CHAPTER 1
INTRODUCTION

1.1 Overview

This dissertation presents my results and associated
background information from my Ph.D. research on water in proton
exchange membranes. My Ph.D. project focused on exploring water
structure and transport properties in Nafion® proton exchange
membranes commonly used in fuel cell applications. A detailed
outline of my thesis is provided below.

e Chapter 1 provides a background of the project. Firstly,
working principles of proton exchange membrane fuel cells
(PEMFC) are introduced and the importance of water
management in proton exchange membrane (PEM) of PEMFC
is addressed. Then, the importance of studying water behavior
in PEM and understanding the interplay of membrane structure
and water behavior is discussed.

e Chapter 2 provides a theoretical background of Raman
scattering and coherent anti — Stokes Raman scattering
(CARS) spectroscopy. The time-domain Kramers-Kronig
transform for extracting quantitative Raman-like spectra from
CARS spectra is included in this chapter. The algorithm of
constrained non-negative least squares, which is used for
deducing the spectral signature of an unknown component, is
introduced and so is Multivariate Curve Resolution-
Alternating Least Squares (MCR-ALS).
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e Chapter 3 includes the details of the Nafion® membranes,
materials, and methods used in my Ph.D. project.

e Chapter 4 discusses the structure and binding of water in
Nafion® membranes. Two subspecies of water in Nafion®
membranes are identified and spectrally distinguished. One of
the water subspecies — bulk-like water — resembles the
“normal” bulk water; the other — non-bulk water — is under-
coordinated water that interacts directly with the constituents
in Nafion® membrane. Our work shows that the fractional
contributions of these two water species are determined by the
nanoscale distribution of sulfonic acid groups in nanoscale
water channels present in Nafion® membranes. The
membranes with larger non-bulk water species exhibits larger
proton conductivity and higher water mobility.

e Chapter 5 discusses the heterogeneous water transport in
Nafion® membrane. The nonbulk water in the membrane
diffuses 5-fold faster than the bulk water. Our results show that
the diffusivity of water in Nafion is a linear combination of
diffusivity from two water subspecies (non-bulk and bulk).
The diffusivity of non-bulk water is significantly faster than
that of the bulk water in Nafion® membranes. The mechanism
of faster diffusivity of non-bulk water in Nafion® membranes
is discussed.

e Chapter 6 focuses on investigating how the
hydrophobic/hydrophilic mixture on the surface of the water
channels in Nafion® membranes affects water organization in
confinement using a planar model system and atomic force
microscopy (AFM). The surface is emulated via self-
assembled monolayers where sulfonic acid groups are
gradually substituted for hydrophobic moieties. Surface-
enhanced Raman scattering is used to characterize the micro-
scale homogeneity of the surfaces and AFM is used to
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characterize adhesion and the structure of water on the
different surfaces at the molecular level.

e Chapter 7 is a short summary of the future ideas for the
follow-up work on this topic in the future.
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1.2 Proton exchange membrane (PEM)
fuel cells

Fuel cells (FCs), invented by William Robert Grove in 1839, have
attracted increasing attention as an alternative renewable power source
for applications including the portable power supply, the automobile
industry, and stationary power generation. [1] FCs are noise-free in
operation and are pollution free as well since water is the only by-
product. Energy efficiency of FCs is up to 90% of the overall energy
capacity and is much higher than other renewable power systems
using solar or wind energy. Proton exchange membrane fuel cells
(PEMFCs), operating at a temperature below 100 °C, are one of the
most promising FC technologies for the automobile industry. In a
PEMFC, hydrogen gas is used as fuel, and the proton exchange
membrane (PEM), which serves as an electrolyte, is one of the key
components. Application of PEMFC technology reached a milestone
in 2014 when Toyota introduced the first PEMFC-powered vehicles to
the consumer market. [2] Nevertheless, large-scale commercialization
of these vehicles requires further improvement in the PEMFC
performance and reduction in the cost, along with appropriate
refuelling infrastructure of the H,. In the following paragraphs, |
describe the constitution and working principle of a PEMFC (Figure
1.1), and review the earlier reports on attempts to improve the PEMFC
performance.

PEMFCs convert the chemical energy in the form of H, into
electricity and are constructed by a PEM and two electrodes (anode
and cathode). Both electrodes consist of a gas diffusion layer (GDL)
and a catalyst layer (CL). H, and O, gas diffuse through the GDL to
their respective CL, and an electro-chemical reaction occurs at each
CL. The PEM (electron-isolator) conducts protons and simultaneously
prevents the cross-transport of H, and O,. Water is not only a product
of the electrochemical reaction at the cathode, but water also plays an
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important role in PEMFC performance. [3, 4] In a PEMFC, the H, is
humidified before given as input to the FC. The humidified H;
provides necessary water content to hydrate the PEM. Here, the
relative humidity of the H, has to be adjusted to maintain proper
functioning of the PEM.
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Figure 1.1. Schematic of a PEMFC. GDL and CL are gas diffusion
layer and catalyst layer, respectively. The PEM transports protons
from the anode to the cathode, and electrons transport through the
external circuit driving a current to the load (the bulb). Water is
produced at the cathode by recombination of the protons and
electron and together with O,. Transport of water in PEM is driven
by the electro-osmotic drag (from the anode to the cathode) and a
concentration gradient (from the cathode to the anode).[5]

One has to achieve a water balance in the PEM in order to ensure
high proton conductivity and avoid flooding at the cathode. [3] Fast
water transport driven by the electro-osmosis drag from the anode to
the cathode is necessary for fast proton transport in the PEM, [6] while
water transport from the cathode to the anode driven by the

5




| CHAPTER 1 Proton exchange membrane (PEM) fuel cells

concentration gradient has to be efficient enough so that the water
flooding at the cathode is suppressed. Ideally, instead of removing the
water produced from the cathode, using this water to humidify the
PEM can simplify the design of the cathode GDL and can potentially
eliminate the cost in humidifying the input gas. Thus, understanding
the water transport in PEMs and knowing how the membrane structure
determines the water transport is important for designing a PEM with
good water balancing ability and self-humidified capability.

1.3 PEM

An ideal PEM exhibits high proton conductivity and a stable chemical
and physical structure to ensure long-term use of the PEMFC. As
mentioned above, the membrane should also prevent the electron
transport and the fuel (H,) and oxidant (O,) crossover. Nafion®
membranes developed by DuPont Inc. in the 1960s [7] is the
benchmark PEM material. Nafion® membranes are widely used in
PEMFC because of the outstanding chemical stability compared to
other aromatic-aliphatic membranes such as sulfonated poly (ether
ether ketone) (SPEEK) [8] and sulfonated poly (ether sulfone) [9].
Hence, Nafion® membranes are the primary material studied in my
Ph.D. project. Nevertheless, despite the superior performance of
Nafion® membranes to other materials, the water transport in Nafion®
membranes need further improvement in order to obtain a larger
proton conductivity and maintain a better water balance in the
membrane. [10, 11] The structure of the membrane, which determines
the water transport, must therefore be modified, and the primary
question becomes how to modify the membrane structure. To answer
this question, one has to understand the how the membrane structure
affects the water transport in the membrane in order to have a clear target
for designing a membrane structure with accelerated water transport.
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The following sections review the structure, the macroscale
property (water transport) and structure and binding of water
molecules in the Nafion® membranes. The structure of Nafion®
membranes has been extensively studied with small angle X-
ray/neutron scattering, and different structural models have been used
to interpret these scattering profiles. These models have been used to
explain the macroscale property of the membranes and delivered very
important information for understanding the nanoscale membrane
morphology. Studies on the structure and binding of water molecules
in Nafion® membrane, while more scarce, have provided a qualitative
understanding of water structure in the membrane.

1.3.1 Structure of Nafion

Nafion® membranes are composed of hydrophobic perfluorinated
polyethylene backbones and hydrophilic sulfonic acid-terminated
perfluorinated vinyl ether pendants polymers [12] (Figure 1.2), which
form a well-accepted phase-separation structure [13]. The hydrophobic
perfluorinated polyethylene backbones in Nafion® constitute the
hydrophobic phase, while the clustered sulfonic acid-terminated side
chains form the hydrophilic ionic phase. [12, 13] The geometry of the
ionic phase in terms of its size and shape is known to affect the
transport of the protons and the water residing in this phase. [14]
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Figure 1.2 Chemical structure of Nafion®
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The phase-separation structure of Nafion® has been extensively
studied by small angle X-ray (SAXS) and small angle neutron
scattering (SANS) techniques. [12, 15-21] The origin of the two small-
angle scattering maxima (Figure 1.3a) has been discussed by Gierke et
al and others. [12, 15, 17] The scattering maximum at the small
scattering angle (small scattering vector, Q) is believed to arise from
the interference between crystalline structures, and the maximum at
the larger scattering angle, from the ionic clusters [15, 21]. Location of
the scattering maximum from the ionic clusters is related to the
diameter and the inter-cluster distance through a spacing (d) between
Bragg the planes given by 27/Q.
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Figure 1.3 a) SANS profiles of Nafion® membranes with indicated
water uptake: Ex117asr and Csll2asr are as-received extruded
Nafion®117 and solution-cast Nafion®212; the image is adapted from
the work of Kim et al [21] b) Variation of Bragg spacing (d) of the
ionic clusters in various membranes with different equivalent weight
(EW) (left) and different water content (right); the images are
adapted from the work of Gierke et al (1981) [12]

Apparently, the scattering feature of the ionic clusters in Nafion®
membranes is affected by the density of sulfonic acid groups in the

8



| CHAPTER 1 Structure of Nafion

polymer, a parameter called the equivalent weight (EW =

Weightdry membrane
mole so3

g mol™). [22] A smaller value of EW means a larger

amount of sulfonic acid groups. The scattering feature of the ionic
clusters is also affected (increased) by the water content in the
membrane. In order to clearly understand the scattering feature of
ionic clusters and clarify the structural change caused by variations in
EW and water content, many structural models of Nafion® membranes
have been developed four of which are summarized in Figure 1.4. [13,
15, 17, 18, 20, 21, 23, 24]

A cluster-network model with spherical ionic clusters connected by
water channels of 1 nm in diameter was proposed by Gierke and co-
workers. [12, 23] In the model, the position of the maximum of the
ionic scattering peak is assigned as the distance between two
neighboring spherical clusters. Water molecules reside in both the
ionic clusters and the 1 nm water channels. The model explains the
swelling morphology of Nafion® after taking up water. As shown in
Figure 1.4a, the spherical ionic clusters in Nafion® membranes swell
with increasing water content. The interconnected water channels are
added to the model to reconcile the excellent transport properties with
regard to water and protons. Another model used to describe the ionic
scattering peak in SAXS and SANS is the core-shell model. In the
core-shell model, the position of the ionic scattering maximum (the
larger scattering angle at the scattering profile) corresponds to the
average diameter of the clusters. [15, 16] However, Gebel and
Lambard [17] calculated the theoretical scattering pattern based on
two models — the core-shell model and a local order model (Figure
1.4b) [25] — and found that the fit to the experimental scattering
pattern based on the local order model was more accurate. The local
order model contains spherical ionic clusters without any water
channels (1 nm) connecting the ionic clusters. [17] Transmission
electron micrographs (TEM) of ultrathin sections of the Nafion®
membrane stained with metal ions seemed to provide a strong
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evidence for the ionic clusters to be spheres. [16, 23, 26, 27] However,
critics of TEM results of Nafion® membrane raise the question, “is the
structure of the ultrathin section of the membrane the same as that of
the bulky Nafion® membrane with a microscale thickness?”. Staining
the membrane with metal ions can change the structure of Nafion®.
The spherical ionic clusters have been biased by the results of Falk et
al. [28] Falk and co-workers measured the IR spectra of a fully
hydrated Nafion® membrane and found that roughly 25% of the total
amount of OH from water molecules interact with the membrane
structure. [28] The average diameter of the spherical ionic clusters
deduced from Falk’s results was 1.2 nm, which is nearly 4-folder
smaller than that from the estimation of Gierke et al.

Figure 1.4 Morphological models of Nafion membranes: a) cluster —
network model [12, 23]; b) local order model [17]; c) parallel
cylindrical water-channel model [13]; d) flat water-“film” model
[14].

More recently, Schmidt-Rohr and Chen [13] have proposed a model
featuring parallel cylindrical water nanoscale channels, and the
simulated scattering profile based on the model matches the ionic
scattering profile for the scattering range. In the parallel water-channel
model, cylindrical inverted micelles are lined with sulfonic acid
groups (Figure 1.4c) and stabilized by the polymer backbones. The
average diameter of the water channels is in the range between 1.8 nm
to 3.5 nm. [13] Kreuer et al criticized the ambiguity of the procedure
that Schmidt-Rohr and Chen used for simulating the SAXS pattern of
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Nafion®, [13, 14] and pointed out that the value of the water volume
fraction used in the calculations of Schmidt-Rohr et al was wrong.
Schmidt-Rohr and Chen reported that the SAXS data used in their
work was measured from a fully hydrated Nafion® membrane which
should maintain a water volume fraction of 40 vol%, [14] while they
constrained the value in the fit to 20 vol%. [13] Kreuer et al fitted the
SAXS data to the water-channel model allowing the water volume
fraction to be a free parameter in the fit, and they found that the fit of
the scattering pattern failed to reproduce the ionic scattering peak
within the experimental range. [14] Kreuer et al further proposed a
new model with local float and narrow water domains (Figure 1.4d),
and the fit based on the new model reproduced the SAXS data at the
Q-range from 1 nm™ to 3 nm™. [14] However, Kreuer et al did not
discuss the deviation of the fitted scattering pattern based on their
model form the SAXS dataat Q =~4 nm™*andat Q <1 nm™,

In summary, simulated the scattering patterns based on different
models are used to reproduce the single, broad ionic scattering peak in
SANS data and SAXS data from Nafion® in order to extract the
structural features of the membrane that gives rise to the peak. All
structural models of Nafion® membranes discussed above have been
proposed based on the SANS and SAXS experiments and have
assisted in the understanding the structure of Nafion® membranes.
Because of the complexity in choosing a model and simulating the
scattering pattern, it is challenging to draw specific details from the
ionic scattering peak. [29] In addition, different types of water
molecules, which exist in Nafion® membrane due to the fact that water
molecules are interacting with different constitutions (with either other
water molecules or the membrane), constitute the overall water
content in the membrane. Although the shift and intensity change of
the ionic scattering peak with changing water content have been
observed and indicate structural changes relating to the water content
in the membrane, [12, 14] reports about the chemical constitution of
water in the ionic cluster are scarce.
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An obvious and convenient method to study water constitution and
structure is vibrational spectroscopy as used by Falk et al. [28, 30]
Vibrational spectroscopy probes the molecular vibrations of materials,
e.g. water molecules themselves or the chemical bonds in Nafion®
membranes, can provide information about the local water
environment. Vibrational spectroscopy thus provides the ability to
chemically identify molecular entities, and structural deduction can be
made by detailed analysis of vibrational peak locations and shapes as
both are environmentally dependent. [31] Vibrational spectra of water
molecules in different molecular environments have different spectral
features, and these spectral features provide abundant information
about how the state of the water molecules relates to the local
physicochemical environment and in turn, the membrane structure that
gave rise to these features. [28, 30, 32]

1.3.2 Water transport in Nafion

The presence and transport of water in Nafion® is crucial for achieving
effective proton conduction [33] and ensuring good performance of
PEMFC. [34] Understanding the role of water in PEM, especially the
water transport, is essential to optimize the proton conduction and
performance of the FC. Numerous investigations exist on water
transport (water diffusivity) in Nafion® membranes. [34-40] The
reported value of water diffusivity — the diffusion coefficient (D) — in
the same type of Nafion® differs significantly due to combined effects
resulting from different manufacturing methods (extrusion versus
solution cast), measurement conditions (e.g. different relative
humidity of the environment to humidify the membranes), and
measurement methods. This confusion makes establishing a
fundamental understanding of water diffusivity in Nafion® membranes
very challenging. Indeed, different types of Nafion® membranes may
manifest different water diffusivity due not only to the above
experimental challenges but also the fact that the structure of the
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membranes may be actually different. [41] Table 1.1 summarizes the
diffusion coefficient (D) in various Nafion® membranes obtained from
several methods. The values of D vary by two orders of magnitude.

From hydration/dehydration experiments where weight changes of
Nafiong membranes have been measured, Takamatsu et al reported an
D obtained from dehydration process being an order magnitude larger
than that from the hydration process [35]. The D reported by
Takamatsu et al is smaller than what Hallinan et al reported using the
Fourier transform infrared — attenuated total reflectance spectroscopy
(FTIR-ATR) [36, 42]. Hallinan et al recorded the time-lapsed IR
spectra of Nafion® membrane and quantified the change in water
content in the membrane by the absorbance of OH stretching vibration
from water molecules in the membrane. The D reported by Hallinan et
al is more credible because they incorporated both the diffusion and
the reaction of dissociating sulfonic acid groups upon hydration in the
membrane. The effect of polymer relaxation is induced by the
absorbing water. [42] Reaction between water and sulfonic acid group
dominate the water activity when initial water molecules are absorbed
into dry Nafion® membranes, and polymer relaxation is induced by the
absorbance of water. [28] For Nafion® membranes in hydration
experiments, both the polymer relaxation and the dissociation of
sulfonic acid groups of the membranes are not negligible. The
interfacial effect that is related to the surface structure in the
membranes is absent in the works of both Takamatsu et al [35]and
Hallinan et al. [42]

Table 1.1Water diffusivity in Nafion® membranes

Experimental details and Diffusion coefficient

Researchers

results (m?/s)

Water  absorption  of 1.8 x 1071° (liquid
Takamatzu . ® .

Nafion®™ membrane (acid water);
et al [35]

form, EW = 1155 g mol™) 2 x 1012 (water vapour)
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from liquid water at 20 °C
and from water vapor with
a relative humidity of 100%
at 23°C

Tsushima NMR; Nafion® at various

et al [43] hydration state

NMR; Extruded Nafion®

1110 at acid form with 0.7 to 1.6 x 10710
EW = 1100 g mol*

Radiotracer; HTO diffusing

out of Extruded Nafion®

-10 H
Suresh et al 17 in the acid form 3.87 x 107" (acid form)

2.0 x 10710

Klein et al
[44]

39, 45 2.85 x 1071° (Na* form
[ ] EW =1100 g mol™) and ( )
in the Na* from
FT-IR; mutual diffusion of
_ methane and water in 4.15 x 1071° (mutual);
Hallinan et . ®
al [36, 42] Extruded Nafion® 117; 4.44 to 7.50 x 10~11
’ hydration and dehydration (hydration/dehydration)
of Nafion®117
FT-IR;H20 / D20
. exchange in Nafion thin
Davis et al . . _
[40] film (the thickness was less 2.5 to 4 x 10716

than 200 nm; EW = 1100
g mol™)

There are other studies that have attempted to eliminate effects
related to the dynamic structure of Nafion® during the hydration
experiments and thus interpreted water transport with Fickian
diffusion model within the membrane. [39, 40, 43, 45, 46] Those
works have primarily used methods of nuclear magnetic resonance
(NMR), [34, 43] water permeability measurement and vibrational
spectroscopy, [36, 40] and maintained the membrane in a steady state
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of hydration where the structural changes were negligible. Values of
the D in Nafion® membrane from different NMR studies vary by a
factor of two, [43, 46] 2 ~ 4 x 10 *° m%s, and are comparable to the D
reported by Motupally et al which was determined using a
permeability method. [47] Davis et al probed the isotopic exchange of
H,O and D,O in Nafion® thin films (the thickness < 200 nm) using
infrared absorption spectroscopy. [40] The D of H,O and D,O Nafion
thin films was reported to be 4 to 6 orders of magnitude lower than
that in the bulk Nafion® membrane (the thickness > 20 pm). Davis et
al ascribed the significantly slow water diffusion in their work to the
membrane structure. Davis et al claimed that the Nafion chain
dynamics in the thin membrane was significantly slower than the bulk
Nafion® membrane, and the slower chain dynamics led to slower
water diffusion.

To summarize, NMR and water permeability techniques enabled
sufficient characterization of D in terms of water transport in the
membrane at a defined steady state. However, these techniques do not
provide structural information about the membrane. FTIR-ATR
measures the molecular vibrations of both the diffusants and the
membrane, providing the possibility to obtain the chemical structural
information. However, extracting structural information about the bulk
Nafion® membranes is impossible due to the fact that FTIR-ATR
captures the signal from both the surface structures and bulk structures
of the membranes. An alternative vibrational spectroscopy technique
is the Raman scattering microspectroscopy which provides vibrational
fingerprints with the spatial resolution of an optical microscope and
can easily probe bulk materials. [48] Although many research groups
have studied the water distribution inside the Nafion® membranes in a
static state by using Raman scattering microspectroscopy, [4, 49-53],
it is challenging for these groups to probe the water transport in these
membranes due to the fact that the temporal resolution of the Raman
scattering microspectroscopy is limited. A long integration time is
needed to obtain a spectrum with a reasonable signal-to-noise ratio
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because the Raman scattering is typically rather weak. The spectrum
may also contain a strong fluorescence contribution which has to be
removed from the spectrum in order to extract quantitative
information from the spectrum. A time-lapsed Raman scattering
spectroscopy apparatus with millisecond time resolution would be an
ideal technique to probe water transport in Nafion® membranes
because: 1) it can be configured to probe only the bulk membrane, and
2) it provides information about the water and membrane chemistry.
Developing and applying a sufficiently fast Raman-based technique to
study water structure and transport in Nafion® is the core subject of
my thesis. | used coherent anti-Stokes Raman scattering (CARS),
which has been developed to overcome both limitations mentioned
above for traditional Raman microspectroscopy, to interrogate water-
membrane chemistry in Nafion®. A theoretical overview of Raman
and CARS  scattering is  provided in  Chapter 2.

1.3.3 Water structure in Nafion

An increasing amount of water in PEM including Nafion® membranes
is found to correlate with high proton conductivities, [48, 54] and
numerous works have focused on maximizing the amount of water in
PEM. [55-59] This leads us to a seemingly simple question: How does
water affect proton conduction in the PEM? Qualitative studies of the
vibrational FT-IR spectra suggested that the ‘“state of water” in
Nafion® changes with increasing water content and the changing state
of water in the membrane is significantly related to its proton
conducting ability. [60, 61] According to these studies, for Nafion®
with low water content, the water molecules are only used for
dissociating the sulfonic acid groups in the ionic clusters, while with
increasing water content, some water molecules may also interact with
the sulfonic acid groups and others may (very rarely) hydrate
hydrophobic backbones. [28] The studies on FTIR spectra of Nafion®
membranes have provided evidence that different water subspecies
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exist in the membranes. However, quantification of the water
subspecies and their contribution to the total “state of water” are
scarce. The ambiguity of the relationship between the state of water
and the membrane properties in terms of proton conductivity and
water transport necessitates further studies of water in Nafion®
membranes.

Fayer and co-workers have investigated water in Nafion membrane
using non-linear IR spectroscopy in an attempt to elucidate the water
structure in these membranes. [62, 63] They used nanometer-sized
anionic aerosol-OT (AOT) reverse micelles (Figure 1.5a) to mimic the
ionic domains in Nafion® membranes and established the existence of
two water subspecies with very different vibrational signatures and
dynamics residing in the micelles [64, 65]. Their findings have led to
the proposal of a core-shell model where bulk-like water (bulkW)
existed at the core of the micelles and non-bulk (shell, nonbulkW)
water exists at the micelle interface. [64, 65] Based on the vibrational
signatures of the two water subspecies from the AOT reverse micelles,
the nonbulkW was concluded to be less coordinated than bulkW. The
core-shell model for explaining the water structure in the AOT reverse
micelles can also be used to understand the water structure in the ionic
domains (Figure 1.5b) in Nafion® membranes. [63, 66] Consistent
with Fayer’s core-shell model for water structure in Nafion
membranes, Benziger and colleagues [34, 67] have proposed a similar
core-shell model for water structure in Nafion® membranes.

Indeed, the preceding studies have provided strong evidence for the
existence of different water subspecies in Nafion® membranes.
Nevertheless, the quantification of the fractional contribution and the
spectral shape (chemistry) of different water subspecies in the bulk
Nafion® membranes is absent.
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b)

Sulfonic acid groups

hydrophilic head group
hydrophobic carbon chain

Figure 1.5 Schematic depiction of a core-shell model for water

- Teflon backbone
structure in: a) AOT reverse micelle; b) ionic clusters in Nafion®
membranes. Blue denotes the core water; orange denotes the shell
water. The black circles are the sulfonic acid groups.

18



