integrity of the
membrane. Research efforts are ongoing to develop electrolyte materials that achieve high
conductivity at elevated temperature (i.e. low hydration) as well as membranes with low
expansion and robust fatigue resistance.
The cost of PEMFCs may be lowered by developing alternative components for the
catalyst and PEM. Not only is platinum an expensive catalyst, the PEM and hydrogen are costly
to produce as well. Platinum has excellent catalytic properties and robust stability under most
fuel cell operating conditions; however it is prohibitively expensive and difficult to recycle due to
migration of the catalyst throughout the cell. Identifying and counteracting degradation
mechanisms in membranes and catalyst layers helps to prolong their functional lifetimes. The
catalytic properties of platinum alloys and other non-precious metal catalysts are being
investigated.10 End group and additive stabilization of perfluorosulfonic acid materials has
resulted in significant increases in membrane lifetime. Additionally, the operational parameters
of cells can be adjusted to prolong material lifetimes.
There is now a significant database of materials, operational, and electrochemical
mechanistic knowledge on the main barriers to cost and performance of fuel cell devices.
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However, a few key bottlenecks remain. Specifically, porous electrode structure and function has
been identified as a gap in the basic understanding of fuel cell function. In the electrode, thin
films of ion-conducting polymer are responsible for transporting reactants and products to and
from catalytic sites and maintaining high activity of the catalysts over 1000’s of hours. GM,
Nissan, and Toyota recognize that the complex properties of thin ionomer films represent a
critical step in realizing further improvements in fuel cell technology.11

2.3. Proton Exchange Membrane Materials

2.3.1. Introduction
Modern PEMs are commonly composed of fluoropolymers due to their chemical and
thermal stability. The morphology of these acid-bearing fluoropolymers, commonly referred to
as poly(perfluorosulfonic acid)s, is very closely associated with their water uptake and proton
conductive properties. Therefore membrane performance as a proton conductor will be
influenced by the molecular architecture.

2.3.2. Nafion® Structure and Bulk Proton Exchange Membranes
Nafion®, a proprietary perfluorosulfonated polymer made by DuPont, has emerged as the
leading ionomer material for PEM materials. Nafion® is a well-studied but structurally complex
material which must be hydrated to take full advantage of its ion conductive capacity. As a
random copolymer, it possesses a strongly phase-segregated backbone with pendant side chains, a
structure which evolves during hydration.12,13 The strongly hydrophobic perfluorinated backbone
gives Nafion® chemical stability and structural integrity while the hydrophilic perfluorosulfonic
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acid side chains impart high proton conductivity when humidified. The chemical structure of
Nafion® is shown in Figure 2-2. The unique molecular structure of Nafion® leads to the
formation of well-connected ion conductive pathways when hydrated. The nano-cluster
configuration imparts a desirable combination of physical properties and optimal performance as
a proton conductor.14,15 Many alternative PEM materials are modeled after Nafion® where
sulfonic acid groups are tethered to hydrophobic, mechanically robust polymer backbones.

Figure 2-2. The chemical structure of Nafion® ionomer in acid form.

As a thermoplastic ionomer, it cannot be melt processed due to the strong interaction
between ionic groups. Therefore it is typically extruded in the form of a -SO2F precursor, which
is then acidified by soaking formed membranes in an acidic water-based solution. Extrusion of
the precursor material causes orientational alignment in the plane of the membrane.14 Recent
process innovations have shown that the acid-form polymer may be solution cast, giving the
material much less alignment.
Because Nafion® is not fully soluble, the molecular weight cannot be determined by
common methods such as light scattering or gel permeation chromatography. Critical to Nafion®
properties are its equivalent weight (EW) based on the milliequivalents (or millimol) of sulfonic
acid per gram of dry polymer (meq g-1 or mmol g-1).14
The morphology of Nafion® is essential to its performance as a proton conductive
material. The large difference in the solubility parameters of the highly hydrophobic backbone
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and hydrophilic side chain causes very strong phase segregation between components. To lower
the interfacial free energy, ionic groups aggregate into segregated domains, just as block
copolymers phase segregate when the interaction parameter is large. When Nafion® films are
dry, ionic domains are isolated from each other, leading to very poor ion conduction through the
film. The structure of Nafion® stained with lead acetate was imaged with transmission electron
microscopy, shown in Figure 2-3.

Figure 2-3. Cross-sectional TEM micrograph of Nafion® 117.16

Water has a very high solubility parameter and dielectric constant, especially in
comparison to the polymer components. Therefore as water content in the membrane increases,
phase segregation between the hydrophilic domains and hydrophobic matrix will also increase.
As the material is hydrated, ionic domains swell and coalesce, forming a percolated network. The
well-connected channels that develop act as conductive pathways to promote ion mobility
throughout the film, while the perfluorinated backbone maintains the structural integrity of the
film during hydration. The excellent performance of Nafion® as an ion conductor is contributed
to the strong phase segregated morphology, shown in Figure 2-4.14,15
The morphology of Nafion® is still disputed in literature among three main structural
theories. The Gierke model of interconnected water clusters17,18 is arguably the most widely
accepted model, but the presence of elongated structures has been clearly demonstrated by SAXS
studies.13,19 According to the “cluster network” theory, clusters of swollen ion domains form,
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which are connected by narrower nanochannels. The larger domains are estimated to be ~ 4 nm
in diameter, with an inter-cluster distance of ~ 5 nm. From their extensive SAXS studies, Gebel
and Diat hypothesize that domains form elongated, ribbon-like structures with the sulfonate
groups located on the outside of these domains.20 Schmidt-Rohr and Chen, on the other hand,
used molecular modeling techniques to estimate the morphology of Nafion® from published
SAXS values, including the Gebel and Diat data. Schmidt-Rohr and Chen determined that ionic
domains formed parallel, cylindrical channels of inverted micelles with the hydrated centers.21
While the precise morphological features of Nafion® membranes are still debated, there is some
consensus on the properties of this material which has aided in the progression of engineered fuel
cell devices.14,15
The perfluorinated backbone also plays an essential role in membrane performance as it
provides chemical and thermal stability. Nafion® membranes are annealed before use in a
membrane electrode assembly to promote the structural integrity of the membrane. When
annealed, the fluorinated backbone becomes semi-crystalline, limiting film expansion, and
therefore the amount of water absorbed. Additional water within the hydrophilic domains lessens
the strength of electrostatic bonds between sulfonate groups and plasticizes the polymer chains.
Ionic domains swell, putting pressure on the matrix. If the water content in the membrane is too
high, water will pool and condense within the membrane, causing excess swelling and decreased
ion mobility. The equilibrium swelling of the film occurs when the osmotic pressure of the
swollen, hydrated domains is balanced by the elastic modulus of the hydrophobic matrix. During
normal operation, the humidity and temperature will cycle, causing the membrane to dehydrate
and rehydrate, which affects fuel cell performance.
Ion conductivity in a hydrated membrane is due to the mobility of hydronium ions
through the conductive pathways. At sufficiently high hydration, protons will move from water
molecule to water molecule by hydrogen bonding and forming a hydronium ion as it moves. This
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conductivity mechanism is known as Grotthus hopping.15 Above the ideal water content, the
hydration number increases to a point where sulfonate groups become diluted, and ion hopping is
slowed by excess water. The hydration number for Nafion® has been correlated to water activity
(i.e. relative humidity) of the environment, and ion conductivity is subsequently related to the
hydration number, .22

Figure 2-4. Schematic representation of the microstructures of Nafion® and a sulfonated
poly(ether ketone) (derived from SAXS experiments) illustrating the less pronounced
hydrophobic/hydrophilic separation of the latter compared to the first.15

Dow created short side chain perfluorosulfonic acid ionomers by eliminating one of the
ether oxygens from the side chain. The advantage of short side chain polymers is that synthesis
of the base monomer is much simpler, and both Tg and crystallinity are increased in comparison
to Nafion®.23 Ionic groups are incorporated into block copolymers in an effort to form clearly
defined hydrated pathways, connected throughout the PEM.24 By sulfonating the midblock of a
triblock copolymer, expansion of the ionic block is controlled by structural end blocks. That is to
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say, ion conductivity can be maximized through the continuous, conductive midblock while the
overall dimensional change is reduced. Nafion® is often thought of as a bulk membrane, but it
also plays an essential role as a thin film in the catalyst layer of the fuel cell.

2.3.3. The Catalyst Layer and the Role of Thin Nafion® Films
The catalyst layer that serves as the anode and cathode is responsible for the microscale
transport processes that sustain electrochemical reactions in a hydrogen fuel cell. The catalyst
layer of the electrode is composed of porous carbon particles and catalytic platinum
nanoparticles, which are bound together with a thin layer of ionomer. After hydrogen is oxidized
by the Pt catalyst within the anode, transport of the reaction byproducts depends on the structure
of the electrode components. Protons are transported to the PEM through the ionomer coating,
while electrons are conducted to the external circuit via carbon in the catalyst and the gas
diffusion layer. Carbon and Pt manage electron transport to the external circuit in conjunction
with the conductive gas diffusion layer. The optimal weight fraction and distribution of each
component will promote full utilization of the catalytic platinum and reduce transport losses.2,25,26
The Pt-laden catalyst ink accounts for almost half of the cost of an individual fuel cell unit, so
optimizing its utilization and lowering the Pt content in the catalyst is a priority for lowering
cost.27
Catalytic activity can be increased by maximizing the surface area of the reactive
material. A thin layer of ionomer coats both catalytic platinum and carbon particles that help to
disperse the catalytic nanoparticles. Pt is mixed with porous carbon particles to increase the
surface area of the substrate, prevent occlusion, and to minimize Pt-to-Pt contacts. Proper
ionomer coating of catalytic sites facilitates ion transfer between the PEM and the GDL and
sustains the interfacial catalytic reactions, demonstrated in Figure 2-5 a.28 Carbon particles must
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be highly porous in order to promote catalysis but also remain sufficiently electrically conductive.
Various grades of “carbon black” materials are commonly used as fuel cell catalysts for their
availability and low cost. However, carbon structures with greater graphitization and surface area
facilitate electron conduction.26 The cross sectional transmission electron micrograph (TEM) of
the of fuel cell catalyst layer in Figure 2-5 b shows the scale of the thin ionomer films with
carbon black and catalytic platinum particles in the catalyst layer.

(a)

(b)

Figure 2-5. Schematic of (a) the cathode catalyst layer28 depicting its porous structure on a
macroscale and (b) a cross sectional transmission electron micrograph (TEM) of the catalyst layer
depicting the ionomer coating on carbon black and platinum particles.29

Catalytic performance is highly dependent on minimizing transport resistance by
improving contact with the GDL and PEM and varying both structure and composition of catalyst
materials. In the through-plane direction, mass transfer is limited at the interface between the
catalyst and PEM.30 Both the anode and cathode contain a catalyst layer, sandwiched between the
gas diffusion layer and proton exchange membrane. The ionomer layer is responsible for proton
conduction away from anodic oxidation sites to cathodic oxygen reduction sites. Since the half-
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cell reactions of fuel cells occur in the anode and cathode, fuel cell efficiency depends on
sustaining both catalytic activity and transport in the electrodes. For example, transport losses are
increased by tortuous conductive pathways and poor ionomer coverage, yet gas diffusion is
limited if the ionomer fills in macropores between carbon clusters.
Platinum is an expensive catalyst material, thus it is a major point of interest for cost
reduction in fuel cells. Pt loadings have been lowered to 0.4 mg/cm2 without a loss in
performance due to increased Pt utilization.2,25 Durability and degradation of the Pt catalyst is
also a concern for long term fuel cell viability.25 Nafion® loading of 0.6 - 0.8 mg/cm2 (or 33 wt.
%) is optimal for operating conditions in air. Above 33 wt. % Nafion®, porosity in the catalyst
layer decreases to a point where mass transfer of H2 and O2 becomes limited, accompanied by
water trapping and condensation within the mesopores of carbon clusters.31,32
Thin Nafion® ionomer films, on the order of 5 nm thick or less, are constrained by the
substrate interface and will experience inhibited mobility based on polymer-substrate interactions.
The interfacially-bound polymer is greatly affected by its interaction with the substrate.
Therefore substrate roughness and composition will affect the phase segregated morphology of
the thin polymer film and subsequent structure-property relationships. While increasing the
thickness of the ionomer coating promotes ion conductivity and structural support, it also limits
reaction currents by acting as an oxygen diffusion barrier. Thinner ionomer films improve the
diffusion of reactant gases, allowing for proper hydrogen oxidation and oxygen reduction,
however thinner films may limit ion conductivity in the electrode.31 The critical thickness of
Nafion® on a catalyst surface that fulfills these conflicting requirements was found to be less than
200 nm.33 The limiting current did not change for thicknesses up to 170 nm due to adequate
hydrogen diffusion. An understanding of the fundamental properties of thin ionomer films are
critical to device performance because gas transport properties are governed by the free volume
(i.e. density) of a polymer.34
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2.4. Thin Polymer Film Properties

2.4.1. Introduction
The high surface area-to-volume ratio and polymer-substrate interaction of thin (< 100
nm) polymer films result in a large proportion of interfacial polymer with unique characteristics
compared to bulk samples. As thickness decreases, the interaction between polymer and
substrate has a larger influence over the material properties due to the degree of surface
confinement.35 The substrate and air interfaces affect the morphology of a phase separated
material, chain mobility near the free and confined interfaces, and specific interactions between
the polymer and surface functional groups.36 When polymer chains are deposited on a substrate,
conformational entropy and surface tension are reduced. Not only are the mobility and reptation
of the polymer hindered at a solid interface, but the substrate may also have attractive, repulsive,
or neutral interactions with the polymer.37 The concentration of material at the substrate may
induce increased free volume at the air interface, forming a density gradient through the film
thickness.38
It is well-established that the polymer-substrate interaction influences many physical
properties of thin films including glass transition temperature (Tg),39 relaxation time,4,7
diffusivity,38,42,43 physical aging,44 and swelling characteristics.45–48 In block copolymers, the
substrate and free-surface interactions strongly influence the observed microphase separated
morphologies. Interaction at the buried interface will determine the length scale orthogonal to the
substrate over which a morphological effect is observed.36,49
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2.4.2. Processing Effects on the Morphology of Thin Films
Thin films are most commonly fabricated from polymer solutions through adsorption
onto substrates, drop casting, or via spin casting. The method of manufacture will influence chain
conformation, and therefore, the overall structure and morphology. Fabrication parameters that
influence the structure of thin polymer films, as with bulk membranes, are solution morphology,
shear during processing, and drying time. The method used to cast the film will affect chain
kinetics and the ability to form an equilibrium chain conformation. When drop casting or dip
coating a polymer solution onto a substrate, the chains adsorb and maintain their solution
conformation. This is especially true if the solvent evaporates slowly, allowing polymer chains to
kinetically rearrange. Spin coating a polymer solution onto a substrate forces chains into non
equilibrium conformations as they are cast over the substrate, followed by rapid solvent
evaporation. However, drop casting a film forms a rough free surface with a meniscus around the
edge of the droplet. Dip coating from solution limits the maximum thickness of the polymer film,
although the film thickness uniformity is improved. Spin coating provides a smooth, uniform
film thickness over the entirety of the sample surface.50,51
The solubility of the material in a solvent will affect its solution morphology.52 For
example, if a polymer is dissolved in a good solvent, its chains will be homogeneously
distributed. When the polymer is cast from solution, some semblance of the chain conformation
will be maintained as the vapor pressure decreases during solvent evaporation. Because it
contains both highly hydrophilic sulfonic acid groups and hydrophobic perfluorinated backbone
segments, Nafion® is not fully soluble in any solvent, so in a solvent it is referred to as a
dispersion rather than a solution.53,54
Nafion® is a randomly functionalized copolymer, but the large interaction parameter
between the perfluorinated backbone and sulfonic acid groups gives Nafion® strongly phase
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separated hydrophilic and hydrophobic domains, reminiscent of a block copolymer. Due to the
random incorporation of sulfonic acid moieties along the polymer chain, the phase separation in
Nafion® is on a decidedly smaller length scale compared to block copolymers.24 Substrate
surface chemistry is especially important in block copolymer thin films with thicknesses
approaching that of the lamellar period due to wetting interactions at the interface which
influence the morphology. To lower the interfacial free energy of the film, each block migrates to
the surface with which it is most energetically compatible. If one of the blocks has an affinity for
the substrate surface, the morphology will tend to align parallel to the surface with the more
compatible polymer block wetting the substrate. A neutral substrate, often formed by a mixture
of functional groups from the block copolymer, tends to induce a morphology perpendicular to
the surface with both blocks wetting the surface equally.3

2.4.3. Previous Studies of Thin Nafion® Films
Due to their vital role in the catalyst layer of hydrogen fuel cells, thin ionomer films have
recently gained significant research interest. While the physical effects of confinement at an
interface have been studied for many common polymers, little is known about how ionic groups
contribute to the properties of thin ionomer films.
As a Nafion® membrane is hydrated, well–connected conductive pathways form,
imparting a desirable combination of ion conductive, water transport, and mechanical properties
and optimal performance as a solid proton conducting membrane.14,15 Since Nafion®’s transport
properties are strongly associated with its water uptake and phase–separated morphology, the
polymer–substrate interaction will impact its performance in the catalyst layer where Nafion®
exists as a confined thin film – perhaps with altered water uptake and morphological properties.
There have been no conclusive reports of Nafion®’s molecular weight (varying greatly depending
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on the technique, reporting year, and grade), radius of gyration, glass transition temperature, or
solubility parameter due to the strong electrostatic interaction between sulfonate groups. In the
dry state, ionic groups aggregate and act as physical crosslinks in the material. Therefore, the
change in properties observed in uncharged polymer systems as thickness is decreased will not
necessarily be comparable to ionomer systems. In order to enhance understanding about confined
charged polymers, the effect of surface confinement on the material properties of thin Nafion®
films must be directly measured.
Confinement at an interface has been found to influence the morphology,55–58
crystallinity,1 conductivity,59,60 and water sorption characteristics48,56–58,61,62 of thin Nafion® films.
In recent publications, Nafion® films between 2 nm and 3 m in thickness were cast onto surfaces
that mimic the environment of the catalyst layer and provide a point of comparison to thick
Nafion® films for model studies. Sample surfaces investigated include platinum, silicon dioxide,
gold, carbon, and hydrophobic alkyl silane treatments. While Pt and C are substrates found in
catalyst layers, alternate model surfaces were used for ease of fabrication, characterization, or
fundamental comparison.
For techniques with geometrical constraints, smooth surfaces have been used in most of
the experiments to date. However, in practice, the catalyst layer is rough and highly porous to
maximize the reactive surface area of catalytic Pt. Characterizing the properties of Nafion® at the
triple-phase interface between both Pt and C is desirable, but experimentally complex. The
surface chemistry of both Pt and C will influence the polymer’s surface wetting characteristics,
while the surface roughness of the highly porous carbon will affect chain entropy. Results of
these investigations give insight into the role of polymer–substrate interactions on film properties
that are highly relevant to performance in the catalyst layer, specifically the structure and
resultant water uptake characteristics.
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Polymer–substrate interactions have a strong influence over thin film properties, and
several studies have sought to determine the structure of Nafion® directly at the interface with Pt.
Polarization modulated infrared spectroscopy (PM–IRRAS) has been used to enhance vibrational
modes at the Pt interface in conjunction with density functional theory (DFT) modeling
techniques. Sulfonate (SO3–) groups, and to a lesser degree CF3 groups, adsorb at the Nafion® –Pt
interface and are thus responsible for modulating the CO–Pt interactions that inhibit hydrogen
catalysis.63
The presence of carbon monoxide is a concern because it inhibits the electrocatalytic
activity of Pt anodes at levels as low as 10 ppm.64 As a natural consequence of the side chain
adsorption moieties to the surface, the perfluorinated backbone has little to no interaction with Pt,
predominantly aligning parallel to the substrate interface. The number of side chain groups that
were determined to interact with the Pt interface was relatively low compared to the quantity of
CF2 groups in backbone. Although there is not a strong interaction at the Nafion®–Pt interface,
the presence of Nafion® inhibits CO adsorption, thereby enhancing electrocatalysis. Incomplete
Nafion® coverage has been shown to inhibit oxygen reduction reaction kinetics on the cathode
and hydrogen oxidation on the anode.65
It has been reported that ionic groups preferentially cluster at the free interface on a
hydrophobic treated native oxide silicon substrate and tend to interface more with glassy carbon
or Pt/Si substrates, as shown in Figure 2-6a.66 Yet neutron reflectometry studies observed a
water-rich layer at the interface of a hydrated Nafion® film on native oxide coated silicon.
Lamellar structures were not found on the metal surfaces, as shown in Figure 2-6b. In a study by
Dura, et al. of the structure of Nafion® on Au and SiO2 surfaces dry films showed no
distinguishable structure at either buried interface, while water–rich lamellar layers developed at
the SiO2 interface in hydrated Nafion®.57 Layered lamellar structures formed at the interface of
the silicon substrate, while no distinguishable structure was found on gold or platinum substrates.
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(a)

(b)

Figure 2-6. (a) Schematic drawing of the adsorption model of the ultrathin Nafion® films on Si,
glassy carbon (GC), and Pt coated silicon wafer substrates. A large number of SO 3H clusters
(blue circles) are present on the surface of the ultrathin Nafion® film on Si but not on the surface
of the film on the GC or Pt/Si substrates.66 (b) An artist’s rendition (not to scale) of the model
corresponding to the four scattering length density (SLD) fits of Nafion ® on SiO2 at RH=97% is
shown above its SLD profile with the Nafion fluorocarbon backbone in red, sulfonic acid in
yellow, and water in blue.57

In the case of thin block copolymer films, the self–assembly and long range order of
domains are strongly influenced by the favorability of surface interaction. In ionomer systems,
specific interactions between acidic groups and substrates reduce the conformational freedom of
chains at the interface and the ability of ionomers to phase segregate. Since the characteristic
ion–cluster morphology is closely associated with water uptake and ion mobility, the ability of
domains to phase segregate will have a major effect on transport properties. Ionic domains have
also been shown experimentally to preferentially wet hydrophilic SiO2 surfaces with grazing
incidence small–angle x–ray scattering (GISAXS).55 Modestino, et al. demonstrated that as
Nafion® was exposed to increasing relative humidity, the material not only swelled but also
underwent morphological evolution.55 When Nafion® was cast onto hydrophobic surfaces, ionic
domains aligned parallel to the surface. As a result, Nafion® experienced less swelling on a
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hydrophobic surface than on hydrophilic SiO2. There was no distinguishable structure at the
Nafion®–Au interface for hydrated samples, but a water–depleted surface region has been
observed in studies of Nafion® on hydrophobic silane surfaces. When ionic domains are found at
the buried interface of a hydrophobic substrate, water may not be able to penetrate through the
hydrophobic portions of the film to wet this interface, isolating hydrophilic domains and limiting
their hydration.67 Encapsulation by the hydrophobic matrix would also restrict any swelling in
the isolated hydrophilic domains. As a result, thin Nafion® films exhibited lower mass uptake on
hydrophobic or neutral surfaces compared to hydrophilic oxide surfaces.
While the ability of water to penetrate to the buried surface will be influenced by
substrate hydrophilicity, confinement at an interface reduces molecular mobility and water uptake
in thin Nafion® films.56,62,68 The water uptake of surface confined Nafion® films has been the
subject of several publications, with some conflicting results. A recent study by Eastman, et al.
showed that for Nafion® films less than 60 nm thick (spin cast on SiO2 and unannealed) the
clustering and long range order of ionic domains was disrupted, resulting in decreased water
uptake and swelling compared to thicker films.56 The volume fraction water in unannealed
Nafion® films is significantly lower for films less than 30 nm in Figure 2-7a.56 Hydration has
also been shown to decrease with decreasing film thickness from 3 m to 33 nm for Nafion®
films (drop cast on Au) especially at high water activities. In Figure 2-7b the number of water
molecules per sulfonate group is reduced as film thickness decreases below 1 m.48 Results
indicate that hydration of sulfonate groups is hindered in thin Nafion® films prepared using
different processing methods due to suppression of ionic organization at the polymer–substrate
interface. Interfacial confinement reduces the ability of the polymer to accommodate solvent and
expand. These results demonstrate that both the structure and resultant water uptake of Nafion®
are extremely sensitive to substrate conditions. Since swelling in surface–confined films is
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restricted to the through–plane direction, any impedance to swelling in the z–direction from
structural elements like crystallites will impact the equilibrium water uptake properties.
As the surface area to volume ratio increases, self–assembled Nafion® films are unable to
phase segregate into the characteristic ion cluster morphology. Confinement at the interface
limits phase segregation of hydrophobic and hydrophilic domains for self–assembled films,
confirmed by both GISAXS and TEM.58 TEM shows blended domains with reduced contrast,
and scattering does not indicate the formation of periodic structures, especially in films less than
10 nm in thickness. These results indicate that ionic groups are unable to aggregate into clusters
that promote ion mobility, and no hydrophobic matrix develops. Yet TEM contrast scales with
thickness and the lack of GISAXS structure could be due to inhomogeneities, therefore these
results do no definitively prove that the phase segregated morphology has not developed. The
lack of structure decreases the mechanical integrity and ultra-thin (< 10 nm) films subsequently
have higher hydration numbers than bulk Nafion® and swell by a greater percentage of their
original thickness. Conductivity shows a slight decrease as film thickness decreases from 160 nm
to 4 nm, as measured in–plane via electrodes embedded in the substrate surface.58 In this
geometry, conductivity is mainly being probed in the polymer at the confined interface, the
morphology of which should be essentially identical for all thicknesses. Therefore a modest
effect on conductivity as a function of thickness is not surprising. Nafion® films up to 50 nm
were not able to self–assemble into a phase segregated morphology when confined at an
interface.
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(a)

(b)

Figure 2-7. (a) Water volume fraction for 20 to 222 nm thick Nafion® films determined from X–
ray reflectivity as a function of relative humidity.56 (b) Ionomer water content for 33 to 3000 nm
thick Nafion® films measured by quartz crystal microbalance, measured at 80 °C as a function of
water activity.48
The refractive index (n) of substrate–supported Nafion® film has been explored as a
probe of molecular alignment and polarizability. Paul, et al., determined that there is a decrease
in refractive index with decreasing thickness of adsorbed Nafion® films.69 The decrease in n was
attributed, at least in part, to an increase in the void fraction of thin films as calculated by an
effective medium approximation (EMA). Variable angle spectroscopic ellipsometry was used to
identify that the refractive index of the film changes with the incident angle of light. However,
the nature of birefringence, i.e. chain alignment, in thin films was not fully explored.
In another study by Paul, et al., conductivity measurements on a 50 nm Nafion® film
indicated that at low relative humidity the activation energy of ion conduction was two to three
times higher compared to that of bulk samples.70 In a study including a wide range of film
thickness (50 nm to 100 m), the proton conductivity of Nafion® decreased logarithmically with
thickness in Figure 2-8.71
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Figure 2-8. Dependence of the conductivity (at 85 °C) of recast Nafion® thin films on the
thickness. Filled symbols indicate bulk membranes (Nafion® 112, 115, and 117).

Thin films were spin cast while free-standing, bulk membranes were cast from solution
and slowly dried in molds. Nafion®’s properties are very sensitive to processing conditions72;
therefore it seems unreasonable to expect a perfectly logarithmic trend in conductivity despite the
difference in processing methods across such a wide thickness range. No definitive mechanism
has been confirmed for the increase in activation energy and decrease in conductivity of thin
Nafion® films. It has been widely established that the proton conductivity directly correlates with
the level of membrane hydration22 and is also dependent on phase separation in the material.12
Thus, studying the hydration of thin films and their morphology will provide insight into how
these materials behave in porous catalyst electrodes that rely on very thin ionomer films for
proton conduction.
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Chapter 3
Materials and Experimental Methods

3.1. Introduction
This chapter details the sample preparation protocols, characterization techniques, and
equipment specifications used in this research. A review of the equipment used to characterize
samples includes the specifications and capabilities of the spectroscopic ellipsometer and quartz
crystal microbalance, as well as the additional features of quartz crystal microbalance with
dissipation. Custom environmental chambers with flow-through humidity control were designed
and fabricated to work in conjunction with each piece of equipment to enable measurements to be
performed in situ while the humidity of the sample environment was varied. Spectroscopic
ellipsometry was used to characterize the spectroscopic complex dielectric function and refractive
index, as well as the polymer thickness. Quartz crystal microbalance with dissipation was used to
determine the mass uptake and the shear modulus of Nafion® films.

3.2. Sample Preparation
Nafion® films characterized in this work were prepared on Au, native oxide coated
silicon (SiO2), or C coated substrates. Mass uptake and shear modulus values measured using
quartz crystal microbalance with dissipation used quartz crystal substrates. To compare the mass
uptake and thickness change of identical samples, Nafion® films cast onto quartz crystal
substrates were later characterized with spectroscopic ellipsometry. Unless otherwise noted,
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Nafion® films that were characterized with spectroscopic ellipsometry were prepared on silicon
wafers coated with native oxide, Au, or C.

3.2.1. Substrate Preparation
AT-cut quartz crystals with Au or SiO2-coated Au electrodes (fundamental resonant
frequency, f0 = 4.95 MHz, Q-Sense, Biolin Scientific, Linthicum Heights, MD) were used as
substrates for Nafion® thin films. Bare crystals were annealed at 100°C to ensure that annealing
after film deposition would not bias the baseline frequency. Crystals were sequentially rinsed
with acetone, methanol, and isopropyl alcohol before drying with compressed nitrogen. After 20
minutes of ultraviolet (UV) ozone cleaning, baseline crystal frequencies were recorded.
Spectroscopic ellipsometry (SE) samples were prepared on native oxide coated silicon
wafer substrates with terminal surfaces of native oxide, Au, or C. Smooth, uniform Au surfaces
were deposited onto wafers using a thermal evaporator. A layer of Au ~ 50 nm thick was applied
on top of a ~ 5 nm thick Ti adhesion layer according to protocols for the selected metals. New
substrates were cleaned by sequentially rinsing with acetone, methanol, and isopropyl alcohol
before drying with compressed nitrogen. Due to our interest in determining the sensitivity of the
polymer and substrate interaction, new substrates were used every time. Native oxide coated
silicon wafers are referred to as “SiO2” substrates. UV ozone was used as a final cleaning step
for silicon wafers, which were subjected to the simultaneous oxygen plasma and UV light for 20
minutes.
All sample substrates were cleaned directly before application of polymer. Compressed
nitrogen gas was used to blow off any debris from carbon substrates before polymer application.
Carbon substrates were used as-prepared due to concerns that the washing process would partially
dissolve the carbon or compromise its integrity as a solid film.
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3.2.2. Carbon Substrates
To mimic the polymer-substrate interaction within the catalyst layer, carbon films were
deposited onto Si wafers using an established polymer pyrolysis technique.1,2 The surface
roughness and absorption of a highly porous layer of carbon black would greatly decrease the
intensity of light and sensitivity of spectroscopic ellipsometry experiments, which are performed
in reflection. Replicating the sp3 hybridized carbon structure found within the de facto catalyst
layer would be impractical for the geometry of the characterization tools used. Carbon has a high
extinction coefficient (i.e. absorbance) so to maximize the intensity (i.e. signal) and accuracy of
the measurement, a process was used to make smooth, thin carbon films. Poly(furfuryl alcohol)
(PFA) dissolved in methyl isobutyl ketone (MIBK) was used as a carbon precursor solution.
Graphitized carbon surfaces were prepared by spin coating PFA solution onto a 3 inch silicon
wafer, and heating to 800 °C to pyrolize the polymer. The samples were baked in a tube furnace
according to established protocol.1,2 The temperature profile for pyrolysis is shown in Figure 3-1.
The temperature was ramped to 350 °C at 2 °C per minute and allowed to soak at 350 °C for 4
hours. The temperature was then ramped to 500 °C at 1 °C per minute and allowed to soak for 4
hours. Extended soaking time allows for homogeneous conversion of the material at critical
temperatures. During the final heating stage, the temperature was increased at 5 °C/min to 800
°C, soaked for 2 hours, then cooled to room temperature at a rate of 2 °C/min. Prior to heating,
the tube furnace chamber was evacuated via vacuum. Coated wafers were pyrolized under
vacuum while bleeding in 50 sccm of argon to prevent oxidation and evaporation of carbon
compounds.
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Figure 3-1. Temperature profile for the pyrolysis of poly(furfuryl alcohol).

The thicknesses of the PFA films were measured before and after pyrolysis. PFA
solutions were diluted to 9, 5, and 1 wt. % with MIBK to achieve a range of thickness of carbon
films. The thickness of each precursor film was measured using single wavelength ellipsometry.
Pyrolized carbon films thicknesses were measured in five spots on each wafer with spectroscopic
ellipsometry. Table 3-1 shows the uniform thicknesses that were achieved especially for 1 and 5
wt. % PFA precursor. There was a significant reduction in thickness after pyrolysis, with up to
91 % reduction in thickness. These carbon substrates were prepared by Tom Larrabee and
Raman spectra were collected by Tom Larrabee and Adem Ozcelik in Prof. David Allara’s lab.
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Table 3-1. Thickness of spin cast poly(furfuryl alcohol) films before and after pyrolysis based on
solution concentration.
PFA concentration
(wt. %)

before pyrolysis
(nm)

after pyrolysis
(nm)

Thickness loss
(%)

1
5
9

18
73
189

2.4 ± 0.05
8.1 ± 0.07
16.9 ± 1.14

86.7
88.9
91.1

Raman spectroscopy was used to confirm that the ratio of diamond-like to graphitic
carbon matched results of the published protocol1 shown in Figure 3-2. The ratio of the D to G
bands verified that the desired carbon structure was reproduced, indicated by the size and shape
of the peaks in the Raman data. Scanning electron microscopy (SEM) was used to confirm that
dense, solid films were formed without microporosity (not shown). The line shape of each
Raman spectrum of the pyrolized 9, 5, and 1 wt. % PFA films coincide well with the reference
spectrum,1 indicating that they all exhibit the same D/G band ratio. The ratio of signal to noise
increases with PFA concentration as the sample thickness increases.
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Figure 3-2. Raman spectra of carbon films on native oxide coated silicon, fabricated by
pyrolizing a spin cast film made from polyfurfuryl alcohol solution with concentrations of (a) 1
wt. % (b) 5 wt. % and (c) 9 wt. %.
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Due to the high temperatures of deposition, carbon coatings were not prepared on quartz
crystal substrates, and therefore not characterized by QCM. Quartz undergoes an alpha to beta
transition when heated to 800 °C. Although the crystal structure reverts to its alpha form as it is
cooled, the phase transformations introduce defect structures into the crystal. The resonant
frequencies of the crystals were altered to a point where the QCM measurements were not
reliable. Therefore in situ measurements of Nafion® water uptake on carbon coated substrates
were limited to spectroscopic ellipsometry experiments.
The effects of polymer–substrate interaction of Nafion® on carbon were investigated for
their relevance to the performance in the catalyst layer of a hydrogen fuel cell. The water uptake
of Nafion® on the aforementioned carbon films is detailed in Chapter 6.

3.2.3. Nafion® Film Preparation
As Nafion®’s fluorinated backbone is not fully soluble in ethanol, it forms a dispersion as
opposed to a proper solution. Ethanol was chosen as a solvent for Nafion® due to increased
solubility of both hydrophobic and hydrophilic components. Ethanol solubilizes the hydrophilic
side chains and partially solubilizes the hydrophobic backbone, as indicated by the solution
morphology.3,4
Nafion® films were spin cast onto freshly cleaned substrates from dispersions (D2020, 20
wt. % polymer, EW 1000, Ion Power, Inc., New Castle, DE) diluted with ethanol to
concentrations of 0.5 to 10 w/w %. Dilute dispersions were spin cast at 1000 to 3000 rpm to
achieve film thicknesses in the range of 10 to 1200 nm. Nafion® films were annealed at 100 °C
under vacuum for 6 h and stored under dust-free ambient conditions before characterization.
Table 3-2 and 3-3 list the final thicknesses of Nafion® films on native oxide and Au-coated
silicon wafers based on processing conditions. These conditions include solution concentration,
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spin coater angular velocity (rpm), solution volume, and, to a lesser degree, rotation time (30
seconds). Spectroscopic ellipsometry is sensitive to surface roughness and film thickness as low
as the angstrom scale. Films used for ellipsometry measurements were spin cast to achieve
uniform thickness and to simplify modeling of ellipsometric spectra.

Table 3-2. Thickness of spin cast Nafion® films on native oxide coated silicon wafer substrates
achieved by varying film processing conditions.
Concentration
(wt. %)
0.5
0.5
1
1
1
2
2
5
5
5
5
5
10
10
10
10
10

Spin
Speed
(rpm)
3000
3000
3000
1000
1000
3000
1000
3000
1000
1000
1000
1000
3000
3000
3000
1000
1000

Volume
L)
40
40
40
40
40
40
40
40
50
50
40
50
50
50
50
50
50

1
114
114
225
471
498
749
1299
1817
3348
3349
3334
3152
5171
5193
5138
9085
9823

Thickness
2
(Å)
114
114
240
474
497
748
1302
1820
3252
3248
3301
3131
5157
5176
5150
9234
9886

3
115
114
220
472
510
750
1304
1832
3179
3336
3158
5170
5181
5151
8931
9560

Average
Thickness
(nm)
11.4
11.4
22.8
47.2
50.2
74.9
130.2
182.3
326.0
329.9
332.3
314.7
516.6
518.3
514.6
908.3
975.6


(nm)
0.2
0.0
10.3
1.5
7.5
0.8
2.6
7.9
84.5
71.6
19.6
13.9
8.0
8.8
7.1
151.8
172.7
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Table 3-3. Thickness of spin cast Nafion® films on Au-coated silicon wafers achieved by varying
film processing conditions.
Concentration
(wt. %)
0.5
0.5
0.5
0.5
1
1
1
2
2
5
5
10
10
10
10
10
10

Spin
Speed
(rpm)
3000
3000
1000
1000
3000
3000
1000
3000
1000
3000
1000
3000
3000
1000
1000
1000
1000

Volume
L)
40
40
40
40
40
40
40
40
40
50
50
50
50
50
50
50
50

1
170
201
229
227
263
274
421
772
1213
1731
2949
5146
5143
8448
8552
8700
8904

Thickness
2
(Å)
166
200
229
227
262
275
423
773
1207
1714
2930
5249
5425
8448
8544
8653
9093

3
165
210
229
232
262
271
421
777
1214
1719
2940
5008
5011
8480
8514
8832

Average
Thickness
(nm)
16.7
20.4
22.9
22.8
26.2
27.3
42.2
77.4
121.1
172.1
294.0
513.4
519.3
845.9
853.7
867.6
894.3


(nm)
2.9
5.2
0.2
2.8
0.5
2.1
1.1
2.5
3.7
9.1
9.3
121.0
211.6
18.6
20.5
33.3
135.0

The thickness of each sample was measured in three separate locations to determine film
uniformity; the average and standard deviation of these measurements are presented for each
sample. Nominal film thicknesses were repeatable with low variation using identical processing
conditions. Variation in thickness tended to increase with nominal thickness.
Atomic force microscopy (AFM) was used to ensure that no pinholes or microscopic
pores in the film have formed during the spin casting or annealing process. AFM height and
phase images for Nafion® films cast from 1 wt.% solution at 3500 rpm for as cast (Figure 3-3)
and annealed (Figure 3-4) films show complete surface coverage without holes over an area of 1
m2. The similarity between height and phase images before and after annealing at 100 °C for 7
hours indicate that the polymer did not dewet the substrate during heat treatment.
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6.45 nm

(a)

200nm

(b)

6.93 Deg

200nm
-8.71 Deg

0.00 Å

Figure 3-3. Atomic force micrographs of the (a) height and (b) phase images of spin cast Nafion®
as cast onto native oxide coated silicon surfaces.

4.12 nm

(a)

200nm

(b)

4.77 Deg

200nm
0.00 Å

-5.09 Deg

Figure 3-4. Atomic force micrographs of the (a) height and (b) phase images of Nafion® spin cast
onto native oxide coated silicon surfaces and annealed at 100 °C for 7 hours.

The ~20 nm thick Nafion® films are among the thinnest samples used in these studies,
which confirms that even ultra-thin samples showed good surface coverage without defects.
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3.3. Quartz Crystal Microbalance with Dissipation

3.3.1. Introduction
Quartz crystal microbalance with dissipation (model E4, Q-Sense) was used to measure
variations in frequency and frequency dissipation of Nafion® films on quartz crystals as relative
humidity (RH) of the sample environment increased stepwise from 0 to 95 %. From the change
in frequency and dissipation, the respective mass of water absorbed and change in viscoelasticity
(shear modulus, viscosity) of thin films were quantified as a function of relative humidity. Mass
change was calculated using both Sauerbrey and Voigt models in QTools software.

3.3.2. Data Analysis
Two models were used to describe the change in mass of thin films based on the variation
in frequency in QCM–D experiments. The Sauerbrey equation assigns a linear relationship
between frequency and mass change for elastic films with negligible energy dissipation due to
viscous loss, as shown for the fundamental frequency (n=1), in Equation 3-1:5

-

(3-1)

√

where f0 is the fundamental resonant crystal frequency, A is the active area on the crystal
electrode, q is the density of quartz and Gq is the shear modulus of quartz.
The Voigt model represents the polymer overlayer on the quartz crystal as a viscoelastic
system, described by an elastic element (spring) and a viscous element (dashpot) in parallel. The
stress–strain response can be represented by the elastic shear modulus, , and shear viscosity of
the overlayer, . The complex shear modulus

is composed of the storage
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modulus, ꞌ, and loss modulus, ꞌꞌ. For a viscoelastic material, storage modulus is equivalent to
the elastic shear modulus. Loss modulus is represented by the shear viscosity of the overlayer
.6 The dissipative

multiplied by the angular frequency, therefore

losses exhibited by viscoelastic materials are accounted for in the Voigt model, shown in
Equations 3-2 through 3-5.6,7

[

]

(3-2)
(3-3)
(3-4)

√

(3-5)

Variables include the density of quartz and the polymer overlayer, q and  and the
thickness of quartz and the polymer overlayer, hq and h, respectively.The viscoelastic ratio (i.e.
the ratio of the elastic shear modulusto the loss modulus) is represented by  and the viscous
penetration depth is represented by . QCM–D measures frequency as well as dissipation (i.e.
dampening) of the resonant vibrations of the quartz crystal following tone–burst excitation.
Quartz crystal frequency and dissipation are measured at odd frequency harmonics one through
thirteen. The accepted frequency values are taken from the average of the third, fifth, and seventh
harmonic overtones, each normalized by the respective harmonic number,

⁄ .7
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3.4. Spectroscopic Ellipsometry

3.4.1. Introduction
Spectroscopic ellipsometry was used to determine the thickness and optical properties of
each layer by quantifying the change in the polarization of light as it is transmitted through
sample layers. Light travels in the form of transverse s and p waves. Figure 3-5 depicts the cross
sectional amplitudes and phase angle of s and p polarized light in the xy plane. Ellipsometry
measures the change in the complex reflectance ratio, , via the change in amplitudes of the
reflection coefficients, rp and rs seen in Equation 3-8. The change in wave amplitude and phase
shift of s and p polarized light are represented by tan(Ψ) and ∆, respectively.

   p  s
tan() 



rp
rs



rp
rs

e

(3-6)

rp
rs
i ( p s )

(3-7)

 tan()ei
(3-8)

Figure 3-5. The polarization ellipse showing the cross section of elliptically polarized light in
reference to angles Ψ and ∆.

p,s is the phase angle of p or s wave, rp,s is the complex reflection coefficient of p or s wave, and
|rp,s| is the real part of reflection coefficient.
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The direction of the electric field is refracted at the interface encountered between
materials of differing refractive index. Using Fresnel reflectance coefficient formalism and some
known material parameters (substrate material identification), the thickness and complex
refractive index of unknown materials (i.e. Nafion®) can be determined. For a multilayer
material, a series of matrices describe the thickness and optical properties of each layer.
Thickness can be extracted using a scattering matrix, S, which describes the products of
polarization effects at individual interfaces and as light propagates through each layer, j, via the L
and I matrices in Equation 3-9.30

(

m
S S 
S  I 01 L j I j ( j 1)   11 12 
j 1
S 21 S 22 

(3-9)

5)
As light impinges upon a sample, it is refracted and reflected as it encounters each
optically distinct interface. The irradiance of light over path length z, I(z), diminishes as a result
of energy dissipation according to the relationships presented in Equations 3-10 and 3-11.8 The
absorption coefficient, , describes the decrease in irradiance at a particular photon energy, E, as
a function of extinction coefficient, .
(3-10)
(3-11)

Where h is Planck’s constant and c is the speed of light. While most polymers have no specific
absorption features (i.e. no peaks in ) in the range of visible light (~400-700 nm), some
absorption of light occurs as a result of inhomogeneities in the material and tailing from
absorption features occurring at higher energies outside the measured spectral range.
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Ellipsometry data was modeled using analytic expressions based upon energyindependent parameters to extract the complex dielectric function

spectra and

layer thicknesses from , . Complex refractive index is derived from the dielectric function,

=N2. The complex refractive index and dielectric function are related as shown in Table 3-4.

Table 3-4. Equations defining complex optical constants.31
Optical constant (symbol)
Dielectric function

(   1  i 2 )

Refractive index

( N  n  ik )

n

Real component

Imaginary component

1  n 2  k 2

 2  2nk

 
1



 12   22 / 2

n   2 / 2k

k

  
1



 12   22 / 2

k   2 / 2n

3.4.2. Equipment and Measurement Specifications
Ellipsometric spectra (in , ) were measured over a range from 0.75 to 5.15 eV (1700 to
240 nm) using a dual rotating compensator multichannel ellipsometer.9 Expressions based on
energy independent parameterizations were used to describe the energy dependence of the
complex dielectric function (E = ħ), from which the refractive index was determined.
Although the refractive index is dependent on photon energy, any refractive index value cited in
this paper as a single data point represents n at 1.962 eV. This value corresponds to the photon
energy of a red laser (632.8 nm), commonly used in single wavelength ellipsometry experiments.
Bare substrates were measured with SE and a layered optical model based upon scattering matrix
formalism created in CompleteEASE (J.A. Woollam Co., Inc., Lincoln, NE) to identify the layers
of optically distinct material.
Variations in film thickness and optical properties were measured via real time
spectroscopic ellipsometry as relative humidity increased stepwise from 0 to 95 % in a custom
environmental cell. The 200 mL volume cell was custom built in house with non-polarizing
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fused silica windows (Mark Optics, Inc., Santa Ana, CA) to maximize the amount of light
transmitted. Dimensional changes in film thickness were assumed to be unidirectional in the zdirection, as any comparable swelling in the x- or y- direction would cause dewetting of the
substrate, which was not observed. To ensure congruence between experiments the relative
humidity was verified using an RH sensor.

3.4.3. Data Analysis
Several different types of substrates were characterized with ellipsometry. A stratified
model was developed to identify and independently analyze each layer in a sample. Bare
substrates were measured separately to independently asses their optical properties. In this way,
the measurement is extremely sensitive to the optical properties of Nafion® as it is the only
material with unknown parameters. Substrates used to obtain the refractive index of the polymer
under ambient conditions included crystalline (c-Si) wafers with native oxide, and Au thermally
evaporated onto a c-Si wafer, and their optical layers are illustrated in Figure 3-6 b and c. To
determine the change in optical properties as a function of relative humidity, quartz crystal
substrates were used so that mass uptake could be presented in conjunction with swelling and
refractive index variation. Substrates for samples exposed to humidity included Si wafer
substrates as well as Au- and SiO2-coated QCM-D crystals, the optical models for which are
presented in the schematics in Figure 3-6 a and b. The parameters describing the optical response
of each layer were fit and optimized to reduce the mean squared error (MSE) of the model in
comparison to the measured data. To determine a realistic, meaningful complex dielectric
function and thickness for each optically distinct layer, the error was kept to less than 10% of the
value for each fit parameter.
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The c–Si substrate model included a 1.5 nm thick native oxide on crystalline silicon and
used reference spectra in  10 The model for the SiO2 coated QCM-D crystals included  for the
SiO2 layer modeled using a Sellmeier oscillator10 on an opaque Au substrate with a titanium
adhesion layer between the SiO2 and Au (Figure 3-6 a). SiO2 coated QCM-D crystals included a
32 nm thick SiO2 layer on an Au substrate with a 12 nm titanium adhesion layer between the SiO2
and Au. The optical model for the Au QCM-D crystals (Figure 3-6 b) included only an opaque
Au substrate, where  was modeled with a Drude oscillator11 and two Tauc-Lorentz oscillators12,13
for the intraband and interband transitions, respectively. The titanium adhesion layer was
modeled with five Lorentz oscillators.14

(a)

(b)

(c)

Figure 3-6. Structural model consisting of stratified layer stacks used in modeling ellipsometric
spectra obtained for (a) Nafion® on SiO2 QCM–D crystal, (b) Nafion® on Au QCM–D crystal or
on Au coated Si wafer, and (c) Nafion® on Si wafer with native oxide.

Bare substrates were measured with SE, and a layered optical model based upon
scattering matrix formalism was created in CompleteEASE (J.A. Woollam Co., Inc., Lincoln,
NE) to identify layers of optically distinct material. Incident and reflected angles are represented
in Figure 3-6 as i and r, respectively, and the angle of transmitted light is represented by t. As
indicated by arrows, light is transmitted through the polymer layer and thin oxide layers in both
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Figure 3-6 a and c. The bottom layer of each optical stack is the terminal substrate through which
light is no longer transmitted.
Figure 3-7 shows the experimental ellipsometric angles,  and , as a function of photon
energy. The change in the relative amplitude, , and phase shift, , of elliptically polarized light
is indicative of the complex optical properties and structure (layer thicknesses) of a sample.
Example model fits overlaid on  and  data for a 25 nm and ~ 950 nm thick Nafion® film on
SiO2 are presented in Figure 3-7a and b, respectively. The oscillations of  and in Figure 3-7b
are a result of the constructive interference of light within the sample as it undergoes multiple
reflections. To ascertain the optical properties and thickness of a sample,  and  data must be
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Figure 3-7.  and  as a function of photon energy for a (a) 25 nm and (b) 946 nm thick Nafion®
film on a native oxide Si wafer. Experimental data for  and  represented by red and green
lines, respectively, overlaid on the model fit (open symbols).

Once an accurate model for the substrate was developed, a single Lorentz oscillator for a
homogeneous slab with no roughness was used to model the optical properties and thickness of

 (°)
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50
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 (°)

modeled using the correct parameterization for  or N.
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the Nafion® film from experimental  and  data for all film thicknesses. The previously
described structural and optical models were used in conjunction with a least-squares regression
and an unweighted error function15 to fit experimental data. The Lorentz oscillator is derived
from Newton’s second law, describing polarization induced by the displacement of a charge. The
energy dependent complex dielectric function quantifies the competition between restoring and
damping forces on an electron cloud. In a classical model, this tradeoff is represented by the
harmonic oscillations on an electron as it returns to its ground state after it is excited by a photon.
The local electric field is spatially averaged as a collection of non-interacting oscillators to give
the average dielectric function as a function of photon energy. Creating an overall macroscopic
polarization for materials with a band gap, the Lorentz oscillator is appropriate for describing
semiconductors and insulators. The energy dependent dielectric function of Nafion® can be
expressed using the Lorentz oscillator,8 as shown in Equation 3-12: 32, 33

N0

 E   1  
n 1

An2
En2  E 2  in E





(3-12)

Where An is the amplitude, n is the broadening energy, En is the resonance energy, and n
is the number of oscillators. A version of this model is embedded in the spectroscopic
ellipsometry data analysis software (CompleteEASE) and the unknown layer is parameterized to
solve for amplitude, broadening energy, and resonance energy. The thickness and optical
properties of the experimental  and  data were determined using the Lorentz oscillator
parameterization. Experimental data was analyzed to determine optical constants using
CompleteEASE software from the J.A. Woollam Co., Inc. (Lincoln, NE). Table 3-5 lists the
optical parameters of Nafion® as determined by fitting the Lorentz model to experimental data for
the two samples presented in Figure 3-7.
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Table 3-5. Optical parameters of a 25 nm and 946 nm thick Nafion® film on SiO2. The measured
 and  data for these samples is graphed in Figure 1 along with the model fit.
MSE
(× 10-3)

Thickness
(nm)

Amp

Einf

Br1

En1

1.4

25.01 ± 0.37

13.69 ± 3.17

1.11 ± 0.02

0.68 ± 0.02

13.41 ± 0.12

250.4

946.55 ± 2.45

128.51 ± 29.39

1.03 ± 0.13

0.09 ± 0.01

13.95 ± 0.94

The MSE is much greater for the thicker film because of the increased oscillations of 
and  in Figure 3-7, can artificially result in higher error even though there is qualitatively good
agreement between the model and fit. The good correlation between experimental data and
model fit in shown Figure 3-7 and quantified in Table 3-5 indicates the accuracy of the optical
parameters determined.
Only through attentive modeling of experimental ellipsometric spectra and the
development of realistic optical parameters with low error are accurate and physically realistic
spectra in  determined. Refractive indices of each terminal surface layer (shown in Figure 3-6)
are presented in Figure 3-8.
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Figure 3-8. Refractive indices, n, of a 77 nm thick Nafion® film (dashed black line) and Au (solid
grey line) and SiO2 (dotted grey line) substrates as a function of photon energy.
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If the optical properties of layers within the material stack are similar, their properties can
be difficult to separate during modeling. For example, since SiO2 and Nafion® are both insulator
materials, the n of both materials will increase monotonically with photon energy, as seen in
Figure 3-8. The refractive index of SiO2 (nSiO2 = 1.54) is higher than that of Nafion® (nNafion®
≈1.36), but if the thickness of both layers is unknown, it is possible that the optical constants of
the two layers may be convoluted during modeling. This observation highlights the importance
of creating an accurate substrate model before adding materials with unknown properties to the
layer stack. Alternatively, in the case of Au, the substrate is a highly reflective metal with
absorption features in the visible range; therefore the complex dielectric function spectra of Au
are modeled with a significantly different parameterization than the SiO2 surface.
Correspondingly, the line shape of nAu as a function of photon energy is very different from that
of nNafion® or nSiO2. The difference in the optical properties of Au and Nafion® in Figure 3-8
confirm that any blending of the optical parameters of adjacent layers during modeling has been
eliminated and that the optical properties of the Nafion® films as thin as 15 nm are accurate.
At low frequencies, as in dielectric spectroscopy measurements, the dielectric function of
a material arises from the rate of dipolar reorientation in an electromagnetic field. In the spectral
range of visible light, the dipolar reorientation does not contribute to the dielectric response.
Nafion® is not strongly absorbing in the visible spectrum and has a wide band gap due to its
molecular structure, therefore it does not experience an electronic transition between 240 and
1700 nm. Instead the refractive index increases monotonically with photon energy yielding a
smooth line shape.
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3.4.4. Mueller Matrix and Variable Angle Spectroscopic Ellipsometry
The Mueller matrix is a 4 x 4 matrix that transforms the input Stokes vector to the output
Stokes vector, determining the angle of rotation of polarized light for depolarizing elements. That
is to say, the Mueller matrix assigns properties to individual optical elements in a 4 x 4 matrix to
improve the accuracy of identifying anisotropy in a sample.8

3.5. Humidity Generation
Nafion® films readily absorb water in a humid environment; therefore water uptake was
measured as a function of the relative humidity of the sample chamber. Controlled humidity was
generated by mixing dew point humidified and dry air at 25 °C. The total flow rate of ultra-zero
air was regulated to a constant 2000 std. cm3 min-1 using electronic mass flow controllers (FMA
5500, OMEGA Engineering, Inc., Stamford, CT) and a custom LabVIEW (National Instruments,
Corp., Austin, TX) program. Humidity was measured and recorded using a temperature and
humidity sensor (HX15-W, OMEGA Engineering, Inc., Stamford, CT) placed directly prior to the
sample environment. A diagram of the humidity generation system set up to work in conjunction
with the QCM-D is shown in Figure 3-9. A similar system was used to integrate real time
spectroscopic ellipsometry measurements in conjunction with a variable relative humidity
chamber.
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Figure 3-9. Schematic of the humidity generation system assembled to control the environmental
conditions of the sample. Parts include (1) Compressed air tank, air pressure regulator (2) mass
flow controllers, (3) air humidifier (bubbler), (4) water bath, (5) drop catcher, (6) relative
humidity sensor, (7) electronics associated with RH sensor, (8) national instruments card, (9) QSense QCM-D unit, (10) power strip, and (11) laptop computer running LabVIEW program and
recording measurements. Tygon® tubing used in air transport is indicated by thick blue lines.
Electrical wires are indicated by thin, black lines.
The potential hazards and descriptions of each component of the humidity generation
system included in Figure 3-9 are described in further detail below:

1. Compressed air tank, air pressure regulator
a. Hazards: High pressure gas (2000 psi in tank).
b. Details: Dry air is stored in a compressed air tank. Regulator set to 20 psi. Dry
air travels through rigid plastic tubes (indicated in blue) and is split as it enters
(2) mass flow controllers. A pressure release valve may need to be installed to
improve safety.
2. Mass flow controllers
a. Hazards: High pressure gas (20 psi), electronic components (12 Volts)
b. Details: Commercial mass flow controllers purchased from Omega, Inc. (FMA5514). Compressed dry air is input at pressure controlled by the regulator on the
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gas tank (20 PSI) and output at a controlled flow rate based on the signal sent to
the flow controllers (<1000 sccm). Mass flow rate is controlled using a
LabVIEW computer program (11). Humidity is controlled by altering the ratio
of humidified and dry air. Output stream of humid mass flow controller is sent
through water to become humidified (3) after which the humidified and dry air
streams mix before entering relative humidity sensing chamber (6) and sample
chamber (9). Mass flow controllers are each wired to individual external power
source as well as to National Instruments card (8). Electrical wires are indicated
in black.
3. Air humidifier (bubbler)
a. Hazards: Air flowing through glass container (possible breakage)
b. Details: Dry air travels through a diffuser submerged in a jar of deionized water
to humidify air. The temperature of the bubbler is maintained by a water bath
(4).
4. Water bath, heated
a. Hazards: Heating elements (30 °C but could overheat, short out).
b. Details: Commercial water bath purchased through VWR. Bubbler is immersed
in a water bath that is maintained at 30 °C.
5. Drop catcher
a. Hazards: Air at ambient pressure, Water
b. Details: Humidified air from bubbler (3) travels into secondary plastic
containment (5) in order to remove any liquid water from the air stream before
humidified air is mixed with dry air.
6. Relative humidity and temperature sensor
a. Hazards: Air at ambient pressure
b. Details: After dry and humidified air is mixed, it travels into a chamber with a
relative humidity and temperature sensor. This sensor is wired into a National
Instruments card. Sensor measures the real time relative humidity and
temperature. Sensor is wired to its own external power source.
7. Relative humidity and temperature sensor electronic components
a. Hazards: Bare electrical wires contained in plastic box (12 Volts)
b. Details: Polymer coated wires linking RH sensor components are contained in a
small plastic electrical box. Within the box are some exposed wire ends (stripped
on ends that make electrical connection).
8. National Instruments (NI) card
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a. Hazards: Electrical wires contained in plastic box.
b. Details: National Instruments card serves two purposes: sends signal to flow
controllers to determine mixing ratio and therefore humidity of air, also accepts
signal from relative humidity sensor. NI card is electrically wired to the
computer (11), as well as to RH sensor and mass flow controllers. NI card draws
power from USB connection to computer. Within the box are some exposed wire
ends (stripped on ends that make electrical connection).
9. Sample chamber (Quartz Crystal Microbalance with Dissipation, QCM-D)
a. Hazards: Electrical components.
b. Details: Humidified air will travel into the sample chambers of the QCM-D,
commercial unit from Q-Sense.
10. Eight pronged power strip
a. Hazards: Electrical components.
b. Details: Commercial power strip used as power source for all electrical
components in relative humidity deliver system. Outlets are spaced to
accommodate the large plugs for equipment.
11. Laptop Computer
a. Hazards: Electrical components.
b. Details: Commercial laptop computer runs a LabVIEW program designed to
control the mixing ratio of wet and dry air through the National Instruments card
(8), which controls the flow rate of the mass flow controllers (2).

3.6. Summary
The experimental details of spectroscopic ellipsometry, quartz crystal microbalance with
dissipation measurements, and humidity generation were discussed. Details of samples substrate
preparation, including substrate cleaning and deposition of gold and carbon films onto silicon
wafers were explained. Experimental protocols were stated so that, if need be, techniques or
analysis could be replicated in the future.

58

3.7. References
(1)

Lee, H.; Rajagopalan, R.; Robinson, J.; Pantano, C. G. ACS Applied Materials &
Interfaces 2009, 1, 927–33.

(2)

Burket, C. L.; Rajagopalan, R.; Marencic, A. P.; Dronvajjala, K.; Foley, H. C. Carbon
2006, 44, 2957–2963.

(3)

Gebel, G.; Aldebert, P.; Pineri, M. Macromolecules 1987, 20, 1425–1428.

(4)

Aldebert, P.; Dreyfus, B.; Pineri, M. Macromolecules 1986, 19, 2651–2653.

(5)

Sauerbrey, G. Zeitschrift fuer Physik 1959, 155, 206–222.

(6)

Voinova, M. V; Rodahl, M.; Jonson, M.; Kasemo, B. Physica Scripta 1999, 59, 391–396.

(7)

Vogt, B. D.; Lin, E. K.; Wu, W.; White, C. C. The Journal of Physical Chemistry B 2004,
108, 12685–12690.

(8)

Handbook of Ellipsometry; Tompkins, Harland G.; Irene, E. A., Ed.; William Andrew,
Inc., 2005; p. 870.

(9)

Chen, C.; An, I.; Ferreira, G. M.; Podraza, N. J.; Zapien, J. A.; Collins, R. W. Thin Solid
Films 2004, 455-456, 14–23.

(10)

Herzinger, C. M.; Johs, B.; McGahan, W. A.; Woollam, J. A.; Paulson, W. Journal of
Applied Physics 1998, 83, 3323.

(11)

Collins, R. W.; Ferlauto, A. Tompkins, H. G.; Irene, E., Eds.; William Andrew, Inc.:
Norwich, NY, 2005; pp. 129–132.

(12)

Jellison, G. E.; Modine, F. A. Applied Physics Letters 1996, 69, 371.

(13)

Jellison, G. E.; Modine, F. A. Applied Physics Letters 1996, 69, 2137.

(14)

Collins, R. W.; Ferlauto, A. Tompkins, H. G.; Irene, E., Eds.; William Andrew, Inc.:
Norwich, NY, 2005; pp. 159–171.

(15)

Alterovitz, S. A.; Johs, B. Thin Solid Films 1998, 313-314, 124–127.

59

Chapter 4
Density and Water Sorption Characteristics of Thin Nafion® Films

4.1. Introduction
To develop a better understanding of the performance of thin ionomer films in the
catalyst layer, the influence of polymer–substrate effects on water uptake must be identified for
Nafion® films ranging from thin (< 100 nm) to bulk–like (> 1000 nm) thicknesses. Quartz crystal
microbalance with dissipation (QCM–D) and spectroscopic ellipsometry (SE) were used to
determine water vapor sorption characteristics of substrate–supported Nafion® films. QCM–D
was used to measure mass uptake and viscoelastic dissipation while the change in film thickness
with humidity exposure was measured with SE.
A recent study by Eastman, et al. showed that in Nafion® films less than 60 nm thick
(spin cast on SiO2 and unannealed) the clustering and long range order of ionic domains was
disrupted, resulting in decreased water uptake and swelling.1 Hydration has also been shown to
decrease with decreasing film thickness from 3 m to 33 nm for Nafion® films (drop cast on Au)
especially at high water activities.2 Results indicate that hydration of sulfonate groups is hindered
in thin Nafion® films due to suppression of ionic organization at the polymer–substrate interface.
This behavior was true for samples prepared by several different processing methods and exposed
to a range of environmental conditions. Confinement has also been shown to reduce molecular
mobility in thin Nafion® films.1,3,4 Modestino, et al. demonstrated that as Nafion® was exposed to
increasing relative humidity, the material not only swelled but also underwent morphological
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evolution.5 When Nafion® was cast onto a hydrophobic surface, ionic domains aligned parallel to
the surface, and as a result, Nafion® experienced less swelling on a hydrophobic surface than on
hydrophilic SiO2. Dura, et al. studied the structure of Nafion® on Au and SiO2. Dry films
showed no distinguishable structure, while water rich lamellar layers developed at the SiO2
interface in hydrated Nafion®.6 These results demonstrate that both the structure and resultant
water uptake of Nafion® are extremely sensitive to substrate conditions.
Conductivity measurements on a 50 nm Nafion® film indicated that, at low relative
humidity, the activation energy for ion conduction was two to three times higher than the
activation energy in bulk samples.7 In a study including both spin cast thin films and bulk
membranes, the proton conductivity of Nafion® decreased logarithmically with thickness despite
the difference in processing methods for this wide range of film thickness (50 nm to 100 m).8
No definitive mechanism has been confirmed for the increase in activation energy and decrease in
conductivity with decreasing Nafion® film thickness. It has been widely established that the
proton conductivity directly correlates with the level of hydration of the membrane9 and is also
dependent on the phase separation in the material.10 Thus, studies of hydration of thin films and
their morphology will provide insight into how these materials behave in porous catalyst
electrodes that rely on very thin ionomer films for proton conduction.
To identify the effects of sample thickness and substrate type, gravimetric and volumetric
water sorption was examined for 50-1200 nm thick Nafion® films spin cast on SiO2 and Au
surfaces. Corresponding mass and thickness data were used to determine the density of Nafion®
films as a function of initial thickness and relative humidity. Results presented herein describe
the thickness threshold for the divergence between elastic and viscoelastic behavior for Nafion®
thin films. Fundamental knowledge about the influence of film thickness and substrate
interaction on the density at discrete levels of humidity will have implications on the optimization
of ion transport efficiency in humidified Nafion® in porous fuel cell electrodes.
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4.2. Frequency and Dissipation Divergence
The frequency (F) and dissipation (D) of material loaded onto a quartz crystal are
indicative of the mass uptake and viscoelasticity of the film, as are the divergence of F and D
measured at various frequency harmonics. For a perfectly elastic, lossless film, F values would
coincide for the different harmonic overtones, which was not the case for the thin Nafion® films
in this work. Normalized frequency at the third, fifth, and seventh harmonics should be
independent of frequency for a film that is rigidly attached to the substrate. The difference in the
normalized frequency and dissipation measured at the third (15 MHz) and seventh (35 MHz)
frequency overtones, represented by F7-3 and D7-3 in Figure 4-1, increased steadily with relative
humidity as Nafion® absorbed water. As sample thickness increased from 98 to 1137 nm, D7-3
rapidly increased. From the trend in D7-3 in Figure 4-1b we observed that viscoelastic losses
with hydration increase more as the films become thicker, compared to only small changes in
dissipation for the thinnest films.
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Figure 4-1. (a) Difference in third and seventh normalized frequencies (F7-3) and (b) dissipation
(D7-3) harmonics for 1137 (), 660 (), 390 (), and 98 () nm thick Nafion® films on SiO2
surfaces.
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The difference in F7-3 and D7-3 was also explored for a discrete relative humidity (70 %
RH) to identify the trend in each with thickness. In Figure 4-2, both F7-3 and D7-3 were greater
on SiO2 than on Au, indicating that Nafion® is slightly more viscoelastic on SiO2 than when
deposited on Au at similar film thicknesses. The greater viscoelasticity of SiO2 is verified by the
scatter between the D7-3 for SiO2 and Au that evolves for bulk–like film thicknesses. It was later
confirmed that greater viscoelasticity is due to increased water uptake of Nafion® on SiO2
compared to Au. Divergence in F leads to a deviation in the mass uptake calculated at different
harmonic overtones, an issue which can bias water sorption results in QCM measurements when
dissipation is not considered.
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Figure 4-2. Divergence in third and seventh (a) frequency and (b) dissipation harmonics at 70 %
RH as a function of Nafion® film thickness for material on SiO2 (open squares) and Au (filled
squares). Dashed lines are to guide the eye in indicating a scaled (thickness) 3 relationship for
SiO2 (grey dashed line) and Au (black dashed line).

In the fundamental Voigt equations (Equations 3-2 through 3-5), as well as in Figure 4-2,
D7-3 increases to the third power with thickness, shown by the overlaid dashed lines. The
dissipation factor is inversely proportional to the decay time constant,, and is determined by the
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ratio of the energy dissipated to the elastic energy that is conserved, shown in Equations 4-1 and
4-2:11,12
(4-1)
(4-2)

The difference in dissipation at the third and seventh harmonics becomes significant only
above 600 nm. The sharp increase inD7-3 between 600 and 1000 nm (compared to a modest
increase in F7-3) indicates that the ratio of energy dissipated to energy stored increases
significantly with film thickness for bulk–like thicknesses only. The greater degree of
viscoelastic loss in thick films will create discrepancy between the Sauerbrey and Voigt predicted
mass uptake, which will be examined in further detail. The large dissipation factor also calls
attention to the limitations of conventional QCM measurements for viscoelastic materials that
exhibit considerable mass sorption in humid environments, like Nafion®.
As the sulfonated hydrophilic domains absorb water, the hydrophobic fluorinated
backbone maintains the structural integrity of the film. The swollen steady–state thickness of the
sample is attained when the internal osmotic pressure from the increased water content is
balanced by the elastic modulus of the plasticized polymer chains.13 Although the viscoelasticity
of a polymer is affected by the degree of hydration, the viscoelasticity will then affect the
equilibrium swelling and amount of water sorbed.14 A wide range of elastic moduli have been
reported for hydrated Nafion® membranes based on membrane thickness, temperature, counter
ion form, and processing history.15–17 Satterfield and Benziger reported that the elastic modulus
of bulk Nafion® at 23 °C decreased by as much as 70 % as the material reached maximum
hydration.15 To compare the shear modulus for bulk Nafion® membranes to our measured G
values for thin Nafion® films, Satterfield and Benziger’s elastic moduli data were converted to
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shear moduli using a Poisson’s ratio of 0.487.16 The calculated and measured shear moduli as a
function of relative humidity are shown in Figure 4-3.
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Figure 4-3. Shear modulus of 1137 nm Nafion® film on SiO2 (filled square) and a Nafion® 115
bulk membrane (open square) as a function of relative humidity. Bulk membrane data from
Satterfield and Benziger.15

The shear moduli of both the thin film and bulk membrane decreased as Nafion® was
plasticized with water, but the measured shear moduli from QCM–D measurements was an order
of magnitude higher than the values for bulk Nafion® membranes calculated from tensile
measurements in the linear stress-strain regime. In this case, the observed shift in the modulus
arises from the high frequency of the QCM–D measurement (5 MHz) versus the slow–strain
tensile measurement. The same phenomenon occurs in dynamic mechanical analysis due to the
variation in the viscoelastic response of a polymer over multiple decades of frequency.14 In the
high frequency regime, polymers will only exhibit glassy relaxation because the rapid oscillation
of shear forces does not allow for complete segmental relaxation. Therefore the shear modulus at
5 MHz will exceed that of the rubbery regime by several orders of magnitude.18 Nonetheless, G
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decreased on a similar scale with relative humidity for thick films during plasticization by water,
although no stiffening was observed at low RH, as in Satterfield and Benziger’s work.

4.3. Sauerbrey versus Voigt Mass Uptake
Using the normalized frequency and dissipation values, the mass of water absorbed by
the Nafion® samples was calculated for discrete humidities using both Sauerbrey and Voigt
models, shown in Figure 4-4. A minimum change in D of 10-6 must be observed for dissipation
data to be factored into the Voigt model within the QTools software,19 which the 98 nm film did
not reach, leaving only the Sauerbrey model to characterize mass uptake for films less than 98 nm
in thickness. In Figures 4-4b and 4-4c, the mass calculated using the Sauerbrey and Voigt models
for intermediate Nafion® thicknesses (390 and 660 nm) increased in a similar stepwise fashion
with increasing humidity. However, the mass of the 1137 nm thick calculated via the Sauerbrey
and Voigt equations diverged with increasing RH, Figure 4-4d. Nafion® films appear to only
begin to exhibit significant viscoelasticity during hydration when film thickness exceeds 600 nm;
well beyond the thickness of ionomer that would be found in the catalyst layer. This result
exemplifies the importance of measuring viscous losses and incorporating dissipative loss into
mass calculations for viscoelastic films of suitable thickness for devices. Without accounting for
dissipative losses, the Sauerbrey equation overestimates the frequency shift and the mass uptake
as the thickness or water content in the film increase.
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Figure 4-4. Mass, M, increase with RH for a (a) 98, (b) 390, (c) 660, and (d) 1137 nm thick
Nafion® film on an SiO2–coated QCM–D crystal calculated with Sauerbrey (filled circle) and
Voigt (open circle) models.

To compare the mass uptake of Nafion® films on both Au and SiO2 substrates, the
percent mass of water absorbed relative to the dry polymer mass (M = MRH–M0) was calculated
using both Sauerbrey and Voigt models. In Figure 4-5, the difference between Sauerbrey and
Voigt calculated mass uptake became more apparent with increasing thickness and relative
humidity. Figure 4-5 represents not only the mass uptake characteristics as a function of relative
humidity for a range of thickness, but also the effects of increased viscoelasticity on mass uptake
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calculated using the two models. Mass uptake of Nafion® on SiO2 surfaces was greater than for
films of comparable thickness on Au, indicating that polymer–substrate interaction influences the
amount of water sorbed in Nafion® films even for large thicknesses. Increased water sorption of
films on SiO2 may be attributed to the water–rich domains that have been observed at the
interface of Nafion® and SiO2 but do not exist for Nafion® on Au surfaces.6 Ionic domains and
crystallites in thin Nafion® films tend to align parallel to a more hydrophobic substrate, which
would also lead to decreased water uptake in Nafion® on Au compared to SiO2.5 The
incorporation of the dissipation factor becomes essential in Figure 4-5a where the percent mass
change calculated using the Sauerbrey model is more than double that of the Voigt model for the
972 nm film. The percent mass change calculated using the Voigt equation is nearly identical for
590 and 972 nm Nafion® films on Au, while the 86 nm film exhibited the least mass change. On
SiO2, the estimated mass change for the thinnest film from Sauerbrey was similar to the Voigt
estimated mass change for thick films. The mass change calculated from the Sauerbrey model
was again twice that of Voigt predictions for the 1137 nm film on SiO2. The percentage of mass
uptake for surface–confined Nafion® films was less than is generally observed for free–standing
Nafion® films; a phenomenon that has been previously confirmed in other studies of confined
Nafion® films.1

68
6

15

(b)

4

M/M0 (%)

M/M0 (%)

(a)

2

0

10

5

0
0

20

40

60

80

100

0

RH (%)

20

40

60

80

100

RH (%)

Figure 4-5. Mass change (%) with increasing relative humidity for Nafion ® on (a) Au including
972 (Sauerbrey , Voigt ) 590 (Sauerbrey , Voigt ), and 86 nm (Sauerbrey ) thick layers
and (b) Nafion® on SiO2 including 1137 (Sauerbrey , Voigt ) 660 (Sauerbrey , Voigt ),
and 98 nm (Sauerbrey ) thick layers. Note different scales for y axes.

The difference in the two models becomes even more apparent when presented as the
ratio of mass determined by the Sauerbrey to Voigt model (S/V), as in Figure 4-6. The Sauerbrey
and Voigt calculated mass are nearly identical for thinner Nafion® films, which exhibit negligible
viscoelastic loss even when hydrated. For Nafion® films on the order of 350 nm, dissipation is
not great enough to be incorporated into the Voigt calculation. Even as the film becomes
plasticized by the elevated humidity, the mass ratio remains constant. There is little difference in
the Sauerbrey and Voigt mass for the 660 nm thick Nafion® film on SiO2, which can also be seen
in the percent mass uptake for the same sample in Figure 4-5b.
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Figure 4-6. Ratio of the mass of Nafion® films calculated via the Sauerbrey and Voigt models on
Au and SiO2. Nafion® films thicknesses include (a) 972 (), 590 (), and 364 () on Au and(b)
1137 (), 660 (), and 390 () nm on SiO2.

Just as in Figure 4-4 where the Sauerbrey equation overestimated the mass for lossy
films, we see S/V increase as Nafion® becomes more viscoelastic. In Figure 4-2, the dissipation
increased the most as the film thickness increases from 600 to 1000 nm for dry films. The effect
in Figure 4-2 is mirrored in Figure 4-6 by the increase of S/V with thickness at 0 % RH. The
viscoelasticity as a function of thickness can be identified by examining the ratio of the Sauerbrey
to Voigt mass only at 0 % RH. There is a greater increase in the viscoelasticity of dry Nafion ®
with increasing thickness as exhibited by the increased ratio of S/V. This effect is also
demonstrated as each sample is hydrated, and the greater viscous losses in the thickest films lead
to a larger comparative difference in S/V at a given humidity. In the same way that the
percentage mass uptake had the largest discrepancy between S and V for the thickest films in
Figure 4-5, we see a larger change in S/V with RH. The Nafion® on Au has a smaller ratio of
S/V, and therefore lower viscous losses, due to lower overall water uptake.
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Published literature has shown that the thickness limitation for the validity of the
Sauerbrey model for a hydrophilic polymer, poly(4–ammonium styrenesulfonic acid),was on the
order of 100 nm.20 The structure and composition of polymer films will greatly impact their
solvent sorption characteristics and therefore their viscoelastic nature.21 For a copolymer like
Nafion®, with both hydrophilic and hydrophobic components, excessive viscoelastic losses were
exhibited at much greater thicknesses and levels of hydration than for a pure polyelectrolyte.
Previous measurements of water sorption of Nafion® films used the Sauerbrey equation to
determine the change in mass during water sorption for films up to 3 m thick,2 but the results in
Figure 4-5 demonstrate how the Sauerbrey model becomes less accurate for a low modulus
polymer like hydrated Nafion®.15 Our observations indicate that Nafion® behaves as a semi–rigid
body with relatively low viscous losses for film thicknesses of up to 700 nm.
In previous studies, to confirm the accuracy of the QCM measurements, the thickness
was compared to cross sectional scanning electron microscopy images (SEM).2 Nafion® film
thickness was calculated by dividing the Sauerbrey mass by the density of bulk Nafion® (1.9 g
cm-3). The thicknesses measured by SEM and QCM began to diverge at 600 nm due to the
limitations of the QCM measurement. This is in very close agreement with the range at which
Sauerbrey and Voigt masses diverge, confirming results of this work that indicate viscoelastic
losses begin to render the Sauerbrey equation ineffective at accurately predicting the mass of
Nafion® films thicker than ~700 nm.

4.4. Density of Nafion® as a Function of Thickness and Relative Humidity
Film thicknesses were measured with spectroscopic ellipsometry and the densities of
films (at 25 % RH) were computed by dividing the mass per area of a polymer film (obtained
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from QCM–D) by the thickness of the film (obtained from spectroscopic ellipsometry), shown in
Figure 4-7.
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Figure 4-7. Computed density of Nafion® films at 25 % RH on Au (open circle) and SiO2 (open
square) surfaces as a function of film thickness, h.

In Figure 4-7 the densities of Nafion® films greater than 200 nm in thickness fall within
the reported range for the density of bulk Nafion® membranes, 1.7 to 2.1 g cm-3.22,23 Two samples
of each thickness were fabricated, so the error arises from the standard deviation for density and
thickness of the two samples. Density of the thin films decreased sharply with thickness less than
200 nm regardless of substrate. The decrease in density of thin Nafion® films observed on both
surfaces suggests that beyond polymer–substrate interactions, processing conditions must also
affect the film density. The spin casting process used to fabricate these samples promotes non–
equilibrium chain conformations due to rapid solvent evaporation.24 When the polymer is cast
from solution, some semblance of the solution morphology will be maintained in the cast film
because there is little kinetic rearrangement during the rapid film formation. Therefore the rate of
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solvent evaporation, as determined by solution concentration and spin speed, influences the
morphology and porosity of the film.
The solution morphology of Nafion® is affected by the choice of solvent due to the
difference in the solubility of each phase.25 This notion is based on observations from spin
casting immiscible polymer blends of poly(styrene) and poly(methyl methacrylate).26 In these
binary systems, the solvent selectivity affected the evaporation rate and, therefore, the ability of
segregated polymer domains to coalesce. Since Nafion®’s hydrophilic ionic domains are more
soluble than the perfluorinated backbone in ethanol, the phase segregation increases in solution,
creating rod-like reverse micelles.25 At any given time, the ion–rich phase in Nafion® will
contain a greater amount of solvent. Directly after the film is cast from solution, the hydrophobic
phase will contain very little solvent while the hydrophilic domains are still swollen. Although
the hydrophobic matrix has established the structure of the film, the solvent–swollen ionic
domains induce swelling strain on the matrix. As the solvent evaporates beyond this point, the
swollen hydrophilic domains will collapse, forming low-density pockets within the hydrophobic
matrix. This effect will be amplified as the rate of solvent evaporation increases with an increase
in the angular velocity (i.e. rotational spin speed) and decrease in solution concentration. With a
relatively low boiling point (78 °C), ethanol will evaporate quickly, leading to greater free
volume and lower density in the thinnest films. Since the films are annealed below the glass
transition temperature, there is no long range reordering to promote chain relaxation and
eliminate the excess free volume.
Thin Nafion® films have a lower initial density, which potentially imparts them with
greater swelling capabilities due to a loss of mechanical integrity.27 Nafion® film thickness has
previously been calculated from mass via the bulk density because thickness change for thin films
is considered analogous to mass change.10 Misconceptions about the relative change in mass and
thickness with water uptake persist because the correspondence between these properties is
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usually not measured independently. In Figure 4-4 it was indicated that the mass of Nafion®
films varies with RH, but the data presented in Figure 4-8 confirms that the density will also vary
with relative humidity. The change in density with RH was calculated using the mass (from
QCM–D) and the thickness (from SE) of the samples, indicated by the black squares in Figure 48.
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Figure 4-8. Constant (solid black line) and additive (dashed grey line) volume density limits
calculated from mass of water sorbed in Nafion® films, as well as density calculated from in situ
mass and thickness (square) for films (a) 972 nm on Au, (b) 86 nm on Au, (c) 1137 nm on SiO 2,
(d) 98 nm on SiO2.
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To compare the change in density with RH for various thicknesses and substrates,
constant and additive volume models were used to estimate film density from the mass of water
absorbed. Sauerbrey mass values were used for the ~ 100 nm thick films while Voigt masses
were used for ~ 1000 nm thick Nafion® films. The constant volume model is based on the
assumption that as water is absorbed by the Nafion® film, there is no change in thickness,
designated by the solid black lines in Figure 4-8. The additive volume model is based on the
assumption that the volume of the sample increases by the volume of water absorbed, with the
density changing accordingly,28 shown with the grey dashed lines in Figure 4-8.
The difference between mass uptake and respective thickness change is evident in the
change in density for thin and thick films. Because the Nafion® films expand during water
sorption, the calculated density was more consistent with the additive volume model than with the
constant volume model for all four samples. The difference in the change in density with water
sorption arose when thin and thick films are compared: ~ 1000 nm thick films showed similar
change in density while ~ 100 nm thick films had dissimilar behavior. For thick films the density
change coincided with the additive volume model up to 25 % RH. As the humidity increased
above 25 % RH, the percentage change in thickness was greater than the percentage change in
mass, so the density decreased below the additive volume limit. Namely, thick films on both
SiO2 and Au swelled more per mass of water absorbed above 50 % RH (Figure 4-8a and 4-8c).
The difference in the relationship between mass of water absorbed and density change on two
different substrates was most apparent for thin films. The 86 nm thick Nafion® film on the Au
substrate experienced a change in density that coincided closely with the additive volume limit
(Figure 4-8b). Alternatively, the thin (98 nm) Nafion® film on a SiO2 substrate showed a
decrease in density well beyond the additive volume limit due to significantly greater swelling
relative to the mass of water absorbed (Figure 4-8d).
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The difference in density change of thin films on two different substrates may be due to a
number of physical characteristics that have been previously identified for thin or confined
polymer films. Water–rich layers have been shown to develop at the substrate interface for
Nafion® films on SiO2 that were not present on Au substrates.6 A concentrated water layer at the
substrate could induce greater conformational freedom of the non–equilibrium chains that were
stretched during the spin casting process. The hydrated SiO2 interface could allow for excess
water sorption that would not be observed on neutral substrates like Au. Additionally, greater
anisotropy in polymer crystallite size and spacing on hydrophobic surfaces has been shown to
decrease water uptake and swelling in thin Nafion® films.5 This effect is due to the confinement
of swelling to a single direction. Crystallites tend not to shift or increase in size during water
uptake, leading to reduced swelling on surfaces like Au.
Consider also that the sample with the lowest dry density experienced a greater decrease
in density beyond the additive volume limit. The traits that lead to decreased initial density may
also induce the greatest change in density with water sorption. The mechanical properties of a
polymer will influence the water uptake characteristics, and the modulus of free standing polymer
films has been shown to decrease with film thickness.29 With lower initial density leading to
diminished mechanical integrity, the polymer chains have more freedom to swell the thin film on
SiO2, leading to a large change in density.

4.5. Conclusions
The change in mass and thickness in response to environmental relative humidity was
measured for thin Nafion® polymer films. The divergence in normalized frequency and
dissipation values measured at the third and seventh harmonic overtones was shown to increase
with both thickness and sample hydration. The divergence in dissipation increased to the third
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power with thickness, which corresponded to a sharp increase in viscoelastic loss for 600 and
1000 nm thick Nafion® films. Water sorption and viscoelasticity varied based on film thickness
and substrate, with Nafion® thin films on SiO2 absorbing up to 7 % of their initial mass at high
relative humidity, which is generally less than that observed for bulk membranes. As a result of
polymer–substrate interactions, Nafion® films cast onto SiO2 substrates have increased water
sorption and viscoelasticity compared to Au. Polymer–substrate interactions were shown to
influence mass sorption of films as thick as 1000 nm where Nafion® films consistently showed
higher water sorption on SiO2 compared to Au surfaces. Mass uptake calculated using Sauerbrey
and Voigt models was shown to deviate for samples with thicknesses greater than 700 nm, when
Nafion® deformed inelastically. Nafion® films were observed to have lower density at 25 % RH
as thickness decreased below 200 nm. It is thought that processing conditions, especially the
increased angular velocity and decreased solution viscosity used to fabricate thin films, lead to
greater free volume and decreased density in the thinnest films. When the change in density with
RH was quantified, it was found that, for all film thicknesses, the large degree of swelling
(thickness change) lead to a decrease in density that met or exceeded the additive volume density
limit. Density change was greater than the volume additivity limit for most samples, indicating
that the change in thickness during water sorption was greater than the relative change in mass.
The change in density was greatest for the film with the lowest initial density (98 nm on SiO2)
indicating that the loss of mechanical integrity associated with the low density may have led to
greater expansion of the film during water uptake. These results confirm that thin Nafion® films
exhibit unique characteristics compared to bulk membranes and highlight the significance of
these properties in determining their performance in the catalyst layer of hydrogen fuel cells.

77

4.6. References
(1)

Eastman, S. A.; Kim, S.; Page, K. A.; Rowe, B. W.; Kang, S.; DeCaluwe, S. C.; Dura, J.
A.; Soles, C. L.; Yager, K. G. Macromolecules 2012, 45, 7920–7930.

(2)

Kongkanand, A. The Journal of Physical Chemistry C 2011, 115, 11318–11325.

(3)

Dishari, S. K.; Hickner, M. A. ACS Macro Letters 2012, 1, 291–295.

(4)

Dishari, Shudipto K.; Hickner, M. A. Macromolecules 2013.

(5)

Modestino, M. A.; Kusoglu, A.; Hexemer, A.; Weber, A. Z.; Segalman, R. A.
Macromolecules 2012, 45, 4681–4688.

(6)

Dura, J. A.; Murthi, V. S.; Hartman, M.; Satija, S. K.; Majkrzak, C. F. Macromolecules
2009, 42, 4769–4774.

(7)

Paul, D. K.; Fraser, A.; Karan, K. Electrochemistry Communications 2011, 13, 774–777.

(8)

Siroma, Z.; Kakitsubo, R.; Fujiwara, N.; Ioroi, T.; Yamazaki, S. I.; Yasuda, K. Journal of
Power Sources 2009, 189, 994–998.

(9)

Thomas A. Zawodzinski Jr.; Charles, D.; Susan, R.; Ruth, J. S.; Van, T. S.; Thomas, E.
S.; Shimshon, G. Journal of the Electrochemical Society 1993, 140, 1041–1047.

(10)

Haubold, H.-G.; Vad, T.; Jungbluth, H.; Hiller, P. Electrochimica Acta 2001, 46, 1559–
1563.

(11)

Rodahl, M.; Kasemo, B. Sensors and Actuators B: Chemical 1996, 37, 111–116.

(12)

Voinova, M. V; Rodahl, M.; Jonson, M.; Kasemo, B. Physica Scripta 1999, 59, 391–396.

(13)

Kusoglu, A.; Savagatrup, S.; Clark, K. T.; Weber, A. Z. Macromolecules 2012, 45, 7467–
7476.

(14)

Rubinstein, M.; Colby, R. H. Polymer Physics; Oxford University Press: Oxford, 2003; p.
433.

(15)

Satterfield, M. B.; Benziger, J. B. Journal of Polymer Science Part B: Polymer Physics
2009, 47, 11–24.

(16)

Roberti, E.; Carlotti, G.; Cinelli, S.; Onori, G.; Donnadio, A.; Narducci, R.; Casciola, M.;
Sganappa, M. Journal of Power Sources 195, 7761–7764.

(17)

Yeo, S. C.; Eisenberg, A. Journal of Applied Polymer Science 1977, 21, 875–898.

78
(18)

Patra, L.; Toomey, R. Langmuir 2010, 26, 5202–7.

(19)

Dixon, M. C. Journal of Biomolecular Techniques 2008, 19, 151–8.

(20)

Vogt, B. D.; Lin, E. K.; Wu, W.; White, C. C. The Journal of Physical Chemistry B 2004,
108, 12685–12690.

(21)

Dutta, A. K.; Belfort, G. Langmuir 2007, 23, 3088–94.

(22)

Zook, L. A.; Leddy, J. Analytical chemistry 1996, 68, 3793–6.

(23)

Morris, D. R.; Sun, X. Journal of Applied Polymer Science 1993, 50, 1445–1452.

(24)

Shi, Y.; Liu, J.; Yang, Y. Journal of Applied Physics 2000, 87, 4254.

(25)

Gebel, G.; Aldebert, P.; Pineri, M. Macromolecules 1987, 20, 1425–1428.

(26)

Walheim, S.; Böltau, M.; Mlynek, J.; Krausch, G.; Steiner, U. Macromolecules 1997, 30,
4995–5003.

(27)

Koga, T.; Seo, Y.-S.; Shin, K.; Zhang, Y.; Rafailovich, M. H.; Sokolov, J. C.; Chu, B.;
Satija, S. K. Macromolecules 2003, 36, 5236–5243.

(28)

Rowe, B. W.; Freeman, B. D.; Paul, D. R. Macromolecules 2007, 40, 2806–2813.

(29)

Stafford, C. M.; Vogt, B. D.; Harrison, C.; Julthongpiput, D.; Huang, R. Macromolecules
2006, 39, 5095–5099.

79

Chapter 5
Optical Properties of Thin Hydrated Nafion® Films

5.1. Introduction
The complex dielectric properties ( = 1 + i2) of a material are indicative of its
molecular structure and composition.1–3 The real part of the refractive index, n, (where  = N2)
has long been used to identify material properties of polymers because n is dependent on the
molecular composition as well as chain orientation and free volume. Therefore the optical
properties of a polymer are sensitive to processing conditions.2,4 Beyond the refractive index, the
extinction coefficient, k, describes the loss of intensity or dampening of the electric field as light
passes through a material due to absorption. The refractive index and extinction coefficient are
both part of the complex refractive index of a material (N = n + ik).
The optical anisotropy, or birefringence, of a material was an early measurement used to
identify orientation in polymers. Birefringence, also known as double refraction, has also been
used to characterize orientation in ion–containing polymer membranes.5 While the refractive
index may be an isotropic value at a particular photon energy, uniaxial birefringence arises from
the difference in the refractive index parallel and perpendicular to the plane of the material’s optic
axis (n= n‖ -n⊥). The molecular weight of a polymer affects the degree of chain alignment and
therefore crystallization, which will increase the directional organization of the material.2,6 Many
materials are inherently birefringent because their structure is anisotropic due to the composition
or processing. In the case of substrate–supported thin films, the interaction between polymer and
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substrate will affect the microstructural arrangement in the through–plane of the film.7 The
length scale of molecular organization orthogonal to the substrate is determined by the degree of
interaction with the substrate,8,9 chain alignment parallel to the interface,10 and the radius of
gyration of the polymer.11 Additionally, if polymer–substrate interactions induce morphological
alignment, the refractive index will change based on the anisotropic polarizability of aligned
chains.
Spectroscopic ellipsometry can be used to identify basic optical properties and thickness
of a material in situ as a result of environmental stimuli. SE has been used to measure swelling in
real time with thickness sensitivity on the Angstrom length scale.12–16 Sealed cells have been
developed to measure material swelling as the pressure of CO2 in the chamber increases.13,17–20
SE has also been used to identify chain orientation and birefringence in polymer films via
anisotropy in the refractive index in the principal (x, y, and z) directions.10,21 Optical transitions
as a function of temperature are used to identify physical aging characteristics13,22 as well as the
glass transition temperature (Tg).22–24
Although specific absorption features do not occur in most insulator materials in the
wavelength range of visible light,2 optical properties like refractive index provide important
information about the material properties. For example, the optical properties of low dielectric,
insulator materials like poly(tetrafluoroethylene) (PTFE) are of particular interest for the
microelectronics industry. PTFE is a low  material due to its strongly polar carbon–fluorine
bonds, which are not easily polarizable in an electromagnetic field.25 Teflon® AF, an amorphous
fluoropolymer, has the lowest known refractive index of any polymeric material.26 The strong
electron withdrawing nature of fluorine imparts fluoropolymers with high chemical and thermal
stability. Since Nafion® has a perfluorinated carbon backbone its material properties are often
compared to PTFE to identify consequences of the addition of acids groups and ether oxygen
linked pendant side chains.27 Due to the difference in molecular polarizability parallel and
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perpendicular to the polymer backbone, PTFE and Nafion® are inherently birefringent with the
intrinsic birefringence of PTFE on the order of 0.045.5,28 Nafion® has higher a higher dielectric
constant and higher dielectric loss than PTFE due to the presence of sulfonated side chains and
water molecules associated with the sulfonate.29,30 Van der Heijden, et al.5 studied birefringence
as a function of draw ratio in Nafion® 112 and 117 films. In the native state, an extruded Nafion®
membrane has birefringence on the order of 10-3 due to processing effects. The biaxial
birefringence of Nafion® membranes becomes uniaxial when films are drawn in the pre–
orientation direction. Nafion® must be hydrated to maximize operational functionality,31
therefore it is important to understand the change in optical properties as a function of
environmental humidity.
The dc dielectric constant of a polymer will change as it is hydrated due to the high
dielectric constant of water. The dielectric constant of water also changes based on its interaction
with the polymer. Kreuer estimated the dielectric constant of water sorbed in an ionomer
membrane based on the level of hydration and molecular structure of the polymer.32 Nafion® has
a highly phase segregated structure due to the incompatibility of the hydrophobic backbone and
hydrophilic sulfonated side groups. As Nafion® is hydrated, phase segregation increases and
interconnected, hydrated nanodomains develop.33,34 These hydrophilic domains are responsible
for the high conductivity of Nafion®.34,35 At maximum hydration, the increased confinement of
water in narrow or dead end channels of the sulfonated poly(ether ether ketone ketone) (pictured
in Figure 2-4) induced  = 20 for water of hydration compared to  = 64 in Nafion®.32 The
contribution of water to the dielectric properties of hydrated thin Nafion® films has yet to be
determined. Although the dielectric properties in the optical frequency range are measured at a
different frequency than with dielectric spectroscopy, knowledge about the dielectric behavior of
Nafion® can be determined as a function of hydration using spectroscopic ellipsometry.
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The refractive index of substrate–supported Nafion® films has been explored as a
function of the measurement angle of incidence. Paul, et al., determined that there is a decrease
in refractive index with decreasing thickness of adsorbed Nafion® films. The decrease in n was
attributed, at least in part, to an increase in relative void fraction of thin films as calculated by an
effective medium approximation (EMA). Although variable angle spectroscopic ellipsometry
was used to identify that the refractive index of the film changes with the angle of incidence, the
nature of birefringence in thin films was not explored. We report the refractive index for a range
of bulk–like (1000 nm) to ultra–thin (10 nm) Nafion® films, as well as the dependence of
birefringence on film thickness for polymer overlayers on both SiO2 and Au surfaces. Since
processing conditions play an important role in the material properties, thin confined Nafion®
films created by spin casting will have unique optical properties compared to bulk membranes.
Optical properties were studied as a function of film hydration, and measured refractive index
was compared to calculated n based on water uptake. We have determined how the influence of
interfacial polymer–substrate interaction and void fraction based on film thickness affects the
refractive index and swelling characteristics.

5.2. Refractive Index of Thin Nafion® Films in Ambient Conditions
In Figure 5-1a and b, the refractive indices and extinction coefficients of Nafion® films
on Au and SiO2 coincide for the full range of measured thicknesses, indicating that neither n nor k
is greatly influenced by polymer–substrate interaction. The n of the thickest substrate–supported
films (~ 1000 nm) corresponds to the refractive index of free–standing Nafion® membranes of
~1.36.36 Under ambient conditions (29 °C, 25 % RH) the refractive index of Nafion® decreased
by as much as 0.15 as thickness decreased from 1000 to 15 nm. The extinction coefficient was
observed to increase as film thickness decreased, an indication that the absorption coefficient is
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higher in thin films. The greater k in ultrathin samples evolves a result of inhomogeneities in the
material including voided space, interfaces between domains, and crystallites or the shift in the
higher energy electronic transitions and tailing effects caused by these structural variations.
Increased optical loss led to a decrease in refractive index. The trends in n and k indicate that
material structure correlates with thickness, likely a result of the processing conditions used to
manufacture thinner and thinner films.
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Figure 5-1. (a) Refractive index and (b) extinction coefficient of Nafion® films as a function of
thickness (10 – 1000 nm) and underlying substrate, including SiO2 (squares) and Au (red circles)
surfaces.

Shearing forces of the spin casting process stretch the polymer chains across the substrate
in a non–equilibrium conformation. Although greater chain alignment has been shown to
increase the refractive index in conjugated polymers,10 the opposite trend was observed for
Nafion®. While a conjugated polymer is likely to have increased ring stacking to reduce
conformational entropy, Nafion®, a random copolymer, has no entropic impetus to densify at a
confined interface. Rather, the decrease in n suggests that the free volume of the film increases as
film thickness decreases. A similar decrease in n with thickness was observed for adsorbed
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Nafion® films, which was correlated to the proportion of void in the films.37 In adsorbed films
less than 50 nm, ionic domains did not self–assemble into Nafion®’s characteristic phase
separated morphology due to the surface confinement interrupted self–assembly.38 No ionic
aggregation was detected even after the polymer film was allowed to self–assemble in solution
for 12 hours, allowing for a more kinetically favorable chain conformation. Scattering data
indicated that no periodic domain structures formed in samples less than 50 nm thick, which
corresponds to the thickness at which the refractive index of Nafion® films dramatically decreases
in this study. The lack of a periodic domain structure could lead to increased scattering and
absorption, causing n to decrease.
To fabricate films with uniform thickness for ellipsometry measurements, solutions of
Nafion® were spin cast, as opposed to adsorbed, onto the substrate. To achieve thinner films,
solutions were diluted and the spin speed was increased, which accelerated the rate of solvent
evaporation. With little kinetic rearrangement during rapid film formation, the polymer becomes
vitrified in a form similar to its structure in solution. Nafion® dispersed in a low density, dilute
0.5 wt. % solution was used for thin film fabrication. Hydrophilic domains may remain swollen
as the film is initially cast, leaving pockets of increased free volume material after trapped solvent
eventually evaporates. These solvent trapping effects are accelerated by the processing of thin
films, resulting in decreased refractive index (and density).
The void fraction, voidor density deficit parameter was calculated using the refractive
index (via the Lorentz–Lorenz equation) as well as the dry density to compare the relative void
fraction for Nafion® films. The Lorentz–Lorenz equation has been theoretically and
experimentally proven to effectively determine n for a binary system.39 The refractive index of a
mixed system is calculated from the volume fraction, , and refractive index of each component
as shown in Equation 5-1,
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2
n 2polymer  1
nvoid
1
n2 1
  void 2
 (1   void ) 2
n2  2
nvoid  2
n polymer  2

(5-1)

where nvoid is the refractive index of air and npolymer is the refractive index of bulk–like Nafion®
films. Films on the order of 1000 nm exhibit densities and refractive indices similar to bulk
Nafion® membranes, so these values were used for baseline properties of npolymer and polymer.
Void fractions reported are relative to the ~1000 nm Nafion® films on Au and native oxide coated
Si wafers.
The relative void fraction was also calculated from the density of Nafion® films on
QCM–D crystals. The true density of Nafion® is only known for samples on QCM substrates
because both mass and thickness were directly measured instead of estimated. The mass and
thickness of spin cast Nafion® are not directly transitive because their density changes as a result
of processing conditions. A linear mixing rule was used to determine the relative void fraction
from the dry density of Nafion® films assuming a density of zero for the void present.
In Figure 5-2, the change in void fraction of Nafion® films as a function of thickness is
shown for two sample sets. Due to inherent differences in the substrate composition and surface
roughness of c-Si wafers and coated quartz crystals, there will be some systematic variance in the
properties of the polymer deposited on these surfaces. Yet both data sets show the same order of
void fraction on a log scale, with up to 20 % void in thin films relative to the thick material.
These results confirm that the void volume in spin cast Nafion® films increases as more dilute
solutions are processed at higher spin speeds to achieve thinner films. Although thin films show
a significant degree of void volume relative to bulk–like films, there is no distinguishable
porosity in the samples as confirmed by microscopy (not shown). Rather, the increased void
fraction is likely related to a higher degree of free volume in thin films.
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Figure 5-2. Void fraction as a function of thickness (t) as calculated from (a) n and the Lorentz–
Lorenz equation and (b) the dry density of Nafion® films on SiO2 (squares) and Au (red circles)
coated substrates.
The two types of samples represented in Figure 5-2a and b display different trends in the
increase of void fraction with increasing thickness. Samples on QCM–D crystals in Figure 5-2b
show a logarithmic increase in void fraction as film thickness approaches 10 nm, while samples
on c-Si wafers show a sharp increase in void fraction as film thickness decreases below 40 nm on
a log scale. Nonetheless the increase in k in Figure 5-1b correlates directly with the increase in
void fraction in Figure 5-2a. The decrease in the density of thin films could be attributed to the
inability of Nafion® films formed from dilute solutions to self–assemble at a confined interface.
It can be concluded, then, that the increase in absorptivity is a result of the greater interfacial area
associated with increased void and non–equilibrium chain conformations in the film.

5.3. Thickness and Refractive Index Change with Hydration
Since the hydration of Nafion® is necessary to maximize ion mobility and n is strongly
influenced by the material composition and structure, the change in n was used to identify the
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dynamic material changes as a result of swelling and hydration. Due to the strongly hydrophilic
sulfonate groups, Nafion® readily absorbs water as it is exposed to a humid environment. A
combination of physical changes occurs as the water content in Nafion® increases. In the dry
state (=1) ion clusters act as physical crosslinks because of the strong quadrupole interactions of
sulfonate groups.40 As Nafion® is hydrated, the sulfonated domains swell and phase separation of
the hydrophobic and hydrophilic components increases.33,41 Water is absorbed by the ionic
domains, which swell and lead to an overall expansion of the film. The density of Nafion®
decreases with increasing relative humidity because the density of the added material (water) is
less than that of the matrix material (polymer) and it expands as it is hydrated. In the same way,
the refractive index decreases with increasing water uptake because the refractive index of water
(nwater = 1.33 at 1.962 eV) is less than that of Nafion (nNafion® ≈ 1.36). These physical effects are
demonstrated by the change in n and t with relative humidity, shown in Figure 5-3.
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Figure 5-3. Change in thickness (solid squares) and refractive index (open squares) as a function
of RH for a 70 nm thick Nafion® film on SiO2.
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The opposing trends in thickness and refractive index with relative humidity in Figure 53 are important indicators of the interaction of water with the material as it is absorbed. At 95 %
RH, the 70 nm thick film swelled 17 % more than its original dry thickness. While the refractive
index decreased by less than 1 % as the relative humidity of the sample environment increased
from 0 to 95 % RH, the refractive index of Nafion® and water only differ by ~ 0.03. Therefore a
decrease in n of ~ 0.007 is a substantial change. Both n and thickness increased incrementally
more as the environmental humidity approached 95 %, with a significant change in n and
thickness observed between 75 and 95 % RH. The measured changes in n and thickness are a
result of ion solvation as water content in the film increases.
In a multilayer hydrophilic polyelectrolyte, Nolte, et al.64 observed an increasing change
in thickness with greater relative humidity similar to the observations in Figure 5-3. Three
swelling regimes were observed: initially, there was very little swelling (12 – 48 % RH), followed
by intermediate (48 – 72 % RH) and prominent swelling (above 72 % RH). The drastic change in
thickness also corresponded to a large change in the elastic modulus, but three swelling regimes
were only observed for samples with high acid content. Regimes of early resistance to swelling,
intermediate, and then rapid swelling were attributed to the cooperative bonding effects of ionic
groups. The behavior was likened to that of Nafion® due to the phase segregated morphology,
containing domains that restrict swelling as well as those that expand with water sorption. While
the perfluorinated matrix hindered swelling at low hydration, the mechanical properties of the
film are diminished at high relative humidity, causing a significant change in the elastic modulus,
E, and film thickness. As water content increases to > 5, ion clusters are solvated and the
strength of the electrostatic interaction between ionic groups decreases.42 After the dissolution of
ionic multiplets, polymer chains gain conformational freedom, causing a decrease in the
modulus.43 Ionic domains will continue to absorb water, percolate, and expand until they are
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restricted by the hydrophobic matrix. The swollen equilibrium thickness during hydration is
attained when the osmotic pressure within the film is counterbalanced by the elastic modulus of
plasticized chains.44 The percolated, hydrated pathways between ion clusters increase ion
mobility through the material, leading to increased proton conductivity at high RH.34,45
As the composition of Nafion® changes its mechanical properties are compromised,
which may explain the increase in film thickness at high RH. Satterfield and Benziger measured
the elastic modulus (E) of Nafion® membranes as a function of temperature and humidity.43
There is no significant decrease in the elastic modulus of free standing or substrate–supported
Nafion® films at high RH that corresponds to the greater increase in thickness, as discussed in
Chapter 4. This would suggest that the greater expansion of the film as RH increases is not due
solely to the loss of mechanical integrity with water sorption.
Modestino, et al.41 measured the change in the size and spacing of the ionic and
crystalline domains in thin Nafion® films as the samples equilibrated to a saturated humidity
environment. After annealing, the perfluorinated matrix becomes semi–crystalline, which hinders
the expansion of the material and reduces the equilibrium water uptake.41 A substrate–supported
Nafion® film is constrained in the through–plane (z) direction, so expansion in the in–plane (xy)
direction is negligible. This in–plane confinement of ionic domains parallel to a hydrophobic
substrate constrains swelling.46 As the water content in the film increases, the ionic domains
swell significantly while the spacing of crystalline domains remains constant.41 A direct
comparison cannot be made between our swelling data at discrete RH levels and the structural
evolution of Nafion® as it equilibrates to a saturated humid environment. The rate of water
sorption will vary based on the size of the incremental increase in RH.47 That is to say, the rate of
water sorption and the diffusion of water into the film will be different for a jump from 0 to 25 %
RH versus 0 to 100 % RH. Although our experiments are not precisely comparable, we can infer
that there is a correlation between the evolution of the ionomer domain structure and refractive
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index during water sorption. The absorption of a lower refractive index material (water)
combined with the subsequent expansion leads to a decrease in n.
The Lorentz–Lorenz mixing relationship was also used to estimate the refractive index of
Nafion® as it was hydrated, though other mixing rules or effective medium theories may be
applied with qualitatively similar results. Similar to the mixing of void and polymer in Equation
5-1, the refractive index was estimated from the volume fraction of water and polymer. In
Equation 5-2, the Lorentz–Lorenz equation has been modified to reflect the change in the
refractive index based on the volume fraction of water, water, and the dry polymer, (1 - water), and
the refractive index of liquid water, nwater, and the dry polymer, npolymer.
2
n 2polymer  1
nwater
1
n2 1
 water 2
 (1  water ) 2
n2  2
nwater  2
n polymer  2

(5-2)

Nafion® is plasticized as it is hydrated so the volume fraction of water in the film is not
accurately reflected by the change in thickness. Rather, to determine the precise ratio of water to
polymer, QCM–D was used to determine the mass of water absorbed as a function of RH. Since
refractive index is a volumetric measure, the mass of polymer and water were then converted to
volumes based on their respective densities. The mass of dry polymer is known from QCM-D
experiments, and the fraction of water and dry polymer were determined from the mass of water
absorbed. Before it is absorbed, water is in the vapor state, but it condenses as it is assimilated
into the polymer.32 The optical response of liquid water is used to describe absorbed water. The
predicted n from the Lorentz-Lorenz equation was compared to n as measured by spectroscopic
ellipsometry. In Figure 5-4, the calculated and measured refractive indices of Nafion® are
presented for thin (86 nm) and thick (1022 nm) films on Au.
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Figure 5-4. Refractive index of a (a) 1022 and (b) 86 nm thick Nafion® film on Au. Results
include the measured n (solid circles) and n calculated using the Lorentz-Lorenz expression
(Equation 5-4) (open squares).

The most immediate difference between data sets is that, from 0 to 50 % RH, calculated
and measured n coincide for thick samples. While for the Nafion® film < 100 nm, which
experienced lower water uptake but swelled significantly, the calculated and measured n diverge
significantly as RH increases. The mass uptake for thin, substrate–supported films is less than
that of bulk films because ionic domains at the substrate interface are constrained from absorbing
water.46 Yet water rich layers have been observed at the substrate interface of Nafion® on SiO2,48
while on hydrophobic surfaces ionic domains tend to align parallel to the substrate, limiting water
uptake and expansion.41 Despite lower mass uptake, Nafion® samples on Au still swelled
significantly during water sorption. The discrepancy between the calculated and measured n for
the thin film indicates that one or more of several factors may be occurring. These factors may be
that the polarizability changes significantly as water is absorbed, the change in thickness (i.e.
volume) is not accurately reflected by the change in mass, the Lorentz-Lorenz equation is not the
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most accurate mixing rule or effective medium theory expression for this material system, or void
fraction must be incorporated as a third component with water and polymer to model  for the
swelled film. Since the thin sample on Au had a lower density, the mechanical integrity may
have been compromised, causing greater swelling. The extinction coefficient is higher for the
thin film due to stronger absorption in the low density sample (not shown).
During hydration, the system is composed of water, polymer, and additional void due to
film expansion. While the polymer mass remains constant, water and void fraction both vary
simultaneously during the experiment, making it impossible to deconvolve how either changes
independently. Lorentz–Lorenz mixing is based on the optical properties of water, but the nature
of water and its optical response will vary based on the degree of solvation of sulfonate groups.

5.4. Lorentz-Lorentz Relationship between Density and Refractive Index
In Chapter 4, it was established that the density of Nafion® decreases with decreasing
film thickness for spin cast films at ambient RH. The correlation between refractive index and
density has been confirmed for other polymer systems swollen with solvent.31 The relationship
between density and dielectric constant of a material is described by the Clausius–Mossotti
relationship. This equation is often modified to take the form of refractive index, in which case it
is called a Lorentz-Lorenz relation: 57

n 2  1 N Av

n 2  2 3M 0  0

(5-3)


whereis the film density, Nav is Avogadro’s number,  and M0 are the average polarizability
and molecular weight of the polymer repeat unit, and 0 is the permittivity of free space.
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Although the precise molecular structure of Nafion® is not identifiable as a random
copolymer, the molar mass of the “monomer unit,” M0, can be estimated from the fractional
percentage that each monomer unit makes up of the overall composition. The perfluorinated
block represented in Figure 2-2 (M0 = 100.02 g mol-1) comprises 87 mol % while the sulfonated
block (M0 = 44.74 g mol-1) comprises 13 mol % of the polymer. When each molar mass is
multiplied by the fractional mol %, the estimated molar mass of Nafion® is 144.76 g mol-1.
Constant parameters included in C consist of Nav, M0, 0, and . But the molecular
polarizability () may be reduced at the buried interface due to polymer–substrate interaction.
Therefore the equation can be represented as:20,49

L

n2 1
  C
n2  2

(5-4)

To maintain clarity between this form of the Lorentz-Lorenz equation (Equation 5-4) and
the Lorentz-Lorenz mixing relationships (Equations 5-1 and 5-2), the (n2-1)/(n2+2) parameter in
Equation 5-4 will be referred to as the Lorentz parameter, L.
The mean polarizability is a measure of the distortion in a molecule’s charge distribution
when subjected to an electric field. Polarizability is often expressed as a scalar volume, but in
this case it is expressed by the units C m2 V-1 or A2·s4·kg−1. To convert from polarizability
volume to mean polarizability, the scalar value is divided by 40/106. The theoretical
polarizability can be calculated from the polarizability of the molecular bonds in the monomer.
Nafion® has a slightly higher dielectric constant and polarizability than PTFE.29 Nafion® is
composed of 87 mol % PTFE, therefore (PTFE) was used as a reference point for Nafion® to
confirm the accuracy of our calculations. The mean polarizability of PTFE is relatively low due
to the strong polarity and short length of the carbon–fluorine bond. The small distribution of
electrons decreases the overall polarizability, which will be less than that of Nafion®. The
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“monomer unit” of Nafion® is larger with less tightly bound electrons due to the incorporation of
ether and sulfonate groups in the side chain. The polarizability of PTFE calculated using the
Lorentz-Lorenz relationship was determined to be 5.25 × 10-40 C m2 V-1. It was confirmed to be
similar to other theoretical calculations for the  of PTFE.50
Since the refractive index and density of Nafion® films both change as a function of
thickness, L was plotted versus density to determine if the Lorentz-Lorenz relationship holds for
this system. In Figure 5-5, a linear relationship exists between L and film density for 40 to 1000
nm thick Nafion® films on Au. All other C parameters being constant, the line slope is indicative
of the change in molecular polarizability as a function of thickness. Nafion® samples on SiO2
did not exhibit a linear relationship between (n2-1)/(n2+2) and density (not shown), therefore
polarizability did not change in a predictable way with thickness for that sample set.
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Figure 5-5. The refractive index factor L is plotted versus the density of Nafion® on Au as the
density and refractive index change based on film thickness from 40 to 1000 nm. The data point
with the lowest density and L factor is for a 42 nm thick film while the sample with the highest
density and L value is for a 972 nm thick film.
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The linear relationship between (n2-1)/(n2+2) and  confirms that the Lorentz-Lorenz
relationship holds for Nafion® films of various thickness. Since refractive index and density are
lowest for thin films and both increase with greater thickness, the thinnest sample (42 nm) is
closest to the origin. Polarizability was higher for the thinnest film and decreased slightly as film
thickness increased up to 1000 nm, with  decreasing from 8.0 × 10-40 to 7.0 × 10-40 C m2 V-1,
slightly higher than  for PTFE but on the same order of magnitude.
The interaction at an interface may affect molecular polarization because ionic character
is suppressed at an interface, leading to electron screening. If ions are adsorbed there is a drop in
potential at the surface, creating capacitance at the interface. In studies of thin Nafion® films on
Au surfaces, there is no evidence of strong interaction between the polymer and substrate.
Without ionic bonding to decrease polarizability at the buried interface,  of Nafion® on Au does
not change significantly as a function of thickness. We have identified that both n and density
change as a function of hydration. When plotted in relation to each other, the effect of water
sorption on the overall polarizability of the film is quantified. The Lorentz-Lorenz relationship
(Equation 5-4) was also used to independently identify the effect of water on the polarizability of
the system. In Figure 5-6, (n2-1)/(n2+2) is plotted versus density for an 86 and 1022 nm thick
Nafion® film on Au as the two parameters change as a function of hydration.
As hydration increases NAv, M0, and 0 remain constant; therefore when the density and n
factor are plotted, the slope of the line is indicative of variation in . Due to the high dielectric
constant of water, we would expect to observe an increase in polarizability of Nafion® as water is
absorbed. The intent is to determine whether there is a net surface effect in thin films, which
inhibits an increase in molecular polarizability as the sample absorbs water. If the polarizability
of thin and thick Nafion® films are very different, this may partially explain the discrepancy
between measured and calculated n values as a function of relative humidity in Figure 5-4.
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Figure 5-6. The Lorentz factor is plotted versus the density of Nafion® as the two components
change based on hydration of the material. Data sets include 86 (open squares) and 1022 nm
(solid squares) thick Nafion® on Au. The data point with the lowest density and L factor for each
data set represents the sample at 80 % RH, while the sample with the highest density and index of
refraction is at 0 % RH.

Both density and refractive index of the polymer decrease as the relative humidity of the
sample environment increases. In Figure 5-6, the linear relationship between L and density
confirms the accuracy of the Lorentz-Lorenz relationship even for polymer films as they are
swollen with solvent. The slight difference in the slope of the line for thin and thick films
indicates that the C parameter, and therefore polarizability, was slightly different for thin and
thick Nafion® films as they absorbed water. Using the known n and  values at each level of
humidity, polarizability was calculated from Equation 5-4 as a function of RH for both samples.
Calculated  values for thin and thick Nafion® on Au were ~ 7 × 10-40 C m2 V-1 with the of the
thick film being slightly lower. The increased water content causes a negligible change in the
polarizability of Nafion®.

97
The dielectric properties of water are influenced by its interaction with the polymer. The
dielectric constant of water in Nafion® will vary based on the distance from the channel walls, the
connectivity of hydrated pathways, and the degree of hydration.47 At high RH, a greater
proportion of water in the sample is loosely bound,51 and thus behaves more like bulk water with
a lower value of n. The hydration number has been shown to increase drastically as water activity
increases from 0.8 and 1.0 for Nafion® films and membranes.31,51,52 Results in comparable
systems have shown that the greater change in thickness at high humidity is a result of the greater
increase in  and the complete solvation of ionic groups. Only polyelectrolyte films that
contained excess acid, similar to Nafion®, exhibited significant swelling at high RH.53 In similar
polymer systems, the increase in thickness has been commensurate with the decrease in density
and refractive index.53 In Chapter 4, it was established that despite significant swelling, there is
not a greater increase in mass sorption at higher RH. This behavior indicates that for the same
amount of mass absorbed, the Nafion® films are expanding more with greater water content.
Therefore the mass of water sorbed does not correlate to the change in volume during water
uptake. The negligible change in polarizability confirms that the divergence in calculated and
measured n in Figure 5-4 arises because the percent change in thickness exceeds the percent
change in mass, with the gap between the two increasing with higher RH. This behavior could be
accounted for by adding an additional void fraction contribution to the Lorentz-Lorentz
expression.

5.5. Birefringence in Thin Nafion® Films
While the effective isotropic refractive index is indicative of the dynamic change in
overall properties of the film, the directional refractive index can give better insight into the
effects of surface confinement on the through and in–plane structure of Nafion® films. Structural
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anisotropy in substrate–supported Nafion® films has been confirmed with x–ray46 and neutron
reflectivity,7 fluorescence,3 GISAXS,41 and ellipsometry,47 but the nature of the birefringence has
only been explored in free standing Nafion® membranes.5 The directional refractive index is
another way to identify systematic structural variations in confined Nafion® thin films. By
measuring the optical properties at four angles of incidence (50, 60, 70, and 80 degrees) while
incorporating Mueller matrix elements, the number of data points per sample was increased 64
fold. The Mueller matrix is a 4 x 4 matrix that transforms the input Stokes vector to the output
Stokes vector, determining the angle of rotation of polarized light for depolarizing elements. That
is to say, the Mueller matrix assigns properties to individual optical elements in a 4 x 4 matrix to
improve the accuracy of identifying anisotropy in a sample.3 Mueller matrix variable angle
spectroscopic ellipsometry was used to determine the directional refractive index.
The spin casting process exerts centrifugal shearing forces on the polymer chains as they
are cast onto the substrate. These forces are radial, so the shear forces should be consistent from
the center to the edge of the substrate. Therefore we consider the chain structure in the x–
direction and the y–direction to be indistinguishable, and the directional difference in refractive
index was only considered for the x-y versus z plane.
The refractive indices for the ordinary (no) and extraordinary (ne) direction represent the
optical properties for the in–plane (x-y) and through–plane (z) direction, respectively. After
characterizing the effectively isotropic n (i.e., noted as fit number “0”), no and ne were determined
using iterative modeling, Figure 5-7. The isotropic optical parameters were the initial inputs of
the uniaxial model (i.e. no(1) = n and ne(1) = n). In the first iteration, model parameters were
allowed to vary for no while all parameters for ne were kept constant. The next iteration held no
constant and ne was varied. This process was repeated six times in order to reduce mean squared
error (MSE). With increasing iterations, ne and no diverge (Figure 5-7a) due to difference in the
structure of Nafion® parallel and normal to the substrate surface. When all parameters were
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allowed to vary simultaneously the resulting data exhibited nearly identical optical properties, but
the iterative modeling technique had slightly lower error. A corresponding decrease in MSE,
shown in Figure 5-7b, confirms the optimization of the model fit, with error reaching a minimum
after six iterations. Since the anisotropic optical properties provide a better fit to the experimental
data, we conclude that spin cast Nafion® films are birefringent. The difference in the in–plane
versus through–plane refractive index reflects the directionality of chain orientation in the film.
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Figure 5-7. (a) ne and no and (b) MSE change during optimization over six iterations. (Ordinary,
squares, and Extraordinary, grey circles) for a 25 nm Nafion® film on a native oxide coated c-Si
wafer.

Birefringence in polymers often arises as a result of processing conditions, which induce
preferential chain orientation. In thin films, confinement at the substrate will also contribute to
chain alignment. The trend in birefringence of Nafion® on Au and SiO2 surfaces under ambient
conditions was correlated with film thickness in Figure 5-8.
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Figure 5-8. n of Nafion® films as a function of thickness on SiO2 (squares) and Au (grey
circles) surfaces.

Although thin films show lower density, they exhibit higher birefringence. In other
studies of confined Nafion® films, it was found that domain structures arranged parallel to the
substrate interface.69,71 In the same way that physically stretching a membrane induces chain
alignment and increases birefringence,5 polymer chains are also stretched as they are spin cast
onto a substrate.55 The accelerated rotational speeds used to cast very thin films cause polymer
chains to become more elongated and align parallel to the substrate. As thickness decreases,
polymer chains confined at the interface make up a larger proportion of the Nafion® film.
Since the polymer preferentially orders parallel to the substrate no is greater than ne,
resulting in positive birefringence. The intrinsic birefringence of PTFE is 0.045 and should be
slightly lower for Nafion due to the polarizable side chain. The values shown in Figure 5-8
indicate the films have moderate chain orientation. The greater degree of birefringence observed
for thin films on SiO2 compared to Au is likely due to increased polymer–substrate interaction.
The ionic attraction between sulfonate groups and the silanol–terminated substrate will reduce the
conformational freedom and mobility of the polymer backbone. Crystallites have also been
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shown to preferentially wet the buried interface on both hydrophobic and hydrophilic surfaces of
annealed Nafion®, adding to the anisotropy.41 The interfacial constraints and film processing
conditions that caused the decrease in the isotropic effective n with thickness (Figure 5-1) led to
an increase in birefringence (Figure 5-8). To determine if chain plasticization during swelling
would eliminate orientation, birefringence was compared for the same film in the dry state and
while hydrated in Figure 5-9.
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Figure 5-9. Ordinary (black line) and extraordinary (grey line) refractive indices for a 70 nm
thick Nafion® on SiO2 at (a) 0 % RH and (b) 95 % RH and corresponding extinction coefficients
for (c) 0 % RH and (d) 95 % RH.
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The no and ne are presented as a function of photon energy at 0 % RH (Figure 5-9a) and
95 % RH (Figure 5-9b) for a 70 nm thick film on SiO2. Since Nafion® and water have no specific
absorption features in the visible range there are no peaks in n or k. For the dry sample in Figure
5-9a, n (at 1.962 eV) is ~0.007, which is consistent with the expected birefringence for a 70 nm
thick sample in Figure 5-8. Noting the difference in the scale of the y–axis between Figure 5-9a
and 5-9b, n for the same sample at 95 % RH is ~ 0.0002. By closing the gap between no and ne,
the results demonstrate that anisotropy in the swollen sample was nearly eradicated because
Nafion® is essentially solvent annealed. As the ionomer domains swell dynamic structural
changes will occur, but the location of crystallites remain constant.41 Because domains parallel to
the substrate interface cannot kinetically rearrange during swelling, a slight difference between
the through–plane and in–plane refractive indices remains. This result is corroborated by the
change in ko and ke in the dry and hydrated state. The associated extinction coefficients in Figure
5-9c indicate that absorption is higher in the out–of–plane direction (ke > ko), resulting in the
decrease in ne. The difference in ko and ke is eliminated at 95 % RH, at which point most of the
chain orientation is eliminated as observed by low n.
The effective isotropic refractive index decreases from 1.338 to 1.327 as the 70 nm film
is hydrated (not shown), which is a natural result of the addition of water to the polymer matrix,
as previously discussed. There is no change in the isotropic extinction coefficient during
hydration, indicating the change in n is a result of both swelling and the addition of water, which
has a lower refractive index. Since n at 95 % RH is lower than the refractive index of water, a
significant contribution to the change in n is from the change in film density (i.e. swelling).
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5.6. Conclusions
The results presented in this work demonstrate the sensitivity of the optical properties of
thin Nafion® films to film thickness and processing conditions. The refractive index of spin cast,
substrate–supported Nafion® films was shown to decrease by as much as 0.14 as film thickness
decreased from 1000 to 17 nm. The decrease in isotropic n was observed on both SiO2 and Au
surfaces and was especially apparent as thickness decreased below 40 nm. The increased
absorption and decreased density of thin Nafion® films is indicative of an increase in relative void
fraction. Based on the correlation between n and , both data sets were used to calculate and
compare the evolution of void as the sample thickness decreased from 1000 to 15 nm. The void
was determined from refractive index and density based calculations. Void fractions of up to 20
% were confirmed with both methods, corresponding to the decrease in n and . Divergence in
the ordinary and extraordinary refractive index was greatest for thinnest films, with n values of
up to 0.022. Spin casting methods used to fabricate thin films introduced non–equilibrium chain
conformations which contributed to the birefringence. As film thickness decreases, stretched and
vitrified chains at the interface constitute a larger portion of the film, inducing an increasingly
large birefringence. The morphology formed during the rapid film formation process resembles
strongly phase segregated solution morphology. Incomplete solvent evaporation during the spin
casting process may cause solvent to remain trapped within interior domains, leading to a higher
void fraction in the resulting film and the observed trend in n and k.
In situ variations in the thickness and optical properties of Nafion® films were observed
as the material swelled with increasing relative humidity. The refractive index decreased by up to
0.012 as the relative humidity of the sample environment increased, with greater changes in n
observed at higher RH. The greater change in thickness and n is a result of the greater increase in
 and the advanced solvation of ionic groups at higher RH. After ionic physical crosslinks were
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eliminated by hydration, the swelling of the hydrophilic component is only limited by the
modulus of the hydrophobic matrix. Birefringence is nullified at 75 % RH as Nafion® is
plasticized by water. The decrease in n indicates that during polymer plasticization and
relaxation, polarization induced by chain orientation will decrease. The polymer chains gain
conformational freedom during swelling, removing the processing effects instated during the
fabrication process. These results indicate that the dry properties and water uptake characteristics
of substrate-supported Nafion® films are affected by film thickness more so than by the substrate
surface material. The unique properties and dynamic swelling characteristics of thin Nafion®
films must be considered when optimizing the design of fuel cell catalyst structures and materials.
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Chapter 6
Processing Effects on Thin Film Structure and Water Uptake

6.1. Introduction
Polymers, especially in thin film form, are sensitive to the manner in which they are
processed. Processing steps that influence material properties include the method of polymer
deposition, annealing conditions, and sample history. In this chapter, the properties of adsorbed
Nafion® films are evaluated to determine how confinement at an interface affects water uptake
characteristics for self–assembled films. The swelling of spin cast Nafion® is investigated based
on interaction with carbon substrates. Hysteresis in swelling and mass uptake is characterized for
thin and thick Nafion® films.

6.2. Solution Adsorbed Nafion® Films

6.2.1. Introduction
The majority of the work contained in this dissertation explores the properties of spin cast
Nafion® films. Spin cast samples have a smooth surface profile with relatively uniform thickness,
which was necessary due to the spot size of SE measurements. However in a fuel cell, the
catalyst layer is usually formed by mixing ionomer, carbon, and platinum components together
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into an ink.1 The conditions typically used to process the catalyst layer are therefore different
from the methods used to cast films as characterized in this dissertation.
When mixed and dried from solution, Nafion® films on catalytic particles will have more
time to self–assemble into a kinetically favorable morphology. The spin–casting process exerts
shearing forces on the polymer chains which result in non–equilibrium conformations which may
not be completely annealed out of the films due to the ionic interactions in Nafion®.
Investigations of spin-coated films are of fundamental interest, but solution-adsorbed films may
show interesting properties that cannot be accessed by spin coating and annealing. Through
collaborations with researchers at Queens University, we obtained samples that were self–
assembled onto substrates allowing for an investigation into the differences in processing
conditions on water uptake characteristics of thin Nafion® films.

6.2.2. Chemisorbed Nafion® Films
To determine the interaction of Nafion® directly at the substrate interface substrates were
dipped into dilute Nafion® solutions, allowing Nafion® films to chemically adsorb onto the
substrate. This interfacial monolayer of Nafion® bonded to the surface is referred to as being
chemisorbed. Silicon wafers were cleaned with piranha solution (70 % sulfuric acid, 30 %
hydrogen peroxide) to remove any surface contaminants. Substrates were rinsed three times with
deionized water and blown dry with compressed nitrogen, then placed immediately into the 0.05
wt. % Nafion® dispersion (EW 1100, diluted with 1:1 isopropanol:water). Other substrate
surfaces were coated with thermally evaporated aluminum metal, which forms an oxide at the
free surface. The electron–withdrawing alumina (Al2O3) surface is slightly basic in character, so
acidic groups in Nafion® will strongly adhere to the surface. Atomic force microscopy images in
Figure 6-1 and 6-2 verify the degree of surface coverage of Nafion® on each surface.
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Figure 6-1. Atomic force micrographs of the (a) height and (b) phase images of Nafion ®
chemisorbed onto native oxide coated silicon surfaces.
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Figure 6-2. Atomic force micrographs of the (a) height and (b) phase images of Nafion ®
chemisorbed onto Al2O3 coated Al surfaces.

The polymer coverage on native oxide coated silicon in Figure 6-1 appears to be
inconsistent and spotty. The smooth surface dotted with islands of material suggests that there is
no Nafion® in certain areas, and that the AFM is probing the underlying SiO2 surface with
isolated polymer deposits. The dimpled height and phase images in Figure 6-2 indicate that the
Al2O3 substrates were covered with a consistent monolayer of polymer. The difference in surface
coverage surface of Nafion® on native oxide coated silicon and Al2O3 surfaces indicates that for
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adsorbed films, surface chemistry affects the polymer adsorption and the polymer–substrate
interaction.
Spectroscopic ellipsometry was used to determine if the strongly bonded chemisorbed
films would swell with RH. However, characterizing the optical properties of chemisorbed films
less than one nanometer in thickness is nearing the limits of SE characterization. The difference
in  and for the bare and Nafion®–coated SiO2 and Al2O3 substrates indicates that SE is
sensitive enough to detect these monolayer films. While the precise thickness may be difficult to
discern, the raw data does not necessarily have to be modeled to identify that a thickness change
has occurred. A shift in the experimental  and  data indicates a change in film thickness. In
Figure 6-3 the  and  spectra are presented for chemisorbed Nafion® on native oxide silicon.
Experimental  and data serve to prove that Nafion® has been chemisorbed to the surface and
experiences minimal swelling when exposed to 95 % RH.
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Figure 6-3. Experimental ellipsometric angles and  of Nafion® chemisorbed onto native
oxide silicon at 0% RH (circles) and 95 % RH (red line, green line).
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Both SiO2 and Al2O3 surfaces show a shift in  and for bare and Nafion®–coated
substrates (not shown), confirming that polymer material was deposited. The overlaid spectra
representing Nafion® on SiO2 indicate that only a slight change in  and is observed when the
humidity of the sample environment increases from 0 to 95 % RH. The decrease in  indicates
that the Nafion® film on SiO2 experiences some minimal, yet detectable swelling when the
relative humidity of the sample environment increases to 95 %. Since the AFM images (Figure
6-1, 6-2), showed incomplete coverage of the SiO2 surface, it is logical to expect that the Nafion®
islands exhibited strong adhesion to the substrate. Yet there is enough residual polymer not
directly bonded and immobilized which is free to absorb water from the environment.

6.2.3. Adsorbed Nafion® Films from Queens University
Samples were adsorbed from solution onto thermal oxide–coated silicon wafers (oxide
thickness 250 nm), Au–coated wafers, and carbon coated wafers (latter two substrates fabricated
at Penn State) to contrast the water uptake behavior of Nafion® based on processing conditions.
These samples differ from chemisorbed substrates described in the previous section (which were
prepared at Penn State) in that significantly more polymer adhered to the substrates. Thicknesses
of adsorbed films were varied by submerging substrates for 12 hours into solution concentrations
from 0.1 to 5 wt. % in an isopropyl alcohol-water mixture. These samples will be referred to
as adsorbed Nafion® films, with nominal thicknesses from 4 nm to 50 nm. Film processing
conditions have been described in greater detail previously.2 Although samples up to 300 nm in
thickness may be fabricated using the adsorption technique, samples thicker than 50 nm are not
uniform enough over the spot size of the spectroscopic ellipsometer (3–4 mm diameter).
Unless a smaller aperture is fitted onto the light source, when light is projected at a 70°
incident angle, the length of the spot increases to ~ 6 mm. Therefore the sample surface should
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have minimum area of at least 3 mm by 6mm that is relatively uniform in thickness. If a
thickness gradient within the sample exists, then the collimated light signal of the SE will
experience depolarization. Rough surface structures cause scattering and loss of signal, which
can be accounted for through the addition of a surface roughness parameter in SE modeling. The
surface roughness of adsorbed samples was highly irregular, on the order of half of the film
thickness for thicker films. To eliminate surface roughness as a factor in the film properties and
simplify modeling of ellipsometric spectra, only adsorbed films up to 50 nm in thickness were
characterized.
Adsorbed Nafion® films with thicknesses of 4.3, 11, 21, 43, and 51 nm were
characterized with SE to determine the change in thickness and optical properties as
environmental humidity of the sample chamber increased. Similar to previous swelling
experiments, RH was increased in a stepwise fashion and the resulting material changes were
observed in situ. The real time change in thickness of a 41 nm thick film is shown in Figure 6-4 it
was exposed to 0, 25, 50, 65, and 80 % RH.
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Figure 6-4. In situ change in thickness of 43 nm adsorbed Nafion® film on thermal oxide Si as it
is exposed to incremental increases in RH as characterized by spectroscopic ellipsometry.
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While the incremental steps in RH create distinct, stepwise increases in thickness, it
appears that the film deswells after the initial water uptake. An “overshoot” effect can occur
when films swell the most significantly as the solvent initially diffuses into the layer. Then, as
the solvent is distributed within the polymer network during equilibration, the elastic modulus of
the material causes deswelling and thickness decreases slightly. The decreasing thickness profile
at each humidity step is more likely attributed to the RH profile itself, which had a line shape
identical to the stepwise thickness as characterized by SE. The match between the shape of the
thickness and RH profile indicates the sensitivity of Nafion® films to the environmental RH.
To compare the percent change in thickness for multiple samples with the “overshoot”
line shape, the thickness value was taken at the maximum for each RH step, and it was reported
for the associated RH at that particular time. Although relative humidity did not maintain a
consistent level during each RH step, the RH profiles were repeatable for multiple tests. It should
also be noted that the maximum RH reached for this series of samples was 80 %.
The fractional increase in thickness was compared for adsorbed Nafion® samples 3.7, 10,
20, 43, and 50 nm in thickness in Figure 6-5. The increase in thickness is plotted versus nominal
thicknesses at each discrete level of RH to better show how each sample swelled relative to the
others. The thinnest samples were found to have significantly larger thickness changes with
increasing RH relative to the nominal thickness, with the effect being especially significant for
samples less than 20 nm thick. These samples were adsorbed onto thermal oxide coated silicon
(TO-Si). In previous studies of confined Nafion® films, the Nafion® film on a thermal oxide
surface showed higher water uptake compared to a film on native oxide coated silicon.3
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Figure 6-5. Change in thickness upon water uptake of adsorbed Nafion® films on thermal oxide
coated Si as characterized by spectroscopic ellipsometry.4

The difference in swelling of adsorbed films was most distinct when the fractional
thickness increase is compared at each discrete humidity level. For example at 80 % RH, the 50
nm thick Nafion® film swelled by 6 % of its nominal thickness while the 4 nm thick film swelled
36 %. The 40 (not shown) to 50 nm thick films exhibit minimal swelling, which was expected for
Nafion® films under confinement. Similar to spin cast films, the greatest fractional thickness
increase was observed at the highest humidity step, although there was nearly an equally large
increase observed from 65 to 80 % RH. The swelling characteristics of adsorbed Nafion® films
are not directly comparable to spin cast samples because they were annealed under different
conditions. Adsorbed films were annealed at 146 °C for one hour, according to a protocol used
by researchers at Queens University (Kunal Karan Group), while spin cast samples made at Penn
State were annealed at 100 °C for 7 hours. Yet adsorbed Nafion® films can still be compared
among the sample set to identify the effect of thickness on water uptake characteristics.
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Annealing at 146 °C will partially crystallize the PTFE backbone, creating physical
“crosslinks” that restrict swelling. But it was determined with GISAXS and GIWAXS that there
was no crystallization in any confined films (4 to 160 nm), so swelling was not limited by
crystallinity in this situation. GISAXS also showed that adsorbed Nafion® films less than 50 nm
in thickness were unable to phase segregate into the characteristic ion–cluster morphology, which
was confirmed with transmission electron microscopy (TEM).4 Therefore swelling phenomena in
ultra–thin films can be directly attributed to the degree of self–assembled morphology in
confinement.
The low contrast between phases in TEM images indicates that domains are mixed due to
limited self–assembly at the substrate interface. Domains are allowed to self–assemble on the
surface while still submerged in solution for 12 hours, yet the hydrophobic and hydrophilic
domains do not coalesce into larger structures. Hydrophobic PTFE does not readily absorb water,
so in phase–segregated Nafion® the elastic modulus of the perfluorinated matrix normally
restricts swelling of the ionomer domains. In thicker, phase–segregated samples, rod–like
polymer bundles increasingly align parallel to the substrate to reduce conformational entropy.
Since swelling is restricted to the z–direction, structures aligned parallel to the substrate restrict
the out–of–plane swelling. Without a coherent matrix in films less than 50 nm, hydrophilic
domains expand freely. The equilibrium swelling at 80 % RH increasing exponentially as
nominal film thickness decreases to 4 nm. Though thinner films exhibited higher water uptake,
as indicated by a sharp increase in  for 4 and 10 nm films, they also exhibited lower
conductivity.
These results confirm the importance of strongly phase–segregated nano channels for
Nafion®’s optimal performance as an ion conductive material. The concentrated, well–connected
domains that form in phase–segregated Nafion® act as proton conductive pathways through the
film. Percent thickness change was compared for Nafion® on thermal oxide and gold to identify
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the influence of substrate chemistry on swelling in adsorbed thin films. Data in Figure 6-5 is now
plotted as thickness increase versus relative humidity in Figure 6-6 to compare swelling data for
Nafion® on thermal oxide and Au surfaces.
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Figure 6-6. Percent change in thickness of adsorbed Nafion® films on (a) thermal oxide coated
silicon and (b) Au as a function of relative humidity as characterized by spectroscopic
ellipsometry.

With spin cast polymer systems water uptake was consistently higher on thermal oxide
than on Au surfaces, but from Figure 6-6 the thinnest (7.7 nm) sample on Au shows comparable
water uptake to the 10 nm thick sample on thermal oxide. The 20 and 30 nm thick films on Au
also exhibit similar thickness change as comparable thickness films on thermal oxide, indicating
that swelling of thin, adsorbed films is affected more by the morphology than the character of the
surface chemistry. Surface–confined morphology limits phase–segregation, allowing for
unrestrained expansion of sulfonated domains which swell more significantly than spin cast
Nafion® films. This effect is particularly pronounced for adsorbed samples allowed to self–
assemble from solution. Spin cast films may become entangled during the shearing process,
which further limits swelling. The change in refractive index of films adsorbed onto thermal
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oxide silicon corroborates swelling results, with the most significant change in n observed for 4
nm thick films in Figure 6-7.
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Figure 6-7. Refractive index as a function of relative humidity for (a) 3.7, (b)10, (c) 20, and (d)
50 nm thick Nafion® films adsorbed onto thermal oxide coated Si as characterized by
spectroscopic ellipsometry.

As opposed to spin cast films, adsorbed samples did not show distinctly larger steps in n
as humidity was increased. Equally large stepwise changes in n were observed for all samples as
the RH was increased from 50 to 65 % and 65 to 80 %. Another difference between spin cast and
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adsorbed Nafion® is that n was highest for the thinnest film and decreased as film thickness
increased. The refractive indices of adsorbed Nafion® films 3.7 to 50 nm thick are presented in
Table 6-1 under dry and hydrated conditions.

Table 6-1. Refractive indices of adsorbed Nafion® films on thermal oxide coated silicon as a
function of relative humidity.
Nominal thickness
(nm)

n

n0% RH-n80% RH

(0 % RH)

(80 % RH)

3.9

1.388

1.328

0.060

10.4

1.370

1.339

0.031

20.6

1.371

1.363

0.008

50.3

1.365

1.361

0.003

Sensitivity to relative humidity is apparent through the change in refractive index as the
sample environment increases from 0 to 80% RH. The greatest change in n was observed for 3.7
nm thick films, reaffirming earlier results in which significantly greater swelling was observed for
the thinnest film (Figure 6-6). The thinnest sample exhibited the highest dry refractive index and
lowest hydrated refractive index, with the change in refractive index decreasing significantly as
thickness increased. Since refractive index is related to density through the Lorentz-Lorenz
relationship,5 these results indicate that the thinnest adsorbed films experience the greatest change
in density during hydration. This would also suggest that the thinnest adsorbed films are also the
most dense samples under dry conditions. Therefore the blended domain morphology without
regular structures result in a denser film than phase–segregated forms. The percent change in
refractive index presented in Figure 6-8 is significantly greater than results observed for spin cast
samples. Yet in both cases the greatest change in n and thickness was observed for samples with
the highest initial n and  (which were the thickest spin cast films).
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Figure 6-8. Percent change in refractive index of adsorbed Nafion® films as a function of relative
humidity as characterized by spectroscopic ellipsometry.

The most significant difference between adsorbed and spin cast samples is that the
thinnest spin cast films have the least dense composition while the thinnest adsorbed films are the
most dense. The large change in n and thickness for the thinnest films can be attributed to the
lack of morphological coherence that is induced by confinement at an interface, regardless of
substrate chemistry.
The difference between swelling observed for adsorbed and spin cast samples is
indicative of the structural differences between these sample types. Adsorbed films are given
ample time to self-assemble at the substrate interface, however confinement interrupts the
formation of the regular ion–phase separated morphology. Spin cast samples are cast from
solution and vitrified into a stretched, non–ideal conformation. These differences highlight the
significance of polymer processing and its effect on the water uptake of thin Nafion® films.
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6.3. Spin Cast Nafion® Films on Carbon

6.3.1. Introduction
Since carbon (C) is one of the substrates found within the catalyst layer of a fuel cell, it
was important to characterize swelling of Nafion® based on its interaction with C. In situ
swelling was measured for Nafion® film thicknesses ranging from 35 to 300 nm on C. The
difficulty of characterizing Nafion® on C lies in creating a flat carbon surface suitable for SE
measurements. A pyrolysis technique was chosen to convert a carbon precursor material that
could be spin cast onto silicon wafers, which is explained in greater detail in the Materials and
Experimental Methods chapter.6
Limitations to the thickness and roughness of the carbon layer must be imposed due to
absorption and scattering of the collimated SE beam. A reduction in signal intensity typically
decreases the signal-to-noise ratio in the experimental spectra. Yet, within the catalyst layer,
carbon particles have significant surface roughness, so this is only an initial approximation of
swelling based on substrate chemistry of carbon. Continued efforts to characterize Nafion® on a
mixed Pt/C substrate that better mimics the catalyst layer environment are a subject of potential
future work.

6.3.2. Spectroscopic Ellipsometry of Carbon Films
High temperature conditions used to process PFA films into cross-linked carbon caused a
significant loss of material in the final product. Spectroscopic ellipsometry was used to
determine the final thickness, uniformity, and optical properties of pyrolized carbon films.
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A new parameterization of  was developed to determine the thickness and optical
constant of carbon films. As a dielectric material, a Lorentz oscillator was used to fit
experimental  and data for carbon films, with the model incorporating significantly higher
broadening compared to the optical constants of Nafion®. As a new material with unknown
optical properties,  and spectra were measured at four angles of incidence (50, 60, 70, and
80°) for a more robust model fit. The  and  spectra, along with model fits, for pyrolized 1 %
PFA precursor is shown in Figure 6-9. The excellent correspondence between the experimental
data and model fit at multiple angles ensures the accuracy of optical constants determined from
this data analysis procedure.
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Figure 6-9. Experimental (circles) and model fits (solid lines) for  (red) and (green) spectra
of carbon processed by pyrolizing 1% PFA solution onto native oxide coated silicon wafers.
Ellipsometric spectra were measured at 50, 60, 70, and 80° incident angles.

From the analysis, the carbon film in Figure 6-9 was determined to be 2.4 nm thick. The
difference in  and measured at multiple angles of incidence indicates that the optical
properties of the material stack are not isotropic in the through–plane of the film. This behavior
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is expected since the sample being probed is a 2.4 nm thick carbon film on 1.5 nm of native oxide
on silicon. For example, at a shallow angle of incidence (50°), the collimated beam is probing
more of the carbon layer than at a steep angle of incidence (80°), which is reflected in the optical
spectra. Using multiple angles of incidence will also help to determine anisotropy present in each
layer.
Carbon films made from 1, 5, and 9% PFA precursor solutions exhibited different post–
processing thicknesses. The shifts in amplitude and phase angle in Figure 6-10 are indicative of
the difference in thickness of films made from the three different solution concentrations. The
consistency of the line shape, with no peak shift with photon energy but only a phase angle
increase, indicates that the optical properties of the material are likely similar for all three
samples, the difference between them being sample thickness. While Figure 6-10 represents the
 and spectra measured at a 70° incident angle, the optical constants for each sample were
determined from variable angle SE measurements, presented in Table 6-3.
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Figure 6-10.  and spectra of pyrolized 1% (light grey), 5% (grey), and 9% (black) PFA
solution on native oxide coated silicon wafers.
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Thicknesses of the PFA films were measured before and after pyrolysis. PFA solutions
were diluted to 9, 5, and 1 wt. % and cast onto 3 inch diameter silicon substrates to achieve a
range of carbon film thicknesses. The thickness of each precursor film was measured using
single wavelength ellipsometry. Pyrolized carbon films thicknesses were measured in five
locations on each wafer using spectroscopic ellipsometry to identify the thickness uniformity and
optical properties of carbon. Spectra were sampled in the center of the wafer, as well as at a
radial distance one inch above, below, to the right, and to the left of the center. Table 6-2 shows
uniform thicknesses that were achieved especially for 1 and 5 wt. % PFA precursor, with the
thickness and standard deviation of each film after pyrolysis representing the average thickness
value for the five locations on the wafer that were sampled. There was a significant decrease in
thickness after pyrolysis, with up to 91 % reduction in thickness.

Table 6-2. Thickness of spin cast poly(furfuryl alcohol) films before and after pyrolysis based on
solution concentration.
PFA concentration
wt. %

before pyrolysis
nm

after pyrolysis
nm

Thickness loss
%

1
5
9

18
73
189

2.4 ± 0.05
8.1 ± 0.07
16.9 ± 1.14

86.7
88.9
91.1

Table 6-3. Thickness and optical constants of spin cast poly(furfuryl alcohol) films after
pyrolysis characterized by variable angle spectroscopic ellipsometry.
MSE
(× 103)
1.78
5.02
7.71

Thickness
(nm)
2.38 ± 0.06
8.13 ± 0.45
16.91 ± 0.40

An



n

En

3.70 ± 0.01
1.94 ± 0.12
6.13 ± 0.07

0.83 ± 0.02
0.97 ± 0.10
1.08 ± 0.01

8.72 ± 0.15
5.57 ± 0.87
5.13 ± 0.03

3.59 ± 0.03
5.71 ± 0.44
1.46 ± 0.01
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Refractive index was assessed at each of the five locations across the wafer to ensure the
consistency of the composition. These values were compared to variable angle spectroscopic
ellipsometry (VASE) measurements taken at 50, 60, 70, and 80° incident angles. Refractive
indices for all six measurements are presented for the 2.4, 8.1, and 17 nm thick carbon substrates
in Figure 6-11. The n measured at a 70° incident angle was identical for all five locations
sampled on the 2.4 and 8.1 nm thick carbon films, and very similar for the 17 nm film. The
difference between n determined from VASE and at 70˚ indicates that carbon films have
inhomogeneous structure or density in the through plane (z direction).
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Figure 6-11. Refractive index and extinction coefficient, respectively of carbon films made from
pyrolized (a, b) 1, (c,d) 5, and (e,f) 9 % PFA solution on native oxide coated silicon wafers.
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All refractive indices decrease with photon energy, which is the opposite trend than is
observed for Nafion® films. Carbon is highly absorbing as indicated by the associated extinction
coefficients. A decrease in n with increasing photon energy is observed since the real part of the
refractive index is being measured above the resonant absorption features. This behavior is
sometimes referred to as “anomalous dispersion” whereas increases in n with photon energy
occurring below the absorption feature are called “normal dispersion”.
Before characterizing the swelling of Nafion® on carbon, a carbon film on silicon was
subjected to 95 % RH conditions as a control test. Swelling of the carbon film would need to be
accounted for in SE modeling. A thickness change of 0.2 nm was observed for the 8.5 nm thick
carbon layer, which equates to 2 % swelling. The contribution of swelling from the carbon layer
was accounted for at the 95% RH step when characterizing the swelling of Nafion® on carbon.

6.3.3. Spectroscopic Ellipsometry of Nafion® on Carbon
The change in thickness and refractive index of Nafion® films on carbon–coated
substrates was measured with spectroscopic ellipsometry. Carbon substrates were used as-is for
concern that any rinsing step might wash away the smooth carbon film, leaving a rough surface.
In lieu of rinsing, any debris was blown off using compressed nitrogen before spin coating with
Nafion® solution. After films were cast, Nafion® samples were annealed under vacuum for 7
hours at 100 °C in accordance with annealing procedures for all other annealed samples. To
evaluate the effect of confinement on thickness change, Nafion® films with thicknesses of 10,
102, 211, and 292 nm were measured with spectroscopic ellipsometry, as shown in Figure 6-12.
Swelling characteristics were similar to annealed Nafion® on Au and SiO2, where the thinnest
film showed the least degree of swelling. Since carbon films cannot be applied to QCM crystals,
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it cannot be confirmed whether the lower degree of swelling is due to lower water uptake (in
mass) or if confinement at the substrate affects morphology and, in turn, swelling.
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Figure 6-12. Change in thickness and refractive index of as a function of relative humidity for (a)
33.6, (b) 102, (c) 211, and (d) 292 nm thick Nafion® films on carbon substrates. The substrate
was an 8.5 nm thick carbon film on native oxide coated silicon.

While Nafion® film thickness increases monotonically, as observed on other substrates,
the refractive index of Nafion® on carbon substrates shows an unusual trend with increasing RH.
In samples ranging from 10 to 300 nm in thickness, an increase in n was observed when the
relative humidity increased from 0 to 25%. As RH is increased further, n decreases as expected.
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The change in n usually correlates with a change in thickness, since n is associated with a density
(i.e. volume) change, yet thickness was observed to increase for the same RH step. The trend in n
could be attributed to hydrogen bonding in Nafion® at low levels of hydration. Hydrogen
bonding has been observed for low levels of humidity in other Nafion® systems.7,8 The change in
n is less than 1%, which was similar for Nafion® on Au and native oxide coated silicon
substrates. An alternate explanation is that water is more effectively “filling” the voids present in
these samples when dry. If the thickness is not swelling significantly enough to decrease the
density and index of refraction, then small increases may be observed.
While porosity on the micrometer scale was not observed with SEM, the carbon film
likely has a higher degree of free volume than Au or native oxide coated silicon. Since it is
processed using a “burnout” technique with a 90 % thickness loss, some amount of void will be
present in the carbon films. The intermixing of polymer and carbon film is unknown, but did not
seem to influence water sorption properties as Nafion® films on carbon showed swelling similar
to comparable film thicknesses on Au and SiO2 substrates, Figure 6-13.
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Figure 6-13. Percent increase in thickness as a function of relative humidity for 33.6 (squares),
102 (circles), and 211 nm (triangles) thick Nafion® films on carbon substrates. The substrate was
an 8.5 nm thick carbon film on native oxide coated silicon.
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The carbon surface is slightly hydrophobic, leading to less swelling than previously
observed for Nafion® on other substrate surfaces. While these results represent an initial
quantitative measure of the influence of the carbon–Nafion® on polymer swelling, a more
comprehensive study of the triple interface between Nafion® and a composite Pt/C surface would
better simulate the environment of the catalyst layer. The decrease in the refractive index of
Nafion® at low relative humidity is a phenomenon that also elicits further investigation.

6.4. Hysteresis in Mass Uptake and Swelling
One drawback of SE and QCM experiments included in this dissertation is that they
could not be performed simultaneously. Limitations in equipment availability and configurations
necessitated that the experiments be performed separately. Therefore, samples that were
characterized with both QCM and SE were subjected to in situ environmental humidity
experiments in succession. For example, the QCM-D measurements were performed at the
National Institute of Standards and Technology in Boulder, Colorado. After QCM-D experiments
were completed, swelling of the same samples was measured with spectroscopic ellipsometry at
Penn State.
In order to compare mass uptake to swelling results, the repeatability of water uptake in
thin Nafion® films must be characterized. This concept is also relevant to performance in fuel
cells. During operation, the temperature and relative humidity of the membrane electrode
assembly will fluctuate. Since Nafion® is extremely sensitive to environmental conditions, the
water uptake characteristics may be affected by temperature or humidity cycling. In order to
identify the amount of hysteresis in mass and thickness change upon water uptake, newly
fabricated samples were cycled through a stepwise increase and decrease in humidity (from 0 to
95 to 0% RH) twice.
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Nafion® samples 15 nm to 2 m in thickness were exposed to relative humidity profiles
as illustrated in Figure 6-14. Each RH step was held for at least 2 hours to allow the polymer to
reach a semi–equilibrium state while limiting the length of the experiment to practical times.
Relative humidity was held at 0 and 95% RH for three hours, as samples tend to take longer to
equilibrate at these levels. Nafion® will take up to several days to reach its saturation point at a
given relative humidity. For a hysteresis test, which swells and deswells the film twice, that
length of an experiment was impractical. Yet if samples do not reach some pseudo–equilibrium
state, then swelling hysteresis is not accurately measured.

100

RH (%)

75

50

25

0
0

10

20

30

40

Time (h)

Figure 6-14. Relative humidity profile for hysteresis of mass and thickness change in Nafion ®
samples.

Hysteresis in mass uptake was evaluated for 75, 275, and 2730 nm thick Nafion® films on
Au–coated silicon wafers and 270 nm thick Nafion® on native oxide coated silicon wafers.
Several thicknesses were included to determine if confinement effects might influence the
hysteresis, since thin films experience less water sorption than thicker films. As discussed
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previously, rapid film formation during spin casting results in non–ideal chain conformations and
kinetically trapped morphologies. Since water plasticizes the polymer it increases the
conformational freedom, allowing for relaxation of polymer chains. The equilibrium water
uptake of spin cast Nafion® may change after the film is swollen and deswollen since the swelling
process allows polymer chains to kinetically rearrange into a more ideal conformation. The mass
of the 2730 nm thick Nafion® film as it is hydrated and dehydrated according to the RH profile in
Figure 6-14 is presented in Figure 6-15.
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Figure 6-15. Real time change in mass for a 2730 nm thick Nafion® film on a gold QCM
substrate as the sample is exposed relative humidity levels depicted in Figure 6-14. Gridlines are
included to aid in identifying the difference between mass sorption at the same level of RH for
multiple cycles.
The hysteresis in mass uptake is most apparent when the original dry mass is compared to
the final dry mass. The difference in the original and final dry mass is 7 g of water, while the
difference in mass at the first and second exposure to 95% RH is 6 g. When this difference is
considered in terms of the total mass of the hydrated polymer, it represents a hysteresis of 0.5 to
1% of the combined mass. However, the maximum mass of water absorbed at 95 % RH is 75 ng,
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so a difference in mass uptake of 6 to 7 ng represents an 8 to 9 % difference in the mass of water
absorbed. Several additional ng of residual water remains in the polymer film after the final
drying stage.
To compare the hysteresis in mass uptake for multiple samples, the percent change from
the original dry mass is presented in Figure 6-16. From the mass uptake profiles in Figure 6-15,
the original dry mass is consistently the lowest mass observed during the experiment.
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Figure 6-16. Hysteresis in percent mass uptake of (a) 75, (b) 275, and (c) 2730 nm thick Nafion ®
film on Au and (d) 270 nm thick Nafion® on SiO2 when exposed to relative humidity profile
depicted in Figure 6-14. The solid black line indicates the first increase in RH, dashed black line
indicates first decrease in RH, solid grey line indicates second increase in RH, and dashed grey
line indicates second decrease in RH.
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The solid black line indicates the first increase in RH, the dashed black line indicates first
decrease in RH, the solid grey line indicates second increase in RH, and the dashed grey line
indicates second decrease in RH. Nafion® films are processed in the sulfonic acid form, but
protons quickly dissociate to form hydronium ions with ambient water molecules, leaving behind
a sulfonate group. Water is tightly bound to the sulfonate groups in Nafion® at low levels of
hydration.9 A film that is considered to be dry at 0 % RH contains latent water, which is why the
minimum hydration of Nafion® is  = 1. After water is introduced into the system, it never fully
evaporates during later drying steps. With the increased latent water content, the maximum mass
absorbed increased from the first exposure to 95% RH to the second, indicated by the final mass
at 0 % RH being greater than the initial dry mass.
The greatest degree of hysteresis observed was for the thinnest film, 75 nm on Au, with
up to a 3 % change in percent mass uptake from the mass at the initial drying step (0% RH) to the
final drying step, after the second hydration cycle. This very thin sample was taken directly from
a drying oven and placed into a test holder. The 75 nm thick film, therefore, was exposed to
ambient humidity for less than one minute while the 275 and 2730 nm thick samples were
exposed to ambient conditions for up to two days prior to the experiment. It was initially
suspected that only by exposing the samples to a saturated environment would hysteresis in
swelling be affected. Although ambient humidity was never greater than 30%, it may have
affected the chain confirmation enough to reduce hysteresis in mass uptake for thicker samples.
Hysteresis in thicker samples was on the order of 1 % difference in mass uptake, and the mass
absorbed at 95 % RH was slightly higher as well. The greater amount of mass absorbed after the
swelling experiment indicates that once water is introduced, it is strongly bound and not
completely removed.
No detectable hysteresis was observed in the 270 nm thick Nafion® film on SiO2. Studies
of thin Nafion® films on SiO2 have suggested that water uptake is greater due to the hydrated
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layer that forms directly at the substrate interface.3,7 The same water–rich layer was not observed
at the interface of Au, so a continuous hydrated pathway may not be formed in the through plane
of Nafion® films on Au. This hypothesis could explain why residual water would remain in the
polymer on Au but not SiO2 surfaces, but a larger number of samples would need to be
characterized to confirm this theory.
The same relative humidity test was used to identify hysteresis in swelling of Nafion®
films with spectroscopic ellipsometry. Since thin films showed the greatest mass hysteresis,
thinner samples (15 and 70 nm thick) were selected for swelling hysteresis experiments. The
thinnest film again showed the greatest difference in water uptake characteristics when
environmental conditions were cycled, yet hysteresis in swelling was negative, shown in Figure
6-17. That is to say, after repeated swelling and deswelling, the final dry thickness was less than
the original dry thickness. Polymer plasticization decreased the maximum swollen thickness,
with lower swelling observed the second time the sample is exposed to 95 % RH.
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Figure 6-17. Hysteresis in percent thickness change of (a) 15 and (b) 70 nm thick Nafion ® films
on native oxide coated silicon when exposed to the relative humidity profile depicted in Figure 614. The solid black line indicates the first increase in RH, dashed black line indicates first
decrease in RH, solid grey line indicates second increase in RH, and dashed grey line indicates
second decrease in RH.
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These results have important implications on the water uptake properties of thin Nafion®
films. After cycling through the minimum and maximum relative humidity conditions twice, a
small amount of water was retained, as indicated by mass hysteresis of Nafion® on Au.
Hysteresis in swelling was not measured for Nafion® on Au, but for films on native oxide coated
silicon, film thickness decreased after swelling. With a greater moisture content and decreased
thickness, results indicate that repeated swelling and deswelling of thin Nafion® films leads to a
densification of the polymer when dehydrated. This effect is greatest for thin films, which
exhibited greater mass retention and a higher reduction in thickness. Previous results indicated
that thin films have lowest density at initial ambient conditions and also experienced the greatest
decrease in density during swelling, likely decreasing the mechanical integrity of the thinnest
films. Since the thinnest films have the highest initial void fraction, it is logical to expect that
these films would exhibit a significant decrease in density after being plasticized and then
dehydrated. The loss of birefringence after hydration reveals that polymer chains are able to
kinetically rearrange to some degree as conformational freedom increases during film hydration.
The non–equilibrium spin cast structure is essentially solvent annealed with water sorption,
resulting in a more favorable chain conformation that compacts as sample is dehydrated.

6.5. Conclusions
Chemisorbed Nafion® films only several monolayers thick adhered strongly to the
substrate interface as negligible swelling of these films was observed. Adsorbed Nafion® films
on the order of 4 to 50 nm thick exhibited inverse trends in water uptake properties compared to
spin cast films. While the thinnest spin cast Nafion® films had lower water uptake, as has been
observed in related studies,10,11 ultra-thin (< 10 nm) adsorbed Nafion® films experience
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significant swelling, with up to a 36% increase in thickness observed. Magnified water uptake
was a result of limited self–assembly into Nafion®’s characteristic phase separated morphology.
To mimic the environment of the catalyst layer, carbon substrates were manufactured
through a pyrolysis technique, which produced films with excellent structural and optical
uniformity. When water uptake was assessed for Nafion® films on carbon, an increase in n was
observed at 25% RH. It is suspected that this effect was caused by hydrogen bonding at low RH
or more efficient filling of voids with water, but this issue elicits further investigation. Hysteresis
in mass uptake and swelling was observed as Nafion® films were exposed to multiple relative
humidity cycles (from 0 to 95 % RH). The greatest hysteresis was observed for thin films, likely
due to the high RH solvent annealing the kinetically trapped morphology. Nafion® films
densified as a result of hysteresis, with mass increasing as residual water remained in the film and
thickness decreasing as polymer chains reached a more ideal conformation.
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Chapter 7
Summary of Findings and Directions for Future Research

7.1. Summary of Findings

7.1.1. Mass Uptake and Viscoelasticity of Thin Nafion® Films
In the literature, many fundamental properties of thin Nafion® films were assumed to be
identical to bulk Nafion®. In this dissertation the density and refractive index of substrate–
supported Nafion® films were assessed in terms of film thickness and underlying substrate
composition. Rapid solvent evaporation during the spin casting process resulted in reduced
density for thin films, which was corroborated by the decrease in the refractive index as Nafion®
thickness was decreased below 100 nm. Since the hydration of Nafion® is relevant for its
performance in a fuel cell, density and refractive index were also characterized as the relative
humidity (RH) of the sample environment was varied. Water sorption of thin Nafion® films was
characterized via the change in sample mass and thickness.
Confinement at a substrate interface generally caused lower mass uptake in thin films and
the reduced mechanical integrity of low density, thin films led to a large increase in density as
water was absorbed. Nafion® on native oxide coated silicon wafers was found to absorb more
water (by mass) and also exhibited a greater decrease in density during water sorption compared
to Au substrates. The decrease in density of the samples either coincided with or exceeded the
additive volume limit due to the significant expansion of the film. It was conjectured that the
hydration layer at the native oxide coated silicon surface1 makes the native oxide more slippery
than Au. The neutral character of an Au surface would likely attract less hydrophilic groups;
therefore water may not have been able to penetrate to the buried surface. While the precise
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structure of Nafion® at an interface has been probed with molecular modeling2,3 the electrostatic
interactions between polymer and substrate are very difficult to quantify experimentally. Effects
observed for the thin film on native oxide coated silicon could also be a result of the reduced
mechanical integrity of the film associated with its low initial density.
For films greater than 700 nm in thickness, masses calculated including the dissipation
factor (Voigt model) began to diverge from those not accounting for dissipation (Sauerbrey
model) due to viscoelastic losses. The lossiness of thick hydrated Nafion® films indicates that
published mass values4 assessed by QCM (as opposed to QCM-D) may be inaccurate. The shear
modulus, G, of Nafion® was an order of magnitude higher than values from literature due to
incomplete segmental relaxation in the high frequency range of our experiment. The observed
rate of decline in G as a function of RH was similar to values found in literature.

7.1.2. Optical Properties of Thin Nafion® Films
The complex refractive indices (N = n + ik) of substrate–supported Nafion® films were
identified for spin cast films 10 to 1000 nm in thickness. A sharp decline in n was observed as
film thickness decreased below 50 nm, and n was found to be influenced more by thickness (i.e.
processing conditions) than the underlying substrate surface (Au or SiO2). The trends in density
and refractive index were correlated via the Lorentz-Lorenz equation. The spin casting process
caused polymer chains to preferentially align parallel to the substrate, leading to an increase in
anisotropy of the refractive index. Anisotropy in chain orientation is manifested as birefringence,
which was greatest for the thinnest films. Incremental changes in both thickness and refractive
index were greater at higher levels of environmental humidity, especially above 75 % RH. Non–
equilibrium chain conformations formed during spin casting were reduced as Nafion® was solvent
annealed by water at high RH, as evidenced by the decrease in birefringence.
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7.1.3. Processing of Thin Nafion® Films
Although smooth films were necessary for characterization with spectroscopic
ellipsometry, Nafion® was very sensitive to casting conditions. It is believed that rapid solvent
evaporation during the spin casting process introduced an increase in free volume. The increase
in the relative void fraction for the thinnest films resulted in a density deficit relative to bulk
samples as well as a decreased refractive index. The properties of spin cast Nafion® do not best
reflect the properties of thin ionomer films as they are found in the catalyst layer. While
adsorption would be best to simulate self–assembled Nafion® on catalytic particles, the geometry
of these films is not conducive to characterization with SE due to their high surface roughness.
Adsorbed Nafion® films 4 to 50 nm thick exhibited significant swelling compared to spin cast
films. A 4 nm thick adsorbed Nafion® film swelled by 36% of its original thickness at 90 % RH,
with the maximum thickness change decreasing as thickness increased. Confinement at the
interface interrupted the self–assembly of the PTFE matrix, and Nafion® was unable to form its
characteristic phase separated morphology. These results confirm that the swollen equilibrium
thickness is attained when the osmotic pressure of hydrated domains is balanced by the elastic
modulus of the hydrophobic matrix.
Nafion® films were spin cast onto carbon substrates to mimic the environment of the
catalyst layer. While Nafion® exhibited normal swelling characteristics on carbon, an increase in
n was observed at 25% RH which is likely caused by hydrogen bonding at low RH. Hysteresis in
mass uptake and swelling was greatest for thin films, likely due to the reduction of nonequilibrium chain conformations as the samples are solvent annealed with water. Mass increased
as latent water was not completely removed from the film and thickness decreased as polymer
chains reached a more ideal conformation, leading to an increase in density for pre-swollen dry
films.
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7.2. Future Work
With little existing literature on the physical properties of thin Nafion® films, the
motivation of this work was to establish some of these fundamental properties due to their
relevance to oxygen and proton transport within the catalyst layer. Although many discoveries
about the complex properties of surface-confined Nafion® films were presented, many more
questions were raised for future studies. While there is a better understanding of the interactions
that need to be characterized and how these interactions would elucidate the properties of Nafion®
at an interface, the thin film geometry constrains the viable characterization methods at hand.
Within the catalyst layer, carbon particles have a rough topography (on the nanoscale)
and high surface area-to-volume ratio. The phase separation between the backbone and ionic
domains of adsorbed Nafion® films was limited by confinement at an interface so Nafion®
morphology is likely to be affected by surface roughness. The free surface of thin films is
affected by polymer-substrate interaction at the buried interface, therefore AFM could be used to
identify morphological variance in Nafion® as a function of thickness, substrate chemistry, and
surface roughness. The capabilities of AFM to measure the qualitative or relative difference in
the modulus over a surface would give some indication of phase separation of ionic domains and
the perfluorinated backbone. If surface roughness has a significant effect on the morphology, this
would affect the mass sorption characteristics, similar to the massive water uptake observed in
Chapter 6. Therefore, QCM should be sensitive to these effects. Yet with optical
characterization like SE, light scattering at a rough interface would cause a loss of signal and
increased experimental error. The effect of surface roughness on the physical properties of
Nafion® would better depict the ionomer in the fuel cell environment. Due to the experimental
limitations of the methods used in this dissertation research, tools capable of characterizing rough
surfaces should be evaluated for future research.
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Direct characterization of molecular bonding at the interface of carbon, platinum, and
Nafion® is also of interest, yet thin films produce a weak FTIR signal. Work is in progress to
characterize Nafion® films on undoped (float-zone) silicon wafers with FTIR (in transmission) to
directly identify bonding characteristics at the surface of various substrates. As the thickness of
the polymer film is decreased, the relative intensity of peaks associated with interfacial bonding
should increase. Methods to improve sensitivity to bonding at the interface should be explored.
The greater birefringence and relative void fraction observed in ultra-thin Nafion® films
resulted from non-equilibrium chain conformations formed during spin casting. Since Nafion®
cannot be annealed above Tg due to strong ionic interactions, Nafion® films will likely never
reach an equilibrium conformation. Yet the processing used to make adsorbed Nafion® films,
where films are allowed to self-assemble in solution for 12 hours, will form a less kinetically
trapped, pseudo-equilibrium morphology. Therefore adsorbed Nafion® films better represent the
polymer chain conformation within the catalyst layer. But the nanoscale surface roughness of
adsorbed Nafion® films is much greater than that of spin cast films, therefore adsorbed films
greater than 50 nm in thickness could not be characterized with spectroscopic ellipsometry.
Methodology for producing smoother adsorbed films would allow for comparison of the
properties of ultra-thin and thick adsorbed Nafion® films with SE.
Although the morphology of bulk Nafion® is still disputed in literature, as explained in
Chapter 2, the strongly phase segregated ion conductive domains contribute to the optimal
conductivity of Nafion®. It was established in this work that processing conditions influenced the
refractive index and density of thin Nafion® films. The sample history, including heat treatment,
solvent choice, and casting method, affects the morphology and mechanical properties, which
ultimately influence the water uptake characteristics of bulk ionomer membranes. Since the
morphology is closely tied to the conductivity, a comprehensive study on how processing
conditions affect the morphology of thin Nafion® films is also of great interest scientifically.
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The mechanical properties of a polymer influence its equilibrium water sorption.5 Thin
polymer films have been shown to have reduced mechanical integrity,6,7 which would increase
the amount of water sorbed. One concern is the magnified swelling of adsorbed Nafion® films,
which diluted sulfonate groups to a point where conductivity decreased. An investigation of the
mechanical properties of thin Nafion® films would provide further insight into film expansion
during water sorption, but the techniques used to evaluate the elastic moduli of polymers are not
conducive to thin film measurements. Nano indentation is impractical for substrate-supported
films on the order of 10 nm in thickness because the substrate effects cannot be properly
accounted for. It would also be challenging to remove Nafion® from its substrate to perform the
wrinkling technique used to measure the moduli of thin (non-ionic) homopolymer films.7 In
terms of increasing device performance, limiting the degree of swelling in thin ion–conductive
films would reduce the migration of catalytic materials and help bolster conductivity by
maintaining concentrated ion conductive pathways. Boosting conductivity at low levels of
hydration would best enhance fuel cell performance, yet this issue must be addressed during
membrane synthesis.
The work in this dissertation used experimental techniques that are more commonly
available to establish baseline parameters for thin Nafion® films. Many characterization tools that
are sensitive to surface interactions (including GISAXS, neutron reflectometry, and positron
annihilation lifetime spectroscopy (PALS)) have limited availability due to their highly
specialized energy sources (i.e. nuclear reactors or synchrotron particle accelerators). For
example, the lifetime of positrons within the material is indicative of void size and distribution.
PALS could be used to evaluate the relative void fraction and distribution of ions in thin Nafion®
films in order to corroborate density and refractive index results. With an increased
understanding of thin ionomer films, there is better justification to further explore the complex
characteristics of thin Nafion® films with specialized techniques.
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