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ABSTRACT

Proton exchange membrane (PEM) fuel cells and PEM reverse fuel cell
dehumidifiers (or PEM electrolytic dehumidifiers) are zero emission, high efficiency
electrochemical energy devices. However, the high cost associated with their material
components, e.g., platinum (Pt) electrocatalysts, perfluorinated PEMs, hinders wide scale
commercialization. In this work, fundamental mechanisms and strategies were explored
in ultra-low Pt PEM fuel cells and low-cost PEM electrolytic dehumidifiers. For ultra-
low Pt PEM fuel cells, a series of organized hexagonally patterned electrodes (diameters
of 40, 80, 160, and 360 pm) were fabricated via template-assisted
electrospinning/electrospraying (E/E), and the 80 pm pattern resulted in 42% Pt utilization
enhancement compared to its random analog (without template-assisted). For low-cost
PEM electrolytic dehumidifiers, i.e., to reduce the cost of conventional perfluorinated
Nafion membrane, a series of commercial sulfonated pentablock terpolymer membranes
(i.e., NEXAR® with ion exchange capacities (IECs) of 1.0 and 2.6 meq g™*) were evaluated
in a PEM electrolytic dehumidifier. Water vapor transmission rates (WVTRS) and energy
efficiency were measured at various humidity gradients and potential directions for
membrane electrode assemblies (MEAs). NEXAR® (at 1.0 meq g* IEC) showed the
highest energy efficiency, serving as a cost-effective alternative to Nafion. Additionally,
a fundamental investigation in electrospun sulfonated pentablock terpolymers and
poly(ionic liquid)s was explored for future application to advanced low-cost electrodes in

electrochemical energy devices. Overall, this work demonstrates nanoscale engineering of



polymer electrolytes as electrodes and membranes in both PEM fuel cells and PEM
reverse fuel cells that results in lower cost for high performance zero emission

electrochemical energy devices.
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NOMENCLATURE

'H NMR Proton Nuclear Magnetic Resonance
BEV Battery Electric Vehicle

BF4 Tetrafluoroborate

BIm Butylimidazolium

CL Catalyst Layer

Cv Cyclic Voltammetry

DLS Dynamic Light Scattering

DSC Differential scanning calorimetry
E/E Electrospinning/Electrospraying

EIS Electrochemical Impedance Spectroscopy
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IEC lon Exchange Capacities

Ir Iridium

Li Lithium

Li* Lithium-ion

MEA Membrane Electrode Assembly
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OER
ORR
PEM
PEMFC
PIL

Pt
SAXS
SEM
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Tq

TGA
Ti
TPB
VBC

WVTR

Oxygen Evolution Reaction
Oxygen Reduction Reaction
Proton Exchange Membrane
Proton exchange membrane fuel cells
Poly (ionic liquid)
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Small Angle X-ray Scattering
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Solid-state Polymer Electrolyte
Degradation Temperature
Glass Transition Temperature
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CHAPTER 1.

INTRODUCTION

1.1. Overview

The excessive global greenhouse gas (GHG, 36.4 Gt COgzyq) emission from
transportation and building services (i.e., 28% and 20% of total energy consumption in the
USA in 2020,%3 respectively) is a growing concern and requires zero GHG emission
energy conversion devices to displace current technology. In the transportation sector,
battery electric vehicles (BEVs) have drastically increased from 2015 to 2021 (from 1.1
to 6.4 million units), replacing traditional internal combustion engine vehicles (ICEVS).
However, shortcomings remain for BEVs, including limited driving ranges (ca. 500 km?)
and slow charging rates (ca. 6-8 h for fully charging). Fuel cell electric vehicles (FCEVs)
provide an alternative zero GHG emission to BEVs for select applications, such as heavy-
duty vehicles (e.g., buses and semi-trucks) due to the high gravimetric energy density of
hydrogen (33.6 kWh/kgh2 vs. 12-14 kWh/Kggieser), long driving ranges (ca. 1000 km®) and
the fast refueling (ca. 3-5 min).% 7 Among the multiple types of fuel cells, proton exchange
membrane fuel cells (PEMFCs) are promising candidates for the automobile industry, as
well as, additional applications in portable and stationary energy due to its distinguishing
features of low operating temperature (50-100 <C), lightweight, and high power density.

In regards to building services, operating PEMFCs in reverse as an electrolytic
dehumidifier can effectively mitigate the primary energy consumption (ca. 1000 kWh per

dehumidifier unit, 9% of the average household energy consumption®) in space cooling of
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buildings and indoor humidity control and displace conventional air-conditioning (AC)
systems utilizing condensation refrigerants.® Dehumidification in conventional AC has the
disadvantages of intensive energy consumption (25% of the total energy consumption per
AC), insufficient dehumidification capacity, and wet surfaces corrosion. Chemical
dehumidification by liquid or solid desiccants is typically space-demanding and suffers
from high energy costs due to desiccants regeneration at high temperatures (170-200<C).
In contrast, a reverse fuel cell dehumidifier is space-flexible and environmentally friendly.
It can statically operate at low potentials (ca. 3-20 V) at room temperature or coupled with
evaporative cooling to achieve energy-efficient AC. The following sections provide a
review of PEMFCs and proton exchange membrane (PEM) electrolytic dehumidifiers,
along with the recent advances in their materials, specifically their electrodes and
membranes. The overall goal is to address the cost issue of precious metal catalysts and
fluorinated membranes and ultimately achieve cost-effective, commercially available
PEMFCs and PEM-based electrolytic dehumidifiers to reduce global energy consumption

and GHG emissions.

1.2. Proton Exchange Membrane Fuel Cell (PEMFC)

The first fuel cell was invented in 1839 by Sir William Robert Grove, and the first
actual application was in the Gemini space mission in 1962 by General Electric.! In the
early 1970s, Dupont invented a perfluorinated sulfonic acid membrane with the tradename
Nafion®, which had a significant impact on fuel cell development as it became the

benchmark PEM in PEMFCs. In the 1990s, several breakthrough findings from the Los
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Alamos National Laboratory resulted in significant reductions in platinum catalyst loading
in a PEMFC, while still maintaining high power density.'? These advancements resulted
in significant academic and industrial research and development in PEMFCs since this
time. Reducing cost and improving the PEMFC durability is still a primary focus of
research development today.

A typical PEMFC, as shown in Figure 1.1, consists of five major symmetric
components (assembled between two gas flow channels): a PEM in the middle, two
electrodes, and two gas diffusion layers (GDLs). A PEMFC converts chemical energy
stored in fuels (i.e., converting hydrogen and oxygen directly into electrical energy with
zero carbon dioxide emission with water as the sole byproduct).!® At the anode side,
hydrogen fuels are catalytically spilt into protons and electrons, i.e., hydrogen oxidation
reaction (HOR), as shown in Equation 1.1. The newly formed protons are transported
through the PEM to the cathode side. The electrons travel externally through the load
circuit and create the current output. Meanwhile, oxygen fuel supplied at the cathode
reacts with the transported protons, completing the other half-cell reaction, i.e., oxygen

reduction reaction (ORR), as shown in Equation 1.2.

Anode (HOR): 2H, — 4H* + 4e™ Equation 1.1
Cathode (ORR): 0,+ 4H*+ 4e~ — 2H,0 Equation 1.2
Overall: 2H,+ 0, — 2H,0 Equation 1.3
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Figure 1.1 Schematic of a proton exchange membrane fuel cell (PEMFC).

1.2.1. Electrode Structure

The conventional electrode structure is a porous network composed of
agglomerated catalyst particles (agglomerates of platinum (Pt) catalyst nanoparticles (ca.
2 nm) supported on carbon nanoparticles (ca. 25-50 nm) impregnated with proton-
conducting ionomer, illustrated in Figure 1.2. The carbon-supported Pt catalyst allows
electrons to transport through the catalyst layer, the proton conductive ionomer
surrounding the catalyst acts as the bridge for the protons to move through the catalyst
layer and reach the Pt sites. The porosity allows oxygen to diffuse through the catalyst
layer to reach these Pt sites, i.e., triple phase boundaries (TPBs), where all indispensable
reaction species (electron, proton, and oxygen) intersect and ORR occurs.'? 116 Although

PEMFCs are now commercially available, the high loadings of expensive Pt catalyst (a
4



crucial component required to achieve high power densities) have hindered extensive
market applications.” '8 Specifically, high cathode Pt loading (typically 0.4-0.5 mgp: cm"
2) is required to overcome the inherent sluggish ORR kinetics on the cathode.*® Therefore,
reducing the Pt loading without sacrificing fuel cell performance (i.e., Pt utilization
enhancement) has attracted considerable interest for many decades.

To enhance Pt utilization through optimizing TPBs, particularly under ultra-low Pt
loading conditions, a balance between void and solid volume in the electrode requires
careful design. Conventional electrode fabrication techniques typically include depositing
(e.g., paint-brushing or air-spraying) a well-dispersed catalyst ink solution (mixture of
Pt/C catalyst, Nafion ionomer, and water/alcohol solvents) onto a gas diffusion layer,
which usually results in an evaporation-formed random porous network. The internal
structure of the porous network typically can be adjusted by catalyst ink preparation (e.g.,
Nafion to Pt/C ratio,>?* hydrophobic additives,?>?® ink dispersing media,?®?® and
dispersion technique?® ). Since conventional ink-based electrode fabrication provides
minimum subject control over the internal architecture, the design and fabrication of a
well-defined electrode construction are of great interest to achieve adjustable TPBs with

competitive cost as an alternative to maximize Pt utilization.
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Figure 1.2 lllustration of triple phase boundaries (TPBs; red icon) existing at the Pt/C
catalyst, Nafion ionomer, and oxygen interface.

1.2.2. Electrode Patterning Approach

Increasing attention has been focused on artificially designed electrode interface
or internal structures in addition to conventional design and optimization of catalyst ink.3"
%2 As an emerging approach for advanced electrode design, tailoring microstructure
through patterning can rearrange the proton-electron-porosity percolating networks, and
enable enhanced fuel cell performance.3: 3 Constructing patterned electrodes with
periodic structures to optimize TPBs has been investigated with both two-dimensional
(2D) and three-dimensional (3D) patterns, as shown in Figure 1.3. 2D geometrically
patterned electrodes are usually catalyst ink-based and fabricated by inkjet printing 3%’
or by spraying the ink through flat micro-stencil masks.®“% In contrast, 3D patterned

electrodes consist of larger z-direction depth, which could provide more void space and



interconnected macropores, resulting in enhanced TPB connections compared to their 2D
counterparts. Common approaches to extend 2D to 3D patterned electrodes include
imprinting commercial Nafion membranes with patterned molds**“® or lithography
etching,* employing liquid precursors to build patterned membranes by micromolding
techniques,* % and casting catalyst ink slurries into elastomeric molds.*® Although
feasible, patterned interfaces prepared by these methods are less durable due to the
collapse of the Nafion surface in the subsequent hot-pressing bonding procedure for
membrane electrode assemblies (MEAs; anode/PEM/cathode layered composite) at the
glass transition temperature of Nafion (Tg) (ca. 135 <C). More durable intricate alternative
3D patterning methods usually require a sacrificial template, which either Pt or Nafion
ionomer will be deposited on to form a 3D framework. After removing the initial
sacrificial template, the other species will be deposited on the outer surface of the
framework from the previous step. For instance, an inverse oval patterned Pt electrode
was constructed through self-assembled polystyrene beads, showing enhanced mass
transfer and performance owing to the morphological advantages.>® Patterned Nafion
arrays constructed via anodic aluminum oxide (AAQ) templates also demonstrated power
density and lifetime improvements.>® Even though these methods hold promise in
improving power performance, the cathode Pt loading remains relatively high (0.2-0.4
mget cm2), higher than the 2020 DOE total Pt loading target (0.125 mget cm?).%?
Therefore, a simple and scalable 3D patterned electrode fabrication technology with ultra-

low Pt loading is still highly desirable.
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Figure 1.3 Patterned electrodes adapted from references. (a) An inkjet-printed serpentine
catalyst layer on Nafion membrane,®® (b) cross-section of deposited catalyst layer on the
patterned Nafion membrane,*® (c) cross-section of a porous Nafion membrane,> and (d)
porous Pt electrodes fabricated through an inverse-opal structure.

1.3. Proton Exchange Membrane Electrolytic Dehumidifier

Proton exchange membrane (PEM) electrolytic dehumidifiers possess the
advantages of compact system design, low operating temperature and voltage, and high
dehumidification capacities. Compared to the conventional bulky liquid/solid desiccant
absorption/adsorption equipment and energy-intensive vacuum-based dehumidification
techniques, a PEM electrolytic dehumidifier could directly drive the moisture from one
side to another under low electric fields without cooling agents or adsorbents, serving as
a perfect candidate for addressing problems caused by high humidity in a limited enclosed
space, such as corrosion or degradation issue in electronics, precision manufacturing,

medication or artwork preservation industry.>4-%
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The working principles for a PEM electrolytic dehumidifier are reverse of a
PEMFC, therefore it could also be considered as a reverse fuel cell. As illustrated in Figure
1.4, a PEM dehumidifier consists of a multi-layer sandwiched structure similar to a
PEMFC, i.e.,aPEM as the solid electrolyte in the middle and two supported catalyst layers
on each side as the anode and cathode. Different from a PEMFC utilizing carbon-based
gas diffusion layers on both anode and cathode, the anode of a PEM dehumidifier requires

anti-corrosive material (e.g., Ti mesh or foam) to mitigate carbon support corrosion.®’

Fuel Cell Dehumidifier

|—| 3 2H,0 — 2H,0 +nH,0

Water Vapor Feedstock

Oxygen
Water

\ 0, + 4H* + de* — 2H,0
H* H* Water Vapor
Hydrogen > 2H,0 0, + 4H* + de- e 3

2H, — 4H" + 4e Hydrogen
Oxygen

4H* + de- — 2H,

Liquid Water Feedstock

Reverse Fuel Cell
Anode Cathode Cathode Anode 2H,0 — 2H, + O,

2H2 + 02 i 2H20

Figure 1.4 Principle and structure comparison between a PEM electrolytic dehumidifier
(reverse fuel cell) and a PEMFC.

When an external potential is applied, the oxygen evolution reaction (OER, i.e.,
Equation 1.4) occurs at the anode resulting from water vapor decomposition in the air. On

the cathode, both ORR (i.e., Equation 1.5) and hydrogen evolution reaction (HER, i.e.,
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Equation 1.6) are eligible to occur depending on the status of catalysts, reactants, and
electric field intensity. Therefore, the overall reaction could be either net water
transportation from anode to cathode (Equation 1.7) or a combination of water electrolysis
(Equation 1.8). In a traditional water electrolyzer®® with either liquid or water vapor (with
inert carrier gas) as the feedstock, no oxygen is delivered on the cathode to prevent cell
efficiency deterioration. However, during dehumidification with humid air feedstock,
thermodynamically favored ORR (-1.23 V vs. SHE)*® is unavoidable and competes with
HER (0 V vs. SHE) for proton consumption. At the same time, the water generation also
complicated water management and could result in back diffusion, which will decrease

the cell efficiency.

Anode (OER): 2H,0 — 4e~+4H* + 0, Equation 1.4
Cathode (1, ORR): 0,+ 4H*+ 4e~ — 2H,0 Equation 1.5
Cathode (2, HER): 2H*+ 2¢e~ — 2H, Equation 1.6
Overall (1): 2H,0 — 2H,0 Equation 1.7
Overall (2): 2H,0 — 2H, + 0, Equation 1.8

As demonstrated in Figure 1.5, the water transport mechanism in the PEM
dominated by two primary mechanisms: electro-osmotic diffusion and concentration
gradient driven diffusion.®® With applied external potential, water molecules in the vicinity
of the anode decompose into protons and oxygen molecules. The protons are driven
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toward the cathode by the electric field, together with a certain number of water molecules
via hydrogen bonding and electro-osmosis drag effect®® due to the formation of proton and
water molecules aggregation species. The protons are then combined with oxygen
molecules at the cathode to reproduce water.® As a result, the water content at the anode

gradually decreases, and the dehumidification occurs.

.

Electro-osmotic Drag
nH,0 (H*)

Cathode

(e——

Concentration Gradient
Driven Diffusion
mH,0

Figure 1.5 Water transport schematic across the PEM in an electrolytic dehumidifier.

The dehumidifying capability (i.e., Am/At, g s) can be expressed as the Equation

1.9:%2

Am __ 9(1+2a)

DS .
At eNga (I)[tl,tz] - T(pS,C - ps,a)[t1,t2] Equatlon 19

In Equation 1.9, ps . and p , are the water densities (g cm) at anode and cathode,
respectively; D (cm? s1) is the diffusion coefficient of water inside PEM, S (cm?) and L

(cm) are the area and thickness of PEM, «a is the electro-osmotic drag coefficient, and /
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is the average current density (A cm) from operating time t; to t,. As seen from Equation
1.9, the dehumidifying capacities are determined through the water transport difference
among electrolytic current, the electro-osmaosis drag, and the concentration gradient driven
diffusion.

While theoretical water transportation and management inside a PEM reverse fuel
cell are relatively well-understood, device-level practices are still limited on water
electrolyzers with liquid water as the feedstock and targets of hydrogen generation. In
order to promote the performance of air-feed dehumidifiers performance, simulations and
systematic experimental investigations are necessary to properly guide both materials
(e.g., PEM and electrode) and operational factors (e.g., applied potential, RH, air

convection) design, which will be reviewed in the following section.

1.3.1. Numerical and Experimental Research Advances

As a recently proposed technology, PEM-based electrolytic dehumidification with
gaseous water vapor feedstock under low temperature has not been extensively explored
with only a few studies (< 20 publications) reported to date.

Numerical models have been developed for the prediction of humidity and current
evolution with time. Early studies in 2009 by Sakuma et al.®? experimentally validated the
electrolytic dehumidification by a commercial Nafion membrane at normal temperatures
(2040 °C) via a two-layer model, which can predict the dynamic membrane
characteristics, including water content and dehumidifier electrical resistance. The

following work by Sakuma et al.%® in 2010 modified the model with a leakage area to
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define an attainable steady-state humidity, which is preferable for practical applications.
In 2017, Qi et al.®* developed a 2D steady-state model combining mass and heat transfer
to simulate the PEM properties (e.g., thickness, water content, conductivity) influence on
the dehumidification rate. Based on Qi et al.’s work, Zhang et al.% optimized the anode-
side exchange current density and heat transfer coefficient by a multi-parameter fitting
method to minimize the simulation error. From the standpoint of material physical
characteristics, Li et al.% applied a 2D steady-state model solved by finite difference
method to elucidate the vital role of anode catalyst layer properties (e.g., thickness,
porosity, pore diameter, tortuosity).

Experimental research has focused on predicting voltage-current characteristics
(V-I curve, i.e., polarization) to understand electrolytic dehumidifier performance. Unlike
the PEM water electrolyzer, which typically operates under a relatively lower voltage (i.e.,
1.5-2.2 V), PEM electrolytic dehumidifier requires a higher voltage (i.e., > 3V) to achieve
satisfactory dehumidification rates. For instance, in 2011, Sakuma et al.” conducted a
four-electrode boundary voltage measurement and proposed an experimental formula to
predict the steady-state current as a function of electrode water content and overpotential,
reaching 61.2 mA cm? (30 <, 80% RH) at above 1.8 V. Li et al.®® explored V—I -
characteristics with in situ electrochemical impedance spectroscopy (EIS) and achieved
32-43 mA cm (19 <T 95% RH) and proposed proton conductivity reduction of PEM as
the main reason for current attenuation at high voltages (> 2.5 V). Greenway et al.®®

investigated V-1 characteristics in an anode-liquid and cathode vapor feed (a mass
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transport limited condition, which limits the reaction rate) configurations in a PEM based
electrolyzer, reaching a limiting current of 400 mA cm (70 <C) at above 1.6 V.

Despite these initial studies, PEM electrolytic dehumidification still suffers from
multiple problems as an emerging technology,® such as high costs of PEM and noble
metal catalyst (e.g., IrO2, Pt), intensive energy consumption, low system durability,”® and
unclear ORR and HER competing mechanisms. Of all the issues mentioned above,
identifying alternative low-cost PEMs that can alleviate energy costs and improve
dehumidification efficiency is of significant priority towards the commercialization of

PEM electrolytic dehumidifiers.

1.3.2. Proton Conducting Membrane in Electrolysis/Dehumidifier

The PEM in membrane electrolysis dehumidification serves as a separator and a
transmission pathway for protons and water molecules. In addition to operating conditions
for a vapor feed electrolytic dehumidifier, the intrinsic properties of the PEM (e.g., ion
exchange capacity, nanostructure, mechanical strength) also play a critical role in
determining the dehumidification performance and energy efficiency.®® In pioneering
work in 2009, lwahara et al.”* proved the concept of a solid-state electrolytic dehumidifier
using a proton-conducting ceramic-based solid electrolyte based on previous work® 3 on
high-temperature steam electrolyzer, and achieved partial water vapor pressure reduction
from 45 Pa to 6.7 Pa at 700 <. In 2008, Sawada et al.”* synthesized a crosslinked
polytetrafluoroethylene (PTFE) PEM and performed water vapor electrolysis at 1.4-2.5V

at low-temperature ranges (50-80 <C). Li et al.” reported on the performance of the PEM
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electrolytic dehumidifier and that it is determined by the proton conductivity, electro-
osmotic drag coefficient, and back diffusion properties of the PEM, which are all related
to the water content of the PEM.

It is noteworthy that the hydration state of the PEM differs between fuel cell and
reverse fuel cell dehumidifier. During fuel cell operation, the PEM is exposed to fully
humidified O, and H. in a serpentine flow field, whereas during reverse fuel cell
dehumidification, the PEM is fed with static air of varying humidity, which poses higher
requirements of the water retention properties for the latter.”® Theoretical investigation by
Qi et al. " indicated that the water content of the PEM was a key factor affecting water
removal. With increasing PEM water content, both the conductivity and electro-osmotic
drag coefficient increased significantly, thereby improving moisture transfer inside the
PEM. Therefore, studies have focused to further optimize water retention and properties
of the commonly used benchmark PEM, i.e., Nafion membrane, to reduce its ohmic losses
and achieve better performance.”® For instance, fabrication of a high water uptake PEM
with physically or chemically incorporated SiO, nanoparticles by Li et al.”® increased
dehumidification rate and energy efficiency by 17% and 22%, respectively. Qi et al.54 ™®
studied the influencing factors of PEM-based electrolytic dehumidification, including the
airflow rate, air temperature, relative humidity, and applied voltages. The steady-state
energy efficiency was 1.5x 1072 —2.0 x 1072 g J'* m™2, with 45-55% total mass transfer
including back diffusion, leading to low energy efficiency. Examples of PEM in water
vapor electrolyzer or electrolytic dehumidifier, including the anode and cathode feedstock

condition and water removal rate (for dehumidifier), are listed in Table 1.1.
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Table 1.1 Membranes in electrolyzer/electrolytic dehumidifier

Membrane System Performance Ref.
ﬁggee dO3' Electrochemical Desiccate test gas with initial Iwahara et al. 7
ceramic dehumificaiton Py,,0f 45 Pato 6.7 Pa
Crosslinked- Water vapor 50 mA cm Sawada et al.7
PTFE electrolysis at80 €, 95% RH, 2.5V '

. Electrolytic air 1.065-1.294 x10* kg s* : 66
Nafion 117 ehumidification  at 22 <C, 92% RH, 3 V Lietal

. Electrolytic air 0.25-0.45 x10*gs? : 70
Nafion 212 gehumidification  at22 T, 90% RH, 2-4v - etal

. Electrolytic air 0.005-0.016 g s* . 63
Nafion 212 jehumidification ~ at 19 <C, 95% RH, 1538y L' etal
NEXAR® Liquid water 1140 mA at 25 T, 3V Filice et al &

electrolysis

. Electrolytic air 0.2-1.5 x10*gs? : 77
Nafion 117 gehumidification  at22 <, 70-00% RH, 3V~ <etal

. Electrolytic air 0.2-0.5 x10*gs? : 81
Nafion 117 gehumidification  at22 <, 70-00% RH, 3V~ <'etal

. Water vapor 20 mA cm™ Spurgeon et
Nafion 115 electrolysis at 20 T, 95% RH, 1.7 V al.®

. Electrolytic air 4.1%x10%gs? 67
Nafion 117 gehumidification ~ at30 <, 60% RH, 3V Sakumaetal
Nafion 212- Electrolytic air 0.1-0.9 x10“gs* Li et al.™
SiO» dehumidification at 35 C,45% RH, 3V '

Despite the advancements of investigation on the operational factors influence on
dehumidification performance, Nafion membranes (i.e., similar IECs with multiple
thicknesses) remain the leading state-of-the-art PEM. To date, studies on electrolytic

dehumidification with alternative hydrocarbon-based membranes are still scarce,
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specifically with a variation on different hydration levels (i.e., multiple 1ECs). Future
investigations on low-cost hydrocarbon-based PEM with competitive performance and
energy efficiency are highly desired to provide insights into the proper design of

electrolytic dehumidification membranes.

1.4. Outline and Summary

In this dissertation, commercially available proton-conducting polyelectrolytes
were engineered as nanostructured patterned electrodes and membranes, targeting high
energy density, energy-efficient, low-cost PEMFCs and revere fuel cell dehumidifiers.

Chapter 2 utilizes the template-assisted electrospinning/electrospraying (E/E)
technique as a novel engineering approach to reorganize triple-phase boundaries (TPBs)
and enhance Pt utilization in PEMFC electrodes at ultra-low Pt loadings (ca. 0.06 mgpt
cm). The impacts of the hexagonal nanofiber-nanoparticle patterned electrodes with four
varying sizes on fuel cell power density, Pt utilization, and electrode resistance were
analyzed in comparison with randomly organized conventional E/E electrodes.

Chapter 3 employs a commercially available non-fluorinated sulfonated
pentablock terpolymer membrane with varying ion exchange capacities (IECs) in reverse
fuel cell/electrolytic dehumidification, in order to identify and evaluate a more cost-
effective and energy-efficient alternative to replace the expensive benchmark Nafion
membrane. In addition to materials selection, operation conditions, including applied

potential directions and humidification levels were also examined, with the goal of
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providing additional insights into the water vapor transmission rate (WVTR) and water
removal efficiency.

In order to expand the application of the proton-conductive non-fluorinated
sulfonated pentablock terpolymers in chapter 3, these materials were evaluated as
nanostructured electrodes in chapter 4. Specifically, the materials electrospinning
behavior in binary solvent mixtures was explored. Chapter 4 focuses on investigating
solvents influence on the solution microstructures, as well as the resulting macro
properties, i.e., viscosity, shear-thinning behavior, and conductivity, to provide insights of
fundamental factors into improving solution electrospinability.

To further broaden the application of ionic polymers as nanofibrous solid
electrolytes in water-free lithium (Li) batteries, chapter 5 investigated the electrospinning
behavior and properties of a styrene-based polymerized ionic liquid (PIL) (i.e., butyl
imidazolium cation with lithium tetrafluoroborate anion). The influence of Li salt
concentration on PIL electrospinability and resulting thermal and electrochemical
properties of the Li-doped nanofibers were characterized and compared with its solution-
casted film analog. The hypothesis is that nanofibrous membranes could potentially
improve the interfacial contact with Li metal electrodes during cell operation.

Chapter 6 concludes with a summary of the major contributions of this dissertation
towards applying ionic polymers as nanostructured membranes or electrodes in zero GHG

emission electrochemical energy devices and proposes directions for further investigation.
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CHAPTER 2.

3D PATTERNED ELECTRODES FOR ULTRA-LOW PLATINUM FUEL CELLS"

2.1. Introduction

Can the advantages of 3D patterned structure be applied to ultra-low Pt loading
electrodes? In our previous study, a simultaneous electrospinning/electrospraying (E/E)
technique was developed to produce unique nanofiber-nanoparticle electrodes for ultra-
low Pt loading (ca. < 0.1 mge: cm™2) fuel cells.®? Unlike conventional ink-based electrodes,
the interaction of nanofibers and nanoparticles increases the number and connectivity of
TPBs inside the electrodes, which generated high power outputs even at ultra-low cathode
Pt loading (0.022 mge: cm™). However, previously developed E/E electrodes were
randomly assembled due to the nature of whipping electrospinning jets. Therefore, it
would be of great interest to develop E/E electrodes containing patterned fiber mats to
improve water management and further enhance fuel cell performance at ultra-low Pt
loadings. Although patterned fiber mats have been utilized for tissue engineering,® to the
best of our knowledge, it has not yet been investigated for patterned nanofiber-
nanoparticle electrodes in fuel cells.

In this work, we demonstrate a novel template-assisted E/E technique as a strategy

for creating organized patterned nanofiber-nanoparticle electrodes at ultra-low Pt

* Reprinted with permission from "3D patterned electrodes for ultra-low platinum fuel cells." by Yang, Y.,
R. Sun and Y. A. Elabd (2022). International Journal of Hydrogen Energy 47(14): 8993-9003. Copyright
2022 by Elsevier.
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loadings. More specifically, photolithographed patterned templates were utilized to direct
the deposition of electrospun nanofibers and electrosprayed nanoparticles during the E/E
process to generate 3D patterned electrodes. Four different hexagonally patterned
electrode sizes were fabricated in this study (pattern diameters of 40, 80, 160, and 360
). The influence of patterned E/E electrode, as well as the pattern size on fuel cell
performance were investigated. The patterned electrodes were fabricated into MEAS as
cathodes and the subsequent performances were evaluated in a fuel cell. The
electrochemical surface area, cell resistance and power densities of the patterned

electrodes were also compared with the random electrodes prepared by E/E.

2.2. Experimental Methods
2.2.1. Materials

Isopropanol (IPA; ACS reagent, > 99.5%) and poly (ethylene oxide) (PEO; My =
400,000 g mol?) were purchased from Sigma-Aldrich. Carbon supported 20 wt% Pt
catalyst (Pt/C; Vulcan XC-72) was purchased from Premetek. Nafion solution (LQ-1105)
and Nafion membrane (NR-212) were purchased from lonPower. Photoresist SU-8 3050
and SU-8 developer were purchased from MicroChem. Silicon wafer (n-type, 5°’) was
purchased from UniversityWafer. Gas diffusion layer (GDL; Sigracet 25BC) was
purchased from Fuel Cells Etc. All materials were used as received. Deionized (DI) water
with a resistivity of 16 MQ cm was used as appropriate. Ultra-high purity grade nitrogen

was purchased from Brazos Valley Welding Supply. Ultra-high purity oxygen and ultra-
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zero grade air were purchased from Airgas. Ultra-high purity hydrogen was purchased

from Praxair. All gases were used for fuel cell experiments.

2.2.2. Fabrication of Patterned Templates

The SU-8 3050 photoresists were applied on silicon wafers by spin coating (BID-
TEK SP-100 Spin Coater) followed by a soft-baking procedure to achieve 60 pm thick
coating. Hexagonal micro-patterns were fabricated via photolithographic (EVG 610
Double-sided Mask Aligner) using customized photomasks (quartz-chrome substrate,
PortalPhotomask) and then washed by SU-8 developers. The depth of the pattern was
controlled by spin-coating speed and UV-exposing time. After photolithography, double
conductive layers (Al-120 nm and Au-30 nm) were deposited on top using an electron
beam evaporator (Lesker PVD 75 E-Beam Evaporator). The patterned surface was divided
into four 2 cm by 2 cm square zones. Each zone was patterned with one characteristic
hexagonal internal diameter 40 pm, 80 pm, 160 pm, and 360 m, respectively. The width

and height of the hexagonal pores were 20 m and 60 pm, respectively.

2.2.3. Template-Assisted Electrospinning/Electrospraying (E/E)

A custom-designed E/E apparatus, as illustrated in Figure 2.1(a), has been
described in detail in previous work.2* Patterned templates were fixed on the drum
collector, where Nafion nanofibers and Pt/C nanoparticles were electrospun and
electrosprayed simultaneously. The anode was fabricated by solely electrospraying,

whereas the cathode was fabricated by template-assisted E/E. The anode electrospraying
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catalyst ink solution used to fabricate E/E electrodes consisted of a mixture of 20 mg of
Pt/C catalyst, 400 mg of 5 wt% Nafion solution, 580 mg of isopropanol/DI1 water (3/1 v/v),
with solids weight percent constant at 4 wt% for all E/E experiments. The mixture was
sonicated for at least 3 min before electrospraying. For cathode, the catalyst ink
composition was similar to the anode catalyst ink solution with the exception of the Nafion
solution. The electrospinning polymer solution used to fabricate cathode electrodes was a
10 wt% 20/1 Nafion/PEO polymer solution, e.g., 5 mg of PEO, 100 mg of dried Nafion
flakes, and 945 mg of 3/1 v/v isopropanol/water. The polymer solution was stirred at
ambient temperature for at least 12 hours to ensure the complete dissolution of Nafion and
PEO. The catalyst ink and the polymer solution were used in the electrospraying and
electrospinning processes respectively, with the Pt loading controlled by the E/E duration.
The needle tip to collector distances, applied voltages, and solution flow rates were 15 and
9 cm, 7 and 15 kV, 0.3 and 0.8 mL h for the electrospinning and electrospraying

processes, respectively.

2.2.4. Membrane Electrode Assembly (MEA) Fabrication

After electrodes were fabricated via template-assisted E/E, the electrodes were
transferred from the patterned templates to Nafion membranes. This was accomplished by
gently pressing a bare Nafion membrane onto a patterned electrode and then gently peeling
away the Nafion membrane together with the transferred patterned electrode, as shown in
Figure 2.1(b). Nafion membranes with transferred patterned electrodes were then

combined with GDLs to fabricate membrane electrode assemblies (MEAs) by
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sandwiching the Nafion membrane/patterned cathode between a bare GDL (cathode
substrate) and an electrosprayed GDL (anode), and hot pressed (3851-0, Carver) for 5 min
at 275 F (135 <€) and 600-800 psi (4.1-5.5 MPa), as shown in Figure 2.1(c). At least
three MEAs at each of five different cathode pattern sizes (D = random, 40, 80, 160, 360

jum) were fabricated for a total of fifteen E/E MEASs in this study.

(a) <+ (b)
; d # ¢ D\
i (V]
:
= = d =20 pum
= D =40, 80, 160, or 360 um
Template-Assisted E/E Patterned Template

Template
Nafion membrane Cathode Anode
Patterned Electrode Transfer MEA Fabrication

Figure 2.1 Experimental schematic: (a) template-assisted E/E apparatus, (b) patterned
template diameter sizes, (c) patterned electrode transfer from patterned template to Nafion
membrane, and (d) MEA fabrication.

2.2.5. Electrode Characterization
The morphology of the patterned electrodes was characterized by an optical

microscope (Eclipse Ti-E Inverted Microscope, Nikon Instruments) and scanning electron
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microscopy (SEM; FEI Quanta 600 FE-SEM). For cross-sectional area characterization,
Nafion supported electrodes were soaked in liquid nitrogen for 15 minutes, and then cut
with a doctoral blade immediately. All samples were sputter-coated (Cressington 208 HR)
with 6 nm Platinum/Iridium before SEM analysis. To analyze the nanofiber and
nanoparticle size distribution, 50 counts for each sample were randomly sampled and
analyzed using ImageJ software.

The Pt loading was measured with thermal gravimetric analysis (TGA; Q50, TA
Instrument). A small portion of the electrode (ca. 4 — 6 mg) was heated from 25<C to 900
T at 10 T mint in the air at 60 mL min*. The Pt loading was determined by dividing
the residual weight at 850 <C by the original sample area (all other components degrade
below 800 <C except for Pt). The average Pt loading for each patterned electrode was

determined using at least 2 — 4 electrodes.

2.2.6. Fuel Cell Tests and Cyclic Voltammetry (CV)

Each MEA (1.21 cm? area) was placed between two serpentine flow field graphite
plates (1 cm? flow area) separated by two 0.152 mm thick PTFE/fiberglass gaskets (Cat.
No. 33, Scribner Associates, Inc.). The entire fuel cell assembly consisted of an MEA, two
gaskets, and two flow plates placed between copper current collectors followed by
endplates all held together by bolts with 100 Ib in (11.3 N m) of applied torque. Fuel cell
performance of each MEA was evaluated with a fuel cell test station (850C, Scribner
Associates, Inc.). Fuel cell tests were conducted under ambient pressure with saturated

(100% RH) anode and cathode flow rates of 0.43 L min™ hydrogen and 1.02 L min™
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oxygen at 80 <TC, respectively. Fuel cell performance was recorded after a new MEA was
fully activated. The activation process consists of operating the MEA at 0.7 V for 1 h,
followed by 0.6 V, 0.4 V, and 0.2 V for 30 min at each voltage, and ending with two cycles
of 0.6 V and 0.4 V for 30 min at each voltage. Polarization curves (cell voltage versus
current density) were collected from the open-circuit voltage (OCV) to 0.2 V at increments
of 0.05 V min! to determine that no further increase in current density at a constant voltage
was observed, thus the MEA was at steady state. After the MEA was fully activated and
reached a steady state, five polarization curves were collected to determine the average
maximum power density. The average error between polarization curves was < 3% for the
hydrogen/oxygen experiments.

Cyclic voltammetry (CV) was performed on a fully activated MEA with a
potentiostat (Solartron SI 1287A, Corrware Software) at 20 mV s from 0.01 V to 1 V
versus NHE under ambient pressure. In this two-electrode configuration, the anode serves
as both the counter and reference electrodes. The fuel cell anode and cathode were
supplied with 0.04 L min? hydrogen and 0.02 L min? nitrogen, respectively.
Temperatures of the cathode gas, anode gas, and cell were maintained at 30 <C. The Pt
catalyst was assumed to have an average site density of 210 pC cm? 8. The
electrochemical surface area (ECSA) was determined from the hydrogen adsorption area
from 0.1 to 0.3 V. Five cycles were taken to determine the average ECSA for each MEA.
Linear sweep voltammetry was performed at 2 mV s™ from OCV to 0.8 V versus NHE to
determine if the MEA had any defects that resulted from internal shorts or significant

hydrogen crossover.
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2.2.7. Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy (EIS; Solartron SI 1260A) was
performed on a fully activated MEA from 1 MHz to 1 Hz at 0.4 V versus NHE under
ambient pressure. In this two-electrode configuration, the anode serves as both the counter
and reference electrodes. The fuel cell anode and cathode were supplied with 0.43 L min
L hydrogen and 1.02 L min™ oxygen, respectively. Temperatures of the cathode gas, anode
gas, and cell were all maintained at 80 <C. The EIS data was analyzed using the classic
equivalent circuit models that consisted of a resistor (resistance of the solid electrolyte
membrane) in series with a parallel circuit of a constant phase element and a second

resistor (resistance of the electrode) that is typically used to describe a porous electrode®®.

2.3. Results and Discussion
2.3.1. Patterned Electrode Morphology

Figure 2.2 shows images of the patterned electrode morphologies fabricated via
template-assisted E/E. Figure 2.2(a) shows the patterned electrodes supported on a
transparent Nafion membrane substrate fabricated by decal transfer (Figure 2.1(c)). The
decal transfer was facile due to the higher affinity of the electrode to the flexible Nafion
membrane compared to the rigid metal-coated silicon wafer templates. Brightfield optical
microscopy images of all electrodes are shown in Figure 2.2(b-f), where each image
corresponds to a specific feature size (hexagonal pattern diameter D = 40 pm, 80 pm, 160

pm, 360 pm; random). In contrast to the morphology of the random oriented electrode
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(shown in Figure 2.2(f)), the organized hexagonal patterned features are clearly
demonstrated in Figure 2.2 (b-e). Nafion nanofibers and Pt/C nanoparticles collected on
patterned template and form honeycomb structured electrode (darker area in Figure 2.2(b-
e)) demonstrating the template-assisted E/E technique has the ability to guide the well-
controlled nanofiber-nanoparticle deposition in the range of few tens to few hundreds of

microns.

Figure 2.2 Images of patterned electrode morphology. (a) Photo of the patterned electrode
transferred onto Nafion membrane substrate, and optical microscope images for E/E
electrodes with hexagonal pattern diameters of (b) 40 pm, (c) 80 pm, (d) 160 pm, (e) 360
jpm and (f) random morphology.
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Figure 2.3 shows the SEM images of the top and cross-sectional views of the E/E
patterned electrodes. Individual hexagonal patterned structures with different feature sizes
under high magnification were shown in Figure 2.3(a-d). The E/E catalyst layers show a
highly porous microscopic morphology with interconnected nanofibers and particle
aggregates. More importantly, the hexagonal patterns organize nanofibers and
nanoparticles into catalyst-dense walls and catalyst-thin openings, which could act as
reservoirs for the collection and removal of produced water during fuel cell operation,
specifically at high current density where the water generation rate is more significant.
The solid phase electron and proton conduction could be enhanced through the organized
nanofiber/nanoparticle bundles, whereas the gas phase mass transport resistance could be
mitigated through the catalyst-thin openings, where both effects in combination could
promote enhanced TPBs. Moreover, by incorporating rigid catalyst particles into 3D
scaffolds, the mechanical strength of the patterned electrodes could be enhanced, which
may facilitate the preservation of the organized structure during subsequent processing
and fuel cell operation.

Figure 2.3(e-h) demonstrate electrodes with the visible replicated pattern under
lower magnification, which confirms that the collector efficiently directs the internal
micro-construction of the nanofiber-nanoparticle electrodes. As the pattern diameter
increases, the conductive area guiding the nanofiber deposition decreases, which results
in less control of forming a well-defined hexagonal patterned fiber mat. Figure 2.3(i-l)

displays the freeze-fractured cross-sectional area of the electrodes, representing the depth-
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direction structure consisting of nanofibers and nanoparticles with a similar average

thickness ranging between 10 to 20 jum regardless of the pattern size.

Figure 2.3 SEM images of E/E patterned electrodes with diameters of 40 pm (a,e,i), 80
pm (b,f,j), 160 pm (c,g,k), and 360 pm (d,h,l): (a-d) top view of individual hexagonal
feature (X 5000 magnification, scale bar = 10 m), (e-h) top view of patterned electrode
surface (X 100 magnification, scale bar = 500 pm) and (i-j) cross-sectional view of
patterned electrodes (X 5000 magnification, scale bar = 10 pm).

Figure 2.4(a-b) shows the average Nafion nanofiber and Pt/C catalyst nanoparticle
diameters based on quantitative analysis of the SEM images shown in Figure 2.3(a-d). The
results show that the average fiber diameters range from 220 +35 nm to 272 £38 nm and

the average particle diameters range from 0.81 +0.20 pm to 0.98 +£0.21 pm, indicating
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that the fiber and catalyst aggregate sizes are similar for all electrodes regardless of the
hexagonal feature sizes. These results suggest that the template-assisted E/E technique can
solely adjust micron-scale pattern structure without affecting the nano-scale morphology,

validating the sole investigation of the pattern size effect.
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Figure 2.4 (a) Nafion nanofiber diameters and (b) Pt/C catalyst nanoparticle diameters in
electrodes as a function of cathode pattern structure.

2.3.2. Fuel Cell Performance and Electrochemical Characterization

Figure 2.5 shows the polarization and power density curves of MEAs with
patterned electrodes measured under standard operating conditions (i.e., fully humidified
H2/O2 at 80 <T under ambient pressure), with cathode Pt loadings of ca. 0.05 mget cm™
(see Table 2.1 for detailed results). Patterned E/E electrodes with four pattern diameters

achieved peak power densities ranging from 418 mwW cm (360 pm) to 481 mW cm (80
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am). Specifically, the electrode with an 80 jum diameter pattern outperformed the rest of
other pattern sizes, exhibiting a maximum power density of 481 mW cm and an 18%
improvement compared to the random electrode with a power density of 402 mW cm.
This maximum peak power density is comparable with studies by Gonzdez et al.,??
Hwang et al.,2* and Cooper et al.8” with ultra-low Pt loading. For electrode with larger
pattern sizes (i.e., 160 pm and 360 pm), less of an enhancement over the random electrode
was observed likely due to the sparse hexagonal openings (Figure 2.3(c, d)), which may

impact mass transport and the TPBs in the electrode.
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Figure 2.5 Fuel cell polarization and power density curves for MEAs with the random
electrode (black) and patterned electrodes at 40 pm (red), 80 pm (blue), 160 pm (green),
360 pm (purple) pattern diameter, measured with 100% RH hydrogen/oxygen at 80 C
under ambient pressure.
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To further understand the impact of the patterned morphology on fuel cell
performance, in situ cyclic voltammetry (CV) was performed to characterize the
electrochemical surface area (ECSA). Figure 2.6 shows CVs of MEAs with the random
electrode and patterned electrodes at various pattern diameters, 40 pm, 80 pm, 160 pm,
and 360 pm. The cathode Pt loading were maintained at a similar level (ca. 0.05 mgp: cm
2) for consistent comparison. During CV measurements, the adsorption and desorption of
hydrogen (H2 <» 2H* + 2e7) occur at available Pt sites in the range from 0.1-0.3 V. As
demonstrated in Table 2.1, the ECSAs of the 40 m pattern size (22.6 m? gert) and 80 pm
pattern size (33.7 m? geit) electrodes increase compared to the random electrode (20.0 m?
grtl). At 80 pm pattern size, the ECSA reached the highest value and exhibits a 68%
increase compared to the random electrode. This increase can be attributed to the increase
in electrode macroporosity, which may allow for more liquid water product during fuel
cell operation to be expelled out and alleviate the flooding issue at high current densities;
also, more oxygen could penetrate though the electrode and improve access to active Pt
catalyst sites. With the further increase of pattern size to 160 pm and 360 pm, the ECSAS
decreases from 33.7 m? ger? (80 M) to 29.8 m? ger? (160 pm) and 22.8 m? ger* (360 pm),
respectively, which are still 49% and 14% higher than the random control. Overall, the
ECSAs provide direct evidence for higher Pt utilization in patterned electrodes compared
to random electrodes under similar cathode Pt loading, and corroborate with the fuel cell

power performance results (Figure 2.5).
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Figure 2.6 Cyclic voltammograms for MEAs with the random electrode (black) and
patterned electrodes at 40 pm (red), 80 pm (blue), 160 pm (green), 360 m (purple) pattern
diameters. The ECSA integration area (0.1-0.3V) for hydrogen adsorption peak is
indicated by the dashed black lines.

Table 2.1 Fuel cell and electrochemical performances of E/E patterned electrodes

Cathode Pt loading Max Pt ECSAP?  Electrode
structure (mgpt cm?) power utilization®® (m? gp!) resistance?
density? (KW gpi!) (mQ cm?)
Anode Cathode (mW cm?)
Random 405.1 =
0.034 0.060 5.82 +£0.16 20.0 320.8
11.0
Pattern- 451.0 =
0.027 0.061 6.78 £0.69 22.6 368.9
40pm
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Pattern- 462.6 +

0.024 0.056 8.26 +£1.24 33.7 3224
80pm 69.4
Pattern- 439.1 +

0.043 0.028 5.87 +0.69 29.8 353.8
160pm 51.5
Pattern- 418.4 +

0.026 0.061 7.23 +1.25 22.8 4457
360pm 72.6

& Under H2/O2 at 80 <C, ambient pressure.
b Under Ha/N; at 30 <T, ambient pressure.
¢ Normalized by the total Pt loading inside MEA.

Figure 2.7 shows the averaged maximum power densities as a function of the
cathode electrode pattern structure. As the pattern size evolves from random to 40 pm
pattern, the averaged peak power densities increased from 405 mW cm2 to 451 mW cm"
2, then reached the maximum at 462.6 mW cm for 80 pm pattern. Further increasing
pattern sizes to 160 pm pattern induced a slight power density drop to 439 mW cm2, and
further down to 418.4 mW cm2 for the largest 360 pm pattern. However, one could argue
that these power densities differences are not significant in light of the statistical error
among repeated experiments shown in the graph. Therefore, a better measure is to
normalize the peak power densities, i.e., Pt utilization or normalized peak power densities
as shown in Figure 2.7(b). Following a similar trend as Figure 2.5, significant increases in
the normalized maximum power density was observed for electrodes with smaller pattern
sizes. The normalized maximum power density was 6.78 +0.69 kW gpi* for electrodes
with 40 pm pattern, and then reached a peak value at 8.26 +1.24 kW ger? for 80 pm
pattern, showing 42% increment compared to the random cathode structure (5.82 +0.16

KW gech). This difference is statistically significant. For the larger pattern sizes of 160 and
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360 pm, Pt utilization of 5.87 +0.69 and 7.23 #1.25 kW ger* were observed, respectively.
Overall, the Pt utilization advantages of the patterned electrodes compared to the random

electrodes are clearly demonstrated.
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Figure 2.7 (a) Maximum power density (solid symbols) and (b) Pt utilization (hollow
symbols) for random (black square) and patterned electrodes with 40 pm (red circle), 80
pm (blue triangle), 160 pm (green inverted triangle), and 360 pm (purple diamond)
diameter sizes.

The electrode resistance was measured by the electrochemical impedance
spectroscopy (EIS) (Table 2.1). The measurements were conducted under
hydrogen/oxygen at ambient pressure at 80 <C at 0.4 V versus NHE, a voltage at which
the ohmic and transport resistances are dominant. The random electrode showed a
resistance of 320.8 mQ cm, similar to the results in a previous study (321.48 mQ cm™

with 0 wt% Nafion in the electrospraying catalyst ink)3. The 80 pm patterned electrode
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demonstrated the lowest resistance of 322.4 mQ cm™

, suggesting more triple phase
boundary connections with lower proton and mass transfer resistance throughout the
hexagonal pattern. The 360 pum patterned electrode showed the highest resistance of 445.7
mQ cm among all patterned electrodes; the larger pattern size may result in less triple
phase boundary connections comparatively and lower connectivity of the proton
conducting nanofibrous network. The hypothesized water management schematic is
illustrated in Figure 2.8. The fuel cell performance (averaged anode and cathode Pt

loading, maximum power density, Pt utilization, ECSA, and electrode resistance) of the

patterned electrodes and random electrode are listed in Table 2.1.
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Figure 2.8 Cathode water management schematic (cross-sectional). (a) random
morphology, (b) patterned morphology with  appropriate size and (c) patterned
morphology with overly large size.

2.3.3. Mechanical Properties of Patterned Nanofibers

Mechanical properties can reflect the processability of patterned electrodes and the
ability to maintain a robust and integrated configuration during fuel cell operation. The
cross-sectional SEM images of the patterned Nafion fiber mats are shown in Figure 2.9(a,
b), with a thickness of ca. 15 pm. To get more insight into the effect of patterns on the
mechanical properties of the fibrous structure, tensile strength measurements were
performed on the patterned high purity Nafion (95 wt%) nanofiber constructs produced
via template-assisted electrospinning (as shown in Figure 2.9). Young’s modulus, ultimate
tensile strength and elongation to break properties of the fiber network are listed in Table
2.2. The 40 pm, 80 um and 160 pum patterned fiber network showed Young’s modulus of
9.27 MPa, 9.27 MPa, and 9.06 MPa, respectively, revealing higher stiffness compared to
the random control (5.43 MPa) and 360 pm patterned fiber network (5.71 MPa). All
patterned fiber network showed similar elongation to break compared to the random
control without significant difference. Intuitively, we expected the fiber network
mechanical properties to be compromised due to the patterned structure, however, the
patterned porous structures appear to have improved stiffness and ultimate tensile strength
compared to the random network structure. This result could be attributed to the increased

strength through the fiber bundles due to the patterned structure. The patterned fiber
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network with organized fiber bundles improved the alignment of the fibers in the tensile

direction, whereas the random constructs failed to control individual fiber orientation.
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Figure 2.9 (a) SEM image of a perspective view of freeze-fractured patterned fiber
networks looking underneath, (b) higher magnification of the circled area in (a) showing
the fiber mat thickness, (c) electrospun patterned high purity Nafion fiber networks (95
wt% Nafion) fixed to the dynamic mechanical analyzer (DMA) and (d) stress-strain
profiles of Nafion fiber networks with the random (black) and patterned morphology at 40
pm (red), 80 pm (blue), 160 pm (green) and 360 pm (purple) pattern diameter sizes,
measured at 25 <C, 47% RH.

Table 2.2 Mechanical properties of high purity Nafion fiber networks.
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Ultimate tensile Elongation to
Young’s modulus

Cathode structure strength break
(MPa)

(MPa) (%)

Random 5.43 0.455 8.7
Pattern-40pm 9.27 0.747 13.4

Pattern-80um 9.27 0.790 6.7
Pattern-160pm 9.06 0.774 12.9
Pattern-360pm 5.71 0.616 115

2.3.4. Conclusions

In this study, we demonstrated a template-assisted E/E technique for fabricating
unique nanofiber-nanoparticle PEMFC electrodes with 3D hexagonal patterned features,
ranging from 40 pm to 360 pm in diameter. Owing to the open and interconnected
hexagonal architecture, the nanofiber-nanoparticle patterned electrodes show
enhancements compared to non-patterned electrodes possibly due to enhanced triple phase
boundaries and enhanced porosity and water management. With a ultra-low cathode Pt
loading of 0.06 mge: cm™, hexagonal patterned electrodes with 80 pm diameter
demonstrated a Pt utilization of 8.26 kW ger?, showing 42% increase when compared to
the randomly assembled electrode (5.82 kW ger?). Furthermore, the mechanical strength
of the Nafion fiber mats were not compromised by the pattern structure. Patterned
electrode fabricated by template-assisted E/E technique show great promise for the future
development of low-cost fuel cell vehicles with high power density and ultra-low Pt
loading.
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CHAPTER 3.
DEHUMIDIFICATION VIA POLYMER ELECTROLYTE MEMBRANE

ELECTROLYSIS WITH SULFONATED PENTABLOCK TERPOLYMER

3.1. Introduction

In order to displace the conventional Nafion membrane due to its disadvantages
(e.g., expensive, toxic gases release above 150 <C, extensive supporting equipment),
serval alternative hydrocarbon materials have been proposed. Examples include
poly(phenylene sulfone) (sPPS),® sulfonated poly(ether ether ketone) (SPEEK),%
sulfonated poly(sulfone),*® sulfonated polybenzimidazole (sPBI),%* etc. However, most of
these PEMs are targeted for water electrolyzers rather than air humidification.® Recently,
A commercially available sulfonated pentablock terpolymer, namely NEXAR®, has found
wide applications®>® due to its unique multi-block architecture. The midblock of
NEXAR® contains partially sulfonated polystyrene providing moisture and ion
conductivity, while the remaining blocks were designed to provide both wet strength and
dry flexibility.®® In 2019, Filice et al.® first applied NEXAR® membrane liquid water-
splitting and demonstrated NEXAR® membranes possess higher water uptake and can
generate higher current densities than the Nafion control. However, no NEXAR®
performance has been systematically investigated in an electrolytic dehumidifier with
water vapor instead of liquid water as the feedstock.

In this study, NEXAR® membranes with two different ion exchange capacities

(IECs of 1.0 and 2.6 meq g, i.e., NEXAR-1.0 and NEXAR-2.6) were investigated in a
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PEM electrolytic air dehumidifier and compared to the benchmark Nafion 117 membrane
(i.e., NAFION-0.9). The impact of the material properties (i.e., polymer chemistry and
IECs) and direction of applied potential (i.e., concurrent and countercurrent) were
investigated under both high and low relative humidity (RH) cases. Water vapor
transmission rate (WVTR) and water removal energy efficiency were analyzed from the
viewpoints of materials, potential direction, and humidity. In addition, electrochemical
analysis (i.e., current densities, polarization curves, and electrode resistances) were

performed and the results were correlated with the dehumidification performance.
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Figure 3.1 PEM electrolysis dehumidification (3V) with diffusion and electroosmotic drag
with a) concurrent and b) countercurrent applied potential.

3.2. Experimental Methods

3.2.1. Materials
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A sulfonated pentablock terpolymer, also commercially known as NEXAR®, was
provided by Kraton Corporation. The chemical structure of NEXAR® is shown in Figure
3.2 and contains a symmetric A-B-C-B-A structure with tert-butyl-styrene (tbS) as the
outer A block, hydrogenated isoprene (HI) as the B block, and a selectively sulfonated
polystyrene (s-PS) as the middle C block. The unsulfonated pentablock terpolymer
precursor has a number-averaged molecular weight (M») of ca. 68 kg mol* with M, of
respective blocks equal to ca. 14-8.5-23-8.5-14 kg mol™. In this work, NEXAR® at this
molecular weight was received at two different sulfonation levels, corresponding to ion
exchange capacities (IEC) of 1.0 and 2.6 meq g}, respectively. All NEXAR® samples
were received as dried films. 1-Propanol (nP; > 99.5%) and tetrahydrofuran (THF; >
99.5%) were purchased from Aldrich and used as received. Ultrapure deionized, reverse

osmosis (RO) water (resistivity ~ 16 MQ c¢cm) was used as appropriate.

t-BS HI s-PS HI t-BS

Figure 3.2 Chemical structure of the sulfonated pentablock terpolymer NEXAR®.
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Titanium screen (0.002-inch thickness, 62% open area), gas diffusion layer (GDL,
Toray Carbon Paper 120, Wet Proofed), Iridium Oxide catalyst (Ir/IrOx), and Pt/C catalyst
(60% Platinum on Vulcan XC 72 carbon) were purchased from Fuel Cell Etc. Nafion
dispersion (alcohol based 1000 EW at 5 wt%, Dupont D520) and Nafion membrane
(Nafion 117, 1100EW, 0.91 meq g, 180 pm dry thickness) were purchased from lon

Power Inc.

3.2.2. NEXAR® Membrane Preparation

NEXAR® membranes were prepared by dissolving NEXAR® as-received films in
a THF/1-propanol (5/1 w/w) solvent mixture at 4 wt% polymer in solution and thoroughly
mixing for 24 h to produce a transparent and uniform solution. Each solution was poured
into a PTFE petri dish (ca. 3.07-inch height and 1.96-inch diameter) and was partially
covered with aluminum foil to slow the rate of solvent evaporation under ambient
conditions for 2—4 days. The resultant membranes were annealed under dynamic vacuum
at 50 <C for 24 h to remove residual solvent. The dried membrane thicknesses were ca.
170-180 um (measured with a digital micrometer; Mitutoyo; +0.001 mm accuracy) to
match the thickness of the Nafion 117 control membrane (ca. 180 um). As prepared
membranes were punched into circles with a diameter of 22 mm for membrane electrode

assembly (MEA) fabrication.

3.2.3. NEXAR® Membrane Characterization
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Water sorption of NEXAR® membranes was measured with dynamic vapor
sorption (DVS, TA Instruments Q5000). A dry polymer membrane sample was first
loaded into the DVS and preconditioned at 0% RH and 50 <C until equilibrium was
established to remove any residual water in the sample; equilibrium was reached when <
0.1 wt% change was observed for at least 30 min. The humidity was then systematically
changed from 10% to 90% RH at 10% RH increments at 50 <C, equilibrating at each
condition. The polymer water sorption (S) was calculated using the following equation: S
= (W-Wp)/Wo, where Wo and W are dry and wet polymer weights measured before and
after each DVS experimental condition, respectively.

Proton conductivities of the membranes (ca. 3 cm (L) <1 cm (W)) were measured
with electrochemical impedance spectroscopy (EIS; Gamry Interface 5000E) in a four-
electrode conductivity cell (BekkTech BT112, Scribner Associates, Inc.) by sweeping
frequencies from 1 MHz to 0.1 Hz with an amplitude of 10 mV at 10-90% RH in 10%
RH increments at 50 <C, which was controlled by a bench top environmental chamber
(ESPEC). The resistance R was determined from a high x-intercept of the semicircle
regression of the Nyquist plot. Conductivity was calculated by using the following
equation: ¢ = L/(AR), where L is the distance between the reference electrodes (ca. 0.43
mm) and A is the cross-sectional area of the sample (A = WI; W stands for sample width
and | stands for sample thickness). Samples were allowed to equilibrate for 2 h at 50 <C
and each RH followed by three repeated measurements, and averages of the measurements

at each condition were reported.
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3.2.4. MEA Fabrication

To load catalyst onto the anode side, a Ti screen disk (ca. 20 mm diameter) was
heat-pressed (80 <C, 1000 psi (3851-0, Carver) for 5 min) against a NEXAR® membrane
disk (ca. 22 mm diameter) to form a membrane-supported Ti screen assembly. Note that
the anode requires anti-corrosive material (e.g., Ti mesh or foam) support instead of
carbon support due to the carbon-induced corrosion during the OER. The anode catalyst
ink was air-sprayed with an airbrush gun (AEROPRO1, Aeroblend) onto a NEXAR®
membrane-supported Ti screen disk (ca. 20 mm diameter), as illustrated in Figure 3.3(a).
The anode catalyst ink consisted of 40 mg IrO; catalyst, 8 mg Nafion ionomer, and 4752
mg IPA/H-0 (3/1 v/v) solvent to form a 1 wt% dispersion (sonicated for 5 min with a tip-
sonicator (125 W; Q125, Qsonica; 35% amplitude) to ensure uniform dispersion). This
air-spray deposition was repeated multiple times to reach a final loading of ca. 1.5 mg
cm™. To avoid catalyst deposition on the membrane edge (ca. 1 mm wide) and short-
circuiting, a Teflon sheet was punched with a 20 mm diameter hole and used as a mask
during the air-spraying process.

On the cathode, catalyst ink was air-sprayed onto a GDL disk (ca. 20 mm diameter)
to reach a Pt/C loading of ca. 1.0 mge: cm™?, as illustrated in Figure 3.3(a). The cathode
catalyst ink consisted of 20 mg Pt/C (60% Pt loading), 10 mg Nafion ionomer, and 2970
mg IPA/H>0 (3/1 v/v) solvent to form a 1 wt% dispersion (sonicated for 5 min with a tip-
sonicator (125 W; Q125, Qsonica; 35% amplitude) to ensure uniform dispersion). Both
the anode and cathode substrates were weighed before and after air-spraying to determine

the catalyst loading. For MEA fabrication, the anode (with anode leads), membrane, and
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cathode (with cathode leads) were heat-pressed (with catalyst-coated sides facing
membrane) at 80 T for NEXAR® membranes, and at 135 <C for the control NAFION-
0.9 membrane with an optimized pressure of 1000 psi for 5 min to enhance the contact

among layers and avoid delamination.

a)

v
Pt/Clionomer / \

i
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Ti mesh/membrane Gas diffusion layer

|

100% RH

DI water

Figure 3.3 MEA fabrication schematic. (a) Air-spraying catalyst ink onto the anode
(membrane supported Ti mesh) and the cathode (GDL) respectively, (b) a heat-pressed
MEA on top of a testing vial with an applied voltage.

3.2.5. Water Vapor Transmission Rate (WVTR)

WVTR is defined as the steady-state vapor transport rate per unit area and can be
calculated using Equation 3.1, where Am is the weight change of the sample, At is the time
duration, and A is the water vapor penetrating area (2.01 cm?=0.000201 m?). In this study,

a positive WVTR value represents a water transmission direction from the inside of the
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vial (high RH side) to the outside environment (lower RH side), while a negative WVTR
value represents a reversed water transmission direction, suggesting the voltage-driven

water flux exceeds the concentration driven flux.

Am [g]
A [m?] - At [day]

WVTR [gm 2 day 1] = Equation 3.1

The MEA was sandwiched between an open-top cap and the glass vial (open-top
storage vial, 20 ml, Chemglass) illustrated in Figure 3.3(b). The vial cap is screwed tightly
with a rubber gasket between MEA and glass vial to ensure an air-tight seal, with the
anode and cathode leads extended externally. The MEA loaded testing vial was filled with
DI water to create a saturated 100% RH within the vial, then placed inside a bench top
environmental chamber (ESPEC) with controlled temperature and RH. The weight
changes of each vial were recorded as a function of time to determine the WVTR. Three
experiments were conducted for each membrane type and averaged WVTR results were
reported.

In this study, two testing conditions (i.e., case A and case B) at constant temperature
(50 <€) and varying RH gradients were performed. In case A, the outside environmental
was set at 10% RH, with a resulting water concentration gradient of A90% RH. In case B,
the outside environmental RH was set at 50% with a resulting water concentration gradient
of A50% RH.

To evaluate the voltage influence on the dehumidification performance, an
external voltage was applied to the MEA (with positive electrode always connected to the

anode of the MEA) with a potentiostat (Gamry Interface 5000E) and the current was
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monitored. Theoretically, the minimum theoretical electrolytical potential applied is 1.23
V,’® however practically it is necessary to apply an overpotential to compensate for the
ohmic and concentration polarization, therefore an applied potential of 3 V was selected

in this work to reach a satisfactory dehumidification rate.

3.2.6. Electrochemical Characterization

After the MEA was fully humidified and reached steady-state, polarization curves
(V-1) were collected from 1.5-3 V vs. Erf at 20 mV s increments. In a two-electrode
configuration, the anode serves as both the counter and reference electrodes. For each
sample, five polarization curves were collected to ensure repeatability with an average
error less than 3%.

EIS measurements were performed to provide accurate and non-destructive
detection of dehumidifying elements resistance evolution as function of frequency.% EIS
was performed from 1 MHz to 1 Hz at ambient pressure, 50 Cat0V,1V,2Vand 3V
vs. Erer for the stabilized MEA under a fixed RH gradient for case A and B. The Nyquist
plots were analyzed using a common equivalent circuit model that consisted of a resistor
(resistance of the solid electrolyte membrane) in series with a parallel circuit of a constant
phase element (porous electrode capacitance) and a second resistor (porous electrode

resistance), and the ohmic resistance and charge transfer resistance were reported.

3.2.7. Dynamic Dehumidification
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The schematic of dynamic dehumidification performed in a closed chamber
(LocknLock container, 0.28 dm?®) is illustrated in Figure 3.4. The MEA was installed on a
circular opening (24 mm diameter; on the top of the chamber) as the dehumidifying
element, then sealed with a rubber gasket for an air-tight seal. The apparatus was placed
inside a bench top environmental chamber (ESPEC) with controlled temperature and RH.
Two humidity sensors (Digital Humidity Sensor SHTC1, Sensirion, accuracy of 1.5% RH)
were installed both inside and outside the sealed chamber, respectively, to record the RH
change. Initially, inside and outside RH were equilibrated at 60% RH at 50C with 0 V
applied. The applied voltage was held constant and the current was monitored with a

potentiostat (Gamry Interface 5000E, potentiostatic method).

DC Power (3V)

+], -
| |
Environment RH
MEA
50°C, 60% RH

Chamber
Dehumidifying space
Initially 60% RH

Figure 3.4 Dynamic dehumidification apparatus.
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3.3. Results and Discussion
3.3.1. Membrane Properties

Table 3.1 lists the water sorption, hydration number, and conductivity at 50 <C,
90% RH for NAFION-0.9, NEXAR-1.0, and NEXAR-2.6 membranes (i.e., membranes
prior to MEA fabrication). The water sorption of both NEXAR® membranes (22.1 and
61.8 wt% for NEXAR-1.0 and NEXAR-2.6, respectively) are higher than that of
NAFION-0.9 (15.1 wt%; similar to literature for Nafion 117 at similar conditions %);
specifically, NEXAR-2.6 is significantly higher than both NEXAR-1.0 and NAFION-0.9.
The calculated hydration number (A, mol H20 / mol SO3") of both NEXAR® membranes
are similar (12.3 and 13.2 mol H>O / mol SOs for NEXAR-1.0 and NEXAR-2.6
respectively) and slightly higher than that of NAFION-0.9 (7.5 mol H20 / mol SO3’). The
conductivity of NEXAR-2.6 (207.4 mS cm™) is higher than NAFION-0.9 (74.9 mS cm™,
similar to literature for Nafion 117 (80 mS cm™) at similar conditions °7), while NEXAR-
1.0 (46.9 mS cm™) is lower than that of NAFION-0.9.

Figure 3.5(a) shows the equilibrium water sorption at 50C for NEXAR®
membranes and NAFION-0.9 membrane at various relative humidities, i.e., water sorption
isotherm. At low to medium RH levels (0-40 wt%), water sorption increases linearly with
humidity for all membranes. Above 50% RH, the water sorption increases exponentially
with humidity, which is commonly observed for sulfonated polymers.®® Specifically, at
95% RH, NEXAR-2.6 (89.6 wt%) and NEXAR-1.0 (29.0 wt%) show significantly higher
water sorption than NAFION-0.9 (15.8 wt%). However, NEXAR-1.0 has similar water

sorption compared to NAFION-0.9 at most humidity values (< 70% RH).
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Figure 3.5(b) shows the humidity-dependent hydration number (i.e., A, mol H2O /
mol SOs", obtained by normalizing the water sorption with IEC) at 50 <C. Note that the
hydration numbers for both NEXAR membranes are similar at all RH, and similar to
NAFION-0.9 below 40% RH. Above 40% RH, NEXAR® membranes possess slightly
higher hydration numbers compared to NAFION-0.9. Similar to the water sorption
isotherms in Figure 3.5(a), the hydration number trends are linear for 0 <A < 5. This has
been attributed to the formation of the first hydration shell around sulfonic acid moieties
in the polymer.*® The hydration number trend changes in a second regime (A > 5), and this
has been attributed to membrane swelling.1%-1% The hydration number of both NEXAR®
membranes overlap at all RH, indicating similar interaction between water molecules and
alkyl sulfonate moieties regardless of sulfonation level.’®® Above 50% RH, the hydration
number of NEXAR® membranes is higher than NAFION-0.9, suggesting differences in
ion-ion interactions between water-alkyl sulfonic acid (estimated pKa = -2.5 for —
CeH4SOsH) compared to water-fluoro sulfonic acid (estimated pKa = -6 for —

CF2CF2503H).98' 104-107

Table 3.1 Membrane properties

Dry Water sorption Hydratlonanumber Conductivity
. IEC membrane a A a
Material 1 : S c
/meq g thickness / mol H>O/mol B
/ Wt% ) / mS cm
/ um SOz
NAFION-0.9 0.9 175 12.9 7.9 74.9
NEXAR-1.0 1.0 180 22.1 12.3 46.9
NEXAR-2.6 2.6 176 61.8 13.2 207.4

o1



2 Measured under 50 <C, 90% RH
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Figure 3.5 (a) Humidity-dependent water sorption and (b) humidity-dependent hydration
number (&) for NAFION-0.9, NEXAR-1.0, and NEXAR-2.6 membranes at 50 <C.

Figure 3.6(a) shows the humidity-dependent proton conductivity at 50 <C for

NAFION-0.9, NEXAR-1.0 and NEXAR-2.6. The proton conductivity is approximately

an order of magnitude higher at all humidities when comparing NEXAR-2.6 to NEXAR-

1.0. When the humidity is low (20% RH), the conductivity of NEXAR-2.6 (3.9 mS cm™)

is comparable to NAFION-0.9 (2.9 mS cm™); both higher than NEXAR-1.0 (0.5 mS cm’

1y at this humidity. At high humidity (90% RH), NEXAR-2.6 has a significatly higher

conductivities (207.4 mS cm™) than both NAFION-0.9 (74.9 mS cm™) and NEXAR-1.0

(46.9 mS cm™).
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Figure 3.6(b) shows the hydration number dependent proton conductivity at 50 C,
i.e., proton conductivity as a function of normalized water content in the membranes
(molecules of water per molecule of sulfonic acid). The conductivity increases
exponentially with hydration number from 1 <A <4; then increases more gradually at A >
4. The similarity in trend when comparing NEXAR® membranes and NAFION-0.9
suggests that NEXAR® membranes follow a similar percolation model for conductivity-
water.1® NAFION-0.9 shows comparable conductivity with NEXAR-2.6 at the same
hydration number although NAFION-0.9 has a lower IEC, which could be attributed to
the superacidity of the perfluoroalkyl sulfonic acid compared to aryl-tethered akyl sulfonic

acid and a more favorable morphology for proton conduction.*® 110

100 4 100 -

10 4
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[ ]
Conductivity o (mS em™)

u ®  NAFION-0.9 ®  NAFION-0.9
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0 20 40 60 80 100 0 2 4 6 8 10 12 14

RH (%) Hydration Number A (mol water / mol H*)

Figure 3.6 Proton conductivity vs. (a) relative humidity, and (b) hydration number, A (mol
H20 / mol SOz’), for NAFION-0.9, NEXAR-1.0, and NEXAR-2.6 membranes at 50 <C.
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3.3.2. Membrane WVTR

Figure 3.7(a) compares the WVTRs for membranes in case A (50 <C, 10-100%
RH, A90% RH) and case B (50 °C, 50-100% RH, A50% RH). Note that the WVTR data
in Figure 3.7 and previous figures were conducted on bare membranes (without
electrodes), where experiments later in the manuscript will include electrodes on
membranes referred to as membrane electrode assemblies. In case A, NAFION-0.9 and
NEXAR-2.6 possess similar WVTRs (ca. 7500 g m day), which are 31% higher than
NEXAR-1.0 (5106 g m* day™). The differences among WVTRs show a similar trend to
the data in Figure 3.6(b), where NAFION-0.9 and NEXAR-2.6 possess similar
conductivity at the same hydration number. In contrast, all three types of membranes show
a lower and comparable WVTR (4100 g m?day™?) in case B.

Figure 3.7(b) illustrates a one-dimensional (1-D) water concentration profile
across a membrane to show the reduction in the water concentration gradient across the
membrane when the external RH gradient is reduced from case A to case B. The driving
force for water transport is the external humidity gradient, and the transport resistances

are composed of three major parts, i.e., two boundary layer resistances (I/kf and [/kg)

and the membrane diffusion resistance (I/DK). Boundary layer resistances exist in the
stagnant gas film near both surfaces of the membrane, while diffusion resistance
dominates the water transport inside the membrane. The discontinuity at the gas-solid
interface is due to the solubility difference between water in air compared to water inside
the membrane. For a specific type of membrane, the average water content in case A is
lower than case B due to a lower dry side humidity (10% RH in case A and 50% RH in
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case B), therefore the resulting diffusion coefficient D (i.e., positively proportional to the
membrane water content 1) is also lower, suggesting the membrane resistance I/DK is
higher in case A. Therefore, the intrinsic membrane properties play a more significant role
in case A rather than in case B, thus the difference among samples is more pronounced in
the former condition. In other words, the results in Figure 3.7 suggest that case A is
membrane resistance dominant, and that case B is boundary layer resistant dominant.
Therefore, the differences among the membranes and its impact on a process may be

condition dependent, i.e., external humidity gradient.
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Figure 3.7 (a) WVTR for NAFION-0.9, NEXAR-1.0, and NEXAR-2.6 membranes at 50
<C and (b) an illustration of 1-D water vapor diffusion profile across a membrane (ks, ks’
mass transfer coefficient of water from the air to the membrane; k;, k;' mass transfer
coefficient of water from membrane to air; D diffusion coefficient; K partition coefficient,
[ membrane thickness). Case A (50 <C, 10-100% RH, A90% RH) and case B (50 °C, 50—
100% RH, A50% RH).
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3.3.3. MEAWVTR

Figure 3.8 exhibits WVTRs for all membrane electrode assemblies (MEAS;
membranes with electrodes) for three separate scenarios: no applied potential (0 V), a
concurrent applied potential of 3 V (3 V — concurrent) (see Figure 3.1(a)), and a
countercurrent applied potential of 3 V (3 V — countercurrent) (see Figure 3.1(b)).
Concurrent refers to the same direction as the water concentration gradient, while
countercurrent is opposite of the water gradient. In Figure 3.8(a), for case A at 0 V, the
NEXAR-2.6 MEA has a similar WVTR (6625 g m day™') compared to the NAFION-0.9
MEA (5603 g m day™), while 48% higher than the NEXAR-1.0 MEA (3446 g m2 day"
1. Again, the differences among WV TR for all MEAs are similar to the trend observed in
Figure 3.7(a) (case A), revealing that the membranes with electrodes similar to the
membranes without electrodes show a membrane resistance dominated transport
mechanism for case A. The absolute WVTRs of the MEAs without an applied potential
are slightly lower than that of membranes (without electrodes) in Figure 3.7(a) due to the
added resistances of the electrodes on the membranes. A concurrently applied potential (3
V — concurrent) results in higher WVTRs compared to the WVTRs with no applied
potential (0 V) by 52%, 78%, and 157% for the NAFION-0.9, NEXAR-2.6, NEXAR-1.0
MEAs, respectively, due to the added voltage-driven water transport through
electroosmotic drag (see illustration of the concurrently combined concentration gradient
and electroosmotic drag driving forces in Figure 3.1(a)). Contrastingly, a countercurrent
applied potential (3 V — countercurrent) results in lower WVTRs compared to the WVTRs

with no applied potential (0 V) by 30%, 28%, and 50% for the NAFION-0.9, NEXAR-
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2.6, and NEXAR-1.0, respectively, due to two opposing gradients (see illustration of
countercurrent opposing concentration gradient and electroosmotic drag driving forces in
Figure 3.1(b)).

For case B in Figure 3.8(b), the WVTRs for all MEAs with no applied potential (O
V) were all lower (4074, 3532, and 4939 g m day™* for NAFION-0.9, NEXAR-1.0, and
NEXAR-2.6 MEAs, respectively) compared to case A in Figure 3.8(a) (5604, 3446, and
6643 g m? day?) due to a lower external water vapor concentration gradient. Similar
results were observed for membranes (without electrodes) when comparing case A to case
B in Figure 3.7(a). Also, similar to the results in case B in Figure 3.7(a), all the WVTRs
in Figure 3.8(b) are similar across the MEAs suggesting that the MEAs are similar to the
membranes (without electrodes) where at this lower water vapor concentration gradient,
the boundary layer resistance is dominant. Therefore, one would predict that an applied
potential may not impact the WVTRs of the MEAs. Surprisingly, Figure 3.8(b) shows
both significant increases (52%, 157%, and 78% for the NAFION-0.9, NEXAR-1.0,
NEXAR-2.6, respectively) and decreases (30%, 50%, and 28% for the NAFION-0.9,
NEXAR-1.0, NEXAR-2.6, respectively) to WVTRs for all MEAs when the potential is
applied concurrently and countercurrently, respectively. This suggests that the
electroosmotic drag is significant enough to increase the membrane resistance to a level
that overrides the boundary layer resistance dominance. Interestingly, negative WVTRS
were observed for all MEAs with a countercurrent applied potential (-5970, -3763, -5729
g m2day* for NAFION-0.9, NEXAR-1.0, and NEXAR-2.6, respectively) demonstrating

that the electroosmotic drag is so significant that it is higher than both the boundary layer
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and concentration gradient resistances in the concurrent direction and it actually reverses
the direction of water transport by opposing both of these driving forces (see illustration
of countercurrent opposing concentration gradient and electroosmotic drag driving forces

in Figure 3.1(b)).
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Figure 3.8 WVTRs for NAFION-0.9 MEA, NEXAR-1.0 MEA, and NEXAR-2.6 MEA.
(@) Case A (50 <€, 10-100% RH, A90% RH) and (b) case B (50 <C, 50-100% RH, A50%
RH).

3.3.4. Water Removal Energy Efficiency
The energy consumption is determined from voltage multiplied by the integrated
current over time (Equation 3.2). The water removal energy efficiency (Equation 3.3) is

defined as the ratio of voltage-driven transport per energy consumed (1g water/m?/J).11?
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t2
E[]] = Vf Idt[V-A-s] Equation 3.2
t1

AWVTR 2day~11- t[d
nlgm—=?j] = Lg mEU]ay |- tlday] Equation 3.3

Figure 3.10(a) shows the voltage-driven water transport AWVTR for all MEAs.
The AWVTR was determined by subtracting the measured WVTR from the WVTR at 0
V as the baseline (i.e., only concentration gradient-driven diffusion occurs at WVTR at 0
V). For concurrent scenario, AWVTR slightly increases comparing case A and B (by
129%, 14%, and 22% for NAFION-0.9, NEXAR-2.6, NEXAR-1.0 MEAs, respectively);
note that the anode side humidity is constant (100% RH in both case A and B, see Figure
3.1(a)). In contrast, for the countercurrent scenario, there are significant increases of
AWVTR from case A to B (by 502%, 325%, and 475% for NAFION-0.9, NEXAR-2.6,
NEXAR-1.0 MEAs, respectively), which can attributed to the anode side (i.e., dominating
side) humidity changes from 10% RH (case A) to 50% RH (case B) under countercurrent
(see Figure 3.1(b)). The highest AWV TRs are achieved by NAFION-0.9 and NEXAR-2.6
MEAs with countercurrent potential in case B (9921 and 10742 g m day* respectively),
which are 27% and 32% higher than NEXAR-1.0 MEA (7262 g m day™).
Figure 3.10(b) shows the water removal energy efficiency; and detailed data are listed
in Table 3.2. Similar to the trend observed in Figure 3.10(a), the change in water removal
efficiencies from case A to B are small (by 34%, 5%, and 41% for NAFION-0.9, NEXAR-

2.6, NEXAR-1.0 MEAs, respectively) with concurrent potential applied, but are

59



significant (by 239%, 128%, and 127% for NAFION-0.9, NEXAR-2.6, NEXAR-1.0
MEAs, respectively) with countercurrent potential applied. Comparing all MEASs, even
though NEXAR-1.0 MEA shows slightly lower AWVTR (e.g., 6160 g m? day?,
concurrent, case B) than NAFION-0.9 (6714 g m day®) and NEXAR-2.6 (6296 g m™
day?), NEXAR-1.0 MEA shows higher water removal energy efficiency (0.239 g J'* m?)
than NAFION-0.9 (0.190 g J* m) and NEXAR-2.6 (0.155 g J* m?) under the same
condition due to less energy consumption. The results suggest NEXAR-1.0 MEA is more
energy efficient in voltage-driven water transport. In comparison, although NEXAR-2.6
MEA (e.g., -10765 g m day™, countercurrent, case B) shows slightly higher AWVTR to
NAFION-0.9 MEA (-9925 g m* day™Y), the energy efficiency of NEXAR-2.6 MEA (0.116
g J* m?) is surprisingly lower than NAFION-0.9 MEA (0.193 g J* m?) due to its
excessive water sorption (see Figure 3.5(a)) and energy consumption, suggesting that if

excess water is absorbed by a membrane it could lead to ineffective current consumption.
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Figure 3.9 (a) AWVTR and (b) water removal efficiency comparison for NAFION-0.9,
NEXAR-2.6, and NEXAR-1.0 MEAs with 3 V — concurrent (line pattern) and 3 V —
countercurrent (cross pattern) in case A and B.

Table 3.2 Water removal energy efficiency

a) Case A: 50 C, 100% RH-10% RH, A 90% RH

Average Water
Integrated Total Energy curre r%t AWVTR  removal
aSample area run time  consumption () gm energy
(A-s) (s) (A-V-s) (mtxgz 2.day!) efficiency 1
(gJ''m?)
NAFION-0.9 1415.37 17753 4246.10 79.7 2932 0.142
concurrent
NAFION-0.9 2133.50 19100 6400.51 111.7 1653 0.057
countercurrent
NEXAR-1.0 1162.41 12720 3487.24 91.38 5412 0.228
concurrent
NEXAR-1.0 973.66 11420 2920.97 85.26 1716 0.078
countercurrent
NEXAR-26 | 531530 12790 694591 1810 5157 0.110
concurrent
NEXAR-2.6 | 345037 24370 10375.11 1419 1863 0.051
countercurrent
4 Measured at 3 V for all MEAs.
b) Case B: 50 C, 100%RH-50%RH, A 50% RH
Water
Integrated Total Energy ltzle‘rr;fte AWVTR removal
#Sample area Time consumption (I (g'm energy
(A-s) ©) (A-V:s) (m;:;z 2-day!) efficiency n
(g7 m?)
NAFION-0.9 1, 43 63 10570 4330.89 1366 6714 0.190
concurrent
I 1832.77 9216 5498.31 198.9 9942 0.193
countercurrent
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Total Average Water
Integrated Energy £¢  AWVTR removal
. run . current -

Sample area Time Consumption () (g'm energy

A9y BV (ny dayh)  efficiency n

(gJ'm?)

NEXAR-LO 143700 14430 4311.07 99.6 6160 0.239
concurrent

NEXAR-LO 1171428 10760 514284 1593 7292 0.177
Counter

NEXAR2.6 1165467 10500 496401 1563 6296 0.155
concurrent

NEXAR-2.6 1338075 9498 1014825 3562 10720 0.116

countercurrent

8 Measured at 3 V for all MEAs.

3.3.5. Electrochemical Characterization

Figure 3.10 shows the current densities as a function of time for all MEAs in case A
and B. The current densities for all MEAs rapidly decreased in the initial few seconds due
to the anode water reduction induced by the OER (2H,0 — 4e~+ 4H* + 0,), and then
stable current densities are observed indicating equilibrated water concentrations.®? In
both Figure 3.10(a) and 3.10(b), regardless of humidities and applied potential directions,
NEXAR-2.6 MEAs show higher current densities (e.g., 194.6 mA cm? in case B, 3V —
countercurrent) than NAFION-0.9 (104.6 mA cm?) and NEXAR-1.0 MEA (92.5 mA cm’
2) at the same condition. Comparing different applied potential directions, it is interesting
to notice that countercurrent (dashed lines) generally results in higher current densities
than concurrent (solid lines) (e.g., 81.1 and 194.6 mA cm? for concurrent and
countercurrent potentials respectively, for NEXAR-2.6 MEA in case B) at the same

condition. This phenomenon is due to the difference in the water regeneration side for
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concurrent and countercurrent. For countercurrent (see Figure 3.1(b)), water is generated
at the high RH side (100% RH), resulting in high water content and strong back-diffusion
(i.e., water diffuses from cathode to the anode). As a result, the back-diffused water
increased the average water content inside the membrane and results in a higher current
density. Contrastingly, for concurrent (see Figure 3.1(a)), water is generated at the low
RH side (10% or 50% RH) , so the water drainage through diffusion or convection would

be easier. Therefore, the average water content is lower, and the resulting current densities

are lower.
a) 300 b) 300
Case A ~— NAFION-0.9 ] Case B
(50°C, A90%RH) NEXAR-1.0 (50°C, A50%RH)
250 —— NEXAR-2.6 2501
Q‘E —— 3V - concurrent c'qE
; -=-=- 3V - countercurrent ; :;qk,!‘{ )
£ 200 4 £ 200 - :? '-,.r,-;".‘v-_«f'r‘*.ff\-rwg,;,:.%._.w IRIPOSERI |
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2 150 2 1504
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Figure 3.10 Current densities for NAFION-0.9 MEA, NEXAR-1.0 MEA, and NEXAR-
2.6 MEA at 3V — concurrent and 3 V - countercurrent. (a) Case A (50 <C, 10-100% RH,
A90% RH) and (b) case B (50 <C, 50-100% RH, A50% RH).
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Figure 3.11 exhibits the polarization curves for all MEAs from 1.5-3 V (with insets
from 1.5-1.8 V) at different conditions. At low applied potential (see insets), the
concurrent densities (solid symbols, anode facing 100% RH, see Figure 3.1(a)) are higher
than countercurrent densities (open symbols, anode facing 10% or 50% RH, see Figure
3.1(b)). This suggests that when the electrolysis reaction rate is low, the current densities
are dominated by the initial environmental humidity facing the anode side. However, with
increasing potentials and subsequent reaction rates, the countercurrent densities increase
drastically (e.g., NEXAR-2.6 MEA in case A, countercurrent density increases from 0 to
113.4 mA cm, while concurrent density only increases from 4.8 to 93.9 mA cm), which
correlates with the trend of current densities in Figure 3.9(b) and suggests the membrane
water content distribution is impacted by the electrolysis reaction. In addition, all
concurrent polarization curves demonstrate more significant limiting current densities
(i.e., voltage increases steeply without current increment) from 2.8 to 3.0 V, suggesting

the concurrent scenario is more likely to suffer from mass transport limitations.
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Figure 3.11 Polarization curves for NAFION-0.9, NEXAR-1.0, and NEXAR-2.6 MEAs
at concurrent and countercurrent applied potential in (a) case A and (b) case B. Insets show
a magnified view of polarization curves at low voltages (1.5-1.8 V).

Figure 3.12(a) shows the Nyquist plots as a function of applied potentials for
NAFION-0.9 MEA as an example. The Nyquist plots were regressed to an equivalent
circuit model shown in the inset, with two serial RC-circuits representing two processes
with distinct time constants in series (i.e., smaller time constant for the charge transfer
process evident at high frequency, and larger time constant for the diffusion process
evident at low frequency!®). The membrane bulk resistances Ra (high-frequency
intercepts) remain ca. 2.02 Q regardless of varying potentials, while charge-transfer
resistances R (reflected as the diameter of the first semi-circle) change significantly. With
no applied potential (0 V), a 45<tail results from the infinite diffusion resistance. As the

voltage increases from 1 V to 2 V, charge transfer resistance first decreases from 4.05 Q
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to 3.01 Q due to the enhanced kinetics and then increases to 6.42 Q at higher voltage (3
V) due to higher mass transfer resistance induced by insufficient reactants supply.

Figure 3.12(b) summarizes Rq and R¢ for all MEAs. Case A demonstrates
significantly higher Rq (1.25-5.77 Q) than case B (0.60-2.07 Q) for all MEAs due to
lower environmental humidity and insufficient membrane hydration. The charge transfer
resistance Rt in case A is slightly higher (2.52-6.43 Q) than in case B (1.08-4.75 Q) for
all MEAs, suggesting that kinetics is also affected by the water reactant supply rate
difference. NEXAR-2.6 MEA shows lower Rq (0.60-2.14 Q) at both concurrent and
countercurrent conditions compared to NAFION-0.9 (1.00-3.08 Q) and NEXAR-1.0
MEAs (1.73-5.78 Q) due to higher IEC and water sorption (see Figure 3.5), although it
does not necessarily translate into the highest water removal energy efficiency as

discussed previously in Figure 3.9(b).
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Figure 3.12 (a) Nyquist plots for NAFION-0.9 MEA as a function of applied potential (0
V,1V,2V,and 3V applied concurrently in case B), (b) resistances for all MEASs in case
AandBat3V, 50 T.

3.3.6. Dynamic Dehumidification

Figure 3.13 shows the dynamic environment (chamber humidities and current
densities evolution vs. time) with a countercurrently applied potential of 3 V. Initially,
similar fast current density drops were also observed similar to Figure 3.9, and then
gradually stabilized. The chamber humidities are gradually reduced from an initial rate of
1.29% RH min? until the concentration gradient-driven and the voltage-driven water
transport rates are equal. In less than 1 h, internal chamber humidities are reduced from
an initial 60% to 27% and 22% RH for NEXAR-1.0 and NEXAR-2.6 MEA, respectively,
while NAFION-0.9 shows a higher final humidity of 34% RH. The stabilized current
density for NEXAR-1.0 MEA (21 mA cm) is lower than NEXAR-2.6 MEA (34 mA cm"
2) and NAFION-0.9 MEA (27 mA cm), which is consistent with the steady-state water
removal energy efficiency results in Figure 3.10(b); NEXAR-1.0 MEA exhibits higher
energy efficiency (0.0545 g J** m2) than NAFION-0.9 (0.0266 g J** m2) and NEXAR-2.6
MEA (0.0342 g J* m?).

Table 3.3 lists the detailed dynamic dehumidification results. The averaged
WVTR is calculated according to Equation 4.2 Compared to the water removal efficiency
(0.051-0.228 g J* m2 in case A, 0.116-0.239 g J'* m?in case B for all MEAS) shown in
Figure 3.10(b), the results of dynamic dehumidification are generally lower (0.0266—

0.0545 g J* m) due to a lower initial interior chamber humidity of 60% RH, confirming
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the membrane hydration influence on dehumidification efficiency. Overall, the results
demonstrate that NEXAR-1.0 show comparable dehumidification performance to
NAFION-0.9 MEA, while consuming less energy, showing great promise as a less

expensive and more efficient alternative for Nafion.
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Figure 3.13 Dynamic dehumidification (time-resolved internal chamber RH and current
densities) for NAFION-0.9, NEXAR-1.0, and NEXAR-2.6 MEAs, at 50 <T and initial
internal chamber 60% RH.
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Table 3.3 Dynamic dehumidification for an enclosed chamber

Averaged Water

. RHu  RHen Removed WVTZR _ Energy. removal
Sample (%) (%) water (g m~day” consumption energy

? ? Amg (g) N J) efficiency

(gJ'm?)

NAFION-0.9 58.80 33.97  0.0055 528 1044.5 0.0266
NEXAR-1.0 60.62 27.38  0.0074 710 681.8 0.0545
NEXAR-2.6 59.01 21.89  0.0083 797 1213.0 0.0342

& Measured at countercurrently applied 3 V for all MEAs.

3.4. Conclusions

In this study, a hydrocarbon-based sulfonate pentablock terpolymer membrane
NEXAR® with different IECs (NEXAR-1.0/NEXAR-2.6, IEC 1.0/2.6 meq g*) was
fabricated into MEAS to evaluate the electrolytic dehumidification performance and was
compared to the benchmark Nafion membrane (NAFION-0.9, IEC 0.9 meq g?). The
impact of the material properties (i.e., polymer chemistry, IECs) on the WVTR and water
removal efficiency were investigated under different RH conditions and voltage
directions. Comparatively, the NEXAR-1.0 MEA showed the highest water removal
energy efficiency (0.239 gJ*1m?) due to a well-balanced trade-off between energy
consumption and dehumidification rate. NEXAR-2.6 MEA showed the highest AWVTR
(10720 g m day™), but lowest efficiency (0.116 g J* m™), likely due to overly high
membrane water sorption and higher water back diffusion. The environmental humidity

plays a significant role by influencing the hydration level of the membrane. More
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specifically, the anode side hydration was found to be a critical factor in controlling the
WVTR. Regarding the direction of applied potential, concurrently applied 3 V was
observed to be more energy-efficient than countercurrent. Furthermore, a dynamic
dehumidification process was demonstrated in an enclosed chamber, and both NEXAR-
1.0 and NEXAR-2.6 MEA could reduce interior humidity from the initial 60% RH down
below 25% RH within an hour. Overall, the results in this study demonstrate that the
sulfonated pentablock terpolymer has great potential to be applied in electrolytic air

dehumidification devices as a less expensive and more energy-efficient alternative PEM.
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CHAPTER 4.

SULFONATED PENTABLOCK TERPOLYMER ELECTROSPUN NANOFIBERS

4.1. Introduction

The combination of the concepts in the previous two chapters leads to the interest
in sulfonated pentablock terpolymer nanofibers, which could potentially be incorporated
in fibrous electrodes in PEM fuel cells and PEM electrolytic dehumidifiers to reduce
catalyst loading and improve cell efficiency. In Chapter 2, high surface-to-volume ratio
nanofibers inside porous PEMFC electrodes (i.e., fabricated by E/E technique) have been
demonstrated to effectively improve the proton transport, triple phase boundaries, and fuel
cell performance. !+ In Chapter 3, a commercially available sulfonated pentablock
terpolymer NEXAR® was utilized to fabricate a PEM for an energy-efficient electrolytic
air dehumidifier; however, the electrodes were still fabricated via traditional air-spraying
method involving catalyst ink containing high catalysts loading (i.e., 1.0 mget cm™ for
cathode and 1.5 mgr cm? for anode). Therefore, systematic investigation of
electrospinning properties of NEXAR® to facilitate future nanofiber-nanoparticle fuel cell
or electrolytic dehumidifier electrodes with low catalyst loading is of significant interest.

Electrospinning, as a well-established and widely used approach for nanofiber
production due to its simplicity and scalability, serves to increase the efficacy of
polyelectrolytes in electrochemical devices due to the large surface area, high contact
efficiency, and dimensional stability.!** 118 119 For example, Wang et al.®? demonstrated

enhancement in catalyst utilization and fuel cell power densities by incorporating
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electrospun Nafion in nanofibrous form as ionomers. Dong et al.*?° also showed that an
order of magnitude higher proton conductivity was achieved for a single electrospun
Nafion nanofiber compared to a bulk film due to nanoscale confinement. The
electrospinability of polymer solutions is strongly influenced by the inherent solution
properties, such as viscosity, surface tension, and conductivity.*?> 22 In the
electrospinning process, a high DC voltage (ca. 5-25 kV) is applied to a polymer solution,
forcing the pendant drop at the needle tip to distort into a conical shape known as “Taylor
cone.” Above a critical voltage, concentrated charges result in high repulsive forces, which
overcome the surface tension of the solution, and a charged polymer jet is ejected and
accelerated towards the grounded collector in the form of a randomly deposited fibers.'!®
123,124 |t can be anticipated that under a steady electrospinning condition, a delicate balance
is governed by the viscoelastic forces, surface tension, and electrostatic forces acting upon
the Taylor cone, which are all directly related to the intrinsic polymer solution
properties.'?®

Although the approach of electrospinning neutral polymers is well-established,
electrospinning of polyelectrolytes was reported to be difficult.?® 127 The difficulty in
electrospinability can be attributed to the significant difference in fundamental properties
of the polyelectrolytes compared to neutral polymers due to the electrostatic charges along
the polymer backbone.!'® In contrast with the viscosity of neutral polymer, which is
dominated by the molecule weight and solid concentration, the viscosity and conductivity
of polyelectrolytes are closely related to ion pairs and ion clusters and their interaction

with solvents.??® For instance, the widely used perfluorosulfonic acid (PFSA) polymer
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(commercially known as Nafion) cannot be electrospun alone because of low mechanical

129 and insufficient chain entanglement*!8,

relaxation time

Chen et al.** showed that high solution conductivity of poly(ionic liquids) resulted
in an order of magnitude lower fiber diameter compared to the neutral polymers with
equivalent concentration. Due to the intrinsic charges of the polymer, factors that can
influence ionic group interactions and charges distribution (e.g., the addition of salts and
ionic liquids, solvent polarity modification) will impact the solution electrospinability and
the resulted fiber morphology significantly. McKee et al.'** found that increasing salt
concentration in polyelectrolytes could stabilize the electrospinning jet due to the charge
screening effect. Josef et al.'?” also showed that adding methanol to dimethylformamide
(DMF)-based polyelectrolytes solutions can screen the charges and decrease the degree of
counterion disassociation, thus enabling a neutral chain structure favoring fiber formation.

Multiblock polyelectrolytes electrospinning has been rarely reported due to its high
complexity.'?® Although the solution behavior and bulk film morphologies of NEXAR®,
a commercial sulfonated pentablock terpolymer introduced in Chapter 3, has been widely
investigated, 3213 few studies have explored it in nanofibrous form. NEXAR® contains
both hydrophobic (t-BS/HI) and hydrophilic (s-PS) domains, which could be separated
during the fiber ejection process and form proton-conductive channels.**® These channels
may lead to rapid proton transport, thus high electrochemical performance. In this study,
we aim to correlate the electrospinability and the resulting fiber morphology with the

intrinsic solution properties of NEXAR® solutions with different ion exchange capacities

(IECs). The effect of solvent polarity was investigated utilizing two binary solvent
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systems, including toluene (nonpolar) or tetrahydrofuran (THF, intermediate polar) mixed
with 1-propanol (strong polar, ranging 0-50 wt% concentration). Both microscopic (i.e.,
ionic aggregation sizes, solution structure) and macroscopic (i.e., viscosity, conductivity,

electrospinability) properties were systematically investigated.

4.2. Experimental Methods
4.2.1. Materials

Toluene (anhydrous, 99.8%), tetrahydrofuran (THF; anhydrous, > 99.9%), and 1-
propanol (ACS reagent, > 99.8%) were purchased from Sigma-Aldrich. Ultrapure
deionized reverse osmosis (RO) water (resistivity ca. 16 MQ c¢cm) was used as appropriate.
Dry compressed air was provided using an industrial air compressor (IRN50H-0F,
Ingersoll Rand Industrial Technologies).

The sulfonated pentablock terpolymers NEXAR® were provided by Kraton
Corporation (Houston, TX). The chemical structure, molecular weight for each block of
NEXAR® polymer are shown in Chapter 3, Figure 3.2. In this study, NEXAR® was
received in two different sulfonation levels, corresponding to ion exchange capacities of
1.0 meq g (ca. 29 mol % sulfonation) and 2.0 meq g (ca. 52 mol % sulfonation),
represented by NEXAR-1.0 and NEXAR-2.0, respectively. All NEXAR® samples were
received as films. The polymer solutions were prepared by dissolving NEXAR-1.0 or
NEXAR-2.0 in the desired solvent mixture at a fixed 20 wt% solid concentration.

Solutions were thoroughly stirred at ambient temperature for at least 12 h to ensure
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complete dissolution before use. The relative polarity of the solvent mixtures was

modified by adjusting the ratio of 1-propanol to the base solvent (toluene or THF).

4.2.2. Electrospinning Apparatus

The electrospinning apparatus in this study (Figure 4.1) consists of a high-voltage
power supply (CZE1000R, Spellman High Voltage Electronics Corporation and ES40P-
10W/DAM, Gamma High Voltage Research, Inc.), a syringe pump (NE-1000, NewEra
Pump Systems), a syringe (Pt. No. CG-3070-03, Chemglass Life Sciences), a syringe
needle (i.d. = 0.024 in. (0.603 mm), Hamilton), and a grounded rotating drum collector
(cylindrical drum covered with aluminum foil, o0.d. = 4.85 cm) connected to a motor
(41K25GN-SW2, Oriental Motor) to rotate the drum at 100 rpm during the electrospinning
process. The needle was connected to the high-voltage supply, which can generate positive
DC voltages up to 50 kV. The electrospinning distance (i.e., the distance between the tip
of the needle and the collector) was kept consistent at ca. 9 cm. Positive voltages applied
to polymer solutions were 15-20 kV. The solution flow rates were controlled by the
syringe pump at 1.0 mL h%. All electrospinning experiments were performed at room
temperature (ca. 24 <C) and at humidity below 20% RH (maintained by supplying dry air
to the enclosed electrospinning chamber). Steady polymer jets were obtained at ca. 15 kV

and 9 cm electrospinning distance and a flow rate of 1.0 mL h™.
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Figure 4.1 Schematic of the electrospinning apparatus.

4.2.3. Characterization

The zero-shear rate viscosity of both NEXAR-1.0 and NEXAR-2.0 were measured
in both 1-propanol/toluene and 1-propanol/THF binary solvents (1-propanol ranging from
0 to 50 wt% at a constant 20 wt% solid concentration). The Reynolds number was

calculated to validate the assumption of a laminar flow condition (i.e., Couette flow

condition; calculated by Re z%, where L is the distance between the outer surface of the

spindle and the inner surface of the cylindrical sample holder).

The conductivity and viscosity of polymer solutions were measured using a
conductivity meter (Apera Instruments A1502 EC700) and a viscometer (BROOKFIELD
DV-II+), respectively, at ambient temperature (25 <C). The morphologies of the
electrospun fibers were observed using a scanning electron microscope (SEM; FEI Quanta

600 FE-SEM, 10 kV). All samples were sputter-coated (Cressington 208 HR) with 6 nm

76



Platinum/Iridium before SEM analysis. The SEM images were analyzed by ImageJ
software to characterize the fiber/bead size distribution.

Dynamic light scattering (DLS) measurements were performed on a nanoparticle
size analyzer (Zetasizer Nano ZS, Malvern) at 25 <C. Solutions of 20 wt % NEXAR were
diluted with the corresponding solvents to 1 wt%. A solid-state laser (35 mW at A = 678
nm) was used as the light source, and the incident beam was vertically polarized with
respect to the scattering plane. For each sample, three to five repeated measurements were
obtained and the average of the data was reported from cumulants analysis (Zetasizer
software, Malvern) to obtain apparent hydrodynamic radius (Rn).

Small-angle X-ray scattering (SAXS) data were collected using a Rigaku SMAX-
3000 instrument. A rotating Cu anode operated at 40 kV and 30 mA was used to generate
characteristic Cu X-rays with wavelength (1) of 1.542 A. The incident X-ray beam was
collimated using a focusing optic and three pinholes in a 1.5 m evacuated flight path.
Samples were characterized at a sample to-detector distance of 1.5 m using a Gabriel-type
2D multi-wire xenon proportional counter. The data were corrected for background noise
and averaged azimuthally to give intensity as a function of momentum transfer magnitude,
I(q), where q = 4n (sin 0)/A and 20 is the scattering angle. The range of q spanned was

0.007 A 1t00.25 A,

4.3. Results and Discussion

4.3.1. Electrospun Nanofiber Morphology

77



Figure 4.2(a—f) shows the SEM images of the electrospun products (i.e., beads and
fibers) for NEXAR-1.0 in 1-propanol/toluene binary solvents. At 0 wt% 1-propanol (i.e.,
pure toluene), only big droplets of 867.7 +318.0 un diameter were observed (Figure
4.2(a)). As 1-propanol concentration increases from 0 wt% to 9 wt%, the big droplets
evolved into smaller droplets of 67.8 £15.4 jum diameter. At 17 wt% 1-propanol, discrete
particles with reduced diameters of 10.3 2.8 pum were observed. When 1-propanol
concentration increased to 25 wt%, beaded fibers (i.e., bead diameter of 2.1 0.9 pm,
fiber diameter of 150.2 £60.0 nm) started to form. At 33 wt% 1-propanol, defect-free
nanofibers with 160.4 =+ 30.9 nm diameters were formed. However, as 1-propanol
concentration further increased to 50 wt%, hindered fiber formation and reduced fiber

productivity was observed due to increased solution viscosity.
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Figure 4.2 (a — f) Electrospinning product of NEXAR-1.0 polymer dissolved in

toluene with different ratio of 1-propanol (0 wt% - 50 wt%).

Figure 4.3(a—c) shows the SEM images of the electrospun products (i.e., beads and
fibers) for NEXAR-2.0 with 1-propanol/toluene binary solvent mixtures. Note that,
NEXAR-2.0 is insoluble in 100 wt% toluene or at low 1-propanol concentrations (< 25
wit%). At 25 wt% 1-propanol, only a few particles with diameters of 20.4 +13.6 pm were
observed. At 33 wt% 1-propanol, beaded fibers with defects (i.e., bead diameter of 26.6 £+
8.4 pm, fiber diameter of 245.2 +£58.9 nm) were formed. Further increasing 1-propanol to
50 wt% resulted in thicker fiber bundles together with larger particles diameter of 396.3 +
124.8 pm. Overall, the results in Figure 4.2 and Figure 4.3 demonstrate that adding 1-
propanol in toluene can modify the solution electrospinability for both NEXAR®
solutions, even though NEXAR-1.0 and NEXAR-2.0 display different morphologies at

the same solvent composition due to IEC variance.
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Figure 4.3 Electrospun NEXAR-2.0 in 1-propanol/toluene binary solvent mixtures with
various 1-propanol concentrations: (a) 25 wt%, (b) 33 wt%, and (c) 50 wt%.

Changing the base solvent from toluene to THF induces noticeable changes in the
electrospinning behavior of both NEXAR polymers. As shown in Figure 4.4(a—d),
NEXAR-1.0 forms uniform nanofibers with 447.5 +=95.0 nm diameter in THF based
binary solvent mixture, even with a low 1-propanol concentration of 9 wt%. The uniform
and smooth nanofiber morphologies are maintained at higher 1-propanol concentrations
of 17 wt% and 25 wt% without significant changes in nanofiber diameter (i.e., 571.2 =
162.2 nm for 17 wt% and 606.1 +120.0 nm for 25 wt%, respectively). At 33 wt%, the
nanofiber production rate is reduced, and a slight decrease in fiber diameter (291.5 +61.0

nm) can also be observed.
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Figure 4.4 Electrospun NEXAR-1.0 in 1-propanol/THF binary solvent mixtures with
various 1-propanol concentrations: (a) 9 wt%, (b) 17 wt%, (c) 25 wt%, and (d) 33 wt%.

For NEXAR-2.0, the 9 wt% 1-propanol in THF solution only produced a few

fiber strands (Figure 4.5(a)). With 1-propanol concentration increased to 17 wt%, uniform
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nanofibers with 208.6 +81.0 nm diameter formed. Similar nanofiber morphology (fiber
diameter of 172.0 £46.1 nm) with few defects is maintained at 25 wt% 1-propanol
concentration. However, when 1-propanol concentration increased to 33 wit%, the
nanofiber production rate significantly decreased, which could be due to the rapid
evaporation of THF during the electrospinning process that induced a remarkable increase
in the 1-propanol concentration and subsequent solution viscosity. In general, compared
to Figure 4.2 and Figure 4.3 with toluene-based binary solvent mixtures, Figure 4.4 and
Figure 4.5 show that THF-based binary solvent mixtures can significantly enhance the

electrospinability for both NEXAR-1.0 and NEXAR-2.0 solutions.
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Figure 4.5 Electrospun NEXAR-2.0 in 1-propanol/THF binary solvent mixtures with
various 1-propanol concentrations: (a) 9 wt%, (b) 17 wt%, (c) 25 wt%, and (d) 33 wt%.

Figure 4.6 summarizes the average fiber/particle diameter distribution for
NEXAR-1.0 and NEXAR-2.0 (SEM images shown from Figure 4.2 to Figure 4.5). In
toluene-based solvents (Figure 4.6(a)), the average diameter of electrosprayed NEXAR-
1.0 beads (open symbols) decreases exponentially from 108 to 102 nm when the 1-propanol

concentration is increased from 0 wt% to 25 wt%. At the transitional state with a 1-
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propanol concentration of ca. 25 wt%, electrosprayed beads and electrospun nanofibers
coexist. Above 25 wt%, only nanofibers were produced from NEXAR-1.0 solution,
compared to a mixture of beads and fibers produced from NEXAR-2.0 solution at the
same solvent ratio. However, in THF-based solvents (Figure 4.6(b)), both NEXAR-1.0
and NEXAR-2.0 solutions produce uniform nanofibers with NEXAR-2.0 nanofiber
diameters (minimum: 165.7 £49.1 nm; maximum: 361.3 91.0 nm) slightly lower than
that of NEXAR-1.0 (minimum: 291.5 #61.3 nm; maximum: 606.1 +120.1 nm). The
reduction in fiber diameters for NEXAR-2.0 can be attributed to its higher volume charge
densities resulting from higher IEC (i.e., sulfonic acid concentrations), which induces
higher electrostatic stretching forces at the Taylor cone during electrospinning.**® The
results in Figure 4.6 demonstrate that electrospun products morphology and dimensions

can be strongly influenced by the base solvents (i.e., toluene vs. THF).
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Figure 4.6 Electrospun fiber/bead distribution as a function of 1-propanol concentration
for NEXAR-1.0 (black) and NEXAR-2.0 (red) in a) toluene-based and b) THF-based
binary solvent mixtures.

4.3.2. Dynamic Light Scattering (DLS)

The DLS measurements were performed to quantitatively investigate dynamic
aggregation size distributions in NEXAR® solutions within a broad range from
nanometers to microns. Figure 4.7 (a) and (b) are toluene-based solvents for NEXAR-1.0
and NEXAR-2.0, respectively. In Figure 4.7(a), a peak (Rn) of 24.8 nm was observed for
NEXAR-1.0 at 5.3 wt% 1-propanol in toluene. With the increase of 1-propanol, the Ry of
NEXAR-1.0 gradually reduced to 6.5 nm at 50 wt% 1-propanol (16.9 nm, 13.3 nm, 7.2
nm and 9.0 nm at 9.1 wt%, 16.7 wt%, 25.0 wt%, and 33.3 wt% 1-propanol, respectively).
This could be attributed to the increasing amount of 1-propanol that penetrates into the
inner sulfonated polystyrene (s-PS) micelle core, which results in a unimer close to a true
solution state.'*® Similar decreasing trend in R can be observed for NEXAR-2.0 solutions
with increasing 1-propanol compositions (Figure 4.7(b)). Note that at 25 wt% 1-propanol
(polymer insoluble below 25 wt%), the Rn of NEXAR-2.0 is at 11.8 nm, which is higher
than the NEXAR-1.0 counterpart (i.e., 7.2 nm at 25 wt%). This higher Ry of NEXAR-2.0
is a result of higher sulfonation, which reduces its solubility at the lower 1-propanol

concentrations.
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Figure 4.7 Hydrodynamic radius (Rn) size distributions for (a) NEXAR-1.0 in 1-
propanol/toluene, (b) NEXAR-2.0 in 1-propanol/toluene, (c) NEXAR-1.0 in 1-
propanol/THF, and (d) NEXAR-2.0 in 1-propanol/THF at 1 wt% polymer composition at
25 <C.

Figure 4.7 (c) and (d) show the Ry in THF-based solvents for NEXAR-1.0 and
NEXAR-2.0, respectively. In Figure 4.7(c), NEXAR-1.0 exhibits interesting bimodal R

curve with peaks centered at 5.7 nm and 28.3 nm at 0 wt% of 1-propanol representing both
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sulfonated core micelles and unimer micelles. With the increase of 1-propanol, the Ry is
now prominent for the unimer micelle and gradually decreases from 5.3 nm at 9 wt% to
4.2 nm at 50 wt%, similar to the trend in Figure 4.7 (a). However, the Ry in THF-based
solvents are lower than the counterparts in toluene-based solvents across the entire
concentration range (24.8 nm at 9 wt% and 6.5 nm 50 wt%, Figure 4.7 (a)), suggesting
that the intermediate polar THF plays a significant role in enhancing NEXAR-1.0
solubility. In Figure 4.7 (d), NEXAR-2.0 exhibits a Ry of 29.7 nm in pure THF, and
gradually decreases to 3.9 nm at 50 wt% 1-propanol. Again, the Rn of NEXAR-2.0 (3.9
nm at 50 wt%) is slightly lower than its counterpart in 1-propanol/toluene (6.4 nm at 50
wt%, Figure 4.7 (b)), which confirms that THF could effectively reduce the solution

aggregation sizes for both NEXAR® solutions.

4.3.3. Small Angle X-Ray Scattering (SAXS)

The solution-state SAXS experiments were performed to provide complementary
quantitative micelle shape information in addition to DLS. NEXAR® in 1-
propanol/toluene are well documented in literature,**? 135 137 therefore Figure 4.8 only
shows the scattering profiles of NEXAR® in 1-propanol/THF binary solvent mixtures at
various compositions. Figure 4.8(a) shows the scattering profiles for NEXAR-1.0 at
various 1-propanol ratios in THF. At 0 wt% of 1-propanol, the SAXS profile shows a
broad single primary scattering maximum center at ca. 0.015 A, suggesting a highly
disordered structure with an aggregate spacing (L*~2x/q*) of ca. 42 nm. At 9 wt% and 17

wt%, slight shifts of the structure factor g to higher values can be observed, which could
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be related to the increase of aggregation spacings in solution. At higher 1-propanol
concentrations (> 25 wt%), the scattering profiles show no scattering peaks representing
no structure.

Figure 4.8(b) shows the scattering profiles for NEXAR-2.0 at various 1-propanol
ratios in THF. In contrast to NEXAR-1.0 solution, which only shows a single broad peak
at 0 wt% 1-propanol, two peaks at g* and 2g* (0.015 and 0.03 A) were observed (q* is
the primary scattering peak), indicating structure and periodicity. With further increasing
1-propanol compositions, the solutions show fast decay of scattering features, indicating
the disappearance of phase segregation at high 1-propanol compositions similar to
NEXAR-1.0 solution. Overall, the SAXS profiles for both NEXAR® solutions
demonstrate that the addition of 1-propanol polar solvent can modulate the solution-state
aggregation sizes and distribution and drive the solution towards disordered unimer status
and enhance the electrospinability, which coincides with the SEM results (Figure 4.4 and
Figure 4.5). The results also confirm that NEXAR-2.0 with a higher IEC tend to form
stronger aggregation at low 1-propanol concentration, which agrees favorably with DLS

results.
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Figure 4.8 Small-angle X-ray scattering (SAXS) profiles of (a) NEXAR-1.0 and (b)

NEXAR-2.0 in 1-propanol/THF binary solvent mixtures with various 1-propanol
concentrations.

4.3.4. Solubility

Table 4.1 lists selected physical properties (i.e., boiling points Ty, viscosity 7,
dielectric constant ¢, and surface tension y) of toluene, THF, and 1-propanol. For base
solvents, toluene exhibits lower dielectric constant, but higher viscosity than THF,
suggesting a tendency to experience less electrostatic drawing force, but more viscoelastic
force in the electric field, resulting in a higher possibility of polymer jet breakage and bead

formation. As the tuning solvent, 1-propanol has a significantly higher viscosity and
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dielectric constant, but lower surface tension than both base solvents, which acts as an

effective polarity modulator for the solvent blends.

Table 4.1 Physical Properties of Solvents4!

solvent Tb (°C) 1 (cp) g? v¢ (dyn/cm)
toluene 110.6 0.56 2.38 28.5
THF 66 0.48 7.58 26.4
1-propanol 97 2.26 20.1 23.7

2 Viscosity

b Dielectric constant at 20 °C
¢ Surface tension at 20 <C

To quantify the interaction between the polymer block and solvent, Table 4.2 lists
the Hansen solubility parameters (HSPs)!#? (i.e., the energy from dispersion bonds,
dipolar intermolecular forces, and hydrogen bonds of &, 8p, and &y, respectively) for the
neat solvents and each polymer block (i.e., t-BS, HI, s-PS with 29 mol% and 52 mol%
sulfonation) in the NEXAR®. Details of calculation can be found in reference by Griffin
et al.’¥". Note that the effective HSPs for solvent mixtures were calculated using the

tabulated neat values and applying a rule of mixtures.

Table 4.2 Hansen solubility parameters of the neat solvents and constituent polymer
blocks. ™’
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solvents/polymer blocks dp (MPa'?)  &p (MPa'?)  &u (MPa'?)

toluene 18.0 1.4 2.0
THF 16.8 5.7 5.7
1-propanol 16.0 6.8 17.4
poly (tert-butyl-styrene) (t-BS) 17.3 1.8 1.7
poly (hydrogenated isoprene) (HI) 16.2 1.1 2.1
sulfonated polystyrene (s-PS) 29 mol% 21.6 15.8 22
sulfonated polystyrene (s-PS) 52 mol% 20.2 9.1 13.1

Figure 4.9 depicts the interaction distance Ra of a specific block (i.e., t-BS, HI, s-
PS with sulfonation degree of 29 mol% and 52 mol%) in NEXAR® at specific binary

solvent compositions. The interaction distance Ra between two components in a mixture

(Rg = 4(8p1 — 6p2)% + (8p1 — 8pz)% + (6y1 — 8y2)? ) empirically quantifies their
miscibility according to Hansen’s framework? (i.e., Ra is negatively proportional to the
miscibility), which is calculated based on tabulated parameters in Table 4.2. As shown in
Figure 4.9, the t-BS and HI block show overlapping R due to similar solubilities,
suggesting that the major difference of solubility for NEXAR-1.0 and NEXAR-2.0 lies in
the s-PS block. In Figure 4.9(a), s-PS of 29 mol% show shorter interactive distance Ra
than that of 52 mol% in the range of 0-50 wt% 1-propanol composition, indicating higher
solubility of NEXAR-1.0 consistent with experimental solubility results. In Figure 4.9(b),

the intersection points of both s-PS blocks (29 mol% and 52 mol%) with HI/t-BS are at 3
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wt% and 31 wt% 1-propanol in THF respectively, which are both lower than that in 1-
propanol/toluene blends (i.e., 32 wt% and 52 wt% respectively), suggesting improved
solubility for both polymers in THF than toluene at low to intermediate 1-propanol

concentrations (0-50 wt%).
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Figure 4.9 Interaction distance Ra calculated for polymer blocks in a) 1-propanol/toluene
and b) 1-propanol/THF as a function of 1-propanol composition: t-BS (green), HI (blue),
s-PS with 29 mol% sulfonation degree for NEXAR-1.0 (black) and 52 mol% sulfonation
degree for NEXAR-2.0 (red). The intersections of s-PS with t-BS/HI are indicated by the
dashed lines.

4.3.5. Viscosity
As an important macroscopic property, viscosity can reflect solution
micromorphology and greatly influence its electrospinability. High viscosity can cause

flow instability and inhibit fiber formation,''® while low viscosity suggests insufficient
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chain entanglements and usually results in only droplets rather than fibers. Figure 4.10 (a)
shows the solution viscosity for NEXAR-1.0 and NEXAR-2.0 in 1-propanol/toluene
binary solvent mixtures as a function of 1-propanol concentration. When NEXAR-1.0 is
dissolved in pure toluene, a strong tendency for micellization (i.e., s-PS core and t-BS/HI
corona) occurs. As 1-propanol concentration increased from 0 to 10 wt%, 1-propanol starts
penetrating the hydrophilic s-PS core, allowing for increased chain interaction, and
subsequently increased zero shear rate viscosity (1) (i.e., 303 cP for 0 wt% and 585 cP
for 10 wt%). However, with a further increase of 1-propanol from 10 to 25 wt%, no shows
a slight decrease to 443 cP at 17 wt% followed by a sharp decrease to 79 cP at 25 wt%,
suggesting that the solution reaches the critical point where the solvent blends do not have
preferential interactions with any block (i.e., isomers) (demonstrated in the intersection
point of Figure 4.9(a)). With further increasing 1-propanol composition to 50 wt%, a rapid
increase in no was observed (104 cP for 28 wt%, 261 cP for 33 wt%, and 1050 cP for 50
wit%, respectively). The increase in no is attributed to the decreased solubility of nonpolar
t-BS/HI blocks. NEXAR-2.0 solution exhibits 30 times higher no (2478 cP) than NEXAR-
1.0 (79 cP) at 25 wt% 1-propanol composition (i.e., the threshold that NEXAR-2.0
solution practically measurable using the viscometer), suggesting a much stronger ionic
interaction inside the micelle core due to its higher sulfonation level. Similar to NEXAR-
1.0, a higher 1-propanol concentration at 33 wt% induced a drastic no reduction to 200 cP,
followed by a remarkable no increase to 602 cP at 50 wt% 1-propanol due to higher

immiscibility of t-BS/HI block.
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Figure 4.10 (a) Zero shear rate viscosity (no) as a function of 1-propanol concentration
(wt%) and (b) viscosity (n) as a function of shear rate at composition A (9 wt%) and B (50
wit%) for NEXAR-1.0 (black), and C (25 wt%) and D (50 wt%) for NEXAR-2.0 (red) in
1-propanol/toluene binary solvent mixtures.

Figure 4.10 (b) shows the viscosity as a function of shear rate for NEXAR
solutions with low (A, C) and high (B, D) 1-propanol concentrations. For NEXAR-1.0
solution, strong shear-thinning behavior can be observed at 9 wt% 1-propanol (i.e.,
composition A, no of 585 cP), whereas no shear-thinning was observed at 50 wt% 1-
propanol (i.e., composition B, no of 1050 cP). Similarly, Nexar-2.0 solution shows strong
shear-thinning behavior at 25 wt% 1-propanol (i.e., composition C, no of 2440 cP) whereas
no shear-thinning was observed at 50 wt% (i.e., composition D, no of 603 cP), indicating

a breakage of micellar structures.
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In addition to toluene (nonpolar solvent), no as a function of 1-propanol content in
THF (intermediate polar solvent, uncommon solvent for NEXAR® in literature) was also
investigated and shown in Figure 4.11(a). For NEXAR-1.0, no remains relatively constant
at low 1-propanol concentration (i.e., 112 cP for 0 wt%, 133 cP for 9 wt%, and 152 cP for
17 wt% 1-propanol, respectively). A drastic increase in no can be observed after 17 wt%
1-propanol (16573 cP for 33 wt%, and 267192 cP for 50 wt%, respectively). This is
different from the 1-propanol/toluene binary solvents (Figure 4.10 (a)), where no initially
decreased to a critical point and then increased by an order of magnitude. For NEXAR-
2.0, the trend in mo change is more moderate than the sharp trend in 1-propanol/toluene.
The plateau of o from 17 wt% (152 cP) to 33 wt% (270 cP) 1-propanol content indicates
that 1-propanol/THF solvent system allows for a transitional conformation in a wider

solvent composition range, i.e., more flexible tunability.
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Figure 4.11 (a) Zero shear rate viscosity no as a function of 1-propanol concentration
(wt%) and (b) viscosity 1 as a function of shear-rate at A (0 wt%), B (33 wt%), C (0 wt%),
D (33 wt%) for NEXAR-1.0 and NEXAR-2.0 in THF.

In Figure 4.11(b), NEXAR-1.0 at 0 wt% 1-propanol (i.e., composition A, noof 117
cP) does not show shear-thinning behavior, indicating no apparent micellar conformation
in pure THF. In contrast, NEXAR-2.0 at 0 wt% 1-propanol (i.e., composition C, 1o of
30960 cP) still showed shear-thinning in pure THF. Above the minimum no composition
(i.e., 17 wt% and 25 wt% 1-propanol for NEXAR-1.0 and NEXAR-2.0, respectively), no
shear-thinning can be observed as expected (i.e., no 16573 cP for composition B, and no
259 cP for composition D).

Similar to solution viscosity, surface tension of the polymer solution is another
macroscopic property which also indicates the polymer chain conformation, directly
affects the polymer jet formation, since the electrostatic forces in electric field must
overcome the surface tension of the solution to form a polymer jet. 18143 As an example,
at 33 wt% 1-propanol, It can be seen that toluene based binary solutions (ca. 27 dyn cm’
1 have much higher surface tension than THF based solution system (ca. 14 dyn cm™),
which may hinder the proper spinning. The decrease of surface tension is contributing to

the increase spinnability.1#
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Table 4.2 Surface Tension of NEXAR Solutions (dyn/cm)

Toluene Toluene THF THF
Pure
Polymer (25wt% 1- (33wit% 1- (Owt% 1- (33wit% 1-
THF
propanol) propanol) propanol) propanol)
NEXAR-1.0 27.78 26.92 12.99 27.97 14.6
NEXAR-2.0 25.39 27.18 24.98 27.48 11.2

4.3.6. Conductivity

The ionic conductivities of NEXAR solutions were measured as a function of 1-
propanol composition in 1-propanol/toluene(Figure 4.12 (a)) and 1-propanol/THF binary
solvent mixtures (Figure 4.12(b)). At low 1-propanol concentrations in toluene (0-28
wt%, Figure 4.12(a)), the conductivities of both NEXAR-1.0 and NEXAR-2.0 solutions
remain less than 10 S cm™. However, in 1-propanol/THF(Figure 4.12(b)), the
conductivity increases drastically for NEXAR solutions starting from 0 wt% 1-propanol.
From the material standpoint, NEXAR-2.0 exhibits significantly higher conductivity than
the NEXAR-1.0 counterparts due to its higher sulfonation level (52 mol% vs. 29 mol%).
From the solvent standpoint, high conductivities in THF-based solvent can be attributed
to the stronger ability of THF to disassociate the protons from the sulfonated groups
(evidenced by the higher dielectric constant in Table 4.1). The high conductivity resulting
from ion dissociation has both benefits and risks during electrospinning. Sufficient
conductivity in a reasonable range can increase the electrostatic driving force and facilitate

the Taylor cone formation and fiber initiation. However, when the conductivity reaches
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beyond a critical value, an overly strong electrostatic force is generated and breaks its
balance with the viscoelastic force. As a result, the needle and the conductive collector

will be short-circuited and produce no fibers.*?’
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Figure 4.12 Solution conductivity of NEXAR-1.0 (black) and NEXAR-2.0 (red) as a
function of 1-propanol concentration from 0-50 wt% in (a) toluene and b) THF.

Figure 4.13 summarized the solution viscosity, conductivity, and resulting
electrospinning morphologies for NEXAR-1.0 and NEXAR -2.0 in 1-propanol/toluene
and 1-propanol/THF binary solvent mixtures, where the relative magnitude of viscosities
and conductivities act as a practical guide for solvents modulation in the multiblock
polymer solutions. Generally, due to the monotonic increasing trend of conductivities and
non-monotonic parabolic trend of viscosities (except for Figure 4.13 (c)), an optimum 1-

propanol concentration exists, where the viscoelastic forces balance with the electrostatic
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forces. Compared to the 1-propanol/toluene (Figure 4.13 (a) and (b), ca. 10>~10%cP and

0-400 S cm™ for viscosity and conductivity, respectively), both viscosities and

conductivities span over a broader range in 1-propanol/THF (Figure 4.13 (c) and (d), ca.

102-10° cP and 0-600 S cm™ for viscosity and conductivity, respectively), suggesting 1-

propanol/THF could offer

electrospinning.
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4.4. Conclusions

In this work, solvent influence on the solution properties and electrospinning of
sulfonated pentablock terpolymer NEXAR® was systematically investigated. Polymers
with two IECs (1.0 and 2.0 meq g™* for NEXAR-1.0 and NEXAR-2.0, respectively) in two
binary solvent mixtures (1-propanol/toluene and /1-propanol/THF) were explored. It was
found that 1-propanol concentration (ranging 0-50 wt%) can greatly modify the
interaction between the solvents and the different block chemistries. Therefore, the
solution microstructures can be modulated, i.e., aggregated micelle sizes, as characterized
by DLS and SAXS. Such microstructural properties can be reflected in macro properties,
i.e., viscosity, shear-thinning behavior, and conductivity. The combining effect of both
micro- and macro-properties can play a significant role in the solution electrospinability,
resulting in a series of evolving electrospun morphologies (i.e., beads, beaded fibers, and
uniform fibers). In addition, compared with toluene (nonpolar), THF (intermediate-polar)
demonstrated stronger electrospinability and broader tunability regarding NEXAR®
electrospinning. This phenomenon can be attributed to a more neutral conformation of
the multiblock polymer chains in stronger polar solvents. In addition, the IEC of NEXAR®
also greatly influence the electrospinning due to varying sulfonation group concentration.
Overall, this study provides insights into sulfonated pentablock terpolymer nanofibers
electrospinning behavior through systematically modulating the solvent mixture
composition, which facilitates future applications of pure electrospun sulfonated

pentablock terpolymer nanofibers in electrochemical devices, such as PEM fuel cells.
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CHAPTER 5.

LITHIUM ION CONDUCTING POLY(IONIC LIQUIDS) NANOFIBERS

5.1. Introduction

As mentioned in the overview of the introduction, battery electric vehicles (BEVS)
are the leading alternative to internal combustion engine vehicles (ICEVS) in addition to
fuel cell electric vehicles (FCEVSs). Currently, lithium-ion batteries are the leading battery
technology in BEVs. Highly conductive and electrochemically stable solid-state polymer
electrolytes (SPEs) can reduce the potential hazards caused by volatile and flammable
liquid electrolytes, therefore enabling safe, long-lasting lithium-ion batteries. Poly(ionic
liquids) (PILs) are excellent SPE candidates, because they combine the unique
physicochemical properties of ionic liquids (ILs) (e.g., electrochemical stability).
Therefore, Chapter 5 expands the investigation of electrospinning behavior to PILs, which
is beyond proton-conductive polymers discussed previously (i.e., Nafion in Chapter 2 and
NEXAR® in Chapter 3 and 4). In addition, the impact of lithium (Li) salts doping on the
PIL nanofiber formation, and the physicochemical properties of the resulting fibers are
characterized and compared to its bulk film counterpart, targeting potential applications
in lithium-ion batteries.

PILs are macromolecules consisting of covalently bonded organic anion/cation
and mobile counterions, which are usually weakly coordinated, enabling PILs to possess
high anhydrous ionic conductivities in a battery environment.1#> 146 Different from the

neutral polymer host (e.g., poly(ethylene oxide) (PEO)), PILs typically possess high
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dielectric constant'*’ (¢ =~ 5 for PEO and 10< & <I5 for PILs) and extraordinary
electrochemical stability windows (ESW, usually < 4 V for PEO,**® and up to 5 V for PIL
)14, Besides its intrinsic advantages, PIL also demonstrates rich versatile in chemistry,
and good compatibility with other chemistries to derive binary or ternary mixtures with
external dopants such as Li salts*>%1%2 or 1Ls31% due to electrostatic interactions.

The utilization of PILs in lithium-ion batteries requires the addition (or doping) of
Li salts, i.e., the introduction of a mobile lithium cation in the system.'* To date, only a
few papers have investigated the salt-doped PIL bulk properties™®’1>°, and even less
understanding of such topic under morphological restrictions'®® (i.e., 2D-confined
nanofibers versus bulk membrane) for PIL nanofibers. The reason for the limited research
on salt-doped PIL nanofiber lies in the challenges of fabrication pure or salt-doped PIL
nanofibers. One of the earliest studies by Chen et al.'* demonstrated pure PIL
electrospinning properties and observed high ionic conductivities of the ionic liquid doped
fibers. However, no salt-doping properties was explored in this study. Most of other PIL-
based nanofiber studies focus on non-electrochemical topics, such as solution
propertiest?’, carbonized fibers!®-163 pressure sensing fabrics'®*, and air filters'®®. Also,
note that the PIL fibers in these studies are not pure (i.e., typically mixed with ca. 30-60
wt% of carrier polymers such as polyacrylonitrile (PAN)), which makes the elucidation of
intrinsic PIL nanofiber properties difficult. To our best knowledge, no systematic research
investigating ion transport properties within pure and Li salt-doped PIL nanofibers is

available.
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Despite the challenges in PIL nanofiber fabrication, the motivation of investigating
PIL nanofiber morphological restrictions are well-justified by similar topics in neutral

polymer nanofibers, where significant influences of structural confinements on molecular

166 167

orientation®®, chain spacing'®’, and the resulting thermal®®® mechanical'®® 1’°, and
electrochemical®’® 2 properties were observed. For instance, electrospun PEO nanofibers
can decrease crystalline regions and increase free Li* ratio compared to solution-cast
counterparts.t’*1’® However, for PIL homopolymer nanofibers, which are usually
amorphous, unresolved questions remain: how are the ionic conductivities and other
physicochemical properties influenced by the size confinement inside the nanofibers?
Would Li salt doping in PIL nanofibers influence the conductivities in a similar fashion
compared to its solution-cast film counterpart? It is reasonable to hypothesize that
electrospinning can modify chain orientation, backbone—backbone spacing, and segmental
motions through the polymer jet drawing process, thus leading to different ion-conducting
behavior. Supporting evidence can be found in studies®’” 1’8, which correlated increasing
(three-fold) backbone-to-backbone distance to decreasing (an order of magnitude) Tg-
independent ionic conductivity in an amorphous PIL homopolymer.

In order to answer these questions, this study chose poly(VBBImM-BF4) (VBBIm-

BFs= vinylbenzyl butylimidazolium tetrafluoroborate) as a model system to explore the

neat and Li salt doped electrospun PIL nanofiber properties and compare it with the
solution-cast film bulk properties (Figure 5.1). In order to test the hypothesis of size

confinement effect in nanofibers, we characterized the macroscopic physicochemical
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properties, such as glass transition temperature (Tg), degradation temperature (Tq), and

ionic conductivities in electrospun PIL nanofibers.

Figure 5.1 Illustration of lithium salt-doped PIL binary system configuration in (a) bulk
properties and (b) confined within nanofiber, with the black arrows indicative of the
polymer backbone to backbone spacing.

5.2. Experimental Methods
5.2.1. Materials

Poly(vinylbenzyl chloride) (poly(VBC)) (60/40 mixture of 3- and 4-isomers, My
~ 55.0 kg mol, My =~ 100 kg mol™%, by gel permeation chromatography (GPC)/multiple
angle laser light scattering), methanol (anhydrous, 99.8%), acetonitrile (anhydrous,
99.8%), N,N-dimethylformamide (DMF) (ACS reagent, = 99.8%), 1-butylimidazole
(98%), acetone (ACS reagent, =99.5%), dimethyl sulfoxide-ds (DMSO-ds) (99.9 at% D;

contains 0.03% v/v tetramethylsilane), tetrafluoroborate lithium salt (LiBF4) (98+%) were
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purchased from Sigma-Aldrich (Milwaukee, WI, USA) and used as received without
further purification. Deionized (DI) water with resistivity ca. 16 MQ cm was used as

appropriate.

5.2.2. Synthesis of Poly (VBBIm-BF4)

The synthesis of poly(VBBIm-BF4) (VBBIm = vinylbenzyl butylimidazolium)

was performed according to a procedure in literature™®® 17918 py the functionalization of
the non-ionic polymer precursor poly(VBC) (step 1 of Figure 5.2) followed by anion
exchange (step 2 of Figure 5.2). As an example reaction, 7.0005 g (45.75 mmol) of
poly(VBC) was dissolved in 55 mL DMF in a 250 mL flask. 11.36 g (91.48 mmol) of 1-
butylimidazole (VBC/1-butylimidazole = 1/2 mol/mol) was added dropwise into the flask.
The reaction was performed at 80 <C for 48 h. The resulting polymer was precipitated in
acetone, isolated by centrifuge (Eppendorf 5804, at 8500 rcf for 10 min), and subsequently
washed in acetone multiple times. The solid polymer was dried under vacuum in an oven
at room temperature for at least 24 h, yielding 11.4919 g (41.49 mmol) light yellow solid
particles (90.69%). Subsequently, anion exchange was performed to exchange the
poly(VBBIm-CI) from CI™ to BF4+~ form (step 2 of Figure 5.2). As an example reaction,
11.7002 g (124.5 mmol) of LiBF4 was stirred in 100 mL of DI water and added dropwise
into 11.0010 g (39.71 mmol) of poly(VBBIm-CI) aqueous solution (VBBIm-CI/LiBF4 =
1/3 mol/mol). The reaction was performed at room temperature for 48 h. The resulting
precipitated polymer was separated by centrifuge, followed by extensive washing with DI
water for 72 h to remove the residual ClI- and LiBF4. The anion exchanged polymer,
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poly(VBBIm-BF4), was then filtered and dried under vacuum in an oven at room
temperature for 24 h. Yield: 12.0120 g (36.62 mmol) of solid particles (92.22%). *H NMR
(400 MHz, DMSO-ds, 23<C) & (ppm): 9.30-9.00 (s, 1H, N-CH=N), 7.88-7.59 (s, 2H, N—
CH=CH-N), 7.57-6.01 (m, 4H, C¢Ha), 5.41-4.79 (m, 2H, CeHs—CH2—N), 4.39-3.86 (s,
2H, N-CH; —~CH> —CH>—CHs3), 1.83-1.56 (m, 3H, CH2 —CH, N-CH> —CH> —CH —CH3),
1.56-0.93 (m, 4H, CH2 —CH, N—CHz —CH2 —CH2 —CHg), 0.93-0.58 (s, 3H, N-CH2 —CH
—CH>—CHj3) (NMR, Figure 5.2). Elemental analysis calculated: C, 58.54; H, 6.40; N, 8.54;

Cl, 0.00; F, 23.17. Found: C, 58.48; H, 6.77; N, 8.35; ClI, 0.00; F, 22.83.

: (1) n 2) n
— CIO/_/_ — BF4O/_/_
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Figure 5.2 Synthesis of poly(VBBImM-BF4). (1) 1-butylimidazole, DMF, 80 <C, 48 h; (2)
LiBF4, H20, room temperature, 48 h.
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Figure 5.3 'H NMR spectra and peak assignments of (1) poly(VBC), and (III)
poly(VBBIM-BFy).

5.2.3. Film and Fiber Preparation

For the preparation of neat and salt-doped poly(VBBIm-BFs) films and
electrospun fibers, the homopolymer poly(VBBIM-BF4) were first dissolved in 3/1
acetonitrile/DMF (w/w) binary solvents at 20 wt% and 30 wt% solid concentration for the
use of solution casting and electrospinning, respectively. The lithium salt (LiBFs) was
added to the mixture to obtain the desired salt concentration and thoroughly stirred for at
least 12 h at ambient temperature to ensure complete dissolution before use. The desired
molar ratio was determined by the ratio of lithium ions to poly(VBBIm-BF4) moieties (r
= [Li")/[VBBIm-BF]).

Due to the brittleness of the poly(VBBIm-BF4) films, the mixture solutions were
cast directly onto the stainless steel spacers (thickness of ca. 1020 mm) using an automatic
film applicator (Elcometer 4340) with a doctor blade at a gauge height and speed of ca.
2000 pm and 60 mm s, respectively. The polymer/salt solution-coated spacers were
partially covered to allow solvent evaporation for 6 h under ambient conditions and then
further dried under vacuum for 24 h.

The electrospinning apparatus used in this study is illustrated and described in
Chapter 4 (Figure 4.1). All electrospinning experiments were performed at room
temperature (ca. 24 <C) and at the humidity below 20% RH, which was maintained by
supplying dry air to the enclosed electrospinning chamber. Steady polymer jets were

obtained at electrospinning voltage of 25-30 kV, an electrospinning distance of 9 cm, and
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a flow rate of 0.3-0.6 ml/h. Four stainless steel spacers were attached uniformly to the
aluminum foil covered on the rotating drum collector to enable the direct deposition of the
electrospun fibers. After electrospinning, the electrospun fibers were dried under vacuum

for 24 h and then stored in an argon-filled glovebox before use.

5.2.4. Characterization

Chemical analyses were performed with *H NMR spectroscopy (Bruker Avance
NEO 400 MHz spectrometer) at 23 <T with various NMR solvents. *H NMR spectrum of
poly(VBC), poly(VBBIm-CI), and poly(VBBIm-BFs) were collected referenced to
DMSO-ds at 2.50 ppm. EA experiments were performed by Atlantic Microlab Inc. in
Norcross, GA, USA. Infrared spectroscopy was performed at room temperature with a
Fourier transform infrared spectrometer (Nicolet 6700 Series; Thermo Electron
Corporation) using a single reflection diamond attenuated total reflectance (ATR)
accessory (Specac; Quest). All infrared spectra were collected using a liquid-nitrogen-
cooled mercury-cadmium-telluride (MCT) detector at 32 scans per spectrum with a
resolution of 4 and data spacing of 1.928 cm™. The spectra were corrected with a
background subtraction of the spectrum of the bare ATR crystal.

Differential scanning calorimetry (DSC; Q200, TA Instruments) experiments were
performed to determine the glass transition temperatures (TgS). The measurements were
collected under a nitrogen environment (50 mL min™?) using the method of heat/cool/heat
at a heating/cooling rate of 10 <T min™* over the temperature range from -140 to 180 <C.

The Ty values were determined using the midpoint method on the second heating cycle
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thermogram. TGA (Q50, TA Instruments) experiments were performed to determine the
thermal degradation temperatures (Tqs). The measurements were collected under a
nitrogen environment (60 mL min™?) at a heating rate of 10 < min* over the temperature
range 25-900 <C. The Tq values were determined at 5 wt% loss using TA Universal
Analysis software.

Films and fiber mats thicknesses were measured with a digital micrometer
(Mitutoyo; #0.001 mm accuracy) by calculating the thickness differences of the spacers
before and after solution-casting or electrospinning deposition. The final film and fiber
mat thicknesses for ionic conductivity measurement were ca. 80—110 pm. The
morphologies of the neat and Li-doped electrospun poly(VBBIM-BF4) fibers were
investigated with SEM (FEI Quanta 600 FE-SEM, 10 kV) using a working distance of 10
mm. Samples were sputter-coated (Cressington 208 HR) with iridium (6 nm thickness)
prior to SEM analysis.

lonic conductivity for both films and fibers were measured with a
potentiostat/galvanostat and an impedance analyzer (Gamry 5000E) via electrochemical
impedance spectroscopy (EIS). Conductivity measurements were performed with
symmetric cells with blocking electrodes (stainless steel). A test cell was assembled by
combining a spacer-supported sample with another stainless-steel spacer (thickness ca.
1.020 cm) and a spring (height ca. 0.12 cm) in a CR2032 coin cell. The coin cells were
pressed twice using a coin cell crimping machine (MTI Corp., MSK-160D) in a glovebox
at room temperature to ensure a proper seal. Impedance scans (Nyquist plots) were

measured at the open-circuit potential at 10 mV amplitude over a frequency range from 1
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MHz to 0.5 Hz at a temperature range from 50 to 100 <C with 10 <C increments controlled
by an environmental chamber (MACCOR, 4200M). Samples were allowed to equilibrate
for 1 h at each measurement condition, followed by at least five measurements. The
resistance was determined from a high x-intercept of the semicircle regression of the
Nyquist plot. Conductivity was calculated using the following equation: c=L/AR, where
L is the average thickness of film/fiber mat, and A is the area of the stainless-steel spacer
(A=n(d/2)?, d = 1.55 cm). Note that for porous fibers, conductivity normalization was
conducted by replacing A with A’ (i.e., the corrected area of fibers only, and the surface

porosity was estimated using SEM images by ImageJ software).

5.3. Results and discussion
5.3.1. Chemical Analysis

Functionalization and anion exchange reactions were performed on the non-ionic
polymer precursors poly(VBC) following a literature procedure!’ 8! to synthesis the
poly(VBBIM-BF4) (Figure 5.2). Figure 5.3 shows the *H NMR spectra of the poly(VBC)
precursor and the final PIL homopolymer poly(VBBIm-BF4), and specific peak
assignments are listed in the experimental section. The resulting functionalized polymers,
poly(VBBIm-CI), were found to be hygroscopic and water-soluble. Therefore, water was
chosen as the solvent for anion exchange reactions. Peak a shifts from 4.80 to 4.41 ppm
in the spectra for poly(VBC) (Figure 5.3 (1)) and from 5.49 to 4.83 ppm in the spectra for
poly(VBBIm-BF4) (Figure 5.3 (II1)), indicating the successful functionalization of the

neutral polymer precursor. The degree of functionalization was calculated by the

108



integration ratio of CH> protons of the butyl chain on the cations (i.e., peak b, 4.41-3.95
ppm) to peak a (5.49 to 4.83 ppm) and the poly(VBBIm-BF4) was confirmed to be fully
functionalized. Furthermore, the efficacy of the anion exchange metathesis was confirmed
by EA, where the compositions of the anion exchanged poly(VBBIm-BF) closely match
the theoretical compositions and the chloride residues were negligibly small, indicating
that the anion exchange reactions were successful and highly efficient.

ATR-FTIR spectra (Figure 5.4) further confirmed successful functionalization of
PVBC and the following ion exchange. From the PVBC spectrum, the peak at ca.1265
cm™®, which is assigned to CH:Cl wagging vibration'®? disappeared after
functionalization. For Poly(VBBIm-CI), characteristic IR peaks in the ranging 2800-3000
cm® and 3080-3180 cm can be observed, which are originated from the C-H on butyl
chain and imidazolium ring, respectively. In addition, the hydrophilic PIL in chloride form
exhibit a broad infrared band (O-H stretching band at 3380 cm™) corresponding to the
absorbed water. After ion exchange to the CI" to BF4 form, the water band is negligible
due to the hydrophobicity of the anion. Instead, the characteristic band of BF4™ at 1046 and

1011 cm appeared, which is consistent with literature.18% 184
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Figure 5.4 ATR-FTIR spectra of poly(VBC), poly(VBBIM-CI), and poly(VBBIM-BF4).

5.3.2. Electrospun Nanofiber Morphology

(r = [LiI")/[BImT] (mol/mol) = 0, 0.1, 0.2, 0.3, 0.4). To ensure a smooth polymer jet
formation and avoid spinneret blockage, 25 wt% of DMF was added as a cosolvent to
reduce the volatility of acetonitrile while maintaining similar solubility and dielectric
constant.*3® Electrospinning of the neat poly(VBBIm-BFs) (Figure 5.5 (a)) produced

uniform nanofibers with a diameter of 281.2 +129.9 nm without defects. The increase of
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Li salt ratio from 0 to 0.1 (Figure 5.5 (b); 586.2 +£262.4 nm) and to 0.2 (Figure 5.5 (c);
768.1 +£303.3 nm) result in slightly higher fiber diameters, while the fiber appearance
remained similar. As the Li salt ratio further increased to 0.3, dry-state fiber sizes (Figure
5.4 (d); 567.6 +219.9 nm) and morphology do not show significant changes. Interestingly,
interconnected branched structures formed after being conditioned at room temperature
and humidity (24 £2 <C, 45 £5 % RH), which increased the standard deviation of the
fiber diameter (Figure 5.5 (e); 766.1 £434.8 nm). It might be due to the hygroscopic nature
of the Li salt. For the 0.4 salt ratio under dry conditions, ribbon-like structures formed
(Figure 5.5 (g); 1014.0 £468.3 nm). Similarly to 0.3 salt ratio, no individual nanofibers
can be identified due to excessive water absorption (Figure 5.5 (h)) after being conditioned
(humidified) at room temperature and humidity. It is well-documented in literature!85-187
that the addition of Li salt in neutral polymer solutions could decrease the fiber diameter
due to increased electrostatic forces that caused elongation and stretching behavior.
However, in polyelectrolytes, the addition of salt would screen the charges, reduce the
electrostatic charge repulsion, and shift the polyelectrolyte solution behavior towards
uncharged neutral polymer solution.3! Besides, water-swollen effects also contribute to
the fiber diameter increment. Another interesting feature we observed is that salt crystals
formed after high salt ration fibers are humidified. For fibers with 0.3 (Figure 5.5 (d)) and
0.4 (Figure 5.5 (g)) salt ratio under dry conditions, no salt crystals were found on the fiber
surface. However, after being humidified at room condition, Li salt crystals are clearly
visible on the polymer surface under high magnification (Figure 5.5 (i) and Figure 5.5 (f)).

Similar salt crystal formation phenomena have been recored in other studies3! 18 without
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showing an exact reason. We attribute the reason for salt crystals formed on the fiber
surface to the moisture in the air, since it is reasonable rendering the hydrophilic nature of

LiBF; salt, which will preferentially dissolve in water rather than the PIL matrix.18

g &; (hL'm::?ified)‘
; ; J

Figure 5.5 SEM images of electrospun poly(VBBIm-BF4) fibers with various LiBFratios
r = [Li*)/[BIm7] (mol/mol): (a) 0, (b) 0.1, (c) 0.2, (d) 0.3, (e—f) humidified 0.3, (g) 0.4, (h—
i) humidified 0.4. Magnification: (a), (b), (c), (d), (e), (9), (h) 5000X, (f), (i) 10000 X.

5.3.3. Thermal Analysis
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The DSC thermograms for film and fibers of the neat poly(VBBIM-BF4) (r = 0)
and polymers doped with different lithium salt concentrations (r = 0.1-0.4) are shown in
Figure 5.6, and the glass transition temperatures (Tg) are listed in Table 5.1. In Figure 5.5
(a), the neat PIL film exhibits a single T4 at 87 <C. As the Li salt ratio increases from 0.1
to 0.4, the T4 decreases from 71 to 38 <T, which is more significant than Chen et al.**®
observed in a similar PIL diblock copolymer. For the fibers, the neat PIL fiber also exhibits
a single Tg at 87 T, which is the same as the film counterpart. Contrastingly, as the salt
ratio increased to 0.1 and 0.2, the Tg remained constant at 87 <C, and only slightly
decreased to 75 <C at 0.3 and 0.4, which are significantly higher than the film counterpart
at the same salt ratio. Numerous studies™ 8 have shown that the T is strongly influenced
by ion-ion dissociation and the free volume. In a PIL/salt binary system, ion dynamics are
more complicated influenced by the interaction between poly(VBBImM-BF4) and the
additional BF4" anion in Li salt.'® 1! To understand the question of why the size
confinement within nanofiber structure could dampen the dependence of T4 on the salt
ratio, we can reasonably hypothesize that the ion-ion association states are drastically
different for PIL film and PIL nanofiber. The Li salt might get trapped or “frozen” so that
the BF4 anions are not interacting with poly(VBBIm™) enough to change its segmental

motion and lower the Tg.
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Figure 5.6 DSC thermograms for (a) solution-casted films and (b) electrospun fibers of
poly(VBBIm-BF4) with various salt ratio r = [Li*]/[BIm] (mol/mol) = 0, 0.1, 0.2, 0.3, and
0.4.

The TGA thermograms of poly(VBBIm-BF) films and fibers are shown in Figure
5.7, and the thermal decomposition temperatures (Tq) are listed in Table 5.1. Less than 1%
weight loss for all samples below 100 <C indicates trivial inside moisture content. For
solution-casted films (Figure 5.7 (a)), we observe the onset of decomposition (the
temperature at which 5% weight loss is observed) at 216-305 <C, which should be
attributed to the decomposition of LiBF4 salt. As the concentration of the salt increases,
the initial decomposition temperature of the electrolyte decreases accordingly. The second
decomposition event occurring at 360-375 <C can be attributed to the degradation of
pendant groups with weakly coordinating BF4 on the polymer backbone.'%% 1% The third

decomposition event temperature is relatively constant (442—-448 <C), which should be
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attributed to the degradation of the poly(styrene) backbone.'®® In sharp contrast to these
results, the onset of decomposition for the fibers occurs at 303-312 <C, which are
significantly higher than the film counterparts (216-305 <C), specifically at high salt ratios
(i.e., 0.3 and 0.4). This phenomenon might be due to the different dissociation degrees of
LiBF4 salt in film and fibers, which influenced its degradation temperature in turn. Both
the second (360-376 <C) and third (436-445 <C) decomposition events of the
poly(VBBIm-BF4) occurred in a similar range for film and fiber samples due to the same
pendant group and backbone chemistry. The enhancement of onset decomposition
temperature could be traced back to the ordered polymer chains alignment during the
whipping and stretching and occurs under a strong electric field (ca. 3x<10° V cm™) in
electrospinning. Similar thermal stability improvement and analysis have also been
demonstrated in other neutral homopolymers (e.g., semi-crystalline polycaprolactone,
amorphous poly(methyl methacrylate)) studies by Macossary et al.,'** Dhakate et al.,*%

and Sheng et al..1%
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Figure 5.7 TGA thermograms for (a) solution-casted films and (b) electrospun fibers of
poly(VBBIm-BF4) with various salt ratio r = [Li*]/[BIm] (mol/mol) =0, 0.1, 0.2, 0.3, and
0.4.

Table 5.1 Thermal decomposition temperature (Tq) and glass transition temperature (Tg)
of Poly(VBBIm-BF,) with different salt ratios.

Salt ratio in Ta (T)° Tg (C)°
poly(VBBIm-BF4)* Film Fiber Film Fiber
(=00 305,360,442 312,369,443 87 87
=01 232,365,448 311,372,442 71 87
=02 251,368,448 307,363,440 66 87
=03 229,371,447 304,380,445 62 75
(=04 216,375,447 303,376,436 38 75

ar = [Li*}/[BIm] (mol/mol)
b Determined from the average values observed on the second heating cycle by DSC.
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¢ Onset degradation temperature (i.e., 5% weight loss) and the peak temperatures for the
highest weight loss rate for each observed decomposition event by TGA.

5.3.4. Conductivity

Figure 5.8 shows the temperature-dependent (50—100 °C) ionic conductivity under
anhydrous conditions for poly(VBBImM-BF4) homopolymer casted-films (Figure 5.8 (a))
and their analogous fibers (Figure 5.8 (b), normalized by surface porosity ca. 47.5%) with
different salt concentration from r = 0-0.4. For solution-casted films, conductivity
increases with increasing salt ratio, with the highest increment appearing when r increases
from 0.2 to 0.3. In literature, nonmonotonic trend as a function of r (ranging 0.1-0.8,
maximum conductivity at r = 0.5) for PIL homopolymer films was reported by Chen et
al.’ where the reduction at higher salt concentration was attributed to the formation of
Li salt clusters. Here we did not observe an obvious decreasing trend of conductivity at
high salt ratio, likely due to the limited salt concentration ranges (0.1-0.4). Interestingly,
the fibers still demonstrate an increase from r = 0.3 to 0.4, which suggests that the
nanofiber might reduce the Li clusters that hinder the continuing increases of conductivity.
In comparison, the conductivity for the electrospun fibers (Figure 5.8 (b)) at higher salt
ratio generally show similar conductivities to the film counterparts (e.g., 2.9 x10°Scm™
versus 1.7 x 10° S cm™* at r = 0.4, 100 <T). At low salt concentration and lower
temperatures, electrospun fibers showed lower conductivities than the film counterpart
(e.9., 2.4 x10°Scmtversus 2.2 x10°Scm?tatr=0.1,50 <T).

In PIL homopolymer electrolytes, the ion transport mechanisms are governed by

polymer chain segmental dynamics, ion hopping, ion-pair dissociation—association
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process, and backbone to backbone distance.’®” In electrospun fibers, however, the
dependence of conductivity on T are reduced, which could be realized through forced ion
dissociation by the strong electrostatic forces or the reduction of backbone to backbone
distance (i.e., alignment chain conformation). Therefore, electrospinning PILs would be a
promising way to fabricate robust (high Tg) but highly-conductive porous SPEs. One may
argue the conductivity we achieved in the current poly(VBBIm-BF4)/LiBF4 system are
low; there are various approaches to tackle the problems (e.g., add ILs as a plasticizer),
which would be interesting to explore in the future, but is beyond the scope of this study.
For example, Chen et al.'*° showed a conductivity of 7.12 <10 S cm™* for methacrylate-
based PIL electrospun fibers at 10% RH and 30 <C. By doping with ILs, they improved
conductivities by four orders of magnitude (3.15-17.4 <102 S cm™). Therefore, desirable

conductivity could be facilitated by future investigation of IL-doped PIL nanofiber.
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Figure 5.8 lonic conductivity as a function of temperature for (a) solution-casted films and
(b) electrospun fibers of poly(VBBImM-BF4) with various salt ratio r = [Li*])/[BIm7]
(mol/mol) =0, 0.1, 0.2, 0.3, and 0.4. (Note that ionic conductivities are normalized in (b)
by fibers surface porosity)

5.4. Conclusions

In this study, Li salt-doped electrospun fibers and solution-casted films were
successfully fabricated for a styrene-based PIL homopolymer (i.e., poly(VBBIm-BF;)) in
order to investigate the influence of nanofiber confinement on the thermal and ion-
conducting properties. The electrospun fiber morphology, glass transition temperature,
thermal stability, and ionic conductivities were evaluated as a function of Li salt ratio and
compared between PIL films and fibers. The results show that the T4 remained relatively
constant in the fibers regardless of the Li salt ratio, in contrast with the depressed Tq at
high salt ratio in solution-casted films. Surprisingly, the ionic conductivities of the fibers
were comparable with the solution-cast solid film (ca. 2.9 x10°Scmtatr=0.4, 100 <T)
analogs despite the high Ty (75 <C at r = 0.4). This result suggests that the commonly
observed tradeoff between the conductivity and mechanical properties may be decoupled
in the nanofiber system. Future investigations of PIL electrospun fibers in Li symmetric
cells to explore the electrochemical stability will be of great interest for rendering these

materials as potential separator candidates in all-solid-state Li* batteries.
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CHAPTER 6.

CONCLUSIONS AND FUTURE OUTLOOK

6.1. Summary

Engineering of polyelectrolytes in electrodes and membranes is required to obtain
high performance, high energy efficiency, and low-cost commercial PEMFCs and PEM-
based electrolytic dehumidifiers. Traditional proton-conducting polyelectrolytes (e.g.,
Nafion) suffer from high production and recycling cost, and only exhibit limited 1ECs.
Alternative PEM materials and nanofabrication methods that alleviate the transport
resistances inside electrodes and membranes are of great research interest, however,
remain less explored. In this work, nanofiber-nanoparticle electrodes with patterned
overarching structures were developed for PEMFCs. Proton-conducting hydrocarbon
polyelectrolytes with higher IECs were explored in PEM-based dehumidifiers, with
thermal and ion transport properties systematically explored, revealing promising
electrochemical performances.

3D hexagonal patterned nanofiber-nanoparticle PEMFC electrodes (i.e., pattern
diameters of 40, 80, 160, and 360 ) with ultra-low Pt loadings (ca. 0.06 mget cm2) were
systematically developed via template-assisted E/E technique to investigate the patterning
effect on the fuel cell performance and Pt utilization. The results were examined in
comparison with the randomly assembled conventional E/E electrodes. An optimal of 80
m pattern diameter was identified to present Pt utilization of 8.26 kW ger?, showing 42%

increase relevant to the analogous random electrodes, which proved our hypothesis that
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the reorganization of the proton-conducting nanofibers and catalyst particles could
influence TPBs and Pt utilization.

In order to evaluate alternative hydrocarbon membranes in replacing the
benchmark Nafion and lower the PEM cost, NEXAR® (a commercial sulfonated
pentablock terpolymer) with different IECs (1.0 and 2.6 meq g™*) were investigated in a
PEM-based electrolytic dehumidifier. Similar functions (i.e., proton-conducting media
and separator) of the PEM in fuel cell and reverse fuel cell validate the switch of research
system. These NEXAR membranes demonstrated higher WVTR and water removal
efficiency than the commercial perfluorinated membrane (Nafion, 0.9 meq g*) at 50 <.
Surprisingly, NEXAR-1.0 exhibited higher water removal efficiency relative to NEXAR-
2.6, despite its lower IEC. The counter-intuitive result was attributed to the excessive
water uptake of NEXAR-2.6, resulting in inefficient current consumption. Moreover,
operational factors including voltage application directions and external humidity
gradients were also analyzed to enhance dehumidification performance practically.

The results of the above studies led to the investigation of electrospinning
fabrication of pure NEXAR nanofibers (IECs of 1.0 and 2.0 meq g*) without carrier
polymers, which is challenging (e.g., impossible to produce 100% pure electrospun
Nafion nanofibers) due to the electrostatic charges along the polymer backbone, as well
as the amphiphilic nature of NEXAR polymer. The relationships among electrospinability
and intrinsic solution properties were elucidated through modulating the solution polarity
in two binary solvent mixtures (i.e., toluene (nonpolar)/1-propanol (strong polar); THF

(medium polar)/1-propanol (strong polar)). Comparatively, the THF/1-propanol binary
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solvent mixture resulted in enhanced electrospinability and broader tunability for NEXAR
nanofiber formation, as evidenced by SEM, DLS, SAXS, and viscosity/conductivity
characterization. In addition, the 1EC of NEXAR® also greatly influence the
electrospinning morphology due to sulfonation group concentration. These results provide
insights into amphiphilic polyelectrolytes electrospinning, which prepares for potential
applications as nanofiber membranes or electrodes in PEMFCs or PEM dehumidifiers.
Lithium-doped poly(ionic liquids) (PILs) homopolymer nanofibers were
developed via electrospinning to advance the development of a high surface area, light-
weight polyelectrolyte in electrochemical devices (e.g., Li* batteries). Poly(vinylbenzyl
chloride) (poly(VBC)) was used as a precursor for PIL synthesis that was further
functionalized with 1-butylimidazole (BIm) and ion-exchanged to tetrafluoroborate (BF4)
to incorporate conductive cations. It was hypothesized that the physiochemical and ion
conduction properties will be affected by the chain confinement in the nanofibers. In
comparison with Li* doped solution-cast film analogs, the fibers showed higher thermal
stability (higher Tq), and comparable ionic conductivity despite the significantly higher T
at high salt ratio, suggesting that the salt-doped PIL nanofiber can be applied as the

mechanically strong SPEs in solid-state Li* batteries.

6.2. Future Directions
The findings of this dissertation can be extended into multiple interesting avenues
for the development of fuel cells and reverse fuel cells with nanostructured membrane and

electrodes. For the patterned electrodes of PEMFCs, exploration of alternative pattern
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features (e.g., shapes, sizes, connections) would be beneficial for the pursuit of further Pt
utilization improvement. For PEM-based electrolytic dehumidifier, incorporation of
proton-conductive nanofiber to lower the catalyst loading remains an unexplored area of
research. In addition, nanofiber engineering, such as core-shell structure nanofiber (i.e.,
high mechanical strength core) and phase-segregated PIL diblock copolymer nanofiber
(i.e., asecond mechanical strong block) could offer more insights into fabrication of highly
proton-conductive and mechanically robust nanofibrous membranes for fuel cell and

reverse fuel cell dehumidifiers.

6.2.1. Alternative Pattern Features for PEMFC Electrodes

In Chapter 2, hexagonal patterned electrodes with micron-scale feature sizes were
implemented in the PEMFC; however, alternative pattern shapes and sizes are remain
unexplored. For the design of future template-assisted E/E fabricated electrode pattern
structure, there are several key points to consider to reduce the transport resistances,
referring to the design concepts in flow fields pattern’®® and hydrophobic additives
distribution pattern'®®: (1) the geometrical length scale of the pattern and its relationship
with the water management in the electrode; (2) the shape of the pattern (e.g., angled or
round feature, serpentine or straight channel); (3) the connectivity of the channel and land
area, i.e., whether the continuous phase of the pattern should be catalyst-rich or catalyst-
thin. Examples of different electrode pattern designs (e.g., connectivity, shapes, feature
sizes) are illustrated in Figure 6.1. From the standpoint of fabrication, the edge angle of

the pattern feature should also be taken into account, since it could influence the residual
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charge distribution and influence the controlling ability of the templates on nanofiber and

nanoparticle deposition,2°0-202

a) b) Dense rod array Dense cone array
array of discs array of holes ‘b Thiswork ¢ Thiswork
0906006 O i
©9006 0
O? 900 ¢ d ¥
catalystink \ / catalyst ink
proton exchange membrane Y H*
line pattern .
chess pattern p d) line pattern
s 0.0 Opm > 20 ym > 10 pm > S5 ym
2.24¢m 2.24cm
pronery gl LA iy
2 24cm 2.24cm

Figure 6.1 Illustration of various electrode pattern designs adapted from literature: (a)
array of discs and holes*®, (b) array of dense rods and cones®, (c) chess and line pattern?,
and (d) different line pattern width®,

6.2.2. Nanofibrous Electrodes for PEM Dehumidifiers

As an emerging dehumidification technology, the PEM-based electrolytic
dehumidifier investigated in Chapter 3 still suffers from extremely high noble metal
catalyst loading®®® 204, i.e., 1.0-3.0 mg cm (ca. two orders of magnitude higher than the
counterpart of 0.05 mget cm in PEMFC).”® Examples of reducing catalyst loading via
nanofiber electrodes has been demonstrated in water electrolysis. Hegge et al.?% showed
the efficient and stable PEM water electrolysis with electrospun whisker-shaped iridium
oxide (IrOx) nanofiber (poly(vinyl alcohol) (PVA) as the carrier polymer) interlayers.

Wang et al.2% showed electrospun Pt-1rO2 nanofiber (polyvinyl pyrrolidone (PVP) as the
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carrier polymer) successfully reduced the catalysts loading and H. crossover. However,
no such reports in PEM dehumification. Chapter 4 systematically investigated the
electrospinning properties of the NEXAR®, which has paved the way for this research
direction. Therefore, referring to the ultra-low Pt loading electrode fabrication technique
demonstrated in Chapter 1, it would be of great interest to incorporate the sulfonated
pentablock terpolymer as building blocks for nanofiber-nanoparticle electrodes to reduce

the transport resistance and thus the catalyst loading inside a PEM-based dehumidifier.

6.2.3. Core-Shell Proton-Conductive Nanofiber via Coaxial Electrospinning

Pure electrospun proton-conductive nanofiber can exhibit an order of magnitude
higher conductivity than bulk film, as demonstrated by Dong et al.*?°. However, it still
suffers from insufficient mechanical strength. Therefore, nanofibers with core-shell
structure, i.e., mechanically strong core and ion conductive shell (Figure 6.1 (a)), would
be of great interest to be applied in electrochemical devices. For instance, Yuan et al.?%’
demonstrated coaxial electrospun sulfonated poly (ether ether ketone) (SPEEK) PEM for
conductivity-strength balance with a low degree of sulfonation (DS) core and high DS
shell design. However, explorations in such concept with alternative chemistry remain
scarce. In addition, the fine-tuning of shell thickness could further promote proton
conductivity due to the nanosize effect.'?° Preliminary experiments have been performed
to explore the influence of different core carriers (i.e., polyacrylonitrile, mineral oil,
polystyrene, and poly(styrene-b-ethylene-b-styrene)) on the compound Taylor cone

formation, as shown in Figure 6.1(b). The interaction between the shell and core solution
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properties (e.g., conductivity, viscosity) could provide fundamental insights into the
physics of compound droplet formation.?%® Preliminary transmission electron microscopy
(TEM) images characterized both the through-plane (Figure 6.1(c)) and the in-plane
(Figure 6.1(d)) cross-sectional area of the core-shell nanofiber samples, which were
embedded in epoxy and then microtomed to < 100 nm thickness. The RuO4 dyed Nafion
shell exhibits darker color, whereas the PAN core was could not be crosslinked by the

RuO4 and appears lighter color.
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Figure 6.2 (a) schematic of the core-shell mechanically reinforced nanofiber produced via
coaxial electrospinning, and (b) core-shell compound Taylor cones (i.e., with shell
solution of 20 wt% Nafion in DMF/acetone (5/1 w/w), which is dyed with ultramarine oil
paint, and various core solution of (i) polyacrylonitrile(PAN) in 10 wt% DMF, (ii) mineral
oil, (iii) polystyrene in 20 wt% THF and (iv) poly(styrene-b-ethylene-b-styrene) in 20 wt%
toluene), TEM images of core-shell nanofiber for (c) through-plane, and (d) in-plane fiber
cross-sectional structure.

6.2.4. Electrospun PIL Diblock Copolymer Nanofibers
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In chapter 5, physicochemical properties were compared between nanofibers and
solution-casted films for a PIL homopolymer. Current literature!®® 2% shows the Li
transport properties in PIL diblock copolymer films under various salt concentrations.
However, the microphase-separation morphologies in 2D-confined electrospun nanofiber
have only been well-documented for neutral diblock copolymers, such as poly(styrene-b-
butyl-b-styrene) (PSBS) and poly(styrene-b-isoprene) (PSl), as shown in Figure 6.2. The
intersection of both directions, i.e., Li transport properties and its relationship with the
microphase-separation morphology in a 2D-confined cylindrical PIL diblock nanofibers
has not been reported yet. The Li conductivity could be correlated with the strength of
confinement!®® (D/Lo, where D is the size of the confining space, i.e., the diameter of
nanofiber, and Lo is the periodicity of the PIL diblock copolymer), and may reveal new

insights into the conductivity-morphology relationship.

Figure 6.3 Transmission electron microscopy (TEM) images of microphase separated
block copolymer nanofiber morphology adapted from literatures. (a) Electrospun PSBS
fibers after annealing at 70 <C for 24 h 219 (b) PSI fibers after annealing at 140 <C for 10
days,?'* and (c) PSI fibers at various annealing temperatures and times.?*2
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