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Chapter 1

Introduction

1.1 Water Management and Hydrated Nafion

Water management is a critical issue in an operation of a polymer electrolyte
membrane fuel cell (PEMFC) [74, 3, 24]. The fuel cell consists of a few permeable
layers, i.e., polymer electrolyte membrane (PEM), catalyst layers (CLs), micro porous
layers (MPLs), and gas diffusion layers (GDLs) [74, 3]. Without sufficient water in the
PEM and CLs, the proton transport and electrochemical reactions are significantly
hindered, causing poor performance. In contrast, excessive water in the CLs, MPLs,
and GDLs impedes reactant transport, resulting in poor performance. Thus, optimal
hydration throughout the layers is essential to improving cell performance.

The optimal hydrated PEM should provide good proton conductivity [22, 106, 36,
45, 101, 1, 68, 69, 59, 19|, continuous liquid water pressure with the adjacent layers
(96, 48], and chemical /mechanical robustness [69]. Nafion® meets these requirements,

and is considered here. Hydration of Nafion and its transport properties are related



to hydration-induced nanophase morphology, separating into hydrophobic polymer
backbone and water-filled domains surrounded by hydrophilic sulfonic side chains
[69] as shown in Figure 1.1. The domains represent hydrated pores, and a mean
domain or pore size is (d,) = 4 nm [20]. These small domains result in significant
water-surface interactions compared to water-water interactions, especially in smaller
domains where force fields overlap. This promotes water filling (capillary conden-
sation) [82], and hinders transport. So, this domain-size-dependent confinement is
essential to the atomic-level understanding of the hydrated-Nafion pore-water states

and water /proton transport.

Pore Distributions and Thicknesses of Components in PEM Fuel Cell System
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Figure 1.1: Summary of pore (domain) size distributions and layer thicknesses of
the PEMFC components. Chemical composites of Nafion, contact angles of surface
water, and ESEM images are also shown.

Many attempts have been made to explore the hydrated Nafion. Its hydration-



induced polymer structural changes and resulting water wetting have been addressed
from the polymer-dynamics perspectives, using molecular [59, 87] and macromolecular
approaches [36, 45, 51, 50, 13, 42, 83, 97, 66, 35]. Macroscopically, its water uptake
(104, 44, 7, 39, 75, 72] and the resulting proton conductivity [101, 26, 10, 11, 98,
14] have been also examined. These have contributed to defining the roles of the
backbone and pore geometries in the water states and proton transport. However,
these studies have not yet addressed the important roles of the pore-size distribution
(and the presence of a pore network) in the Nafion adsorption and transport. Here,
we propose a pore-level bimodal wetting model with the hydrated Nafion treated as
a rigid network of pores (no swelling), i.e., hydration independent, and propose a
thermally-induced hydrophobicity to explain decrease in adsorption with increase in
temperature.

While the criticality of hydration Nafion is explored in this study, importance of

hydration in CL, MPL, and GDL is referred to the previous studies [52, 53, 78, 32].

1.2 Nafion Mesopore Confinement and Proposed

Bimodal Model

An idealized bimodal pore-size distribution is proposed for hydrated Nafion, guided
by our SAXS measurement, the existing pore-size distribution measurement [20], and
the available bimodal pore network model [36, 45]. The large pores are represented by

the mean pore size, 4 nm, while the small ones are determined by the Debye screening



length (the distance over which charge carriers screen out the surface electric field),
i.e.,, 1 nm, and these are rendered in Figure 1.2. The dominant source of the water-
surface interactions is the electrostatic force between the ionized sulfonic acid sites
and the water molecules. In our molecular simulations, nanogaps are used for the

pores (following section). The effective screening length can be approximated by the

Debye length given as [80],

Blue: H,0 PHzo/Po (Hydration)
. 0 0.1 0.25 0.5 0.75 0.8 1.0
Gray: Polymer Matrix : ,, | | | | |
) . o I {f | I I | — >
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sorbed-Cluster Water = —_ . Capillary Wat
Bimodal Wetting R - T Flooding CapiZary Water.
Network Model | | © @) o o :
P A O S e S | | L
Porosity, ¢ ® © SO;” Sites D S e/ ©
P o o S o
E o | e
\ . -]
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Water
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—— é :
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Polymer Matrix |’ .
e __
T =373K 1

Figure 1.2: The proposed bimodal pore-size and water-wetting network model, show-
ing hydration water morphological evolution (increasing vapor pressure at constant
temperature) and thermally-induced hydrophobicity (increasing temperature at con-
stant vapor pressure).

eo€kpT
)2 (1.1)

2 2 ’
4me E NiZe
i

where ¢, and €, are the free-space electric and relative permittivities, kg is the Boltz-

dp = (

mann constant, 7" is the temperature, n; and z.; are the number density and the
number of conduction electrons per contributing ions. ép = 0.23 nm is predicted
using an equivalent weight (EW) 1100 g/mole, a density 2 g/cm? [95], and two types

4



of ions, the sulfonic acid and hydronium. This is nearly one layer of the adsorbed
water, using a hard sphere diameter dy,o = 0.3 nm [14]. This effective interaction
length is consistent with the predictions using the Pekar-Marcus relation [25] and the
mean field Poisson-Boltzmann theory [23]. Using 1.5 adsorbed-water layer and the
two confining pore surfaces, a 1 nm nanogap (pore size) is set as the small pore size.

The proposed bimodal pore size is critically related to the bimodal water wetting.
Although the measured surface contact angle is overall hydrophobic [103, 95, 38], the
small pores (1 nm) allow for overlapping surface forces and behave as hydrophilic-
like. In contrast, the large pores (4 nm) do not allow for such overlapping, and
behave as hydrophobic-like. Also, this bimodal wetting description is consistent with
the contrasting contact angles of the sessile water droplet on Nafion surface, i.e.,
hydrophobic advancing and hydrophilic receding contact angles [103, 38].

In the presence of a pore network, this model requires thermodynamic equilibria
among neighboring pores and porous layers (at the boundaries), as well as the overall
porosity [20]. As they are in contact with a vapor reservoir, the gaseous and adsorbed
phases are physically connected with those in the adjacent pores, and must be equili-
brated with a prescribed chemical potential. The smaller pores readily form capillary
condensate, i.e., full liquid saturation, due to the pore confinement, compared to the
larger pores [82]. In contact with a liquid reservoir, the hydrated pores have capillary
pressure, i.e., van Genuchten model [48, 54], and must equilibrate with that in the
reservoir or those in the neighboring porous layers, i.e., catalyst layers (CLs) and gas
diffusion layers (GDLs) [52, 78, 96, 53, 43, 72, 48]. Using a homogeneous-hydrophobic

water-wetting treatment, the capillary pressure in the smaller pores becomes very high



(due to very small meniscus radius) and is in turn readily emptied. This contradicts
the above descriptions for the vapor equilibrated reservoir, and is not physical. The
proposed small (hydrophilic) and large (hydrophobic) bimodal model fulfills the ther-
modynamic requirements, allowing for a consistent treatment of the vapor and liquid
equilibria. This model is further justified using SAXS analysis and molecular simula-
tion below. In addition, hydrated Nafion has a porosity of 0.4 [20, 93], and using the
lateral pore size Lx = Lz = 6 nm guided by our experimental result at RH = 100%
(Table 2.1), the pore population ratios are 0.53 and 0.47 and the pore volume ratios

are 0.22 and 0.78, for Lz, = 1 and 4 nm, respectively.

1.3 Statement of Objective and Scope of Thesis

The primary objective of this study is to develop atomic-level models to eluci-
date the mesopore-confined water state and water/proton transport. A comprehen-
sive, unified, multiscale approach is developed for this investigation, which combines
the pore network and molecular dynamics (MD). The following chapters are divided
based on the proposed pore-network models and the resulting pore-water state and
water /proton transport.

Chapter 2 develops monomodal and bimodal wetting network models to repre-
sent the Nafion characteristics, i.e., mesopores with heterogeneous wetting, and to
explain pore-water state and water/proton transport which will be discussed in the
following chapters. In the monomodal, the four pore-water morphologies [48], i.e.,

the adsorbed cluster, adsorbed layer, capillary, and flooding waters are discussed. In



the bimodal wetting treatment [47], bimodal pore-size confinement and the result-
ing bimodal water-wetting are discussed. Then, the bimodal network will be used
to predict the water adsorption and the capillary transition, the water self diffusion,
the proton conductivity, and the liquid saturation distribution. This proposed net-
work is validated by SAXS measurements and prediction and by the isosteric heat of
adsorption found from MD.

Chapter 3 predicts the water adsorption and capillary transition using the grand
canonical molecular dynamics - Monte Carlo simulation (GCMD-MC) with prescribed
uniform sulfonic acid density. Adsorption is also predicted by the modified Brunauer-
Emmett-Teller (BET) adsorption theory and its morphological transition to capillary
state is also predicted using the Saam-Cole theory [48, 82] and the Kelvin-Cohan
relation [12, 14]. The temperature-dependent adsorption is also discussed, and the
thermally-induced hydrophobicity is proposed for the observed delay in the capillary
transition at high temperatures.

Chapter 4 investigates water self-diffusion using MD and the Green-Kubo auto-
correlation relation [30, 55]. We discuss the hindered diffusion mechanism and the
bulk-like diffusivity at large water contents. The role of pore-size distribution on the
diffusion is also addressed.

Chapter 5 continues discussion of the proton conductivity predicted using molec-
ular dynamics simulation, while considering both the diffusive and the hopping (ro-
tational diffusion) proton conductivities. The observed proton conductivity increase
(jump) is related to the onset of bulk-like diffusive and hopping conductivity by cap-

illary transition, and this becomes less pronounced at elevated temperatures due to

7



the delayed capillary transition.

Chapter 6 examines the capillary liquid water flow through PEM, which is related
to the liquid saturation distribution. The monomodal and bimodal water-wetting
network models both reasonably predict the liquid saturation, with a continuous
liquid saturation distribution throughout all the layers.

Chapter 7 summarizes the highlights of this work and proposes future directions

for the related research.



Chapter 2

Mono- and Bi-modal

Water-Wetting Models

2.1 Introduction

A pore network model is crucial for bridging the gap between the atomic-level
water behavior and the proton transport and macroscopic measurements or mod-
els. However, as will be reviewed in the following section, the existing pore network
models have overlooked the pore-size related water-wetting states, and their effects
on water/proton transport. Here, we propose mono- and bimodal pore-size/water-
wetting model to explore atomic-level water state and water/proton transport (aided

by molecular simulation) as a unified treatment.



2.2 Existing Pore Network Models

There have been many attempts to model the Nafion morphologies such as the
bimodal cluster network model [36, 45], structural inversion model [34], sandwich-like
model [42], percolation channel model [94], parallel channels model [83], as shown in
Figures 2.1(a)-(e). The bimodal, cluster network model [Figure 2.1(a)], with 1 and
4 nm pore sizes, is based on thermodynamic equilibrium and network percolation
calculations. Although this model has been popular, no direct evidence has been
provided, and a recent study has concluded that this network could not support the
SAXS measurement [83]. In the structural inversion model (b), the swelling and
dissolution processes have been phenomenologically described, but no quantitative
study has been done yet. In the sandwich-like model (c), a simple nanogap has
been proposed, but the water states and the resulting water /proton transports have
not been addressed. In the percolation model (d), the Schréder paradox has been
highlighted between water content, (Ag,0) = 14 and 22, and attempted to relate
it to the capillary percolation. However, the capillary percolation occurs at lower
hydration (Apg,0) = 5 or 6, due to the strong surface interactions [48]. In the long
parallel channel model (e), the long channels give large water diffusion and enhanced
proton conductivity even at low hydration, by best fitting the SAXS results in the

range of the scattering wave vector 0.05 < ¢ < 0.4 nm™.

However, it has not
addressed water morphology related to transport properties in the presence of a pore

network. In summary, these existing Nafion models have not addressed criticalities of

the pore-size distribution related wetting behaviors and their consequences in pore-
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water states and water/proton transport including their temperature dependency.

Blue: H,0 PHZO/PO (Hydration)
. 0.1 0.25 0.5 0.75 0.8 1.0
Gray: Polymer Matrix | ., : | . | | >|
¢ Green: SO, Sites : " ! ! I o
(a) Cluster Network Model Hydration-Dependent Site Density

(Gierke et al. [36,45])

Polymer Matrix SO;’ Sites

H0 Spherical Pores

(b) Structural Inversion Network Model COIlOidZﬂ. Disper§ion
(Gebel [34]) of Rod Like Particles

SO;” Sites

RN
® @

) @@@ H20

(¢) Sandwitch-Like Model
(Haubold [42])

(d) Percolation Network Model
(Weber and Newman [94])

Schréder Paradox
/_‘

(e) Parallel Long Channel Model Crystal
(Schmidt-Rohr and Chen [83]) H,0 Parallel Cylinder

Figure 2.1: (a) The cluster network model [36, 45]. (b) The structural inversion
network model [34]. (c¢) The sandwich-like model [42]. (d) The percolation network
model [94]. (e) The parallel, long channels network model [83].
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2.3 Monomodal Model

2.3.1 Pore-Water Morphologies

We use the monomodal wetting model, i.e., a mean pore size and a heteroge-
neous water-wetting treatment. We also use the four liquid pore-water morphologies
in Nafion, i.e., the adsorbed-cluster, adsorbed-layer, capillary, and flooded. These
are postulated based on the available experimental results [45, 94, 99, 101] and our
observations using environmental scanning electron microscopy (ESEM, FEI Quanta
200 3D). The images are taken at 3 to 6°C and 4.02 to 4.88 torr. These environmen-
tal temperature and pressure are much different from those in operating PEMFC. In
addition, the surface water behavior is not the same as the pore water due to complex
pore morphology and overlapping surface forces. However, we assume the wetting is
not significantly different under similar humidity and temperature. So we cautiously
use the ESEM observed surface water, as shown in Figures 2.2 and 2.3, as a guide for
the pore-water behavior.

Figure 2.2(a) shows pore structure, including heterogeneous pore sizes (pore throat,
pore body) and surface wettability. Some of water molecules are ionized by disso-
ciated proton from hydrogen molecule, and mainly forms hydronium H3;Ot. These
hydroniums are adsorbed by hydrophilic side chains, whereas neutral waters (HyO)
are attracted by the van der Waals forces (physisorption-motivated percolation). The
locally wetted water is designated as adsorbed-cluster water. Since this remains
mechanically and electrically isolated, it is immobile and provides no proton con-

ductivity. This isolated adsorbed water is readily observed in ESEM image which
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Figure 2.2: Evolution of pore-water morphologies (states) within hydrated Nafion
pores including ESEM images of microsize surface water. (a) Isolated adsorbed-
cluster water on hydrophilic sites, showing a hydrophilic-like contact angle. Nafion
pore-size heterogeneity (small throat, and large body) and surface wetting hetero-
geneity (hydrophobic Nafion backbone, and hydrophilic sulfonic acid SO3 ). Hydro-
gen dissociates on the anode side, and oxygen, proton, and electron reacts on the
cathode side. ITonized water (hydronium) is adsorbed by the hydrophilic side chain.
(b) The adsorbed-cluster water grows and coalesces with the adjacent water bodies
to form the adsorbed-layer water. Adsorbed-layer water thickness is designated as

5H20-

shows hydrophilic-like contact angle and localized wetting by sulfonated side chains.
In Figure 2.2(b), the isolated, adsorbed-cluster water grows and coalesces with the
adjacent waters, which is named as the adsorbed-layer water. These waters create
the adsorbed-layer percolation channels, resulting in an onset of the proton conduc-
tivity. However, it still barely moves due to strong interactions with Nafion surface.
This adsorbed-layer water is also observed in the ESEM image. In Figure 2.3(a), fur-
ther growth leads to instability due to increase in the adsorbed-water energy (chemical

potential [82]). This adsorbed layer screens the surface force and mitigate the surface-
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Flooding Water

(a) (b)

Figure 2.3: Continued from Figure 2.2. (a) In small pore space (pore throat), capillary
transition occurs due to overlapping strong surface forces, and forms percolation
channels for proton transport by hopping via Zundel and Eigen cations [1, 106, 22,
91, 67, 68]. The meniscus radius in the capillary pressure r, is also shown. (b) Flooded
pore. The water transport and proton conductivity are maximized.

force heterogeneity, showing hydrophobic-like wetting [70]. This is readily seen from
an apparently hydrophobic-like contact angle in the ESEM image. Then, at the
threshold, morphological transition to capillary state occurs. This capillary water
forms capillary-percolation channels by connecting adjacent capillary water bodies.
These channels provide for large proton pathways through a bulk-like liquid water
(hopping over Zundel and Eigen cations) [1, 106, 22, 91, 67, 68]. The meniscus cur-
vature radius r. will be predicted using the morphological transition theory. There
are still large empty spaces in this state. Mesopores significantly confine the fluid,
leading to a rarefied gas (large Knudsen number) [57, 55|, while their strong surface
force alters the chemical potential of the fluid (near surfaces) and results in adsorp-
tion and capillary transition [82, 64]. The confinement effects are most pronounced

for o5/, > 0.25 (where oy, is the Lennard-Jones separation constant and r, is the
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pore size) [100, 64, 84]. Although o;/r, ~ 0.15 for the water-Nafion, the confinement
effects are still expected. Water morphological transitions are also observed in our
preliminary molecular dynamics (MD) simulation for water confined in homogeneous
nanogaps [46] (The original study was for Ar-Pt, however we simulate water-Nafion
using a single site, nonpolarized water intermolecular potential [90]). In some simu-
lations, we find direct transition from adsorbed-cluster (i.e., not covering the entire
surface) to capillary water. This scattered-adsorbed or capillary water leads to an
indefinite meniscus and contact angle in the Laplace-Young (L-Y) and Kelvin equa-
tions, and a vague gas pressure (due to only a small number of gas molecules in the
pore). The Nafion structure also changes by swelling. However, L-Y and Kelvin equa-
tions had been used in mesopores [82] and in Nafion [96, 14, 20, 10]. Moreover, the
percolative penetration model [14] using the available standard porosimetry results
[20] predicts the Nafion sorption isotherm [85]. Due to current lack of an alternative
water transport model, we also use the capillary pressure, relative permeability, and
bulk liquid viscosity for pore water transport in Nafion, while we are guided by the
results form MD simulation [46], infrared spectroscopy [62], and proton conductivity
measurements [68, 19]. In Figure 2.3(b), the empty pores are flooded by capillary
imbibitions (Section 3.3) and the proton conductivity is maximized. This flooding is
also found in the ESEM micrographs.

The morphological transitions among these states are adsorbed-cluster to adsorbed-
layer, adsorbed-layer to capillary, and capillary to flooding water. The adsorbed-
cluster to adsorbed-layer water, i.e., adsorbed-layer percolation channel is related to
the onset of the proton conductivity [36, 14, 101]. It is designated as Ai,0,4d OF Sad,PE-
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Assuming homogeneous pore radius 7, = 1 nm and pore length L, = 20 nm, equiva-
lent weight, EW = 1100 g/mole, density, ppg = 2 g/cm?® (dry) [95], the porosity epg
= 0.4 93], liquid sulfonic acid density pg,- = 1.831 g/ cm? [16], it is predicted that
each side of a cubic equivalent sulfonic acid 5305 = 4.464 A and the average space
Ly = 422 A between the adjacent sulfonic sites [shown in Figure 3.1]. Then, the
first transition is predicted at Ap,0.44 = 2.5, using further assumptions of 1.5 hard
sphere water molecules (dp,o = 2.77 A [14]) in the lateral spacing and one water
molecule adsorbed on the top of sulfonic acid [Figure 3.1]. This prediction shows a
good agreement with the empirical result A\pg,0.44 = 2-2.3 in [36, 14, 101]. Similarly,
Sea,pe = 0.18 is obtained using Eq. (C.2) and epg = 0.4 [93]. The adsorbed-layer to

capillary and capillary to flooding transitions will be discussed in Section 3.3.

2.3.2 Pore-Size Distribution in Nafion and Its Role in Liquid
Saturation

Pore-size distribution is important to the capillary percolation-channel size (occu-
pying pore). The occupying pore volume using the standard porosimetry method with
water, is measured [20], and the results are represented as the liquid saturation and
water content using Eqgs. (C.1) and (C.2) in Appendix A, as shown in Figure 2.4. The
measured pore radii vary from 1 to 1000 nm (7, > 1000 nm is ignored since those may
due to Nafion rough surface pores), and mean pore radius (r,) = 2 nm is estimated
using Eq. (D.1) in Appendix B. In addition, the empirically determined morphology

transition radius using the vapor-equilibrated and liquid-equilibrated isotherms [4]
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shows good agreements with the measurement [20]. The three morphological tran-
sitions, Au,0.4d = 2.3, AM0im = D, and Ap,0.-5 are also indicated to determine

the percolation-channel size (radius). Here, the percolation-channel sizes are empir-
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Figure 2.4: Variation of liquid saturation (or water content) with respect to the pore
radius 7, from water sorption of Nafion [20, 4]. Fully liquid-saturated and vapor-
saturated states (ap,0 = 1, or Ag,0 = 14) are shown. The adsorbed-layer saturation
Sad,PE, immobile saturation s;, pg, mean pore size radius (r,), and the transition in
the Schroder paradox are also shown.

ically determined as 1.7 < r, < 4 for the adsorbed-percolation, 4 < r, < 13 for the
capillary-percolation channel, and r, > 13 for the Shroder paradox. Note that the
predictions for the first and second transitions are made based on 7, = 1 nm and
(rp) = 2 nm, respectively, while the corresponding, occupied pore radii are ry, g =
1.7 nm, and (rp;,) = 4 nm, which are larger than those assumed in the analyses.
These discrepancies may be related to the oversimplifying of the complex topology of

pores in Nafion. The homogeneous pore assumption may represent only the effective

17



pore throat [percolation channels, Figure 2.3(a)|, ignoring variable area pores (pore
bodies). So, we expect the actual r, .4 and 7, ;,, to be larger than 1 nm and (r,) = 2
nm. It is found that the capillary-percolation channels form by selectively occupying
pores, and this in turn results in low liquid saturation distribution as observed the

previous study [43].

2.4 Bimodal Model

In contrast to the monomodal model, we use an idealized bimodal pore-size distri-
bution for hydrated Nafion, guided by our SAXS measurement, the existing pore-size
distribution measurement [20], and the available bimodal pore network model [36, 45].
The large pores are represented by the mean pore size, 4 nm, while the small ones are
determined by the Debye screening length (the distance over which charge carriers
screen out the surface electric field), i.e., 1 nm, and these are rendered in Figure 1.2.
The detailed discussions are given in Section 1.2.

In our model, the dominant source of water-surface interaction is the electrostatic
force between the hydrophilic, ionized sulfonic side chain and the water molecules.
There are also intermolecular interactions between the hydrophobic polymer back-
bone and water molecules, but they are weaker. So, our simplified interactions with
the polymer matrix do not significantly influence the water-wetting and transport
properties, as shown the later sections.

Although chemical changes in hydrated Nafion have not been addressed yet [69],

a chemical change occurs near the domain surface during hydration/dehydration [49].
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Water equilibrates with RSO3 and RSOsH the hydrophilic side chains, resulting
in RSO; +H30" — RSO3H + H,0. So, we add the same number of H3O" to the
molecular simulation in the nanogap to neutralize SOj3 sites (details in Appendix A).

For temperature dependence, we note that Nafion is viscoelastic [65] with flexible
chains[76, 77], and its morphology evolves with temperature. Here we use the same
pore network and decrease the sulfonic acid site density, as shown in Figure 1.2

(further discussion in later sections).

2.4.1 Small Angle X-ray Scattering (SAXS)

The bimodal model is validated by SAXS measurements and analyses. Nafion 117
specimens were tested using SAXS at the Advanced Light Source of Lawrence Berke-
ley National Laboratory, with X-ray wavelength 1.239 A. For the test, the samples
are boiled for one hour in a 1M H5SOy4 solution to remove any ionic impurities and
to ensure a fully protonated state. Samples were mounted in a sealed sample holder
such that they hung above a pool of pure water (or saturated KCI solution) and al-
lowed to equilibrate for 48 hours. The sample holder is shown in Figure 2.5. The
sample was hung from the lid while water, a salt solution or desiccant was placed in
the bottom of the reservoir. The holes through the holder allowed unimpeded X-ray
access to the hanging sample. The holes were covered with a Kapton film to create
a sealed environment. Immediately prior to obtaining the SAXS spectra, the fully
humidified Nafion specimen to be tested was transfer to a new sample holder filled

with desiccant. SAXS spectra were collected every 5 minutes over 4 hours as the
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Figure 2.5: The Nafion holder for SAXS measurement.

sample dried. Similarly, the samples equilibrated with KCl (85% RH) were moved
into a sample holder with LiCl (11% RH) and allowed to equilibrate for 4 hours, while
collecting SAXS spectra. The background attenuation is dependent on the humidity
of the air. A background was collected for each test and assumed to apply for the
duration of the drying (i.e. constant relative humidity equal to either 0% for desiccant
or 11% for LiCl). The measured scattering X-ray intensities are subtracted from the
background scattering, and then are normalized by the transmitted intensity and the
results are shown in Figure 2.6. The peaks at ¢ ~ 0.15 and 0.185 A~! characterize
hydrated Nafion morphologies and are related to characteristic length of the hydrated
domains, which is 3.3 to 4.2 nm. These peaks shift lower ¢ with an increase in RH
due to the swelling and domain growth.

To predict the measured SAXS, a three-layer (polymer matrix, adsorbed-water
including sulfonic acid sites, and gaseous water layers), parallel-piped with random
pore orientations, pore network is constructed as shown in Figures 2.7(a) and (b).

This is similar to the sandwich-like model [42], by treating the adsorbed water as
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Figure 2.6: The measured, normalized SAXS intensity /*(q) as a function of the
scattering wave vector ¢ for Nafion 117 at RH = 0, 11, and 100%, at T" = 298 K, and
p = 1 atm. Variations of the predicted intensity Eq. (2.2) are also shown.

layers and adding polymer matrix layers. Thus, the original model is modified as

1 w/2
I'g) = a /0 % /0 S2(L, & a)d6[Ane (S(Lya @) — S(Lzpna))  (2.1)

+Ane,ad7H20(S(LZ7p, CL) — S(Lz’g, a)) + Ane’g’}boS(LZQ, CL)]2dCL,

where
S (L s 6,0) = sin[0.5¢ L x ., cos(6)(1 — a*)"/?] sin[0.5¢Lx , sin(¢)(1 — a*)/?]
e 0.5¢L x ., cos(¢)(1 — a*)'/? 0.5qLx . sin(¢)(1 — a?)'/? Ko
(2.2)
sin(0.5¢L 7 ,a
SlL ) = Sy R B L, o= o) (23

where S is the form factor, An, is the electron density variation, and « is the scaling
factor. Using the proposed bimodal pore-size, the predicted Ly, (next chapter),

and the pore population ratio, the predicted results for RH = 0, 11, and 100% show
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Figure 2.7: (a) The proposed, hydrated, 3-layer nanogap structure. (b) The bimodal
pore-size and water-wetting network.

reasonable agreement with the measured data, particularly near ¢ > 0.125 A as shown
in Figure 2.6. The peak in ¢ (characteristic length) is related to an average distance
associated with the Lx or Ly, Ly, and Ly, [Figure 2.7(a)], and the domain-size
distribution. The predictions using the bimodal pore-size model with the parameters
given in Table 2.1, agree with the measured peak at ¢ ~ 0.15 to 0.185 A~'. However,
there are discrepancies in the slopes around the peaks, and at RH = 100% there
is another peak at high ¢. This is caused by the simplified pore-size distribution
(bimodal pore size), while giving reasonable intensities over ¢ = 0.005 to 0.4 A in the

state-of-art SAXS analysis [83].

2.4.2 Isosteric Heat of Adsorption

Our molecular simulation results further validate the bimodal wetting model. The
simulation procedures are given in Appendix A. In general, the isosteric heat of ad-

sorption at the small adsorption provides the strength of the adsorbate/adsorbent

22



Table 2.1: Summary of the SAXS model parameters for Eq. (2.2).

Parameters Magnitude
RH % 0 11 100
Lz, nm 4.8 5.0 6.0
Lyg, nmin Ly, =1 nm 1 0 0
Lyg, nmin Ly, =4 nm 4 3.7 0
An,,, A=3 -0.0875 | -0.0875 | -0.18
Angag, A3 0.02 0.02 | 0.08
An,, A3 -0.0045 | -0.0045 | -0.1

interactions [79]. Using A.1, the heat of adsorption is calculated as a function of
the number of adsorbed-water layer N,qn,0 for the bimodal pore size, as shown in
2.8. The total adsorbed-water layer thickness (summation of two layers from top and
bottom) using du,o = 0.3 nm is also shown at the top = axis. The Debye screening
length is also marked. As the adsorbed-water layer grows beyond the Debye length,
the heat of adsorption decreases towards the bulk value, i.e., the heat of evaporation
(46 kJ/mol at T = 300 K for MSPC/E water model [15]), since the surface interac-
tions are significantly screened. In the small pores, the heat of adsorption is nearly
doubled for small adsorption, and still remains slightly higher compared to the bulk
heat of evaporation at large adsorption. In contrast, in the large pore it is only 15%
higher for the small adsorption and then becomes nearly the same as the bulk. This
indicates that the small pores critically confine water, i.e., behaving hydrophilic-like,

whereas the large pores behave hydrophobic-like, due to no significant confinement.
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Figure 2.8: Variations of the MD predicted isosteric heat of adsorption Ahyy .4 as
a function of the number of adsorbed water layers, and the total adsorbed-water
thickness for the two pore sizes and for the sulfonic acid densities. The bulk heat
of evaporations for MSPC/E water at 7" = 300 K is also shown [15], along with the
Debye screening length.

2.5 Swelling and Mechanical Constraint of Nafion

Nafion swells with hydration, influencing its water uptake [29, 98, 61] and trans-
port properties [101]. We use the pores, which are equivalent to the swollen mem-
brane, and hydration/temperature independent. Although this predicts the exper-
imental results, it overestimates the water uptake and transport at low hydration.
However, recent experiments shows that the mechanical compression does not signifi-
cantly change the water uptake [86]. The mechanical constraint by the adjacent layers
in fuel cell changes the water uptake and transport properties, since physical binding
appears to rearrange the hydrophilic sites. At elevated temperatures, Nafion softens

and the swelling-induced wetting and transport changes become more pronounced.
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2.6 Summary

This chapter poses and describes the pore-water morphologies and the criticalities
of their transitions in the monomodal model, and points to the coexistance of the
small, hydrophilic-like pores and the large, hydrophobic-like pores in the network in
the bimodal model. The monomodal model is developed based on ESEM observation,
and the bimodal model is based on the Debye length, which is further validated by
SAXS measurements/analyses and MD results for the isosteric heat of adsorption.
These models provide comprehensive insights into the atomic-level pore-water states
and transport models and allow for the prediction of the adsorption (Chapter 3),
water-self diffusivity (Chapter 4), and proton conductivity (Chapter 5), and capillary
flow (Chapter 6). Although a rigid polymer matrix is considered here, physical and
chemical changes in polymer matrix with hydration (swelling), and its anticipated

swelling effects are also discussed.
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Chapter 3

Pore-Water States:Adsorption and

Capillary Condensation

3.1 Importance of Capillary Condensation on Wa-

ter /Proton Transport

The adsorbed-layer to capillary water is important to the proton conductivity
jump and the hydraulic pore-water transport. The proton conductivity jump is found
at Am,0 ~ b in Nafion 117 [101] and other ionomeric membranes [104], and is related
to the capillary transition [101, 18]. This postulation is further supported by the
onset of dilution of 'H intradiffusion at A\g,o > 6 in [102], an absorbed bonding en-
ergy shift from hydronium to liquid water at Ag,0 = 5 to 6 using Fourier transform
infrared transmission spectroscopy [62]. For the hydrodynamic pore-water transport,

the electro-osmotic flow towards the cathode results in narrow capillary percolation
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channels (adsorbed-layer water, dryout) on the anode side of Nafion. As a result, the
capillary pressure gradient is created, and then the pore-water returns towards the
anode side. When the pore-water is dryout, this circulation is broken as a result of
the low proton conductivity (below the jump) and the immobile pore-water (gener-
ally, adsorbed water does not move). So, this transition is set to the immobile water
content Ag,0 im O equivalently, the immobile saturation s;,, pg as the minimum wet-
ting state for the hydrodynamic (capillary) pore-water transport, while the maximum

wetting state is related to Schroder paradox.

3.2 Adsorption Theory: Modified BET

The BET (Brunauer, Emmett, and Teller) theory explains the multilayer physical
adsorption on a homogeneous surface[21]. However, in general, it is valid only at
moderate reduced pressures p/p, < 0.3, due to the simplifying assumption that the
heat of liquefaction of the second and subsequent layers are equal. This theory is
modified by adjusting for the excess heat of liquefaction for the second and subsequent
layers at high pressures, and has successfully been used for adsorption of the hydrated
Nafion assuming homogeneous wetting pore surface [14]. This modified BET model
is given as [21]

NH,0,ad _ Ck‘(p/po) (3.1)

NH,0,ad,m (1 - kp/po)[l + (C - 1)k(p/po)]

where 1,0 44 1s the number density of the adsorbed water, n,0,44,m is the number
density of the adsorbed water for monolayer, C' = C, exp(Ah/kgT), Ahgge, is the

excess of the heat of liquefaction that the second and subsequent layers leases, k =
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exp(Ahgger/ksT), and p, is the saturation pressure at given temperature.

3.3 Capillary Transition Theories

3.3.1 Saam and Cole Theory

The adsorbed-layer and capillary transition threshold is predicted using the Saam-
Cole morphological transition theory [82]. This is related to the onset of capillary
liquid flow and the proton conductivity jump which is represented by Am,0,im. This
transition is related to the system energy shift (chemical potential) by minimizing
surface energy of adsorbed pore water. Assuming a cylindrical pore of radius 7, as

shown in Figure 3.1, the chemical potential of Nafion-water p is given as
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Figure 3.1: Water morphological transitions around sulfonic acid sites in small pore
spacings. The pore radius 7, effective pore radius 7prf = 1, — 050, adsorbed-layer
water thickness 0p,0, and effective adsorbed-layer water layer r, ., are shown.
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g
po= Ho(Pgor T) + Hoyo — Vin0i-—

[

o
= fto(Pgos T) + vi,0,f (O1,0) — VHz00 (3.2)

[

where /i, is the bulk chemical potential, p,, is the bulk gas pressure, ps,, , is the
chemical potential of adsorbed-layer water, dy,0 is the adsorbed-layer water thickness,
o is the surface tension of pore water, r. is the principal radius of curvature r, =
Tp — 0m,0, and vm,o, is the molar volume of the liquid water. The last two terms
on the right hand side of Eq. (3.2) correspond to the surface energy change between
adsorbed-layer water and Nafion. The detailed derivations are found in the previous
work [82]. Assuming a cylindrical pore the morphological transition occurs at r, =

Te-c, and we have

of
2
o=r Br T (3.3)
where f is given as
1
f= —c/ —dV, ¢ =de 0l (3.4)
r

ery is the depth of potential well, op; is the separation constant, and v = mnsc/6
where ny is the number density of adsorbed water. From Eq. (3.3), the closed form

solution is obtained as
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where 1, = (317y/ UHzoJU)l/ ? and P31/2 is the associated Legendre function.
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Although a realistic Nafion pore network is complex, the homogeneous pore size
assumption is used due to the criticality of the mean pore radius (predominant pop-
ulation). Furthermore, in operation of PEMFC, the pore surface is covered either by
the adsorbed-layer or capillary water for the high proton conductivity, and this in turn
minimizes the heterogeneity in surface wettability. So, the homogeneous surface wet-
tability (force) is also assumed. Using Eq. (3.5) and the mean pore radius (r,) = 2 nm
[20], the single site, nonpolarized water molecular interactions, ey = 15.319 kJ/mol,

and op; = 3.016 A [90], AH,0.im is predicted and shown in Figure 3.2. Indeed, the

1035
1r,= 0.586 nm
1 H 100
107 Transition Radius, Eq. (3.5)
1 Effective Mean Pore Radius, 10
101_§ (rp’gﬁp) =1.554 nm ;
£ 11 E
o~ 100 3 -
S E ] o~
? %
i‘/ 1 0.1 .
10—1 E E ~
1 4 0.01
1025 B
1 4 1E3
10'3 — T T T T T T T T

— —
00 01 02 03 04 05 06 07 08 09 10
Tad <rpveﬂ )

Figure 3.2: Predicted adsorbed to capillary water transition in hydrated Nafion (as-
sumed cylindrical pore), using the morphological transition theory [82].

cubic-equivalent sulfonic acid sites make for a collective layer thickness 580;. Thus,
the effective pore radius is reduced by g, L.e., (rpesr) = (rp) = g0~ = 1.554 nm, as
shown in Figure 3.1. With this, we have 7./ (rp.rf) = 0.63, and we use the 7, as the
meniscus radius in the capillary pressure appeared in Eq. (B.2). re./(rperr) = 0.63
corresponds to 2 water molecules on the top of each sulfonic acid site. Also, since
the pore water is locally hydrated on the sulfonic acid site, it is assumed that water
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molecules are equally adsorbed on the four sides of the cubic sulfonic acid. Our pre-
liminary MD results also show this cluster adsorption (on a homogeneous surface),
and we expect that site localization is possible on heterogeneous surfaces. Consider-
ing these 4 water molecules and the additional 2 on the top, we have Ayg,0im = 6.
Since this is close to the experimental value of Ap,0.:,m = 5 reported in [101, 18, 62],
we use Amg,04m = D as the immobile saturation (minimum saturation for capillary

percolation channel), and equivalently s,qpr = 0.33 using Eq. (C.2) and epg = 0.4.

3.3.2 Kelvin-Cohan Theory

The capillary transition is also predicted by Kelvin-Cohan relation considering

the effective capillary meniscus given as [14]

OUH,0

3.6
O.5Lz7p — 5H20,ad ( )

Rngn(pc/po) = -

where R, is the gas constant, p. is the threshold pressure of capillary condensation,

o is the surface tension, and vy, is the water molar volume.

3.4 Predicted Adsorption Isotherm

Water states (uptake) are related to the adsorption and capillary condensation
in the pore network. This is explored using the molecular simulations and the pro-
posed bimodal model. Adsorption and capillary condensation are related to the vapor

pressure (number density of water molecules), temperature (kinetic energy of water
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molecules), pore size (confinement), and wetting-surface heterogeneity (sulfonic acid
site surface density) [21]. The water adsorption in nangaps with Lz, = 1 and 4 nm
are calculated using the grand canonical molecular dynamics-Monte Carlo (GCMD-
MC) simulation, as described in Appendix A. The snapshots of the simulated results
are visualized in Figure 3.3. At low pressure p/p, = 0.01, the adsorbed-water forms
clusters around the sulfonic acids in both the pore sizes. At the large pore, it thick-
ness as the pressure increases, p/p, = 0.3, while at the small pore it is flooded by
the capillary transition. At high pressure p/p, = 1, both pores are flooded. These
are consistent with the proposed water morphologies in Section 2.3.1. The predicted
adsorption at 7" = 300 K and the surface sulfonic acid density n(SO3) = 1.5, 1.75,

and 2.5 nm 2

, are shown in Figure 3.4.

At low pressures, there is only adsorbed-water (no vapor molecules) and its thick-
ness grows as the pressure increases. At a threshold pressure, e.g., p/p, = 0.95 for
L. =4 nm, 0.1 for 1 nm with n(SO3) = 1.75 nm ™2, capillary condensation occurs,
and the pore begins to completely fill [82]. This threshold pressure increases in the
large pores, due to the weaker overlapping surface forces. However, no significant
variation in this threshold pressure is found in the small pores, because of the critical
confinement, therefore those are not shown in Figure 3.4. This capillary condensation
is compared with the Kelvin-Cohan relation Eq. (3.6), and the Saam-Cole transition
theory Eq. (3.5), using the water-water effective potential as the water-surface wall
interactions beyond the Debye length. Using the bulk surface tension, the Kelvin-
Cohan relation reasonably predicts the GCMD-MC results in the small pore, and

shows a good agreement. However, in large pores, it predicts the GCMD-MC results
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T =300K

Nafion Nanogap n(SO;) =1.75 nm™

( p/p,=0.01

Figure 3.3: Snapshots of the adsorbed water in Nafion nanopores (nanogaps) Lz, = 1
and 4 nm at the reduced pressure, p/p, = 0.01,0.3, and 1.0 at 7" = 300 K and n(SO53)
= 1.75 nm~? using GCMD-MC. The colors of particles represent types of atoms,
sulfide (yellow), hydrogen of water (white), oxygen (red), hydrogen of hydronium
(blue), and hydrophobic surface (green).

with a large sulfonic acid site density, i.e., n(SO3) = 2.5 nm~? (hydrophilic-like, Fig-
ure 2.8), rather than the lower site density (hydrophobic-like), whereas the Saam-Cole
theory predicts a delayed threshold. This is due to the large (bulk) surface tension
which leads to hydrophilic-like wetting, while the effective water-water intermolecu-
lar potential tends to be weaker than the surface-water interactions. In addition, the
modified BET theory Eq. (3.1) [21, 14] reasonably predicts the GCMD-MC results.

The sulfonic acid site density critically influences the adsorption and capillary
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Figure 3.4: Variations of the adsorbed water in Nafion nanopores (nanogaps) Lz, =
1 and 4 nm with respect to the reduced pressure, p/p, at T = 300 K and n(SO3) =
1.5, 1.75 and 2.5 nm~?2 using molecular simulation. The GCMD-MC adsorbed water
is shown as insets. The predicted results using available adsorption and capillary
condensation theories are also shown [82, 14, 48].

Table 3.1: Summary of various sulfonic acid surface site densities in the literature.
n(SO; ) nm—2 | Comments

1.62 110 sites per 4.65 nm diameter cluster for EW = 1100 g [45]
3.3 dso-s0. = 055 nm for T = 20 to 80°C [20]
1.82 the specific surface area of 0.55 nm? per site [34]

0.51 to 1.23 | dgp-_go- = 0.9 to 1.4 nm for Ay,0 = 4 to 15 [66]

condensation. Higher density (strong surface force, Ngos = 2.5 nm~2) increases ad-
sorption, and the capillary condensation occurs at the lower partial pressure, whereas
the lower density (weak surface force, 1.5 nm~2) decreases adsorption, and the con-
densation is delayed without condensation at p/p, = 1. We choose Ngo. = 1.75 nm—2
as the characteristic Nafion sulfonic acid surface density, which is in the range of re-
ported values of 0.51 to 3.3 nm~? where are summarized in Table 3.1 [45, 20, 34, 66].

The chosen site density is also based on the transport coefficients (water diffusivity
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Figure 3.5: Variations of the predicted water content (Ag,0), Eq. (3.7) as a function
of the reduced pressure at 7' = 300 K. Available experimental result at 7" = 303 K is
also shown [101].

and proton conductivity), especially at low pressures, and will be discussed in the
following sections.

In general, the adsorbed water in Nafion is presented as water content defined
by the number of water molecules per sulfonic acid site [101]. To predict the water
content, (Am,0), the total adsorbed water amount in the bimodal pore network is
calculated by integrating the GCMD-MC adsorbed water in individual pores [Figure

3.4] over the two pore sizes, as given

E nHQO,adVLz,p,i

where ny1,0,44 is the number density of the adsorbed water in the individual pore,
Vi, is the pore volume for each nanogap, and N(SOj) is the total number of

sulfonic acid sites. The predicted water content is shown in Figure 3.5. It is small
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at low reduced pressure, p/p,, and increases with increasing pressure. At threshold
pressures, p/p, = 0.1 and 0.95, water adsorption significantly increases (transitions).
The first transition is caused by filling the small pores Lz, = 1 nm, and the second is
more pronounced by fully hydrating the larger pores Lz, = 4 nm due to significant
pore volume. This agrees with the experimental result [101], especially at the large
water content, while overpredicting at low pressures. It should be noted that the
swelling is ignored and the pore size is chosen based on the fully humidified condition,
and this causes a discrepancy especially at the low partial pressures. In addition,
our model does not include hydrodynamic resistance among pores and interfacial

resistance [71, 72|, which in turn explains this overprediction.

3.5 Temperature-dependent Adsorption

Adsorption at elevated temperatures is important for enhanced proton conduc-
tivity, due to the increased mobility [2, 11]. The temperature-dependent adsorption
for Nafion at p/p, = 1 using the modified BET, Eq. (3.1). Here, the parameters are

fitted using the experimental results found in [101, 7, 44], and we have

ANHy0,0d = 2.3,
co(T) = exp(AE,/ksT),

E(T) = 1.786 —3.194 x 107 T. (3.8)

36



where AF, is the activation energy, and predicted as 307.2 meV. The water adsorp-
tion for Nafion A\y,0 at p/p, = 1, is shown in Figure 3.6. The maximum Ay, = 14
occurs at 1" = 30°C [101], and it decreases as the temperature increases. The pre-
diction underestimates the measured datum in [44], and this is related to the sample
pretreatment. Note that at 7" = 80°C, the water uptake is A\pg,0 >~ 7. This is used as
the thermodynamic equilibrium limit, and will be compared to the predicted liquid

saturation distributions s(z).
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Figure 3.6: Variation of the temperature-dependent adsorption of Ay, for Nafion 117
at p/p, = 1, using the modified BET model [14] and the experimental data [101, 7, 44].

In addition, elevated temperatures constrict the network channels by drying the
pores, while transport properties improve with increase in temperature. Thus, opti-
mal operating temperature is needed. At T = 370 K, using the same sulfonic acid
site density as at T" = 300 K, the GCMD-MC results do not predict the available ex-
perimental results [44]. The heterogeneous ionic site distribution leads to the lateral
overlapping surface forces, which in turn result in no significant temperature depen-
dence. Thus, we suggest that the surface sulfonic acid site density and morphology
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change with temperature. At high temperatures, the molecular bonds of Nafion are
relaxed and then the sites are rearranged, since the bonds have moderate rotational
activation energies, e.g., 91.1 to 394.6 meV [76, 77|. In addition, the pressure and
temperature critically influence the mechanical properties of hydrated Nafion, i.e.,
viscoelasticity, by changing its pore structure, e.g., transition from the lamella to
the rod-like pores when changing from 7" = 300 to 370 K at p/p, ~ 1 [65]. This
thermally-induced pore morphological evolution leads to low sulfonic acid densities
due to increased pore surface area. Swelling, especially at high hydration, also pro-
motes a decrease in the site density by increasing the pore surface. Overall, these
combined thermal-hydration effects lead to decrease surface density, i.e., the proposed
thermally-induced hydrophobicity, and we use Ngo; = 0.5 nm~2 at T = 370 K with
a rigid pore network. The snapshots of the simulated results are shown in Figure 3.7.
The small pore is filled by the capillary transition at moderate pressure p/p, = 0.5,
while the large pore remains the adsorbed-water (no capillary condensation) even at
the high pressure, p/p, = 1.0 due to the thermally-induced hydrophobicity. Using
this, the predicted adsorption decreases over the entire p/p, at elevated temperature,
as shown in 3.8(a). This decreases adsorption down to (Apg,0) = 8 at 7' = 370 K at
saturation pressure, p/p, = 1, as shown in 3.8(b). The GCMD-MC results are in good
agreement with the available experimental results [101, 39, 44, 7]. The suggested site
density change is rather large, nearly a factor of 3, but the neglected swelling might
have lead to this, which may be validated by large-scale polymer matrix simulations

97, 66].
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T=370K
n(S0;)=0.5 nm *

Figure 3.7: Snapshots of the adsorbed water in Nafion nanopores (nanogaps) Lz, = 1
and 4 nm at the reduced pressure, p/p, = 0.1,0.5, and 1.0 at 7' = 370 K and n(SOy)
= 0.5 nm~? using GCMD-MC. The colors of particles represent types of atoms, sulfide

(yellow), hydrogen of water (white), oxygen (red), hydrogen of hydronium (blue), and
hydrophobic surface (green).
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Figure 3.8: (a) Variations of the water number density in Lz, = 4 nm as a function
reduced pressure p/p, at T'= 300 and 370 K. The GCMD-MC snap shots at p/p, =
1 are also shown. (b) Variations of the temperature-dependent adsorption (Ap,o) at
p/po = 1. Available experimental results are also shown [101, 39, 44, 7].
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3.6 Summary

This chapter demonstrates importance of the adsorption and capillary transitions
in the mesopores of the hydrated Nafion and their effects on the water uptake (ad-
sorption isotherm) as well as water/proton transport. It is shown that the bimodal
model succeeds in predicting the measured water uptake and its transitions at the
room temperature and high pressures, while the water adsorption in the individual
pores is predicted using GCMD-MC. At elevated temperatures, the thermally-induced
hydrophobicity of Nafion is proposed, and it leads to the observed delay in capillary
transition at high pressures. This explains the decreased adsorption and lack of jumps

in the transport properties, and will be further discussed in Chapters 4 and 5.
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Chapter 4

Water Self Diffusion

4.1 Introduction

Water self-diffusion is an important transport property of the hydrated Nafion,
especially when it is equilibrated with a vapor reservoir. This property is critically
related to the Nafion hydration, showing a monotonic increase as a function of in-
creased water content (Ap,o) with a transition at (Apg,0) =~ 5 to 6, T'= 300 K. In this
chapter, the molecular dynamic simulation-based bimodal model is used to predict

the water self diffusion and explain its transitions.

4.2 MD Predicted Results and Discussions

Water self diffusion through the adsorbed phase occurs in the pore network, and
the effective self diffusion is predicted using the molecular simulation combined with

the bimodal model, as shown in Figure 4.1. The diffusivity, Dy,o through the ad-
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sorbed water in Ly, = 1 and 4 nm is calculated using the Green-Kubo autocorrelation
Eq. (A.2) at T'= 300 K as a function of p/p,, and the results are reported in Table
4.1. Then, the effective diffusivity (Dy,0) is calculated using the predicted adsorp-
tion (Figure 3.4) and 30x30, the 2-D bimodal network as depicted in Figure 1.2.
Calculation details are given in our previous work [52]. The results for 7" = 370 K are
not shown here, and the temperature dependency in the diffusivity will be discussed

below.

107 5

Nafion 117, T =303 K

] Bulk Liquid, MD, T=298K
4 /

- BulkLike Diffusivityat L, = 1 nm
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Figure 4.1: Variations of water self-diffusion coefficient in Nafion as function of average
water content, at 303 K. The experiential results [102] and the available MD results
[56, 17], are also shown along with the experimental result for bulk liquid water at T’
= 298 K [27].

At (Am,0) ~ 2 (p/po ~ 0.05), the effective diffusivity is significantly reduced
compared to that in bulk liquid water, due to the significantly reduced diffusion
within the thin adsorbed layers (Debye screening length). At (Amg,0) ~ 4 (p/po ~ 0.1),

there is a significant increase in diffusivity approaching bulk behavior dominated by

capillary condensation in the small pores. At (Ap,0) ~ 5 (p/po ~ 0.3), the adsorbed
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Table 4.1: MD predicted Dy,0, as a function of p/p, and (Ap,0) at T = 300 K for

Lz, =1and 4 nm.

p/Po ((M1,0)) | Dm0, m?/s at Lz, = 1 nm | Dy,0, m?/s at Lz, = 4 nm
0.05(2.0) 5.70% 1010 5.80% 1010
0.1(3.9) 1.21x10~° 7.64x10-10
0.3(4.8) 1.25%107 2.13%10~°
0.5(5.4) 1.27x107 2.25% 10"
0.7(6.3) 1.29%10~ 2.45% 10"
0.8(6.9) 1.29%10~" 3.03x 109
0.9(7.2) 1.30x10~° 3.20x10~°
1.0(13.1) 1.29%10~ 2.80%10~°

layers in large pores grow beyond the screening length. For (Ay,0) > 5, there is further
filling of the large pores. These results are in good agreement with experiments [102]
and available MD results [56, 17]. Our large scale, bimodal pore-network treatment
gives better predictions compared to the full atomistic simulations [56, 17]. Swelling
decreases (Ap,0) for (Am0) < 5 [Figure 3.4(b)], and with swelling, the predictions
are further close to the experiment. For a validation, our MD predicted bulk liquid

diffusivity at 7" = 298 K is in excellent agreement with the existing experiment [27].

4.3 Summary

Water self-diffusion is explored using the molecular dynamic simulation based bi-
modal model, and the results show a good agreement with the measured water self
diffusion compared to the available full molecular simulations [56, 17]. The model
explains that the transition is related to the capillary condensation and the resulting
bulk-like diffusion in both the pore sizes. It also reveals that the diffusion is sig-

nificantly hindered in the small pores due to large water-surface interactions, and it
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gradually increases with the hydration of the large pores towards the maximum self
diffusion. The diffusion is also related to the proton conductivity through hydronium
diffusion, and it will be discussed in the next chapter. The temperature-dependent

diffusion is also discussed there.
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Chapter 5

Proton Transport

5.1 Introduction

Good proton transport is a key transport feature of the hydrated Nafion, and
is known to be through the hydrogen-bond network. Then the proton conductivity
is critically related to the pore-water morphology and increases with respect to the
water content (Ag,0) with a jump at (Ag,0) ~ 5 to 6, T = 300 K. In this chap-
ter, the molecular dynamic simulation-based bimodal model is used to predict the

translational hydronium diffusion and explain its transition jumps.

5.2 Proton Conductivity: Capillary-Transition Re-

lated Jump

Considering the morphological transitions, the measured water content and proton

conductivity [101] are analyzed, as shown in Figure 5.1. The general discussions are
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omitted, and here we emphasize key features, i.e., roles of morphological transitions.

Criticality of three morphological transitions are appeared in the onset of the proton

conductivity by adsorbed-layer water transition at Am,0,0a = 2.3 (Saa,pr = 0.18), in the

proton conductivity jump by capillary water transition at Ai,0.im = 5 (Sim.pe = 0.33),

and in further jump by Schréder paradox at Apg,0 = 14 (Simpr = 0.78). Considering
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Figure 5.1: Measured water content A\jy,o and proton conductivity oy+, as a function
of water activity am,o for Nafion 117 at 7" = 303 K [101]. Three morphological
transitions are indicated, and the corresponding, filling pore size r, are also shown.
Onset of the adsorbed-layer Am,0..a = 2.3 [36, 101, 14], proton conductivity jump at
An,0.im = D [101, 14, 18] are shown. Maximum water content Am,0mex = 22, and

water activity am,0mez = 1 are also shown.

the morphological transitions, a modified proton conductivity oy+(s,T’) is proposed
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as a function of the water content, using experimental results in [101]. With the

Arrhenius relation for the temperature dependence [88], we have

UH+()\HQO>T) = 0, )\HQO <23

11
ot (A0, T) = [0.0074(Amy0 — 2.3)] exp [1, 268 <_ . _)} ’

3032 T
>\H20 <5
1 1
OH+ ()‘H207 T) = [00041(>\H20 — 50) + 0030] exp 1, 268 m - T s
A0 > 5. (5.1)

This modified relation is used in Egs. (B.1) and (B.2), and the liquid saturation

distribution s(z) and cell performance curve are given in the following sections.

5.3 Nernst-Einstein Relation

In bulk liquid water, proton primarily transfers via Grotthuss (or hopping) dif-
fusion, i.e., proton hops over a hydrogen-bond network of water molecules, which is
fast and dominant [22, 106, 1, 68, 67], whereas in the Nafion pore network, the strong
surface forces (Debye length) critically hinder the transport. Thus, no significant
Grotthuss diffusion is considered within the Debye length, and the surface-force hin-
dered translational hydronium diffusion is included. Using Nernst-Einstein relation

[10, 11], we have

2
€H+

= k—T(anm Dy,o+,p + ni+ Di+ ) (5.2)
B

OH+
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where e+ is the proton charge, ny+ is the number density of proton for the Grotthuss
diffusion, ny,o+ is the number density of hydronium for the translational diffusion,

Dy+ ¢ is the Grotthuss diffusivity, and Dy,o+ p is the translational diffusivity.

5.4 MD Predicted Results and Discussions

Dy,o+ p is calculated using MD-simulated, 8-18 hydroniums and the Green-Kubo
autocorrelation relation Eq. (A.2), as presented in Table 5.1 and 5.2. The Grotthuss
diffusivity is calculated using the available relaxation time for rotations of water
molecules [2, 10, 11]. At T' = 300 K, Dy+ ¢ = 7x107" m?/s, using Dy+ ¢ = db_o/67,
and morphological rearranging relaxation time m, = 1.5 ps, and O-O distance 0.255
nm in HyO} [2], and at T'= 370 K, Dy+ ¢ = 11x107? m?/s, using 7p = 1.0 ps. For the
proton number density, EW = 1100 g/mol, and 2 g/cm? are used. When the adsorbed
water layer is beyond the screening length, ny+/(ng++np,0+) = 0.5 is assumed. We
note that this population density ratio is so far not confirmed, even with the recent

microscopic analyses and ab initio molecular dynamics simulations[22, 106, 1, 68, 67].

Table 5.1: MD predicted Dy,0+ p, as a function of p/p, and (Ap,0) at 7' = 300 K for
Lz, =1and 4 nm.

p/Po ((M1z0+)) | Duso+, m?/s at Lz, = 1 nm | Dy,o+, m?/s at Lz, = 4 nm
0.05(2.0) 3.89x10~ 1 3.65x107 1
0.1(3.9) 2.25x10710 9.60x 1071
0.3(4.8) 2.38x10710 2.62x10710
0.5(5.4) 3.07x10710 3.13x10710
0.7(6.3) 3.58x10710 3.58x10710
0.8(6.9) 4.29%x10710 3.69x10710
0.9(7.2) 4.90x10710 1.22x107°
1.0(13.1) 5.25%x 1071 1.51x107°
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Figure 5.2: Variations of the MD predicted proton conductivity including the jumps
caused by capillary condensation and bulk-like diffusivity at 7" = 300 K. The predicted
translational-diffusion proton conductivity, and the available experimental [101] at
T = 303 K and MD results [105] at 7" = 298 K are shown.

Using the proposed bimodal network, (30x30, 2-D network as visualized in Figure
1.2) and the Kirchhoff law at the pore junctions [14], the effective conductivity (og+)
is calculated as a function of the water content (Ap,0), as shown in Figure 5.2.

At (Am,0) < 2, the proton conductivity is negligibly small, because the adsorbed
water is mainly within the screening length. As the pressure increases, the small
hydrophilic-like pores readily fills at (Ag,0) ~ 4, and the proton conductivity sig-
nificantly increases through bulk-like proton diffusion and hopping. However, in the
large hydrophobic-like pores, the conductivity is still hindered, which in turn causes
no significant proton conductivity jump. At (Ag,0) ~ 8, the adsorbed water layers
in the large pores grow beyond the screening length, and the bulk-like diffusion and
hopping result in significant enhancement. At high pressures, capillary condensation

occurs and leads to the maximum conductivity. The diffusive proton conductivity
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Figure 5.3: Variations of the MD predicted proton conductivity including the jumps
caused by capillary condensation and bulk-like diffusivity at T' = 370 K. The experi-
mental results at 7' = 373 K are also shown [11, 9, 105].

Table 5.2: MD predicted Dy,o+p, as a function of p/p, at ' = 370 K for L, =1
and 4 nm.

p/Po | Duso+, m?/s at Lz, = 1 nm | Dy,o+, m?/s at Lz, = 4 nm
0.1 8.72x 10710 2.86x107Y
0.3 8.12x10~10 2.92x107Y
0.5 1.04x1079 3.10x107°
0.7 2.18x107* 3.25%x107°
0.8 2.52x107* 5.43%x107°
0.9 3.01x107* 5.53%x1079
1.0 4.15x107? 7.01x107°

is also shown, indicating that its contribution is nearly one third. An available MD
result is also shown, and it underestimates the proton conductivity since the hopping
is not properly considered [105].

At the elevated temperatures as shown in Figure 5.3, there is a decrease in adsorp-
tion due to the proposed thermally-induced hydrophobicity, while there are increases
in translational and rotational diffusivity. Overall, the proton conductivity increases,

however, no capillary condensation occurs in the large pores, resulting in no pro-
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ton conductivity jump. The existing experimental results show inconsistency among
them, and this may be caused by the different polymer structural changes at ele-
vated temperatures, induced by different thermal histories and fabrication processes

[11, 9, 105], while the predictions show a reasonable agreement with the experiments.

5.5 Summary

The proton conductivity is explored by using the monomodal model and the molec-
ular dynamic simulation-based bimodal model, and by addressing the pore-water
morphologies and their transitions. The monomodal model predicts that the proton
conductivity jump is caused by the adsorbed-water to capillary condensation. This
jump is further explained by the MD-based bimodal network model, showing that
the capillary condensation results in the bulk-like translational and the rotational
proton diffusion in both pore sizes. These show that the proton transport is signif-
icantly hindered in the small pores [due to large water-surface interactions (Debye
length)] and gradually increases with the flooding of the large pores (reaches the bulk
maximum). At elevated temperatures, the capillary transition is delayed due to the

thermally-induced hydrophobicity and results in lack of any transition jumps.
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Chapter 6

Capillary Flow Throughout and

Resulting Performance

6.1 Introduction

The pore water of hydrated Nafion is represented by the water content \y,o (ratio
of the number of adsorbed water molecule to the number of sulfonic acid site [101}), or
by the liquid saturation s (fraction of pore volume occupied by liquid water [94, 96]).
The water content, A\y,0 and liquid saturation, s are related through the porosity and
the molar volume [93]. Ap,0 is used for the proton and water diffusion models [88],
whereas s is used for the hydrodynamic water models [94, 93].

In normal cell operations, i.e., T' < 90°C and RH = 100%, Nafion contacts with
liquid water in the adjacent porous layers, i.e., CLs and GDLs [95, 96, 43, 48, 72|, and
the liquid water pressure should be continuous across the Nafion interfaces. Since MD

simulations show no significant water vapor at p/p, < 1 due to very high Knudsen
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number, we postulate that the water vapor transport is negligible, and the liquid

water transport is the primary water flow mechanism.

6.2 Liquid Saturation Distribution

6.2.1 Monomodal wetting

The pore-water distribution throughout PEMFC are predicted using the hydro-
dynamic model for 7" = 80°C and j. = 0.75 A/cm?, and are compared with the
experimental results [43], as shown in Figures 6.1(a) and (b). The measured water
volume [43] is represented as the liquid saturation s(z) in Figure 6.1(a) and water
content Am,o0(z) in Figure 6.1(b), assuming no swelling of Nafion and the reduced
porosity of each layer due to the expected mechanical compression in PEMFC (Table
B.1) and Egs. (Eq. C.1) and (Eq. C.2) in Appendix A. The prediction of s(z) shows
the maximum liquid saturation at the cathode side of Nafion where water is produced
there, while s(z) decreases towards both anode and cathode channels, showing that
the liquid water transport by capillary pressure gradient. The predictions show a rea-
sonable agreement to the experiment with maximum liquid saturation of s(z) ~ 0.35,
with overestimation by nearly 100% in all the layers. This discrepancy of the lowered
liquid water measurement may be due to the large measurement uncertainty at high
spatial resolution (~ 16.4 pym), or unknown material /geometrical parameters used in
the predictions [93]. Regardless, this prediction using the low immobile saturation

Sim.pE = 0.33 or Am,0.4m = O results in better agreement with the experiment,

o4



0.8
J, =075 Alen? CLR
1 7=280C

0.64 RH =100%

0.4 / Experiment [43]
(Resolution ~ 16.4 pm) |
Sim,PE = 033\\\
0.2 5 -
/COOOVBQ
L &
0.0 T T T T T T T T T T T T
0 100 200 300 400 500 600 700
Anode s Cathode
Channel Channel
Anode Side PE Cathode Side
2 0.10
{Fully Liquid-Saturated
20 H0.09
181 Joos
16-
| Fully Vapor-Saturated (@, ~ =1 4
14 Fully Vapo @0 =1 0.07
1 H0.06
12 _ _ g
> 10] AHZO”"”_S’ Simpe= 033 prion Conductivity | 05 5
< 12 =23, 5 .= 018 Jump -
H,0.ad > Yad,PE
84 ™ 5004 =
j: / Experiment [43] =403
2] o o 0.01
04 : . : : 0.00
340 350 360 370 380 390
z, um
(b)

Figure 6.1: (a) Spatial distribution of the predicted liquid saturation, and comparison
with the experiment [43] throughout PEMFC. (b) Based on predicted and measured
liquid saturation from (a), the distribution of water content, and variation of proton
conductivity are shown for Nafion.
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compared to the previous study (high $;,pr = 0.78 or Ap,0.m = 14 at the Schroder
paradox) [93].

To further demonstrate the pore water in Nafion, the distribution of water content
An,0.pE(2), and proton conductivity are shown in Figure 6.1(b). The measured water
content increases from the anode to cathode side, even though it is nearly constant
An,0.pE(2) ~ 2 which is close to Agy0.4a- These low liquid saturations seems to be
too low for required proton conductivity, i.e., Ap,0.im = 5 (0 Simpr = 0.33). Here,
as discussed, using required liquid saturation at the anode side, s;,, pr = 0.33, mono-
tonically increasing s(z) > Simpr Up to Am,0pr(2) ~ 8 is obtained. This maximum
water content is similar to the thermodynamic, equilibrium maximum [Eq. (3.8)].

Therefore, the proposed capillary pore-water percolation model with low Ap,0,im
appears plausible and explains the measured low liquid saturation. Moreover, no high
water content of the Schroder paradox is necessary to have a good proton conductivity.
In addition, the inverse tree-like percolation channels model in GDLs and MPLs [52]
are also supported by this low liquid saturation distribution.

Note that we assume nonswelling Nafion for the sake of simplicity of analysis
and then compare with the predictions by available experimental water sorption data
with swelling Nafion. However, the proposed thermodynamic equilibrium limit shows
only as high as Ag,0 ~ 7 which is not enough to make a significant difference in
water sorption and membrane structure by swelling. In addition, the nonswelling
membrane would allow for lower water sorption than the swelling membrane, where
is still bounded by the thermodynamic equilibrium limit. Thus, our prediction of low
Am,0 (high operating temperature) is still plausible.
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6.2.2 Bimodal wetting

The capillary pressure in the adjacent layers is positive due to their hydrophobicity.
The capillary pressure continuity leads to fully-hydrated hydrophilic-like (small) pores
in Nafion, whereas it results in partially-filled hydrophobic-like (large) pores (due to
the smaller capillary meniscus) compatible with the adjacent layers, as shown in
Figure 6.2(a). Thus, the liquid water flows through the percolated network channel
by the small pores, whereas it meanders around the partially-filled (adsorbed water
only) large pores since the adsorbed water is immobile [54]. This immobile saturation
is calculated using the Debye length. Liquid flow through the small pores is calculated
using the Hagen-Poiseuille relation, while the proton transport is allowed in all the
pores. The water flow rate in the Nafion pore network must be continuous throughout
the layers, and the flow rate in the adjacent layers is calculated using our previous
model [48]. This is used as the boundary conditions for the bimodal water-wetting
network to predict the capillary (liquid) pressure and the required liquid saturation

distribution.
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Figure 6.2: (a) Schematic of the 2-D, bimodal water-wetting pore network. (b) The
predicted liquid saturation distribution within Nafion and its adjacent layers in a fuel
cell assembly corresponding to the available experimental conditions and results [43].
The available prediction using hydrophobic-homogeneous treatment [48] is also shown
for comparison.
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A constant vapor pressure throughout the layers is assumed. Using this prescribed
water flow rate and electrical current density, the capillary pressure is calculated using
the Onsager relation given as [95, 55

o+ () Qo _

Je = {—0H+(S)Vsoe— T szonc(S)],

) B 1 on+ (8) Qeo
M0, = Mo { D Ve
M, r 2
- Hiopl K + i (‘Z)aoo EHQOVpc(S) )
814UH,0 F
v : je = Oa
V-mp,0; = 0, (6.1)

where j. is the electrical current density, op+(s) is the proton conductivity, e, is
the electro-osmotic coefficient, p.(s) is the capillary pressure, 1,0, is the superficial
liquid water flux rate, p; is the liquid water density, y; is the viscosity of liquid water,
My, 0 is the molar mass of water, and Uy, is the water molar volume. The electro-
osmotic coefficient a,, = 1 [98, 31] is used. It should be noted that adsorbed water
(partially filled pores) also has a condensed-phase pressure, i.e., disjoining pressure
8, 55], but the volume-average capillary pressure is used here [54].

Using the predicted capillary pressure, the resulting local liquid saturation s, .
is calculated by the van Genuchten capillary pressure model Eq. (B.6) [37, 48], and

the volume average liquid saturation (s) is predicted using the given relation as

§ :SLZ,p,iVLZ,p,i
[
: :VLZ,p,i
[

29

(s) = (6.2)



It should be noted that the small, hydrophilic-like pore population ratio is 0.53
and its volume ratio is 0.22, and the minimum saturation is (s) = 0.37 using fully-
saturated small pores and 1.5 adsorbed-water layer (Debye screening length) as an
immobile saturation in the large pores. Using T" = 80°C, p = 2.4 atm, and j. = 0.75
A/cm? [43], the bimodal wetting results are presented in Figure 6.2(b), overpredicting
the hydrophobic-homogeneous model results [48], while underpredicting the liquid-
equilibrated model results [93]. The predicted results also overestimate the available
experiment [43], and this is caused by rather low measured liquid saturation due to
the measurement uncertainties. More detailed discussions on this discrepancy are
provided in our previous work [93, 48]. The maximum liquid saturation is limited by
the capillary pressure continuity, and will be less than one, while the minimum liquid
saturation is the immobile saturation in the large pores, which in turn is related to

the Debye length.

6.3 Cell Performance

Figure 6.3 shows the predicted cell performances using Eq. (B.1) and compar-
isons with the available experimental results, for ' = 80°C [43]. The measured
electrical potential Ay, drops sharply at the low current density regime, j. = 0 to
0.25 A/cm?, mainly due to the activation loss for the limited reaction rate, while it
linearly decreases due to the ohmic loss (limited proton conductivity) at moderate
current density regime, j. = 0.25 to 0.75 A/em?. This shows that the proposed, pro-

ton conductivity [Eq. (5.1)] predicts the moderate ohmic loss. At moderate and high
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Figure 6.3: Variation of the predicted cell potential as a function of current density
at T'= 80°C, and comparison with experimental results [43]. Predictions for 20 and
40 % surface blockage are also shown. Activation, ohmic, and concentration losses
regimes are also indicated.

current densities, j. = 0.25 to 1.25 A /cm?, limited oxygen supply causes a significant
reduction in Ay,.. The predictions do not match the experiments at high current
densities, and one possible reason is an additional oxygen diffusion resistance by the
surface droplet as addressed in Appendix B. The performance is also predicted con-
sidering a 40% surface coverage and reduces the maximum current density by 18%.
Other possible reasons may be our one-dimensional treatment of the liquid saturation
in GDL (but oxygen diffusion treatment is two dimensional), and the liquid satura-
tion jumps at the interfaces e.g., Eq. (B.7). Further improvements can be made
by considering two-dimensional liquid saturation, by improving the liquid saturation
jumps at these interfaces as suggested in [41], by considering available thermal model
[92], and extensive GDL mechanical compression ratio (45% compression ratio allows

for nearly 25-35% decrease in the maximum available current density at Ay, = 0.3
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V) [33).

6.4 Optimal Pore-Water State

The optimal pore-water state of the hydrated Nafion requires capillary-network
channels for high proton conductivity and for effective back-capillary flow. Neither
dry nor flooding Nafion is desirable, since the first limits the proton conductivity and
the latter results in excess hydration of CLs, hindering fuel supplies. In the pore-size
distribution, the increased number of the small, hydrophilic-like pores would result
in high liquid saturation (or high water content), while it would lead to reduced
water /proton transport due to the pore confinement within the Debye screening dis-
tance. However, increase in the number of large hydrophobic-like pores causes low
hydration and this either enhances transport due to decreased confinement or hinders
it due to presence of thin adsorbed-layer water only. With a different sulfonic acid
surface density, this optimal pore-water content also changed. Thus, the ideal poly-
mer electrolyte should have an optimal pore-size distribution (including confinement)
for ideal wetting properties, and so far other than Nafion, has been a fabrication

challenge.

6.5 Summary

The capillary liquid flow and the resulting liquid saturation and their effects on

the cell performance are predicted using the mono- and bimodal wetting models. The
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predictions show a reasonable agreement with the available, yet limited, experimen-
tal results [43]. The bimodal model predicts a slightly higher saturation distribution
than the monomodal model due to full saturation in small, hydrophilic pores. In the
monomodal model, the capillary transition leads to the onset of the liquid flow. In
contrast, in the bimodal model liquid dominantly flows through the network chan-
nels of the smaller, hydrophilic-like pores, while remaining immobile in the large,
hydrophilic-like pores. The optimal pore-water states related to the water/proton

transport aspects are also discussed.
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Chapter 7

Conclusions

7.1 Contributions

This study examines the atomic-level pore-water states and water/proton trans-
port in the Nafion mesopores and uses a pore-network model to predict wetting and
transport phenomena within it. For the atomic-level study, the molecular simula-
tion, i.e., GCMD-MC is used for water adsorption and capillary transition, water self
diffusivity, and the resulting proton conductivity. For the pore network, mono- and
bimodal pore-size/water-wetting treatments are developed to investigate the effective
pore-water states and water/proton transport. This combined approach makes it
possible to understand the wetting/transport physics and explain capillary conden-
sation, monotonically increasing water self diffusivity, and proton conductivity jump
all observed in experiments.

This research primarily relies on theoretical approach through numerical sim-

ulations. However, our SAXS data and the available experimental results are used
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intensively to validate the proposed models and to clarify assumptions that are made.
Challenges in both numerical simulation and experimental results are to extract use-
ful information of interest, which needs to be compiled into a uniform framework.
Therefore, analytic, theoretical modeling is used here to minimize this gap.

Significant contributions of this work are summarized below:

e Development of MD-based, bimodal, water-wetting model for a unified treat-
ment. We proposed Nafion bimodal pore-size (confining and nonovelapping
surface forces, based on the Debye screening length) and water-wetting (hy-
drophilic and hydrophobic-like) pore network based on molecular simulation
and SAXS results. We used a solid polymeric backbone for a unified treat-
ment of the hydrated Nafion pore water states and its water-related proton
transport. This model predicts the capillary condensation in adsorption and
proton conductivity including their jumps, and the capillary liquid flow and
saturation distribution with proper liquid pressure continuity with the adjacent
layers. The predicted liquid saturation distribution is higher than that using
the homogeneous hydrophobic wetting (monomodal) model, which is caused by

the full saturation in the hydrophilic pores.

e Development of simple, homogeneous water-wetting model, emphasizing pore-
water morphological transitions. Four pore-water states and three morpholog-
ical transitions are proposed for the pore network-channel in hydrated Nafion.
Criticality of the transitions on proton conductivity and hydraulic pore water

transport are discussed, while addressing Nafion pore-size distribution and the
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Schroder paradox. We find that the first transition is related to the onset of
proton conductivity, the second leads to the onset of the capillary percolation
channels and proton conductivity jump at Am,0,m = 5, using the pore-water
morphology transition theory [82]. Using this as immobile saturation, the pre-
dicted water distribution s(z) shows a reasonable agreement with the measure-
ment [43]. We also find that the third transition is related to the paradox,
postulating further capillary advancing, which allows for the thermodynamic
equilibrium limit, i.e., temperature- dependent adsorption at full vapor satura-
tion. These transitions appear in the experimental pore-size distribution which
shows capillary percolation channel sizes. Based on these transitions, the opti-
mal Nafion pore water content is found to be in between the second and third

transition, i.e., capillary-percolation mechanism.

Suggestion of thermally-induced hydrophobic wetting surface for significantly
decreasing adsorption at elevated temperature. We suggest thermally-induced
hydrophobic mesopore surface (reduced sulfonic acid density) due to low ro-
tational threshold barrier and relaxed intermolecular interactions, i.e., flexible
backbone. This results in delayed capillary transition, and in turn leads to de-
creasing adsorption at elevated temperatures. Using the modified BET [14], a
temperature-dependent adsorption is also predicted and shows that this limits

the maximum water content on the cathode side of Nafion.

Ezplanations of roles of pore- or domain-size-dependent confinement on water

wetting and its resulting proton transport. It is found that the smaller domains
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are readily water filled and also retarding the transport due to the surface force
overlap. The larger domains are sensitive to the surface forces, temperature,
and pressure, and contribute significantly to transport despite being partially

water filled.

7.2 Proposed Future Work

There are three extensions of the current study that should be pursued:

e Atomic-level study for pore-water in hydration/temperature-dependent back-
bone is necessary to understand wetting evolution in pore surface structural
changes and resulting transport alteration. Both experimental approaches and
full atomic simulations have challenges due to its complex chemical structure
and low degree of crystallinity. A large scale simulation, i.e., coarse grain ap-
proach [97, 66] may reveal realistic hydrated pore wetting evolutions as a func-

tion of vapor pressure and temperature.

e Identifying the role of Nafion side chains (sulfonic acid) on proton conduction
is needed to understand its atomic-level behavior. In this study, it is assumed
that there is no significant proton transport within the Debye screening length,
i.e., classically strong intermolecular interactions. However, fundamentals of
proton transport kinetics in presence of external charges are not clear enough
to optimize the Nafion chemical/mechanical properties. This can be examined
by ab initio or ab inito-MD including quantum aspects, and the result can
lead to further optimization of the Nafion backbone structure and sulfonic acid
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density.

e Water distribution in Nafion, under static and fuel cell operation, needs to be
further experimentally investiaged with high resolution. The enhanced fuel cell
design requires optimal hydration throughout all layers, and the theoretical
studies primarily rely on many assumptions to predict the optimal liquid satu-
ration. Accurate water distribution measurement will help in the understanding
the role of liquid water and in future direction of the fuel cell water management

research.

7.3 Outlook

Theoretical work is essential for insight into the nature of physical phenomena,
especially where it is not readily measurable. However, it can never replace experi-
mental research. Experiments make no assumption, and new and innovative physical
phenomena are always observed in the experiments. However, experimental work
also has inherent challenges, i.e., it is not a direct tool to explain a phenomenon and
sometimes it does not yield direct useable information. The combinational approach

using both theory and experiment leads to synergetic benefits from both sides.
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Appendix A

Grand Canonical Molecular
Dynamics - Monte Carlo

Simulation

Water adsorption and water/proton transport are predicted using the GCMD-MC
[89]. Nafion pore is represented as two infinite, parallel slabs (usfing periodic bound-
ary conditions in the = and y directions) separated by a physical width, L, [87], as
shown in Figure 2.6 (a). We assume that the surfaces are uncorrugated, stationary,
and rigid (no swelling). Hydrophobic surface is modeled by 1-D Lennard-Jones po-
tential, whereas the hydrophilic sites are represented by SO3 only [87]. The numbers
of the sites per pore are 8 to 18 for 7" = 300 and 370 K to represent n(SO;) =
1.75 and 0.5 nm~2. These ionized pores are neutralized by the same same number of

hydroniums. The modified simple polarization charge extended (MSPC/E) water is
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used [15]. This water potential is superior to SPC, and SPC/E which is for vapor-
liquid equilibria at 7" = 300.15 to 582.28 K, relevant to adsorption. An equal number
of hydroniums are added to electrically neutralize the sulfonic acid system using an
available potential [60]. The chemical potential and the vapor pressure are calculated
using a virial expansion [89, 40], and the second order virial coefficient is used [5]. The
leapfrog Verlet algorithm [30] is used to solve the Newton equation and the SHAKE
algorithm is used for the rigid molecules [81], and the temperature is controlled by
Brendsen thermostat [6]. The long-range electrostatic force is calculated by the pair-
wise additive method [28], where the damping coefficient, o = 0.2 A-', and cutoff r,
= 1.2 nm are used. The simulation temperatures are T' = 298 to 370 K. The time
step At = 0.5 fs is used for a time integration, and the total simulation time is 1.5 to
3 ns, until there is no significant change in the water molecule population, <5% for 1
ns. This method is validated by testing bulk vapor/liquid water at 7" = 300 and 370
K [15]. With controlled chemical potentials, the MD predicted pressures agree with
the ideal gas pressure for vapor and available simulation results for liquid water [15].

The isosteric heat of adsorption is calculated using [73]

Ahlg,ad _ <SON> — <SO> <N> + k‘BT (Al)

where ¢ is the system potential energy and N is the number of particle in the
nanopore.

The self-diffusion coefficient D; for species 7 in the individual pore is calculated
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using the Green-Kubo autocorrelation relation given as [55],

T

Di = lim [ dt{u;(t)u;(0)), (A.2)

T—00 0

where i is either water or hydronium, ¢ and 7 are times, u;(t) is the velocity of the
species i from MD results. Since the species ¢ in nanogap diffuses only in x- and
y-directions, z- and y-direction velocity profiles are used for the average diffusivity.
7 = 100 ps is used, which is two orders of magnitude larger than the diffusion time

which is 0.5 ps at T' = 370 K.
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Appendix B

Mathematical Formulation of
Water Transport throughout

PEMFC

We propose a capillary-hydrodynamic model for pore-water in Nafion. Whereas,
the previous mathematical models [52, 53] are used in CLs, MPLs, and GDLs to pre-
dict liquid saturation distribution s(z) throughout PEMFC. Figure Figure B.1 shows
a schematic drawing of percolation channel including ESEM image of water on each
layer surface as well as key mathematical formulations with transport parameters.
Fuel cell performance Ay, — j. is also predicted using the predicted s(z) and the

relation given as [63]

A(pe - AQPZ - A()0670 - A()Oe,a - Agpe,c
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where Ay? is the reversible electro-chemical potential (Ag® = 0.18 V at T' = 80°C
[74]), Ape, is the ohmic loss, Ay, , is the activation loss, and Agp, . is the concen-
tration loss, je, is the exchange current density, oy~ (s) is the proton conductivity, R
is the ideal gas constant, T" is the temperature in CL, F is the Faraday constant, k.
is the concentration loss constant, and pp,, pu,0, and po, are the partial pressure of
the hydrogen, vapor, and oxygen in CLs respectively. Considering the electro-osmotic
flow driven by proton transport and back-capillary flow from anode to cathode, the

Onsager relation is given as [95, 55]

. o §)Ueo—
Je = [—O'H+ (S)V@e,o - %VH2OVPC(S):| ’
' B 1 o+ (8) eo
T { e e
MioKK, w| 7
B |:pl HQ()_ Z(S) n O'H+(S’2)aeo:| VHQOVpC(S)}’
,UIVHQO F
V : je = 07

V- -mp,0,; = 0, o

where j. is the electrical current density, S,(s) is the reduced saturation, og+(s) is
the proton conductivity, ae, is the electro-osmotic coefficient, p.(s) is the capillary
pressure, 1,0, is the superficial liquid water mass flux rate, p; is the liquid water
density, K is the absolute permeability, K,;(s) is the relative permeability, p is the

viscosity of liquid water, and My,o is the molar mass of water. The electro-osmotic
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coefficient a,, = 1 [31] is used since we emphasize on Ap,0(z) < 14. The local liquid

water mass flux by capillary pressure is given as [54]

leKer _leKrl dpc

; S . = vSs,, B.3
mMuy,0, " b I (dSr) (B.3)
where S, is the reduced saturation
s — 8
S.(s) = . B4
(s) = 3= (5.4)

and s;,, is the immobile saturation. s;,, pr = 0.33 at the anode side of Nafion as
discussed in Section 3.3, while s;,,,; = 0.1 is used for all the other layers [52]. K,(s)

is the relative permeability, and we use [54]

Kou(s) = S,(s)°. (B.5)

For the capillary pressure, the van Genuchten model is used as [54, 37]

o cosf _ 1/n
e n/l-n
Pe = (K Je) 12 [Sk(s) T (B.6)

where n = 3.56 for GDL (Toray 090) [37]. Parameter n influences the capillary
pressure gradient, and becomes sensitive to n where the saturation is close to the
immobile saturation. Since Nafion is overall hydrophobic (similar to GDL from ESEM
observations), we use n = 3.56 for Nafion.

Capillary pore-water in Nafion continuously connects with percolation channels
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in the adjacent layers, i.e., CLs, MPLs, and GDLs, thus liquid pressure is expected to
be continuous. In general, the continuous liquid pressure is satisfied with the liquid
saturation jump where layer pore-size is mismatched [52, 53]. However, the liquid
pressure continuity may not be satisfied especially at a large pore-size mismatched
interface as observed using X-ray (nearly doubled liquid saturation jump at the in-
terface) [41]. Moreover, the liquid pressure is not continuous across the boundaries
where the pore size is vastly different [53], i.e., water oozing out of small pores is
independent of the liquid pressure in the large pores to which it flows. Here, we use

the doubled saturation jump condition,

1
Sr,f‘+ = §ST,C|—7 (B.7)

where the subscript f and ¢ corresponds to the fine and coarse media, respectively, and
the subscripts + and — are the interfaces facing towards GC and Nafion, respectively.

In CLs, it is assumed that vapor water is produced by the electrochemical reaction
on the cathode side, and no evaporation/condensation are allowed on both sides as
shown in Figure B.1. The water mass transport is conserved in CLs, and the given
reactant mass flow rate for electrochemical reaction are given as

Je

L those = ~ Mo, <. (B.8)

M, 4 = M,

In CLs and MPLs, the one-dimensional effective diffusion model is used [52], whereas

a two-dimensional diffusion analysis is made in GDLs. At the interfaces between
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GDLs and GCs, the channel ribs (landings) block the passages of water and fuels.
This impermeable interface causes a decrease in the species diffusion through GDL
(due to the increased diffusion path). On the permeable GDL surface (outside of
landing areas), we consider a surface-convective resistance for oxygen supply. Thus,
Maxwell-Stephen equation for oxygen diffusion is solved in two dimensions with the
impermeable boundary conditions under the channel ribs (L., = 1 mm and L,
= 1 mm), and periodic boundary condition along y direction. However, we used
an averaged (along y direction) liquid saturation, since no significant variation is
found in the experimental results at 7' = 80°C [43]. Further gas diffusion resistance
results from blockage by surface water droplets on the GDL surface, shown in [32,
58]. These droplets hinder interfacial oxygen transport, especially at high current
densities, and cause a significant concentration loss. The surface droplets form by
oozing of water out of GDL and by condensing vapor in the gas channel, and are
intermittently sheared away by the channel gas flow. Thus, the extent of droplet
coverage is transient and here we assume an average of 40% surface coverage based
on the visualization reported in [58], in turn increasing the impermeable portion of
the interface (in addition to the landing areas). We place this blockage in between
the landing areas (Figure B.1). The parameters used to solve the governing equations

are listed in Tables B.1 and B.2.
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Figure B.1: Schematic of pore-water states in PE (Nafion), CL, MPL, GDL, and GC
porous layers, and their layer thicknesses. Hydrogen and oxygen supplies, capillary
and electro-osmotic liquid water flows, water production by the electrochemical re-
action, and percolation throughout all the layers are also shown. ESEM images of
water on PE (Nafion), MPL, GDL surfaces are also shown. The list of transport
parameters, boundary conditions and surface droplet image on GDL reproduced by
permission from the authors [58] are also shown.
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Table B.1: Layer properties used in the models.

Layer Parameter | Description Magnitude
K absolute permeability 1.8 x 107! m? [95]
0. prE contact angle 110°
Nafion Te principal radius of curvature 1.3 nm
Sim PE immobile saturation 0.33
€PE porosity 0.25 (reduced)
Lpg layer thickness Nafion 112 50 pm
K absolute permeability 2 x 1071 m? [53]
OL Oc.cL contact angle 145°
Sim,CL immobile saturation 0.1
€cL porosity 0.25 (reduced)
Ley, layer thickness 10 pm
K absolute permeability 8 x 107 m? [53]
O ML contact angle 130°
MPL Sim,MPL immobile saturation 0.1
EMPL porosity 0.3 (reduced)
Lypr, layer thickness 30 pm
K absolute permeability 8.3 x 107 m? [37]
Oc.cpr contact angle 120°
GDL Sim,GDL immobile saturation 0.1
€GDL porosity 0.6 (reduced)
LepL layer thickness 300 pm
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Table B.2: Parameters used in the prediction.

Parameter | Description Magnitude
D0, oxygen diffusivity 30.3 mm?/s
Don, hydrogen diffusivity 114 mm? /s
Don,0 vapor diffusivity 34.5 mm?/s

Je,o exchange current density 1 pA/ecm?

k. concentration loss constant 0.04 V

L., width of channel 1 mm

L, width of channel rib (landing) 1 mm

P pressure 2.4 atm

T temperature 80°C

VH,0.1 molar volume of water 1.8x107° m3/mole
TO4,00 oxygen mole fraction 0.168

TH, oo hydrogen mole fraction 0.80

TH,0,00 vapor mole fraction 0.20

Qoo electro-osmotic coeflicient 1

Ap? maximum reversible voltage 1.18 V [74]

L viscosity of liquid water 0.000405 kg/m-s
o surface tension 0.0644 N/m
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Appendix C

Relation between Water Content

and Liquid Saturation

The occupying liquid pore-water volume ratio is represented as the variation of

the water content A\mg,o given as [93]

Viog  AH,0UH,0
= (C.1)
Vo+Vee  vpE + Am,0vm,0
where Vi,0, is the liquid water volume in the pore, V), is the pore volume, vpg, is the
molar volume of Nafion, vy, is the molar volume of water. Using Eq. (C.1), the

liquid saturation s is given as [54]

Vi A
5 — H20,l _ HQO,UHQO (02)
Vo epr(vrE + Amovn,0)

where epg is the porosity of Nafion.
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Appendix D

Average Pore Radius

The average pore radius (r,) is estimated as [20]

1 T'pymaz
<Tp> = 7/ (dVHQOJ)TpdTpa (D.1)

VHQO,l,ma:c r drp

p,min

where 7, is the pore radius, Vi,0, is the liquid water volume. In [20], 7 i = 1 nm

and 7, ;e = 1000 nm are used.
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