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ABSTRACT

PROTON CONDUCTING MATERIALS:

SYNTHESIS, CHARACTERIZATION, AND APPLICATION IN FUEL CELLS

By

Qin Yuan

Recently, there has been considerable interest in the development of fuel

cells, especially hydrogen powered fuel cells, which cleanly convert the chemical

energy of fuels directly into electric energy and heat with high efficiency. A key

component of hydrogen based fuel cells is the proton exchange membrane

(PEM), which transports protons from the anode to the cathode and separates

fuel and oxidant. Nafion, the prototype PEM, has a high proton conductivity and

chemical and mechanical stability at moderate temperatures in the harsh fuel cell

environment. Despite the high performance of Nafion in fuel cells, its high

manufacturing cost, drastically reduced proton conductivity above 80 °C,

environmental incompatibility, and severe methanol permeability limit its use in

fuel cell applications.

We synthesized poly(sodium 4-styrenesulfonate)-coated silica

nanoparticles via surface initiated atom transfer radical polymerization (ATRP).

After acidification, we used a solution-casting process to embed the proton

conducting nanoparticles in a poly(vinylidene fluoride) (PVDF) matrix. In this

blend PEM system, the silica nanoparticles were the proton transport medium,

while PVDF gave the membrane favorable mechanical properties: toughness,

resilience, and minimal swelling. The proton conductivities were comparable to



Nafion 117, and depended on the volume fraction of the nanoparticles in the

membarne.

We also synthesized uniform magnetic nanoparticles with magnetite cores,

a silica buffer layer, and poly(4-styrenesulfonic acid) grown from the particle

surfaces. Applying an external magnetic field during membrane casting aligned

the particles in the through-plane direction, increasing the conductivity for a given

volume fraction of particles. These “magnetic” PEMs had higher conductivity and

better dimensional stability than Nafion 117.

Sulfonated polyimides (SPls) have proven to be one of the best

alternatives to Nafion due to their excellent thermal, chemical, and mechanical

stability, high proton conductivity, good film-fonning ability, and low gas

permeability. Using a polycondensation reaction, we synthesized a SPI and

prepared PEMs from the SPI/PVDF blends. Transmission electron microscopy

showed that the blends have a phase-separated morphology that evolved into a

bicontinuous morphology when the SPI weight fraction exceeded 30 %. The

conductivities were comparable to those of Nafion 117. These blends are good

candidates for high temperature fuel cell applications.
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Chapter 1 Introduction

Recently, there has been considerable interest in the development of fuel

cells, especially hydrogen powered fuel cells, which cleanly convert the chemical

energy of fuels directly into electric energy and heat with high efficiency. The

proton exchange membrane (PEM), which transports protons from the anode to

the cathode and acts as a separator to prevent mixing of reactant gases, is one

of the most important components of hydrogen fuel cells.1 Currently, the state-of-

the-art PEM is Nation which was commercialized by DuPont in the late 19605. As

shown in Figure 1, Nafion has a perfluorinated backbone with pendent

fluorosulfonic acids and has demonstrated excellent performance in the harsh

fuel cell environment.2 In PEM fuel cells, Nafion can continuously work for up to

60,000 h with high conductivity (80 mS/cm) at 80 °C.3 Nafion’s outstanding

performance as a PEM has spurred researchers to study the morphology of

hydrated Nafion, and by inference, the mechanism responsible for its proton

conductivity.

fiCFZ—CFZHIF—Canb—I—

CFz-iFa—O(CF2)2—SO3H

Figure 1. Chemical stmcture of Nafion.
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Figure 2. Gierke’s cluster-network model for the morphology of hydrated Nafion.4

A common starting point for understanding hydrated Nafion is Gierke’s

cluster model.5'7 Gierke et al. proposed that water-swollen Nafion is comprised of

approximately spherical ionic clusters with an inverted micelle structure,

interconnected by small channels to form a continuous conductive pathway as

shown in Figure 2. As the water content increases, the ionic clusters grow and

combine into larger but fewer clusters in fully hydrated Nafion materials. Though

the cluster-network model has been widely used to explain Nafion’s morphology-

performance relationships, recent experiments have inspired alternative models

for Nafion’s morphology. Rubata and co-workers introduced a polymer-bundle

model, where elongated polymeric aggregates are surrounded with ionic charges

(Figure 3).‘Ho The local orientation for these aggregates had a correlation length

of a few hundreds of nanometers at both high and low hydration levels. The main

difference from the Gierke model is that water molecules are located in an

intrinsic fibrillar structure rather than spherical cavities.



 

 
Figure 3. Polymer-bundle model. (a) Schematic view of polymer aggregate

domains inside a bundle. (b) Schematic view of nanoscopic swelling between

three polymer aggregates inside a bundle with different water contents. (from

almost dry membrane (left) up to diluted solution (right)). (Reprinted with

permission from Macromolecules 2004, 37, 7772-7783. Copyright 2004

American Chemical Society)

The recent work of Schmidt-Rour supports a parallel water-channel model

for Nafion.11 They proposed that hydrophilic side groups align to form water

channels with an average diameter of 2.4 nm (Figure 4b). The channels were

stabilized by stiff hydrophobic backbone segments surrounding the channels,

resulting in a cylindrical inverted micelle structure (Figure 4a). Consistent with

other models,6'12 the Schmidt-Rour model gave a 10-20 nm repeat length

between crystallites. The crystallites are an important component in Nafion’s



structure as they function as physical cross-links responsible for Nafion’s

mechanical stability, as shown in Figure 4c. The water-channel model explains

many properties of Nafion, especially its high proton conductivity and water

permeability.13

   
 

 

hannel Crystailite0

H2

Figure 4. Parallel water-channel model of Nafion. (a) Two views of an inverted-

micelle cylinder, with ionic side chains filling the water channel and hydrophobic

polymer backbone on the outside. (b) Schematic view of the approximately

hexagonal packing of inverted-micelle cylinders. (c) Cross-sections through

water channels (white) and crystallites (black) in the non-crystalline Nafion matrix.

(Reprinted with permission from Nat. Mater. 2008, 7, 75-83. Copyright 2007

Nature Publishing Group)

Though the actual morphology of hydrated Nafion is still under

investigation, it is widely agreed that Nafion’s phase separation into two domains



accounts for its high proton conductivity.""1“'15 The two domains function

separately: the hydrophilic domain affords proton transport while the hydrophobic

domain provides mechanical and chemical stability. This has been confirmed by

the work of Xu and coworkers, who found that when Nafion was dissolved and

recast into membranes, its proton. conductivity was four orders of magnitude

lower due to the break-down of Nafion’s phase-separated structure.16 Despite

having favorable PEM characteristics for fuel cell applications, Nafion has

significant drawbacks. The most critical limitation is its high price, which is a

significant cost of a fuel cell device and has limited the market penetration.17 Also,

its poor performance in direct methanol fuel cells (DMFCs), and a drastic

decrease in proton conductivity at elevated temperatures and/or low humidity

limit Nation to applications to temperatures <90 °C."2

For applications in automotive, stationary, and portable power areas,

PEMs must satisfy several critical requirements including (1) high proton

conductivity (>10 mS/cm at 25 °C), (2) low electronic conductivity, (3) good

chemical, mechanical and thermal stability, (4) low permeability to fuel and

oxidant, and (5) low cost (<$200/m2).18 For fuel cells to replace combustion

engines, the US. Department of Energy has set a target for PEM performance: a

proton conductivity of 100 mS/cm at operating conditions of 120 °C and 50 %

relative humidity.

Extensive research has focused on modifying Nafion to overcome the

drawbacks of Nafion and make it more suitable for fuel cell applications, as well

as developing alternatives to Nafion.



lnorganic-Nafion composite membranes

Silicon oxide nanoparticles

SiOz has been extensively explored as an additive to enhance Nafion’s

physical properties.“”25 Nafion/silica composite membranes were prepared by

the addition of silica nanoparticles or sol-gel polymerization of silica precursors

catalyzed by the sulfonic acid groups of Nafion. The as-synthesized membranes

were reported to have outstanding performance at high temperatures. For

example, organic-inorganic hybrid Nafion membranes were synthesized via an in

situ sol-gel process, which formed mesoporous silica with sulfonic acid groups

(Figure 5).19 The mesoporous silica resulted from the co-condensation of

tetraethoxysilane and 2-(4-chlorosulfonylphenyl)ethyltrimethoxysilane during the

recasting of Nafion membranes, using an organic surfactant as the template. The

homogeneous composite membranes had improved dimensional stability and

water management compared to conventional Nafion membranes. More

importantly, including silica in the membrane increased the proton conductivity at

95 °C and over the entire range of relative humidity, compared to recast Nafion

and Nafion 112 membranes, which was ascribed to the presence of the

hygroscopic inorganic silica phase within the Nafion.
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Figure 5. Preparation procedure of Nafion-silica hybrid membranes.19

Metal oxide nanoparticles

TiOz has a high surface zeta potential and proton-induced charge density

over an extended temperature range (25-200 °C) and efficiently binds water

molecules through hydrogen bonding.”27 The electrochemical performance of

Nafion-TiOz composite membranes was investigated in a high temperature H2/02

fuel cell. The (composite membrane had a two-layer structure and the TiOz

powder was mainly deposited on one side of the membrane. The performance of

a composite membrane with 20 wt% Ti02 content, tested at 50 % RH, was

comparable to a conventional Nafion membrane at 100 % RH. The improved

water retention of the composite membrane suggests the possibility of fabricating

composite PEMs for operation at 120 °C and 50 % RH conditions without loss of



performance. Due to their excellent properties, a wide variety of metal oxides

have been exploited as additives to improve Nafion’s performance.”29

Metal nanoparticles

Metal nanoparticles can enhance Nafion’s performance in fuel cells.

Positively charged Pd nanoparticles were produced by the alcohol-based

reduction of metallic ions with poly(diallyldimethylammonium chloride) (PDDA) as

the surfactant.30 Using the electrostatic interactions between the positively

charged Pd nanoparticles and the negatively charged sulfonic acid groups of

Nafion ionomers, multi-layers of Pd nanoparticles and Nafion ionomers were self-

assembledonto Nafion membranes, generating an effective methanol-blocking

proton exchange membrane (Figure 6). Self-assembly of 3 double-layers of Pd

nanoparticles and Nafion ionomers provided a composite membrane with 99 %

less methanol crossover and a slight decrease in proton conductivity compared

to the original Nafion membrane.
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Figure 6. Schematic illustration of multi-layer self-assembly of Pd nanoparticles

and Nafion ionomers onto Naflon membranes.30

Au nanoparticles can also improve Nafion's performance in direct

methanol fuel cells. The self-assembly of ~4 nm charged Au nanoparticles onto

Nafion 212 membrane surfaces formed a monolayer structure and drastically

reduced the methanol crossover from 168 to 18 mA/cm2 under the conditions of

2 mol/L methanol and 60 °C.31 The self-assembly of Pt and other metal

nanoparticles onto the surface of Nafion also has been reported,32 however,

these methods usually increase cell resistance and reduce proton conductivity.

Self-humidifying materials

The poor proton conductivity of Nafion at elevated temperatures is

attributed to vaporization of water leading to the lack of proton transport vehicles.

A class of inorganic-organic composite membranes, “self-humidifying" proton

exchange membranes, was developed by Uchida et al. to improve the high

temperature performance of Nafion.33'34 Generally, “self-humidlfying" membranes

contain highly dispersed Pt nanoparticles, which catalyze recombination of



diffused H2 and O2 inside the membranes, generating water molecules that “wet"

the membranes. A hygroscopic metal oxide is included to adsorb the water

produced at the Pt particles and at the cathode. The resulting composite

membranes exhibited lower gas and methanol crossover as well as improved

water uptake compared to Nafion membranes. In addition, the ohmic resistance

of membranes decreased when operated with dry H2 and 02 at 80 °C and

ambient pressure.

Recently, Gao and coworkers developed a self-humidifying membrane

from an exfoliated Pt-clay/Nafion nanocomposite.35 Instead of using spherical

hygroscopic particles, which may have poor compatibility with the membrane

material and reduce membrane toughness, they used clay platelets to balance

the water content and enhance the mechanical properties of the composite

membrane. Monolayers of Pt nanoparticles (2-3 nm) were chemically anchored

to the exfoliated clay surfaces through chemical vapor deposition to stabilize Pt

nanoparticles (Figure 7). The composite membranes were prepared by simple

recasting a Nafion solution and Pt-clay. With dry H2 and 02, the power density of

the Pt-clay/Nafion composite membrane was 170 % higher than commercial

Nafion 112 of a similar thickness tested under the same conditions.
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Figure 7. Schematic diagram of preparing exfoliated Pt-clay/Nafion composite

membrane. (Reprinted with permission from Langmuir 2008, 24, 2663-2670.

Copyright 2008 American Chemical Society)

Incorporation of inorganic materials in Nafion is a feasible and effective

method for improving membrane stability as well as reducing water swelling and

methanol crossover. However, improving these properties usually comes at the

cost of decreased proton conductivity. More importantly, the cost of Nafion

remains a barrier to wider application of Nafion-containing composite membranes.

Nafion’s cost and its poor performance at high temperature has stimulated

research into alternatives to Nafion.

The most widely studied. alternatives to Nafion are hydrocarbon

15,36-57

polyelectrolytes, such as sulfonated polystyrene, sulfonated polyimides,5M4

14.85-121 122-142

sulfonated poly(ether ether ketone)s, and sulfonated polysulfone.

The proton conductivity of PEMs is a function of both the chemical structure of

the polymeric materials and the membrane morphology. Therefore, most

11



research is aimed at generating inexpensive, chemically and mechanically stable

proton conducting membranes from existing polymer materials instead of

synthesizing new polyelectrolytes.

Block copolymers as an approach to alternatives to Nafion membranes

Nafion’s proton conducting mechanism suggests that developing ionic

channels inside membranes by microphase or nanophase separation of

hydrophilic and hydrophobic segments would be the key to PEMs with high

proton conductivity. Designing well-defined block copolymers with incompatible

blocks is a useful approach to achieve microphase-separated structures, such as

cylinders, lamellar, and spheres.”3 Extensive research effort has been devoted

to PEMs fabricated from block copolymer systems, which have proton conducting

hydrophilic blocks and mechanically stable hydrophobic blocks. These materials

provide an insight into the relationship between polymer structure, morphology

and proton conductivity?“""8'134'144’156 In block copolymer-based PEMs, phase-

separated morphologies are common; the ionic phase is composed of hydrophilic

segments that support proton conductivity while the insulating hydrophobic phase

affords dimensional stability.

Sulfonated block co-polyimides PEM

Polyimides are often described as high-performance materials due to their

excellent thermal, chemical, and mechanical stability, good film-forming ability,

and low gas permeability. Sulfonated block co-polyimides are widely studied as

12



1,82,83,114,149,157,158 Usually, the synthesis ofalternatives to Nafion membranes.

sulfonated block co-polyimides involves a two-pot procedure as shown in

Scheme 1.83 Fluorinated block co-polyimides were synthesized with different

block lengths and diamine compositions, and were found to have proton

conductivities that depended on the block lengths. The conductivities of

sulfonated block copolymers increased with the block length, which was

explained as the influence of block lengths on the distribution of ionic channels.

Furthermore, the conductivities of sulfonated block co-polyimides were higher

than the corresponding random copolymer membranes, which was ascribed to

ionic channels formed by phase separation of hydrophilic and hydrophobic

sequences in block co-polyimides.
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Scheme 1. Synthesis of sulfonated block co-polyimides.83
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Sulfonated block co-poly(arylene ether sulfone) PEM

Another extensively explored block copolymer system is sulfonated block

co-poly(arylene ether sulfone)s. These polymers are one of the most promising

low-cost alternatives to Nafion membranes. Like polyimides, poly(arylene ether

sulfone)s have excellent thermal, chemical, and mechanical stability, superior

hydrolytic stability, and good processability. PEMs solvent-cast from hydrophilic-

hydrophobic poly(arylene ether sulfone) block copolymers (Scheme 2) showed

increases in proton conductivity and water uptake as the block length is

increased.1"""'156 Using shorter blocks resulted in reduced water uptake, and
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lower proton and water transport, comparable to random copolymers. However,

membranes produced with long block lengths exhibited higher proton

conductivities than random copolymers with similar ion exchange capacity (lEC)

values under partially hydrated conditions, which was ascribed to the unique

microstructure and phase-separated morphology of hydrophilic-hydrophobic

block copolymers. Water analysis supported different microstructures and

morphologies for the block copolymer and random copolymer: phase-separated

morphologies in block copolymers but closed and isolated morphological

structures in random copolymers, despite having similar chemical structures and

chemical compositions. This implies that proton transport is controlled by not only

the acidity, but also the morphology of the membrane system.
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Scheme 2. Synthesis ofsegmented sulfonated multiblock co-poly(arylene ether

sulfone) with different linkage composition.56
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Sulfonated poly(arylene ether sulfone)-b-polyimide PEM

In addition to block co-polyimides or block co-poly(arylene ether sulfone)s,

PEMs were also fabricated from more complicated block copolymer architectures.

As shown in Figure 8, PEMs based on a bisulfonated poly(arylene ether

sulfone)—b—polyimide (BPSH-b—Pl) copolymer exhibit well-defined hydrophilic and

hydrophobic domains, and the block copolymer morphologies correlate to the

block lengths (Figure 9).149 Tapping mode AFM phase images show that the
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dark ionic regime and the bright nonionic regime increased when the block

lengths increased, and eventually forming a long-range bicontinuous Iamellar

microstructure. In addition to the well-defined phase-separated morphology, the

hydrolytic stability of the block copolymer in 80 °C water was greater than

random polyimide copolymers.

II I03umior©igwmii

In... =39%“

Figure 8. Structure of segmented bisulfonated poly(arylene ether sulfone)-b-

polyimide (BPSH-b—Pl) copolymer.
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Figure 9. Tapping mode AFM phase images of BPSH-b—Pl copolymers with

different block lengths. (both block lengths increase from top to bottom)

(Reprinted with permission from J. Polym. Sci. Pol. Chem. 2007, 45, 4879-4890.

Copyright 2007 Wiley lnterScience)



Sulfonated polysulfone-b—poly(vinylidene fluoride) PEM

Poly(vinylidene fluoride) (PVDF) is chemically and mechanically stable

and is commonly used as the hydrophobic component of block copolymer-based

PEMs. For example, Holdcroft et al. synthesized sulfonated polysulfone-b-

poly(vinylidene fluoride) (PSf-b-PVDF) copolymers from the polycondensation of

an q,w-dihydroxybisphenol A and a,w-dibromo poly(vinylidene fluoride) as

illustrated in Scheme 3.123 After sulfonation, the copolymers were cast into PEMs

to test their performance. Despite their relatively low ion exchange capacity, the

sulfonated PSf-b-PVDF copolymers exhibited higher proton conductivities than

sulfonated polysulfones, which was attributed to greater phase separation in the

block copolymer system, as has been proposed for other block copolymer

systems.
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Scheme 3. Synthesis of Bisphenol A PSf-b-PVDF copolymers.123
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Sulfonated poly(styrenesulfonate)-b-poly(methylbutylene) PEM

In addition to high performance polyelectrolyte systems, similar phase-

separated structures have been developed in block copolymer systems

containing polystyrene. For example, PEMs obtained from

poly(styrenesulfonate)-bIock-poly(methylbutylene) (PSS-b—PMB) copolymers

spontaneously formed hydrophilic PSS and hydrophobic PMB domains, which

resulted in microphase separation.159 The water uptake of the PEMs, which had

a hydrophilic domain width ranging from 2 to 5 nm, increased as the surrounding

air temperature increased from room temperature to 90 °C at a constant relative
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humidity, whereas Nafion 117 became drier under the same conditions.

Consistently, the proton conductivity of these PEMs increased with increasing

temperatures. This unexpected behavior might be due to capillary condensation,

which suppressed solvent evaporation at elevated temperatures. This interesting

discovery might enable high temperature PEM fuel cells.

Block copolymers also show better performance at low hydration levels

compared to homopolymers and random copolymers, which results from ionic

channels formed upon microphase separation of the hydrophilic and the

hydrophobic blocks. However, obtaining high proton conductivity and mechanical

stability in block copolymers usually correlates with difficulty in optimizing the

physiochemical properties of individual blocks and increased membrane

synthesis and production costs. In addition, some block copolymers suffer from

severe swelling and poor mechanical strength problems.160

Polymer blends as an approach to alternatives to Nafion membranes

Polymer blending is a useful route to Nafion alternative membranes.

Instead of integrating the hydrophilic segment (proton conductivity) and the

hydrophobic component (mechanical strength) in a single polymer structure,

blending a polyelectrolyte with a non-conductive hydrophobic material has

become a popular route to PEMs.‘5°'61'1°“““51"70 Blending is usually based on

commercially available and inexpensive polymer precursors and thus it is a

simple and cost-effective route to PEMs. Compared to block copolymer-based

PEMs, the blending concept eliminates the need to optimize the mechanical,
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chemical and physical properties in a single polymer chain and it has the

potential to develop a wide variety of PEMs. A range of membrane properties,

such as proton conductivity, water uptake, and mechanical strength, can be

easily tailored by (1) adjusting the relative ratio of two blending materials, (2)

varying the ion exchange capacity of the hydrophilic component, or (3) modifying

the backbones of the blend components.

Polymer blends have been extensively studied and have had some

success as Nafion alternative membranes. In order to form stable membranes,

research attention needs to be directed to the different kinds of interactions

between the blending materials, as shown in Figure 10.170
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Figure 10. Specific interactions between blending materials.170
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Van der Waals/dipole-dipole interaction

PVDF has been widely studied as the hydrophobic material in blend

membranes.“9'1°8'171'173 The large dipole moment associated with the CF2 moiety

favors mixing with polar polymers such as poly(methyl methacrylate) (PMMA). A

clever blending example is the mixing of sulfonated poly(styrene-b-methyl

methacrylate) (PSSA-b—PMMA) and PVDF; PMMA is miscible with PVDF but

PSSA is immiscible. Since the blend membranes were stained with mm, the

dark regimes represent the hydrophilic component (PSSA) while the brighter

areas correspond to the hydrophobic PMMA and PVDF (Figure 11).49 The

membrane proton conductivity increased with the degree of sulfonatibn in PSSA-

b-PMMA and also was enhanced by a well-ordered phase-separated morphology.

The membranes in Figure 11a and Figure 11b had the same degree of

sulfonation but the membrane shown in Figure 11a had smaller domains due to

a lower PVDF content. Not surprisingly, it also had a higher proton conductivity.

Interestingly, a comparison between the two membranes in Figure 11a and

Figure 11c, which had the same PVDF content but different sulfonation levels,

shows that the hydrophilic domain increased as the sulfonation level increased

due to the aggregation of more sulfonic acid groups. The membrane in Figure

11c formed the best-ordered phase-separated microstructure and exhibited the

highest proton conductivity. The morphological structure of the blend membrane

was easily controlled by varying the blend ratio of the two blending materials.
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Figure 11. TEM images of blend membranes with different degrees of

sulfonation and blend ratios: (a) 824F22; (b) $24F41; and (c) 839F22. (SxxFyy,

where xx represents the sulfonation level and yy stands for the content of PVDF

in the blend membrane) (Reprinted with permission from J. Power Sources 2009,

188, 127-131. Copyright 2009 EIsevIer)
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Hydrogen bonding interaction

Blend membranes from sulfonated poly(ether ketone ketone) (SPEKK),

the proton-conducting component, and poly(ether sulfone) (PES) resolved the

swelling problem of SPEKK to some extent despite the immiscibility of SPEKK

with PES.169 Blending PES with the highly sulfonated SPEKK provided robust

membranes. In this example, the membrane morphology can be controlled by

balancing the polymer composition, mixing ratios, solution casting solvent and

temperature. At certain sulfonation levels of SPEKK, the blend membrane phase

separated into co-continuous morphologies. Similar improved properties were

seen in blends of sulfonated polyimide (SPI) and PES.60 The addition of PES

reduced the excessive swelling of SPI membranes and greatly increased both

the stability and tensile strength of the SPls membrane.

Hong and coworkers proposed a convenient way to fabricate PEMs from

blends of polystyrene (PS), poly(ethylene oxide) (PEO), and a fine powder of

poly(styrene sulfonic acid) (PSSA) powder.174 In the blend membrane, PSSA

acted as a proton source and as a compatibilizer, a polymer that improves the

miscibility between the two polymers, in this case, hydrophilic PEG and

hydrophobic PS (Figure 12a). PS provided the mechanical strength of the blend

membrane while PEO conveyed protons to the cathode under an electric field as

illustrated in Figure 12b. When the PEG and PS mix well, the hydrophobic PS

component limits water evaporation at elevated temperatures which may be

relevant to designs of PEMs for application at elevated temperatures.
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PSSA

Figure 12. (a) Schematic view of the polymer blend. (b) A schematic diagram of

the formation of a H-bonding complex between the sulfonic acid group and PEO

units.174

Electrostatic interaction (ionic cross-linking)

Ionic cross-linking in blend membranes utilizes acid-base interactions

such as those between sulfonic acid groups and the nitrogen atoms of imidazole

groups. These materials have been explored in direct methanol fuel

cells.85'"°'"9'175 Blending sulfonated poly(ether ether ketone) (SPEEK) with

polysulfone-4-nitrobenzimidazole (PSf-NBlm, Figure 13) formed membranes

with lower methanol crossover than SPEEK and Nafion 115 membranes in direct

methanol fuel cells.85 The size of the ionic clusters formed from the sulfonic acid

groups of SPEEK increased in the blend membrane, owing to the addition of the

polar nitrobenzimidazole side groups to ionic clusters. These membranes had

reduced uptake of water and methanol/water solutions. Membranes with 2.5 and

5.0 wt% PSf-NBIm contents had higher proton conductivities than SPEEK, and

the imidazole groups were thought to facilitate proton conduction from one

sulfonate to another (Figure 14). lmidazoles can act as a proton conducting

solvent and replace the acid/water complex in conventional PEMs, making high

proton conductivity under anhydrous conditions possible.
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Figure 13. Structure of polysulfone bearing 4-nitrobenzimidazole side groups.85
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Figure 14. Schematic view of the proton transfer mechanism with electrostatic

interaction between SPEEK/PSf-NBlm blending materials.85

Covalent cross-linking

One disadvantage of ionically cross-linked blend membranes from PSf

and polybases is that the electrostatic interaction breaks down in aqueous

environment at elevated temperatures (T>70-90 °C), leading to brittle

membranes.17° Cross-linking via covalent bonds is more robust and has played

an important role in improving membrane performance."6"76'"7 For example, the

thermally activated condensation of SPEEK and polyols bridges neighboring

chains (Figure 15). Cross-linking improved the stability and mechanical strength

of SPEEK membranes and suppressed excessive water uptake. Though cross-

Iinking reduced the number of available sulfonic acid groups for proton
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conduction, the blend membrane showed only a slight reduction in proton

conductivity compared to a pure SPEEK membrane.
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Figure 15. Illustration of possible SPEEK cross-linking reaction.177

Both polymer blends and block copolymers have had some success as

alternatives to Nafion membranes. In block copolymers, the hydrophilic and

hydrophobic components are part of a single polymer structure, which lessens

concerns of miscibility and the interactions of different chemical blocks. Blend

membranes distribute the functions of proton transport and mechanical stability

into different materials, which cannot be realized in homopolymer based

membranes. Despite significant improvement in fuel cell membrane performance,

controlling membrane microstructure has been mostly ovedooked. It is known

that the phase-separated morphology of Nafion is critical for its success as a fuel

cell membrane, and controlling the microstructure in alternative membranes is

desirable. For example, with no control over the alignment of proton conductive
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polymers, blend membranes are generally associated with improved mechanical

properties but with a sacrifice of proton conductivity.

Controlling the ionic channels of PEMs

Recently, Gao et al. utilized self-assembly of surface-charged latex

particles to form ionic channels for proton conduction.178 In their work, the latex

particles were synthesized by aqueous emulsion polymerization of two

hydrophobic monomers, butyl acrylate and methyl methacrylate, a cross-linker,

N,N’-methylene-bis-(acrylamide), and a charged monomer, sodium styrene

sulfonate, resulting in particles with charged surfaces. Membranes were

developed by solvent casting an aqueous dispersion of cross-linked particles,

followed by acidification, which provided particles with hydrophobic cores and

proton-conducting surfaces. Continuous ionic channels naturally developed upon

annealing, resulting in no or a very low percolation threshold (Figure 16). In

these membranes, the charged particles were not physically packed as in

amorphous membranes, but instead they adhered to each other by either

intersphere cross-linking and/or entangling chains. Therefore, the resulting

membranes had significantly higher proton conductivities than amorphous

membranes with the same charge content. However, the membranes swelled

excessively reducing their mechanical stability. A better approach is needed to

solve the swelling problem while minimizing the percolation threshold.
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Figure 16. Schematic illustration of precursor particles with hydrophobic cores

(grey) and ionic surface (dark) and a film fabricated by self-assembly of the

particles. (Reprinted with permission from Macromolecules 2005, 38, 5854-5856.

Copyright 2005 American Chemical Society)

Electric field aligned blend membranes

Gao’s model suggests that aligning proton conductive particles in a

suitable hydrophobic matrix might lower the percolation threshold and solve the

swelling problem. Particle alignment can be accomplished by applying an

external driving force while curing membranes, such as an electric or magnetic

field. Oren et al. first utilized this principle to align ion exchange particles in a two-

component RTV silicon rubber matrix by the application of an AC electric field

during the fabrication of ion-exchange membranes.”9 As shown in Figure 17a,

particles dispersed randomly in the absence of an electrical field. With the

application of the electric field, long chain-like aggregates aligned along the field

(Figure 17b). The alignment shifted the percolation threshold for ionic conduction,

from 40 % particle content for membranes with randomly distributed particles to

10 % for membranes with ordered particles. For a given ionic conductivity,
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membranes with aligned particles required fewer particles than conventional

membranes with randomly dispersed particles. The benefits of a low particle

content include reduced water uptake and increased mechanical stability.

 

Figure 17. Light microscopy photographs of (a) non-ordered; and (b) ordered

ion-exchange particles in the polymeric component of the rubber. 1OOX, electric

field: 1330V/cm, 50 Hz. (Reprinted with permission from J. Membr. Sci. 2004,

239, 17-26. Copyright 2004 Elsevier)

Oren et al. successfully reduced the percolation threshold, but the

conductivity mechanisms for ions and protons may be different. Shaw et al.

extended Oren’s work to proton conductivity, and investigated the effects of the

electric field amplitude and frequency on the alignment of sulfonated crosslinked

polystyrene ion exchange resin (acid form) in a poly(dimethylsiloxane) matrix

perpendicularly to the membrane plane.180 As illustrated in Figure 18, a

membrane with 5 wt % particles showed no alignment in AC fields <150 V/mm at

5 Hz; alignment only occurred when the electric field exceeded a certain

threshold. Membranes with aligned particles had higher proton conductivities and

less water uptake than membranes with unaligned particles.
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Figure 18. Optical micrographs of the alignment of sulfonated crosslinked

polystyrene ion exchange resin in a poly(dimethylsiloxane) matrix under AC

electric field of different magnitudes at 5 Hz frequency. (Reprinted with

permission from ANTEC 2005, 1731-1735. Copyright 2005 Society of Plastics

Engineers)

Later, the same group extended the electric field alignment of

polyelectrolytes to a blend of SPEKK and a poly(ether imide) (PEI), which

resulted in a thousand-fold increase in conductivity at low humidity due to the

formation of aligned proton conducting channels in SPEKK.101

Magnetic field aligned blend membranes

Although the application of electric fields has successfully aligned

polyelectrolytes while casting blend membranes, there are limitations to this
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technique. There must be sufficient dielectric contrast between polyelectrolyte

and the matrix, and the matrix must sustain a high field and have sufficient

mobility. These restrictions have hindered the broad application of this

processing technique due to a limited choice of matrix materials. An alternative

technique, using magnetic fields as the external driving force, is more suitable for

polyelectrolyte alignment in blend membranes, as most polymers are anti-

ferromagetic and hence are good matrix materials. Unlike electric fields,

magnetic fields are not restricted in terms of the applied field strength, but only

require that the polyelectrolytes have sufficient magnetization to respond to a

magnetic field.

Recently, the Shaw group synthesized proton conducting magnetic

nanoparticles via the emulsion polymerization of styrene, divinylbenzene, and

sodium 4-styrenesulfonate (NaSS) in the presence of a y-Fe203 dispersion.

Subsequent acidification provided the sulfonic acid, as demonstrated in Figure

19.181 During the membrane casting process, an external magnetic field was

used to align proton conductive magnetic nanoparticles in SPEKK. Successful

alignment of the magnetic nanoparticles can be seen in Figure 20b, while

processing the membrane without a magnetic field resulted in randomly

dispersed particles, as illustrated in Figure 20a. Not surprisingly, the conductivity

of membranes with aligned particles was twice that of unaligned controls.

However, the proton conductivity of the blend membrane was much lower than a

standard SPEKK membrane, which was ascribed to the decreased lEC of the

blend membrane.
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Figure 19. Schematic diagram of the proposed mechanism for the formation of

magnetic particles.
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Figure 20. Images of SPEEK membranes with magnetic nanoparticles (a)

randomly dispersed; and (b) aligned in magnetic field. (Reprinted with permission

from J. Membr. Sci. 2007, 303, 64-71. Copyright 2007 Elsevier)

While Shaw et al. showed that magnetic fields can be used to align

magnetic nanoparticles in a SPEEK matrix, there are limitations to Shaw’s

approach. The y-Fe203 particles were confined to the surfaces of composite
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particles instead of being encapsulated by the polymer, making y-Fe203 particles

vulnerable to the strong acidic environment of PEMs (y-Fe203 particles dissociate

in acid). Secondly, the magnetic particles were aligned in the plane of the

membrane, while real PEMs require through-plane proton conducting paths.

Finally, both the magnetic particles and the matrix (SPEEK) are hydrophilic,

which would likely result in excessive swelling and low mechanical strength

membranes. Nevertheless, using magnetic fields to align conductive paths may

be a useful technique for improving blend membrane performance.
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Chapter 2 Direct Polymerization of Sodium 4-Styrenesulfonate from Silica

Nanoparticle Surface:

Kinetics, Characterization, and Application in Fuel Cells

Introduction

Ionic transport in polymers primarily depends on the number of charge

carriers and their mobility. Practical polymer electrolytes are required to provide

high ionic conductivity and chemical and thermal stability, while maintaining

sufficient mechanical properties to serve as an electrode separator. In the case

of lithium ion systems, conductivity is correlated with the segmental mobility of

the polymer host, and therefore polymers with low glass transition temperatures

(T9) are ideal hosts for electrolytes."’2'183 However, low Tg materials have poor

mechanical properties and must be used in conjunction with an external

electrode separator. Similar challenges are encountered with membranes for fuel

cell applications. For example, highly sulfonated polymers have good proton

conductivities, but tend to swell excessively.2

One solution to the challenge of synthesizing polymers that

simultaneously have high conductivity and good mechanical properties is to

design electrolytes from polymers that spontaneously separate into ion-

conducting and hydrophobic phases. To ensure high conductivity, the phases

need to be bicontinuous while maintaining good mechanical properties. There

151,184

are many variants of this approach, including block copolymers, polymer

blends,108 and various nanoparticles dispersed in polymer hosts.”31
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The phase-separated polymers approach is particularly useful in the

design of proton exchange membranes (PEMs) for fuel cells. Structural studies

of hydrated Nafion, the prototype PEM, show a continuous network of proton

conducting channels stabilized by the perfluorocarbon backbone of the

polymer.“'11 Recent alternative membranes, designed to overcome Nafion’s

limited temperature range (<90 °C), mimic the Nafion structure by incorporating

both hydrophobic segments and highly sulfonated blocks to effect phase

separation on the nano—scale.134'148'185

A simpler approach to bicontinuous electrolytes is. to blend a

polyelectrolyte material with a hydrophobic non-conductive material.60'61'1°1'119‘6"

‘69 The blending concept eliminates the need to optimize the proton transport

and physical properties in a single polymer chain. Blending is usually based on

commercially available and inexpensive precursor polymers, and therefore

blending can be a simple and cost-effective route to PEMs. A popular

hydrophobic material in blend membranes is poly(vinylidene fluoride) (PVDF),

which is easy to process into membranes, commercially available, and

chemically and mechanically stable.49'1°8'171'173 A widely studied polyelectrolyte

material for PEMs is poly(4-styrenesulfonic acid) (PSSH) because of its high

sulfonation level, low cost, and the simplicity of synthesis.”41

Blends also have limitations. They must be available with a stable

bicontinuous morphology, and the polymers that comprise the conductive phase

cannot leach from the PEM. Leaching can be inhibited by binding polymers to

nanoparticles, in effect, increasing their polymer molecular weight and reducing
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their mobility. Core-shell particles coated with proton-conducting polyelectrolytes

186,187 and

can take advantage of both the inorganic and organic functional groups

are good candidates for the hydrophilic component in blend membranes.

There are many methods that generate polymer shells from inorganic

"188,189 ”190,191

nanoparticle cores, such as the “grafting from and “grafting to

techniques, and electrostatic self-assembly.192 Among these, atom transfer

radical polymerization (ATRP) has been the primary methodology for growing

polymers of precise molar mass, architecture, and functionality from inorganic

nanoparticles.186'183'193'200 ATRP has been applied to a rich variety of monomers

to prepare polyelectrolyte end chain-immobilized nanoparticles.

In this report, we test the utility of blends comprised of functionalized

nanoparticles in a hydrophobic matrix (PVDF). Silica particles were modified with

a thick layer of PSSH via ATRP. These particles can be synthesized by two

methods: grow polystyrene from silica particles and then sulfonate the

polystyrene, or directly polymerize sodium 4-styrenesulfonate onto silica

particles199 followed by acidification. The “post-sulfonation” approach usually

results in low degrees of sulfonation, cross-linking, and polymer chain

degradation,2 while direct polymerization of sodium 4-styrenesulfonate places

one sulfonic acid on each monomer, occurs at ambient temperature, and has no

significant side reactions.199

Herein, we report the synthesis and characterization of hybrid

nanoparticles (silica-PSSNa) comprised of ~7 nm diameter silica cores and a

poly(sodium 4-styrenesulfonate) (PSSNa) shell. After acidification, the hybrid
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nanoparticles were blended with PVDF, and composite membranes were

prepared using a solution-casting method. The as-synthesized membranes had

proton conductivities comparable to, or higher than Nafion 117 membranes.

Compared to conventional PSSH blend membranes, the advantage of this

strategy is 100 "/0 degree of sulfonation owing to the presence of one sulfonate

group per polymer repeating unit. In addition, despite the high degree of

sulfonation, PSSH-coated silica nanoparticles do not leach from the membrane

when hydrated.

Results and discussion

Surface-initiated ATRP of sodium 4-styrenesulfonate

The synthetic route to hybrid poly(4-styrenesulfonic acid)/silica particles is

shown in Scheme 4. Colloidal silica (Snowtex-XS, Nissan Chemical Corporation)

was received in the form of an aqueous dispersion in pH 9-10 water. Ion

exchange with cetyltrimethylammonium bromide (CTAB) rendered the particles

hydrophobic, causing them to aggregate.201 Figure 21 shows IR spectra for the

Snowtex-XS particles and their derivatives. Bands at 3000-2800 cm'1 confirmed

the presence of the CTAB ion on the particle surface. Treating the particles with

(11-(2-bromo-2-methyl)propionyloxy) undecyltrichlorosilane immobilized an or-

bromodimethyl ester, an ATRP initiator, to the silica nanoparticle surface. The

appearance of a band at 1730 cm‘1 (C=O), a broad C-O stretching band at 1200-

1000 cm“, and further development of the C-H bands at 3000-2800 cm'1 are

consistent with the successful anchoring of the initiator to the nanoparticle
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surface. Finally, PSSNa was grown from the nanoparticle surface at room

temperature using ATRP (water/methanol (v/v = 3/1), [M]o:[surface

initiator]:[CuBr]:[CuBr2]:[bpy] = 70:1:2:0.2:6) to yield hybrid poly(sodium 4-

styrenesulfonate)/silica (silica-PSSNa) nanoparticles. The particles were

collected by centrifugation followed by further purification and no PSSNa polymer

was found in the reaction solution implying that the polymerization was restricted

to the particle surfaces. The IR spectrum of silica-PSSNa-3 (Table 1) is

consistent with a substantial shell of PSSNa grown from the particles: new bands

appeared for sp2 C-H stretching (3200-3000 cm"), a sharp in plane bending peak

at 1010 cm‘1 and a pattern of combination and overtones (2000-1800 cm")

consistent with a 1,4-substituted benzene ring, and most prominently, va and vs

bands for the sulfonate group (S=O, 1200 and 1040 cm"). Acidification with 1M

HCl converted the sodium salt to the corresponding sulfonic acid.
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Scheme 4. Synthetic route to hybrid poly(4-styrenesulfonic acid)/silica

nanoparticles.
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Figure 21. FTIR spectra of (a) Snowtex-XS nanoparticles, CTAB salt;

(b) nanoparticles with surface anchored initiators; and (c) silica/PSSNa-3

nanoparticles. Samples were made into pellets with KBr.

Thermal gravimetric analysis (TGA) results are consistent with the IR data.

As shown in Figure 22, CTAB modified Snowtex-XS nanoparticles have an onset

for weight loss at ~230 °C, and a final weight loss of ~13 % at 900 °C, which

corresponds to decomposition of CTAB, and loss of water due to condensation of

surface silanols. The silica-initiator particles also showed an onset for weight loss

at ~230 °C, Their 27 % weight loss at 900 °C is consistent with thermal

degradation of surface initiator moiety.
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Figure 22. Thermogravimetric analysis of (a) Snowtex-XS nanoparticles, CTAB

salt; (b) silica—initiator nanoparticles; (c) silica-PSSNa-1 nanoparticles; (d) silica-

PSSNa-2 nanoparticles; (e) silica-PSSNa-3 nanoparticles; and (f) linear PSSNa.

See Table 1 for details of silica-PSSNa-(1-3). All samples were run in air at a

heating rate of 10°lmin.

To synthesize particles with predictable surface polymer molecular

weights, we characterized the kinetics for surface-initiated ATRP of sodium 4-

styrenesulfonate. Since tracking the course of the polymerization was

complicated by the poor solubility of silica-PSSNa particles in the polymerization

solution (water and methanol), we chose to follow monomer consumption by 1H
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NMR, using sodium p-toluenesulfonate as an internal standard because of its

similar structure and solubility, and its distinct proton chemical shifts. Monomer

consumption was calculated from the integration of the 1H NMR resonances for

the methyl group of sodium p-toluenesulfonate (2.27 ppm) and the vinyl proton at

5.3 ppm in sodium 4-styrenesulfonate (Figure 23).
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Figure 23. 500 MHz 1H NMR spectra of a representative polymerization sample

for the kinetic study.

The plot of ln([M]o/[M]) as a function of polymerization time is nearly linear

up to 69 % conversion (240 min) consistent with a surface polymerization first-

order in monomer concentration (Figure 24). At higher conversions, curvature in

the polymerization data indicates a decreasing polymerization rate, likely due to

fewer growing chains as a result of termination (Equilibrium effects might also
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affect the polymerization, but [M]eq is not known for sodium 4-styrenesulfonate).

We were pleased that the silica nanoparticles did not have a negative effect on

the surface polymerization. Samples taken at t = 20 min (conversion = 10 %,

silica-PSSNa-1), t= 1 h (26 %, silica-PSSNa-Z), and t= 4 h (69 %, silica-PSSNa-

3) were isolated by centrifugation and purified for further characterization.
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Figure 24. Surface polymerization kinetics of sodium 4-styrenesulfonate from

silica nanoparticles. The polymerization was run at room temperature in

water/methanol (v/v = 3/1) and an initial monomer concentration ([M]o) of sodium

4-styrenesulfonate is 0.5 mM. The ratios of [M]o:[standard]:[surface initiator]:

[CuBr]:[CuBr2]:[bpy] were approximately 70:10:1:2:0.2:6.

Three samples: silica-PSSNa-1, silica-PSSNa-Z, and silica-PSSNa-3,

which were prepared by polymerizing sodium 4-styrene sulfonate from silica-

initiator surfaces for increasing reaction times, were characterized by TGA

(Figure 22). Their weight loss at 900 °C increased from 45 % (silica-PSSNa-1) to
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53 % (silica-PSSNa-2) to 61 % (silica-PSSNa-3), indicating that the PSSNa

molecular weight increases with the polymerization time. The TGA trace of linear

PSSNa exhibited three mass loss events. While definite assignments are not

possible without corroboration by other techniques, the weight losses likely

correspond to elimination of residual water, desulfonation, and finally degradation

of the polymer backbone commencing at ~450 °C. The onset for degradation of

silica-PSSNa-1 was ~280 °C, much lower than silica-PSSNa-2 and silica-PSSNa-

3. The small mass loss, the shorter polymerization time, and a degradation onset

comparable to the silica-initiator particles all argue for silica-PSSNa-1 being

comprised of low molecular weight PSSNa chains. Interestingly, linear PSSNa

had a nonvolatile residue at 900 °C even in an oxidative atmosphere.202

Consistently with the NMR data, the TGA results indicate increasing

molecular weights with polymerization time. Using the residual mass of both the

silica-initiator nanoparticles and linear PSSNa at 900 oC, and the monomer

conversions determined by 1H NMR, the expected TGA weight loss at 900 °C

was calculated for silica-PSSNa-1, silica-PSSNa-2, and silica-PSSNa-3 (Table 1).

The data are in reasonable agreement with the actual TGA losses, ~4 % less

than expected. The result suggests that the amount of surface-grafted PSSNa

increased linearly with monomer conversion, polymerization in solution was

insignificant, the number of growing chains on particle surface was constant, and

the surface ATRP was a living/controlled reaction from t = 20 min to t = 4 h.
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Table 1. Characteristics of particles isolated at different polymerization time.

 

 

 

 

Particles ATRP time Monomer Calculated Actual TGA

(min)a conversion TGA weight weight

(°/.)" retention at retention at

900 °c (%)° 900 °c (%)"

silica-PSSNa-1 20 10.4 58.1 54.5

silica-PSSNa-2 60 25.7 50.1 47.3

silica-PSSNa-3 240 69.4 43.3 39.5       
a The polymerization was run at room temperature in water/methanol (v/v = 3/1)

and an initial monomer concentration ([M]o) of sodium 4-styrenesulfonate is 0.5

mM. The ratios of [M]o:[standard]:[surface initiator]: [CuBr]:[CuBr2]:[bpy] were

approximately 70:10:1:2:0.2:6.

determined by 1H NMR, using sodium p-toluenesulfonate as an internal

standard

° run in air at a heating rate of 10 °C/min

The CTAB-coated silica particles have a diameter of around 7 nm,

consistent with the data provided by the supplier. As shown in Figure 25a, the

dried particles agglomerate, but after surface polymerization, the cores of the.

silica-PSSNa nanoparticles are dispersed, consistent with polymerization of

PSSNa from the particle surfaces (Figure 25b). Imaging the polyelectrolyte

phase required staining with metal ions.
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Figure 25. TEM images of (a) dried Snowtex-XS nanoparticles, CTAB salt; and

(b) silica-PSSNa-3 nanoparticles.
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The hybrid nanoparticles which were blended with PVDF to make

composite membranes were named silica-PSSH nanoparticles and their

precursors were silica-PSSNa hybrid nanoparticles. As displayed in Figure 26,

the FT-IR spectrum of silica-PSSNa hybrid nanoparticles was dominated by the

characteristic absorption peaks of PSSNa with the strong O—H stretching bond at

3435 cm’1 from water absorbed by the hygroscopic surface poly(sodium 4-

styrenesulfonate). The absorption bands of silica-PSSH nanoparticles were

similar to the silica-PSSNa nanoparticles, except for the stronger and broader O-

H stretching peak, which is due to the strong hydrogen bonding between sulfonic

acid groups and absorbed water.
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Figure 26. FTIR spectra of (a) silica-PSSNa nanoparticles; and (b) silica-PSSH

nanoparticles.
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As shown in Figure 27, the weight loss of silica-PSSNa particles at 900 °C

was about ~58 %, which indicated a thick polymer layer on the surface of the

hybrid nanoparticles. A comparison of the TGA traces of silica-PSSNa and silica-

PSSH particles suggested that the free acid was less thermally stable than the

sodium salt in an oxidative atmosphere. The initial weight loss for silica-PSSNa

nanoparticles occurred at ~400 °C, while silica-PSSH degraded earlier and at

900 °C left a lower non-volatile residue than its sodium salt. The silica-PSSH

nanoparticles degraded in two steps: the first step from 200 to 400 °C should

correspond to desulfonation, while the second step was more likely the

degradation of the polystyrene backbone.
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Figure 27. Thermogravimetric analysis of (a) Snowtex-XS nanoparticles, CTAB

salt; (b) silica-initiator nanoparticles; (c) silica-PSSNa nanoparticles; and (d)

silica-PSSH nanoparticles.

Fabrication and characterization of composite PEMs from the blending of

silica-PSSH nanoparticles and PVDF

In conventional polystyrene based PEMs, the sulfonic acid groups are

introduced after polymerization by sulfonation reagents, such as chlorosulfonic

acid, concentrated sulfuric acid, or fuming sulfuric acid. However, most “post-

polymerization” sulfonation reactions are associated with low degrees of

sulfonation, cross-linking, and polymer degradation.2 Since it is widely accepted
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that PEM conductivity is strongly related to the number of charge carriers (H‘),

the preference is the highest degree of sulfonation without sacrificing the PEMs’

mechanical properties. The direct polymerization of sulfonated styrene-like

monomers provides one sodium sulfonate group per repeating unit, 100 %

sulfonation.

Composite membranes were obtained by solution-casting a DMF mixture

of silica-PSSH hybrid particles and PVDF onto glass slides at 50 °C followed by

further drying under vacuum overnight (Figure 28). The dried membranes (15-35

pm thick, ~3x0.5-1 cm?) were peeled from the glass slides once immersed in

water. In composite membranes. silica-PSSH hybrid particles are the proton

donors and PVDF provides mechanical stability (Scheme 5). Table 2

summarizes the composition and experimental results for the composite

membranes.
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Figure 28. (a) Schematic illustration of composite proton exchange membrane

fabrication. (b) Photo of a 4x4 cm2 composite membrane with 40 wt% silica-

PSSH particles.
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Scheme 5. Schematic diagram illustrating the structure of a composite

membrane.

Red: sulfonated polystyrene

functionalized nanoparticles

03H

Blue: PVDF

 

Table 2. Summary of silica-PSSH/PVDF membrane characteristics.

 

 

 

 

 

 

 

 

PEMs lEC Conductivity Conductivity Swelling Water

(particle (meq/g) at rt (mSIcm) at 60 °C ratio (%) uptake

wt%) (mSIcm) (wt%)

0 0 0 0 <3 0

10 0.47 2 4 <3 8

20 0.93 22 38 <3 15

30 1.40 27 61 <3 25

40 1.86 60 11 <3 43

50 2.33 70 12 <3 95

Nafion 1178 0.915 62 11 1315 21      
 

a Nafion 117 was included for comparison.

Proper “water management" is critical for PEMs. While water contributes

to the dissociation of SO3H groups and acts as “vehicles” that transport protons

from the anode to the cathode, membranes with high water uptake are usually
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associated with severe swelling and poor mechanical strength. A proper water

uptake is essential for facilitating high proton conductivity as well as maintaining

reasonable membrane stability. As shown in Figure 29, the water uptake

increased linearly with the silica-PSSH particle content up to ~37 wt%. Above

37 wt%, the water uptake increased significantly, indicating a change in

membrane phase morphology?03'205 Generally, when the volume fraction of the

conductive phase in a composite membrane is low, sulfonic acid groups are

isolated in ionic clusters in the matrix, and only a fraction of the clusters are

accessible to water. However, when the particle content reaches the percolation

threshold, the volume fraction at which the conductive phase becomes

continuous, the water uptake increases rapidly. PVDF is hydrophobic and thus

pure PVDF membrane (with 0 wt% particle) has a zero water uptake.
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Figure 29. Water uptakes of composite membrane as a function of particle

contents. The membrane water uptake was measured gravimetrically at room

temperature. (The dotted line is a guide to the eye)

The ion exchange capacity (lEC), expressed as mmol acid/g sample,

defines the density of charge carriers in a membrane and is directly related to a

membrane’s ability to absorb and retain water. Water uptake is directly related to

membrane lEC values and a sharp increase in lEC value is usually interpreted as

exceeding threshold for forming continuous hydrophilic domains.5°'2°3'2°6 As

shown in Figure 30, the lEC tracks the water uptake vs particle content, as

expected, since there is a 1:1 correspondence between the silica-PSSH particle

content and the IEC.
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Figure 30. Water uptakes as a function of membrane IEC. The membrane water

uptake was measured gravimetrically at room temperature. (Dotted lines were a

guide to the eye)

Proton conductivity is one of the most important parameters for evaluating

the performance of PEMs as well as the practicability of fuel cells. Since the

proton conductivity is strongly related to the number of charge carriers (H‘), a

high silica-PSSH particle content is preferred without the sacrifice of PEMs’

mechanical properties. As seen in Figure 31, the pure PVDF membrane (0 wt%

particle) has no measurable proton conductivity, consistent with its lack of charge

carriers. However, membranes with silica-PSSH particles were conductive, and

the conductivity increased linearly as a function of particle content.
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Nafion 117 was used as a benchmark and as a control for the accuracy of

conductivity measurements. At room temperature, the proton conductivity of

Nation 117 was 62 mS/cm, which is comparable to the reported data for Nafion

117 at room temperature (60 mS/cm).207 Membranes with 40 and 50 wt%

particles had conductivities of 60 and 70 mS/cm at room temperature,

respectively, comparable to or higher than Nafion 117 run under the same

conditions. The high conductivity of the PEMs is consistent with a continuous

hydrophilic phase comprised of hybrid particles and water, similar to the

continuous proton network of channels of Nafion.11

The proton conductivity was relatively low at room temperature but

increased rapidly as the temperature was raised to 60 °C. Proton transport is

thermally activated, so higher temperatures lead to improved proton

conductivities.
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Figure 31. Membrane proton conductivities as a function of particle content

for composite PEMs at 100% RH and room temperature (9) and 60 °C (A). Data

for Nation 117 at room temperature (0) and at 60 °C (I) was shown for

comparison. (Lines were a guide to the eye)

Proton conductivity is strongly correlated to IE0, since the IEC defines the

carrier density in membranes. Figure 32 shows the proton conductivity as a

function of membrane IEC. As displayed, the conductivity increased linearly with

the increasing IEC.
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Figure 32. Membrane proton conductivity as a function of lEC for composite

PEMs at 100% RH and room temperature (O) and 60 °C (A). Data for Nafion

117 at room temperature (0) and at 60 °C (I) was shown for comparison. (Lines

were a guide to the eye)

It was of great interest to investigate the proton conductivity vs water

uptake, because water molecules were needed as the mobile phase to facilitate

proton transport. As demonstrated in Figure 33, there was an almost linear

relationship between proton conductivity and water uptake up to around 40 wt%,

which was followed by a far slower increasing rate. This result suggested a

threshold close to 40 wt% water uptake, which was corresponded with 40 wt%

particle content in composite membranes.
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Figure 33. Membrane proton conductivity as a function of water uptake for

composite PEMs at 100% RH and room temperature (O) and at 60 °C (A). Data

for Nafion 117 at room temperature (C) and at 60 °C (I) was shown for

comparison. (Lines were a guide to the eye)

The nature of the acid groups, chemical composition, and microstructure

of membranes all contribute to the desirable properties of PEMs. In order to

study membrane microstructure, the cross-sectional slices of composite

membranes with 40 and 50 wt% particles were analyzed with TEM (Figure 34).

Stained with Ag" ions, the hybrid nanoparticles showed up as dark regions in a

bright PVDF matrix. A phase-separated morphology was observed in both TEM

images. The hybrid nanoparticles aggregated to form continuous domains
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immiscible with PVDF matrix, which is consistent with the plot of water uptake vs

lEC values.

 
Figure 34. Cross-sectional TEM images of membranes with (a) 40 wt% particles;

and (b) 50 wt% particles.
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It has been a significant challenge to design PEMs with high proton

conductivity and minimal swelling. Dimensional stability, which is the change in

the measured membrane size for the dry and water saturated states, is a very

important parameter for practical fuel cell applications. If membranes swell too

much, electrodes can detach from the membrane surfaces as most electrodes

don’t swell, resulting in mechanical stress?08 As listed in Table 2, Nafion 117

swells significantly, 18 % from the dry to wet state. The severe expansion of

Nafion 117 explains its poor performance in direct methanol fuel cells, as the

permeability of Nafion to methanol is due to the high swelling of Nafion in water.

However, in both dry and hydrated states, all composite membranes with

different particle contents did not show any measurable size change (<3%). The

minimal water swelling is likely due to the crystalline structure of the hydrophobic

PVDF, which suppressed the water swelling of silica-PSSH particles in hydrated

membranes.

Conclusion

Direct polymerization of sodium 4-styrenesulfonate was carried out on

~7 nm silica particles by ATRP at room temperature in aqueous system. This

approach generated polyelectrolyte-coated silica nanoparticles with 100 %

polymer sulfonation degree. Kinetic study demonstrated that the surface

polymerization was a well controlled polymerization with first order kinetics up to

six hours followed by slightly slower reaction rate, which might be due to polymer

chain termination. This methodology provides an easy approach to generate
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polyelectrolyte functionalized hybrid nanoparticles with a high surface-to-volume

ratio. TEM images proved that the anionic polyelectrolyte assisted the dispersion

of hybrid particles in water and minimized particle aggregation. IR spectroscopy

confirmed the presence of surface functional groups on silica particles and the

analysis of the TGA data confirmed the kinetic study results.

Solution-casting the mixture of the acidified hybrid particles and PVDF

formed composite proton exchange membranes. In addition to traditional

advantages of blend PEMs, such as easy design, synthesis, and processing, the

composite membrane system does not have the side effects related to “post-

sulfonation” reactions. Both the membrane water uptake and proton conductivity

increased linearly with the increase of particles in composite membranes and a

drastic increase showed up above a percolation threshold. The composite

membranes with 40 and 50 wt% particle contents revealed proton conductivities

comparable to or even higher than Nafion 117 under the same testing conditions.

The excellent conductivity might be due to either the high lEC value or the

phase-separated morphology of composite membranes. No water swelling was

observed with the composite membranes as the crystalline structure of the

hydrophobic PVDF matrix constrained the expansion of hybrid nanoparticles.

Moreover, this composite system is more cost effective compared to the

perfluorinated PEMs due to much easier synthesis and processing.
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Experimental Section

Materials

Sodium 4-styrenesulfonate, CuBr (99.999%), CuBrz, (99.999%),

cetyltrimethylammonium bromide (CTAB), PVDF (MW = 534,000 Da), 2, 2’-

dipyridyl (bpy, 99+ %), and Nafion 117 were used as received from Sigma-

Aldrich except for bpy, which was sublimed prior to use. Snowtex-XS colloidal

silica, a gift from the Nissan Chemical Corporation, was received as an aqueous

dispersion of pH 9-10. Toluene was distilled over sodium using benzophenone as

an indicator and dimethylformamide (DMF) was dried over activated 4A

molecular sieves. The disodium salt of N,N,N’,N’-ethylenediaminetetraacetic acid

(EDTA-2Na) was purchased from Spectrum. All other chemicals and solvents

were ACS reagent grade and used as received from commercial suppliers

without further purification unless otherwise specified.

Characterization.

1H NMR analyses were performed at room temperature in deuterated

water on a Varian UnityPlus 500 spectrometer at 500 MHz with the residual

solvent proton signals as chemical shift standards. FT-IR spectra were acquired

from a Mattson Galaxy 300 spectrometer purged with dry nitrogen, with the

signal averaging 128 scans at a resolution of 4 cm". All IR samples were dried,

mixed with KBr, ground, and then pressed into pellets.

Thermogravimetric analyses (TGA) were carried out in air on Perkin-Elmer

TGA 7 instruments at a heating rate of 10 °C/min. TGA samples were dried under
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vacuum at 80 °C overnight prior to use. Dried samples were held at 120 °C in the

TGA apparatus for 30 min prior to initiating the run.

The microstructure of particles and composite membranes were imaged

using either a JEOL-1OOCX or a JEOL-2200FS transmittance electron

microscope. To prepare the TEM sample for dried Snowtex-XS, particles were

dispersed in toluene by ultrasonication, and then a drop of the suspension was

drop-cast onto a carbon-coated copper mesh grid followed by solvent

evaporation in air. The TEM sample of silica-PSSNa particles was prepared in a

similar way from their water suspension. To prepare membrane cross-sections

for TEM analysis, membranes were immersed in 0.5 M AgN03 solution overnight

to stain the ionic domains by ion exchange of sulfonic acid groups for silver.

Samples were rinsed with water, and then dried under vacuum at 80 °C overnight.

The stained membranes were embedded in epoxy resin, dried at 50 °C for 24 h,

and then sectioned with an ultramicrotome to generate ~100 nm thick slices. The

slices were picked up with copper grids for TEM analysis.

Isolation of silica nanoparticles from Snowtex-XS

Cetyltrimethylammonium bromide (3 g) was added to 100 mL of Snovvtex-

XS and the mixture was stirred at 50 °C for 30 min. The silica particles were then

collected by centrifugation and re-dispersed in 100 mL of Milli-Q water to remove

excess salt from the particle surfaces. After repeating the washing process four

times, the silica particles were dried under vacuum at 80 °C overnight.
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Immobilization of ATRP initiators onto silica particles

Dry silica particles (1 g) were dispersed in 100 mL of dry toluene by

ultrasonication. Using a syringe, 0.5 mL of freshly synthesized initiator, (11-(2-

bromo-2-methyl)propionyloxy)undecyltrichlorosilane,196 was added to the

particles and the reaction mixture was stirred under a N2 atmosphere at 65 °C

overnight. The crude initiator-coated particles (silica-initiator) were isolated by

centrifugation, re-dispersed in 20 mL of dry toluene, precipitated from 100 mL of

pentane, and then collected .by centrifugation. The dispersion-precipitation-

centrifugation washing process was repeated six times to remove physisorbed

initiators from particle surfaces. Silica-initiator particles were then dried under

vacuum at 80 °C overnight.

Surface ATRP of sodium 4-styrenesulfonate

The surface-initiated ATRP of sodium 4-styrenesulfonate was carried out

at room temperature under N2 with CuBr/CuBrz and bpy as the catalytic system.

Sodium p-toluenesulfonate was used as an internal standard for determining

monomer conversion. The ratios of [Monomer]:[standard]o:[surface

initiator]o:[CuBr]o:[CuBr2]o:[bpy]o were approximately 70:10:1:2:0.2:6, with the

initial concentration of surface initiator estimated from TGA analyses of silica-

initiator particles. A typical synthesis is described. Sodium 4-styrenesulfonate

(0.43 g, 2.09 mmol), sodium p-toluenesulfonate (60 mg, 0.31 mmol), CuBrz (1.4

mg, 0.006 mmol), bpy (28 mg, 0.18 mmol), 3 mL of Milli-Q water, and 1 mL of

methanol were charged into a 10 mL Schlenk flask equipped with a magnetic

67



stirrer. After complete dissolution of the solids, silica-initiator particles (62 mg,

0.03 mmol of surface initiator (calculated from TGA)) were added and then the

mixture was sonicated for 10 min to fully disperse the particles. After four freeze-

pump-thaw cycles, the Schlenk flask was filled with nitrogen at room temperature

and sonicated for 15 min to afford a fine dispersion of silica-initiator particles. An

initial sample (~0.2 mL) was removed via a syringe and diluted with 1 mL of Milli-

Q water and designated as sample t = 0. Finally, CuBr (8.6 mg, 0.06 mmol) was

charged into the Schlenk flask under a flow of nitrogen and with a rapid stirring.

At various reaction times, 0.2 mL samples were transferred from the

reaction mixture to vials, and after diluting with 1 mL of Milli-Q water, the vials

were shakened to terminate the surface polymerization. The samples were left

undisturbed overnight, allowing the particles to settle at the bottom of the vial as

a gel. The upper water layer was removed from the vial and dried under vacuum,

and the remaining solids were analyzed by 1H NMR for conversion. An aqueous

solution of EDTA-2Na was added to the particle suspension to remove residual

Cu2+ until the faint blue color associated with the particles had disappeared. The

hybrid particles were then isolated by centrifugation and washed extensively with

water to remove excess monomer, standard, and EDTA-2Na. Finally, acetone

was added to precipitate the particles, which were then collected and dried under

vacuum at 80 °C overnight.
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General procedure for acidifying silica-PSSNa particles

A 1 M HCI solution was added to an aqueous suspension of silica-PSSNa

to exchange Na+ with H“. After 48 h, the silica-PSSH nanoparticles were

centrifuged, washed extensively with water, precipitated from acetone, and dried

under vacuum at 80 °C overnight.

Solution polymerization of sodium 4-styrensulfonate - linear PSSNa

A round-bottom flask was charged with sodium 4-styrenesulfonate (1.0 g,

4.9 mmol) and 5 mL of ethylene glycol, and the mixture was stirred until

homogeneous. The reaction system was purged with N2 for 30 min, and then the

flask was transferred to an oil bath maintained at 60 °C. The catalyst system was

made by dissolving Na2S205 (0.035 g, 0.18 mmol) and K2S2Oa (0.065 g, 0.24

mmol) in 1 mL and 2 mL of Milli-Q water, respectively. The two solutions were

injected into the reaction flask, separately, and then the reaction mixture was

stirred under a N2 atmosphere at 60 °C for 5 h. The crude poly(sodium 4-

styrensulfonate) (PSSNa) was precipitated from acetone, washed with acetone,

and then dried under vacuum at 80 °C overnight.

Preparation of composite membranes

Composite membranes were fabricated by the solvent-casting method.

This procedure describes the preparation of 10 mg membranes. Predetermined

amounts of PVDF and silica-PSSH nanoparticles were dissolved in DMF in

separate vials. Each solution was fixed at 0.05 g/mL, and the total mass of the
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particles and PVDF was 10 mg. The two solutions were combined and stirred

until the system was homogeneous. Membranes were solution-cast by pouring

the mixture onto a clean glass plate at 50 °C, typically covering 4x1 cm2 area.

After 1 hour, the membrane had turned translucent, and the glass plate was

transferred to a vacuum at 50 °C for further drying overnight. The dried

membranes (15-35 pm thick) were cut to size (~3XO.5-1 cm?) and then removed

from the substrate by immersing the plate in water. The as-synthesized

membranes were soaked in 1 M HCI for 48 h to ensure that all sulfonate groups

in the membranes were in their acidic form. The membranes were then washed

extensively with water, and prior to conductivity tests, PEMs were stored in Milli-

Q water.

Conductivity measurements

The proton conductivities of membranes were measured with an

alternating current (AC) impedance analyzer HP 4192A over the frequency range

from 5 Hz to 13 MHz. Membranes were placed between two Pt electrodes in a

home-made Teflon cell. The entire setup was kept in Milli-Q water at controlled

temperatures for at least 10 min to saturate membranes and then impedance

was measured in in-plane direction. From the Nyquist plot, the resistance of the

membrane was estimated, and then the conductivity of the membrane was

calculated using the electrodes distance and membrane cross-sectional area, as

shown in equation 1:

L

“R7 ‘1’

70



Where ais the conductivity of the membrane, L represents the distance between

two electrodes, A stands for the membrane cross-sectional area, and R is the

bulk membrane resistance estimated from the Nyquist plot.

Water uptake

Water uptake of all membranes was measured gravimetrically. After

equilibration in Milli-Q water for two days at room temperature, membranes were

removed from water, and weighed after the surface water was quickly removed

by a Kim-wipe. Membranes were then dried under vacuum at 50 °C overnight

and the weight of dried membrane was measured. The membrane water uptake

was calculated according to equation 2:

 

W —W

Water uptake = wet dry x100% (2)

Wary

where Wwet stands for the mass of wet membranes and Wdry represents the

weight of dried membranes.

Dimensional stability

Membranes were saturated in Milli-Q water for two days at room

temperature prior to measuring the dimensions of swollen membranes. After

drying under vacuum at 50 °C overnight, the dimensions of the dried membrane

were measured. The swelling ratio was calculated from the length (longest

dimension) of the membrane, as shown in equation 3:
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l -l

Swelling ratio =Mx100% (3)

law

where [wet and [dry represent the lengths of wet and dried membranes,

respectively. The uncertainty in the measurement is <3%.

Theoretic ion exchange capacity (lEC)

The ion exchange capacity of membranes was estimated from the TGA

weight retention data of particles and particle weight fractions in membranes. The

lEC was calculated according to equation 4:

m +

IEC = —H—- (4)

dey

where mH+ expresses the quantity of sulfonic acid groups.

Calculation of surface initiator in silica-initiator particles from TGA data

We assume that mbs (900 °C) = mi (900 °C), where mbs and msi denote

the masses of a single bare silica particle and a single silica-initiator particle at

900 °C in TGA analysis, respectively. Using the residue mass of the silica (or

silica-initiator) as reference, the mass increase of silica-initiator to silica particles

is calculated from equation 5:

[(l—WRSi)/W-Rsi —(1—WRbs)/WRbS]x100%=22.5% (5)

Where WRbS and WRS, are the weight retentions of bare silica particle (87.6 %)

and silica-initiator particle (73.2 %) at 900 °C in TGA, respectively. Therefore, the

mass of surface initiator on 62 mg silica-initiator particles is shown in equation 6:

72



22.5%x(62x W125i) = 10.21 mg (6)

The thermally decomposable moiety of the surface initiator (the hydrocarbon

portion) has a molecular weight (MW) of 320 g/mol. Thus, the calculated amount

of surface initiator in 62 mg silica-initiator particles is 10.21/MW = 0.03 mmol.

o
ESi-(CH2)fiOd$<_

Br
k—W—J

Mw = 320

Calculation of TGA weight retentions of particles isolated at different

polymerization time

The calculation of the TGA weight retention of silica-PSSNa-1 particle

isolated at 10.4% monomer conversion is illustrated. The weight retentions of

silica-PSSNa-2 and silica-PSSNa-3 particles were calculated by the same

method and the results are summarized in Table 2. In addition to mbs (900 °C) =

ms; (900 °C), we also assume that the weight retention of silica-PSSNa particles

correspond to the residue of silica-initiator and the surface PSSNa. So mSID (900

°C) = ms; (900 °C) + mpss (900 °C), where ms,p and mpss represent the masses of

a single silica-PSSNa particle and PSSNa on a single silica-PSSNa particle at

900 °C in TGA analysis, respectively. Figure 22 showed that the weight retention

of linear PSSNa was 37.1 % at 900 °C, which would be used as a reference for

surface PSSNa, and silica-initiator particles retained 73.2 % of its mass at 900 °C

in TGA. So the TGA weight retention of silica-PSSNa-1 could be calculated from

equation 7:
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Wsi x 73.2% + Wino x Conv x 37.1%

Wsi + Wmo x Conv

 x100% (7)

Where W3; and Wmo represent the initial weights of silica-initiator particles and

monomer charged in the surface polymerization, respectively, and Com, stands

for the monomer conversion. For the silica-PSSNa-1 particle, the experimental

data are W3; = 62 mg, Wmo = 430 mg, and Com, = 10.4 %. Therefore, the

calculated TGA weight retention is 58.1 %, which is reasonably close to the

actual data obtained from the TGA curve.
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Chapter 3 Magnetic hybrid nanoparticles:

Synthesis, Characterization, and Application in Fuel Cells

Introduction

Recently, there has been considerable interest in the development of fuel

cells, especially hydrogen powered fuel cells, which cleanly convert the chemical

energy of fuels directly into electric energy and heat with high efficiency. A key

component of hydrogen based fuel cells is the proton exchange membrane

(PEM), which transports protons from the anode to the cathode and separates

fuel and oxidant. Nafion, the prototype PEM, has a high proton conductivity and

chemical and mechanical stability at moderate temperatures in the harsh fuel cell

environment. Although the actual morphology of hydrated Nafion is still under

investigation, it’s widely agreed that microphase-separation of Nafion’s

perfluorocarbon backbone and pendent fluorosulfonic acid groups accounts for

its high proton conductivity.“"“'15 The two domains of Nafion provide two critical

properties: the hydrophilic domain supports efficient proton transport while the

hydrophobic domain provides mechanical and chemical stability. Despite the high

performance of Nafion in fuel cells, its high manufacturing cost, drastically

reduced proton conductivity above 80 °C, environmental incompatibility, and

severe methanol permeability limit its use in fuel cell applications.

Developing alternatives to Nafion is a major challenge in current fuel cell

research. The usual design strategy for such membranes has been to synthesize

sulfonated analogues of thermally stable polymers, such as sulfonated

poly(arylene ether ether ketone),14 sulfonated polyimides,” sulfonated
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3 and sulfonated polystyrene.160 Membranes derived from thesepolysulfone,12

polymers have advantages over Nafion in terms of cost and reduced methanol

cross-over, but in their hydrated state, they generally suffer from poor

dimensional, chemical, and mechanical stability?“'1‘51'16‘3'168 The problems

associated with sulfonated polymers can be overcome by the use of polymer

blends, which are comprised of a hydrophilic polyelectrolyte phase embedded in

a non-conductive material for reinforcement.

Composite membranes made from the blending of a hydrophilic proton

conductor and PVDF have been investigated in our group. The hydrophilic proton

conductors were poly(4-styrenesulfonic acid)—coated silica nanoparticles, which

were synthesized by the surface-initiated ATRP of sodium 4-styrenesulfonate

from silica nanoparticles followed by acidification. The resulting composite

membranes have comparable or better performance than Nafion 117 at the same

testing conditions. However, the composite membrane system relied on the self-

assembly of the hydrophilic nanoparticles in the hydrophobic PVDF matrix and

there was no control over the alignment of particles in matrix material.

The distribution of proton conductors in membranes has a dramatic effect

on the performance of membranes. Aligning polyelectrolytes along the proton

transport direction could create conductive paths, which reduce the bulk

membrane resistance and improve proton conductivity. Electric fields have been

ued to align proton conducting polyelectrolytes while casting blend

membranes.1°1'18°'208 The polyelectrolytes were aligned into long linear chains

extending across the membranes. Membranes with aligned polyelectrolytes had
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higher proton conductivities and less water uptake than membranes with

unaligned polyelectrolytes

Although applied electric fields have successfully aligned polyelectrolytes

while casting blend membranes, there are limitations to this technique. There

must be sufficient dielectric contrast between polyelectrolyte and the matrix, and

the matrix must sustain a high field and have sufficient mobility. These

restrictions have hindered the broad application of this processing technique due

to a limited choice of matrix materials. An alternative technique, using magnetic

fields as the external driving force, is more suitable for polyelectrolyte alignment

in blend membranes, as most polymers are anti-ferromagetic and hence are

good matrix materials. Unlike electric fields, magnetic fields are not restricted in

terms of the applied field strength, but only require that the polyelectrolytes have

sufficient magnetization to respond to a magnetic field.

Recently, Shaw et al. ued a magnetic field to align proton conductive

magnetic nanoparticles in sulfonated poly(ether ketone ketone) (SPEKK) during

the membrane casting process.181 Successful alignment of magnetic

nanoparticles in SPEEK can be seen in aligned membranes, while randomly

dispersed particles showed up in membranes without magnetic field processing.

Not surprisingly, the conductivity of membranes with aligned particles was twice

that of unaligned controls. However, the proton conductivity of the blend

membrane was much lower than a standard SPEKK membrane, which was

ascribed to the decreased lEC of the blend membrane.
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While Shaw et al. showed that magnetic fields can be used to align

magnetic nanoparticles in a SPEEK matrix, there are limitations to Shaw’s

approach. The y-Fe203 particles were confined to the surfaces of composite

particles instead of being encapsulated by the polymer, making y-Fe203 particles

vulnerable to the strong acidic environment of PEMs (y-Fe203 particles dissolve

in acid). Secondly, the magnetic particles were aligned in the plane of the

membrane, while real PEMs require through-plane proton conducting paths.

Finally, both the magnetic particles and the matrix (SPEEK) are hydrophilic,

which would likely result in excessive swelling and low mechanical strength

membranes.

Herein, we systematically investigated the synthesis and characterization

of proton conducting magnetic nanoparticles, which were composed of magnetite

as the core, silica as the middle layer, and poly(4-styrenesulfonic acid) as the

polymer coating. The magnetite core enables magnetic alignment, the silica

shields magnetite from the acidic environment of PEMs, and the poly(4-

styrenesulfonic acid) coating supports proton conduction. “Magnetic” composite

membranes were then fabricated from a blend of proton conducting magnetic

nanoparticles and PVDF. During the solution casting of membranes, an external

magnetic field was applied perpendicularly to the membrane surface to induce

the alignment of nanoparticles in PVDF matrix across the membrane. The

“magnetic” composite membranes approach may be more cost effective than the

perfluorinated PEMs due to the much easier synthesis and simpler processing.
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Results and discussion

Synthesis and characterization of magnetic nanoparticles

As displayed in Scheme 6, the desired magnetic nanoparticles were

synthesized by two different strategies. After coating silica onto magnetite (MNT)

particles to form MNT-silica nanoparticles, the particle surface was chemically

functionalized with ATRP initiators, providing a macroinitiator (MNT-initiator). In

the “post-sulfonation” approach, polystyrene was grown from the surface of the

nanoparticles followed by sulfonation to obtain proton conducting magnetic

nanoparticles (MNT-PSSH). The second strategy utilized the direct ATRP of

sodium 4-styrenesulfonate from MNT-initiator nanoparticles to generate the salt

form of proton conducting magnetic nanoparticles (MNT-PSSNa). The magnetic

composite nanoparticles, MNT-PSSH, have the dual properties of magnetic

susceptibility from the magnetic inorganic core and high proton conductivity from

the poly(4-styrenesulfonic acid), anchored to the surface.
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Scheme 6. Schematic illustration of two strategies for the synthesis of poly(4-

styrene sulfonic acid)-coated magnetic nanoparticles.
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The MNT nanoparticles were synthesized according to a literature

procedure.209 FeCl3 was hydrolyzed by water produced in situ from the reaction

between sodium hydroxide and poly(acrylic acid) (PAA) generating Fe(OH)2,

(Scheme 7). Fe(OH)3 was then reduced to Fe(OH)2 in diethylene glycol (DEG) at

220 °C, and converted to Fe3O4 by dehydration at high temperature. The MNT

were stabilized by electrostatic interactions between the iron cations and the

carboxylate anions of the polyacrylate surfactant, resulting in water soluble MNT

nanoparticles.

Scheme 7. Schematic illustration of (a) synthesis of MNT nanopaticles; and (b)

structure of PAA-capped MNT nanoparticles.

(a) . (b)
diethylene glycol

NaOH + FeCl3 + PAA ——-l=e3o4 PM

220 °C
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Figure 35. TEM image of MNT nanoparticles.

The high temperature hydrolysis reaction yielded monodisperse magnetite

nanocrystals with an average diameter of 12 nm (Figure 35). In addition, the high

temperature annealing during the reaction provided highly crystalline magnetite

nanoparticles, which was confirmed by X-ray diffraction (XRD). The XRD powder

pattern in Figure 36 shows the characteristic 220, 311, 400, 422, 511, and 440

reflections for cubic Fe304?°9
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Figure 36. X-ray diffraction pattern of powder MNT nanoparticles. The vertical

bars correspond to the reflections and their relative intensity as recorded in

ASTM data cards for cubic Fe3O4.

The MNT nanoparticles were coated with silica to screen particle-particle

dipolar attractions, prevent their aggregation, and shield the MNT nanoparticles

from the acidic environment of PEMs. The surface coating was carried out in a

basic ethanol/water mixture with the MNTs acting as the nucleation seeds.21o

This strategy provided easy control over the resulting particle (MNT-silica) size

since the thickness of silica layer depends on the ratio of base:alcohol:water and

the reaction time. The as—synthesized MNT-silica nanoparticles were water

soluble due to surface silanol groups.

The size and morphology of MNT-silica nanoparticles were characterized

by TEM (Figure 37). The monodisperse MNT-silica nanoparticles are spherical
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and have an average diameter of 50 nm with very little aggregation. The MNT

cores (dark color) are encapsulated by a ~20 nm thick silica layer. Some MNT-

silica nanoparticles had a single MNT nanoparticle as its core, but others had

multiple MNT cores, which might have resulted from the rapid growth of silica

layer onto MNT nanoparticles, or that some particles are ferromagnetic rather

than superparamagnetic.

 
Figure 37. TEM image of MNT-silica nanoparticles.

Energy-filtered transmission electron microscopy (EFTEM) is an efficient

analytical tool for obtaining the chemical composition of materials on the

nanometer and even subnanometer length scale. In EFTEM, the elemental

distributions are displayed as false color images. The images show that iron
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(Figure 38b) only appears in the core while silicon (Figure 38c) is limited to the

shell, which was in good agreement with the actual morphology shown in Figure

38a.

 
Figure 38. (a) TEM image of MNT-silica. (b) EFTEM iron map. (c) EFTEM silicon

map.
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The MNT-silica nanoparticles need to be superparamagnetic for their

application in fuel cell membranes. Superparamagnetic materials have no net

magnetism, but can be aligned in an external magnetic field. MNT-silica

nanoparticles were water soluble and did not exhibit any evidence for

ferromagnetic properties (Figure 39a). However, in presence of an external

magnet, the well-dispersed MNT-silica nanoparticles were localized by the

magnet demonstrating magnetic properties (Figure 39b). The response of MNT- ‘

silica nanoparticles to an external magnetic field is very useful for aligning

particles.

 

Figure 39. Photos of MNT-silica nanoparticles dispersed in water (a) without an

external magnetic field (a fine dispersion of particles in water); and (b) with an

external magnetic field (particles were localized toward the magnet).

The induced alignment of MNT-silica nanoparticles can be examined

microscopically. A TEM sample was prepared by adding a drop of the dilute

MNT-silica nanoparticle water dispersion to a TEM sample grid which was placed

in an external magnetic field. As shown in Figure 40, the four images captured
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from different positions on the TEM grid show particles aligned into chain-like

structures along the magnetic field direction. The aggregation of MNT-silica

nanoparticles is consistent with the attractive interaction between magnetic

moments generated in response to the external magnetic field. This result

suggests the possibility of using an external magnetic field to align proton-

conducting magnetic particles while casting membranes.
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Figure 40. TEM images of chain-like structures formed by MNT-silica in

response to an external magnetic field (~1 Tesla).
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Synthesis of poly(4-styrenesulfonic acld)-coated magnetic hybrid

nanoparticles (MNT-PSSH) by a “post-sulfonation” method

The silica shell of MNT-silica nanoparticles not only improves the chemical

stability of MNT nanoparticles in acidic conditions, but also facilitates the

introduction of surface functional groups through the reaction between surface

silanols and various coupling agents. As illustrated in Scheme 8, organosilane

initiators were chemically immobilized onto MNT-silica nanoparticle surfaces to

. generate sites for ATRP. Polystyrene (PSt) was then grown from the nanoparticle

surface to yield hybrid nanoparticles (MNT-PSt) with thick polymer shells. In this

polymerization, we also added a free initiator, ethyl 2-bromoisobutyrate, to initiate

polymerization in solution. The polymer formed in solution is often used as a

proxy for the polymer grown from the surface, and characterizing the polystyrene

formed in solution would provide some information about the polystyrene grown

from the surface. GPC analysis of polystyrene formed in solution gave a number

average molecular weight (Mn) of 56,000 Da and a polydispersity index (PDI) of

1.08. The low polydispersity is comparable to ATRP reactions in the absence of

nanoparticles.211 Finally, sulfonation provided poly(4-styrenesulfonic acid)—coated

magnetic hybrid nanoparticles (MNT-PSSH) for the proton conducting material in

“magnetic” composite membranes.
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Scheme 8. Synthesis of poly(4-styrenesulfonic acid)-coated magnetic hybrid

nanoparticles.
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FT-IR was used to confirm each surface reaction (Figure 41). The MNT-

silica nanoparticles have an absorption band at 1650 cm'1, which was ascribed to

the C=O bond from the surfactant (PAA) of Fe304 core. New bands at 3000 cm'1

to 2900 cm'1 (aliphatic C-H stretching) and 1750 cm'1 (C=O) in the spectrum of

MNT-initiator confirmed the successful anchoring of the initiator to MNT-silica

nanoparticles. After surface polymerization of styrene, the IR spectrum of the

MNT-PSt nanoparticles was dominated by the Icharacteristic bands of

polystyrene: aromatic C—H stretching at 3100 cm'1 and 3000 cm", aliphatic C—H

stretching from the polymer backbone at 3000 cm'1 to 2900 cm“, and the

overtones and combinations consistent with a mono-substituted benzene ring at
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2000-1800 cm'1. After sulfonation, the IR spectrum of MNT—PSSH shows strong

O—H stretching modes from 3500 cm'1 to 2500 cm'1 due to water hydrogen-

bonded to surface sulfonic acid groups. Bands for the sulfonic acid groups were

partially obscured by a strong absorption band at 1050 to 1300 cm", from SiO2,

but the S=O symmetric stretching mode at 1040 cm'1 is partially visible.
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Figure 41. FT-IR spectra of (a) MNT-silica nanoparticles; (b) MNT-initiator

nanoparticles; (c) MNT-PSt nanoparticles; and (d) MNT-PSSH nanoparticles.

Samples were made into pellets with KBr.

Thermal gravimetric analysis (TGA) of the magnetic nanoparticles was

used to establish the thermal stability of the polymer layer, and to estimate the

surface functional group coverage for the nanoparticles (Figure 42). The
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cumulative weight loss at 800 °C for MNT-silica particles was ~6 %, which is

likely due to the loss of adsorbed water and condensation of surface silanol

groups. The TGA trace for MNT-initiator particles shows an additional weight loss

of ~10 %, from the degradation of surface initiators. After surface-initiated ATRP

of styrene from MNT-initiator nanoparticles, the MNT-PSt particles showed a

sharp weight loss at ~300 °C, characteristic of the depolymerization of

polystyrene chains. The 86 % weight loss at 800 °C indicates a thick surface

coating of PSt. The thermal degradation of MNT-PSSH nanoparticle shows two

steps: the first, from 200 to 400 °C, is assigned to desulfonation, while the

second, from 400 to 640 °C, is degradation of residual polystyrene.
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Figure 42. TGA analysis of (a) MNT-silica; (b) MNT-initiator; (c) MNT-PSSNa; (d)

MNT-PSt; and (e) MNT-PSSH.

TEM analysis shows that surface-initiated ATRP yielded MNT-PSt

nanoparticles with an average diameter of 150 nm (Figure 43). The

nanoparticles were well-defined with a black core of Fe304, a grey middle layer

due to silica, and a thick outer shell composed of polystyrene. The polymer shells

have an average thickness of 50 nm and were uniform for all nanoparticles,

which is consistent with controlled surface growth of polymer chains by ATRP.211
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The morphology of the Fe304 and silica layer in MNT-PSt was unchanged from

the image shown in Figure 37 for MNT-silica nanoparticles.

Interestingly, the isolated MNT-PSt nanoparticles shown in Figure 43a

also formed “coffee ring stain-like” aggregates (Figure 43b) due to the way the

TEM sample was prepared. A drop of the toluene dispersion of MNT-PSt

nanoparticles was dropped to the water surface, and a TEM grid submerged in

water was slowly raised to capture nanoparticles. During solvent evaporation,

toluene might have carried nanoparticles to solvent frontier, where the particles

aggregated.
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Figure 43. TEM image of (a) isolated MNT-PSt nanoparticles; and (b) “coffee

ring stain"-like aggregated MNT-PSt nanoparticles.
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Direct polymerization of sodium 4-styrenesulfonate

In contrast to the “post-sulfonation” approach, which introduces the proton

conducting sulfonic acid groups after polymerization, the polymerization of

sodium 4-styrenesulfonate from MNT-initiator surfaces directly generates the

sodium salt of MNT-PSt. As illustrated in Scheme 9, surface-initiated ATRP of

sodium 4-styrenesulfonate from MNT-initiator nanoparticles in aqueous solution

at room temperature yields a dense shell of poly(sodium 4-styrenesulfonate)

(PSSNa). Acidification of the hybrid MNT-PSSNa nanoparticles generates poly(4-

styrenesulfonic acid) coated magnetic nanoparticles for the proton conducting

material in PEMs.

Scheme 9. Synthesis route to poly(sodium 4-styrenesuIfonate)-coated magnetic

hybrid nanoparticles.
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The surface polymerization of sodium 4-styrenesulfonate from MNT-

   

initiator formed MNT-PSSNa nanoparticles with an average diameter of 100 nm

(Figure 44). The morphology of Fe304 and silica layer in MNT-PSSNa was

similar to the MNT-silica nanoparticles displayed in Figure 37. The hybrid silica-

PSSNa nanoparticles have uniform polymer shells with an average thickness of
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25 nm, which indicated that surface polymer chains were grown at comparable

rates.

 
Figure 44. TEM image of MNT-PSSNa nanoparticles. Black spots are the Fe304

cores, the gray middle layer is the silica coating, and the light gray outer shell is

composed of PSSNa.

The FT-IR spectrum of MNT-PSSNa nanoparticles was dominated by the

characteristic peaks of PSSNa (Figure 45). The strong O—H stretching bands at

3435 cm‘1 was due to water absorbed by the hygroscopic polyelectrolyte.

Absorption peaks between 3100 cm“1 and 3000 cm'1 were assigned to aromatic

C-H stretching, while bands from 3000 cm'1 to 2900 cm" resulted from aliphatic

C—H stretching. In addition to the bands at high wavenumbers, the presence of
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PSSNa was confirmed by the 8:0 asymmetric and symmetric stretching bands

at 1200 and 1040 cm", respectively.
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Figure 45. FT-IR spectrum of MNT-PSSNa nanoparticles. The sample was made

into a pellet with KBr.

The TGA curve of MNT-PSSNa, as presented in Figure 42c, exhibited

two major mass loss events, which we interpreted as the loss of sulfonate groups

at approximately 400 °C, and degradation of the polymer backbones

commencing at around 450 °C. It is noteworthy that PSSNa had a nonvolatile

residue (likely Na2O) at 800 °C in an oxidative atmosphere.202 Thus, 45 % weight

retention of MNT-PSSNa particles at 800 °C underestimates the amount of

polymer on the hybrid nanoparticles. A comparison between the TGA traces of
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MNT-PSSNa and MNT-PSSH particles suggests that the free acid was thermally

less stable than the sodium salt in an oxidative atmosphere. The MNT-PSSNa

nanoparticle had its first dramatic weight loss commencing at 400 °C while MNT-

PSSH degraded much earlier at ~200 °C.

Fabrication and characterization of “magnetic” composite PEMs

The magnetic properties of different nanoparticles were tested with a

vibrating sample magnetometer at room temperature. As shown in Figure 46, the

nanoparticles had a strong magnetic response to a varying external magnetic

field. The field-dependent magnetization plots (inset) indicated that the magnetic

nanoparticles were slightly ferromagnetic with very small remanence (the

magnetization that persists after an external magnetic field is removed) and

coercivity (the intensity of an external magnetic field required to reduce the

magnetization of that material to zero after the magnetization of the sample has

been driven to saturation), which might be due to some ferromagnetic impurities.

The saturation magnetization value of MNT-silica nanoparticles was 4.9 emu/g

but decreased in polymer coated magnetic nanoparticles, primarily due to the

nonmagnetic polymer shell since the units for magnetization are expressed as

per gram of sample.212
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Figure 46. Room temperature hysteresis curves of magnetic nanoparticles. The

inset demonstrated the data around zero field from -200 Oe to 200 Oe.

Generally, “magnetic” composite membranes were obtained by solution-

casting a DMF mixture of MNT-PSSH hybrid particles and PVDF (Figure 47).

Membranes with aligned MNT-PSSH nanoparticles were cast in the presence of

an external magnet aligned perpendicularly to the membrane plane. The ~1

Tesla field was maintained until all solvent had evaporated to prevent

randomization of nanoparticles upon removal of the external magnetic field.

Membranes were light brown color, possibly due to the dark color of iron oxide

(Figure 47b).
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Figure 47. (a) Schematic illustration of composite proton exchange membrane

fabrication. (b) Photo of a 2.5x2.5 cm2 composite membrane with 30 wt% MNT-

PSSH particles cast in presence of an external magnetic field.

The performance of membranes can be evaluated by their polarization

curves. Generally, there are three divisions in a polarization curve: activation

polarization, ohmic polarization, and concentration polarization. When the current

is zero, the open circuit voltage is the cell voltage. When the current starts to flow,

the voltage decreases owing to the activation polarization, after which the

polarization curve becomes linear due to the ohmic polarization. This region is

associated with the ohmic losses and its slope is correlated to the resistance of

the membrane-electrode assembly. The polarization behavior of several

composite membranes in fuel cells is displayed in Figure 48. The experiments

were run under fully humidified conditions, with H2 and 02 as the fuel and oxidant,

respectively. Nafion 117 and pure PVDF membranes were used as controls.

Pure PVDF membranes (0 wt% MNT-PSSH nanoparticles) had little or no proton

conductivity, which is not surprising since there was no conductive ionomers. The

resistance of a membrane with 20 wt% particles was slightly higher than Nafion
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117, but membranes with 30 wt% and 40 wt% particles performed better than

Nafion 117 in the ohmic region, and the performance of these “magnetic"

membranes increased with the MNT-PSSH content.
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Figure 48. Polarization curves of composite membranes with different magnetic

nanoparticle contents and Nafion 117 at room temperature.

Ideally, PEMs should have high proton conductivity and minor membrane

swelling. Membrane dimensional stability was obtained by measuring the

dimensional changes between the dry and water saturated states. Membranes

that swell excessively can detach from the electrode surfaces as most electrodes

do not swell, resulting in mechanical stress.208 Nafion 117, equilibrated in water

for 48 h, increased 18 % in length compared to the dry film.15 The severe

expansion of Nafion 117 explains its poor performances in direct methanol fuel
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cells, as the permeability of Nafion to methanol is related to the high swelling of

Nafion in water. However, all of the “magnetic" membranes swelled <3 %. The

low water swelling behavior may be due to the rigid matrix of crystalline PVDF,

which suppressed the water swelling of MNT-PSSH particles in hydrated

membranes.

Cross-sections of a 30 wt% MNT-PSSH aligned membrane were studied

by TEM (Figure 49). The dark area represents nanoparticles and the light

regions are PVDF. The magnetic nanoparticles aligned into elongated domains

within the PVDF matrix, presumably due to the application of an external

magnetic field during the film casting process.

 
Figure 49. Cross-sectional TEM image of a 30 wt% MNT-PSSH aligned

membrane.
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Dispersive X-ray (EDX) line scanning was used to determine the

elemental composition of the phases seen in the TEM images (Figure 50a).

Fluorine, which is associated with the PVDF matrix, was found evenly along the

scan line (Figure 50b). Sulfur, carbon, and oxygen, associated with the proton

conducting MNT-PSSH nanoparticles, were concentrated in the dark area, which

confirmed the phase-separated morphology of composite membranes. Nearly all

of the dark regions are connected into a network of conducting channels, which

likely contributed to the outstanding performance of the aligned composite

membrane with 30 wt% MNT-PSSH particles shown in Figure 48.
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Figure 50. (a) Cross-sectional TEM image of aligned composite membrane with

30 wt% MNT—PSSH content. (b) EDX line-scan along the line displayed in (a).

103



Conclusion

Proton conducting magnetic nanoparticles with a magnetite core, silica

buffer layer, and a polyelectrolyte outer shell were synthesized by two different

strategies, both of which utilized surface ATRP from the same macroinitiator. All

synthesized magnetic nanoparticles had narrow size distributions. The uniform

thickness of surface polymer shell in MNT-PSt and MNT-PSSNa nanoparticles

implied the controlled “living” polymerization characteristics of surface ATRP.

Applying an external magnetic field to MNT-silica nanoparticles aligned these

nanoparticles in magnetic field direction.

Solution-casting the mixture of MNT-PSSH particles and PVDF formed

“magnetic” composite proton exchange membranes, which were associated with

advantages including low cost, and easy design, synthesis, and processing

compared to perfluorinated PEMs. In the polarization experiments, “magnetic”

composite membranes with 30 and 40 wt% particles revealed better performance

than Nafion 117 under the same testing conditions. The magnetic nanoparticles

in aligned composite membranes were noted to form chain-like aggregates in

PVDF matrix leading to a phase-separated morphology.

In addition to proton exchange membrane, the polyelectrolyte coated

magnetic hybrid nanoparticles might find applications in other areas, like ion

exchange resin, water purification, and biology due to the versatile properties of

magnetite and surface polyelectrolytes.
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Experimental Section

Materials

Styrene, sodium 4-styrenesulfonate, CuBr (99.999%), CuBr2 (99.999%),

PVDF (MW = 534,000 Da), 2, 2’-dipyridyl (bpy, 99+ %), 4,4’-dinonyl-2,2'-dipyridyl

(anbpy), and Nafion 117 were obtained from Sigma-Aldrich. Poly(acrylic acid)

(PAA, MW = 2,000 Da) was purchased from Monomer-Polymer & Dajac Labs.

Styrene was purified by passing through activated basic alumina column followed

by distillation and bpy was sublimed prior to use. Toluene and tetrahydrofuran

(THF) were distilled over sodium and benzophenone. Dimethylforrnamide (DMF)

was dried over activated 4A molecular sieves. The disodium salt of N,N,N’,N'-

ethylenediaminetetraacetic acid (EDTA-2Na) and diethylene glycol (DEG) were

purchased from Spectrum and Fisher Scientific, respectively. All other chemicals

and solvents were ACS reagent grade and used as received from commercial

suppliers without further purification unless otherwise specified.

Characterization

IR spectra were acquired from a Mattson Galaxy 300 spectrometer purged

with dry nitrogen, with the signal averaging 128 scans at a resolution of 4 cm".

All lR samples were dried, mixed with KBr, ground, and then pressed into pellets.

Thermogravimetric analyses (TGA) were carried out in air on Perkin-Elmer TGA

7 instruments at a heating rate of 10 °C/min. TGA samples were dried under

vacuum at 80 °C overnight prior to use. Dried samples were held at 120 °C in the

TGA apparatus for 30 min prior to initiating the run.
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The crystallographic study of the synthesized magnetite powder was

performed on a Rigaku X-ray diffractometer using Cu Kd radiation at room

temperature. The magnetic properties of different magnetic nanoparticles were

studied at room temperature with 3 Quantum Design magnetic property

measurement system (MPMS), which utilized a superconducting quantum

interference device (SQUID) magnetometer.

The microstructure of particles and composite membranes were imaged

using either a JEOL-1OOCX or a JEOL-2200FS transmittance electron

microscope. To prepare TEM samples for MNT and MNT-PSSNa nanoparticles,

their dilute water solutions were drop-casted onto carbon-coated copper mesh

grids followed by solvent evaporation in air. For MNT-PSSH, a toluene solution of

particles was dropped onto Milli-Q water, and as the toluene spread, it carried

nanoparticles on water surface. A TEM grid submersed in water was slowly

moved up to water surface to “fish" the nanoparticles. To prepare TEM sample of

membrane cross-sections, membranes were processed as follows: dried under

vacuum at 80 °C overnight, embedded in epoxy resin, dried at 50 °C for 24 h,

and finally sectioned with an ultramicrotome to generate ~100 nm thick slices.

The slices were picked up with copper grids for TEM analysis.

Polymer molecular weights were acquired with gel permeation

chromatography (GPC). This characterization was done at 35 °C using two PLgel

10mixed-B columns in series with THF as the eluting solvent at a flow rate of 1

mL/min and a Waters 2410 differential refractometer as the detector. Mono-

disperse polystyrene standards were used to calibrate the molecular weights.
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The absolute polymer molecular weights could be calculated using an Optilab

rEX (Wyatt Technology Co.) and a DAWN E08 18 angle light scattering detector

(Wyatt Technology Co.) with a laser wavelength of 684 nm.

Synthesis of magnetite (MNT, Fe304) nanoparticles

The magnetite nanoparticles were synthesized according to the procedure

of Yin’s work with some modifications.209 A solution of NaOH (2 g, 50 mmol) and

20 mL of DEG was heated at 120 °C for 1 h under a nitrogen purge, and then

was cooled to 70 °C with stirring until the solution turned to dark red so the

dissolution of NaOH in DEG was complete. To a 50 mL 3-neck round bottom

flask, were added poly(acrylic acid) (0.432 g, 6 mmol acrylic acid repeating units),

FeCla (0.488 g, 3 mmol), and 22.5 mL of DEG. The mixture was heated at 220 °C

under nitrogen for 30 min with mechanic stirring, and then 6 mL of NaOH/DEG

stock solution was quickly added. The mixture rapidly turned black, and was kept

at 220 °C for another 20 min before slowly cooling to room temperature. The

particles were collected with the help of a permanent magnet and after adding

nitrogen-purged ethanol, they were re-dispersed in 0.5 mL of nitrogen-purged

Milli-Q water. This washing process was repeated for three times to remove

excess reactant and especially physisorbed poly(acrylic acid). The Milli-Q water

and ethanol must be purged by nitrogen for at least 30 min prior to use and the

washing process must be finished very quickly to prevent further air oxidation of

the magnetic particles. Finally, the magnetite nanoparticles (MNT) were made

into 0.5 wt% dispersion by dispersing in 45 mL of Milli-Q water.
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Coating MNT nanoparticles with silica to synthesize MNT-silica

Using the method described by Deng et al. with some modification, silica-

coated magnetic nanoparticles were prepared in basic alcohol/water mixture at

room temperature with MNT as nucleation seeds.21o To 11 mL water suspension

of MNT, were added 110 mL of Milli-Q water, 480 mL of ethanol, and 10 mL of

ammonia solution. After ultrasonication for 15 min, the mixture was vigorously

stirred. Then, 2 mL of tetraethyl orthosilicate (TEOS) was added to the dispersion

and the mixture was stirred at room temperature for 2 h forming silica coating on

the surface of MNT nanoparticles. A solution of 2 M HCI was then added

dropwise to flocculate the fine dispersion. The resulting particles (MNT-silica)

were then collected with a permanent magnet and washed with ethanol and

water six times until the supernatant was neutral. Finally, the MNT-silica

nanoparticles were dried under vacuum at 80 °C overnight.

Immobilization of organosilane initiator onto MNT-silica to make MNT-

intiator

Dry MNT-silica nanoparticles (0.2 g) were dispersed in 60 mL of dry

toluene by ultrasonication. Using a syringe, 0.1 mL of freshly synthesized initiator,

(11-(2-bromo-2-methyl)propionyloxy)undecyltrichlorosilane,196 was added to the

particles, and the reaction mixture was stirred under a N2 atmosphere at 65 °C

overnight. The resulting initiator immobilized magnetic nanoparticles (MNT-

initiator) were collected with a permanent magnet, washed with dry THF six times,

and dried under vacuum at 80 °C overnight.
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Surface ATRP of styrene from MNT-initiator to make MNT-PSt

A 10 mL Schlenk flask was charged with styrene (2.7 _mL, 23.3 mmol),

MNT-initiator (0.05 g), ethyl 2-bromoisobutyrate (3.4 ,uL, 0.023 mmol), 4,4’-

dinonyl-2,2’-dipyridyl (anbpy) (0.29 g, 0.714 mmol), and 1.1 mL of xylenes.

After four freeze-pump-thaw cycles, the flask was backfilled with nitrogen and

CuCl (23.3 mg, 0.238 mmol) was added. The mixture was treated with another

three freeze-pump-thaw cycles and then stirred at 130 °C for 6 h in a nitrogen

atmosphere. After quickly cooling down to room temperature in air, the

polymerization system was diluted with 20 mL of THF and the magnetic particles

were collected with a magnet. The supernatant containing linear polystyrene was

condensed and precipitated from methanol to yield the polystyrene homopolymer.

The isolated magnetic particles were washed by redispersing in THF and then

being collected with a magnet. This washing process was repeated three times to

fully remove linear polystyrene formed in solution. Finally, polystyrene and the

magnetic nanoparticles (MNT-PSt) were dried under vacuum at 80 °C overnight,

respectively.

Sulfonation of MNT-PSt to make MNT-PSSH nanoparticles

The sulfonation reaction was carried out by adding 0.05 mL of

chlorosulfonic acid to a refluxing dispersion of MNT-PS nanoparticles (0.1 g) in

50 mL of 1,2-dichloroethane. Dark brown precipitate immediately formed from the

homogeneous dispersion. The precipitate was washed with THF, being careful to

remove physisorbed acid, and finally dried under vacuum at 80 °C overnight.
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Surface ATRP of sodium 4-styrenesulfonate from MNT-initiator surface to

synthesize MNT-PSSNa

In this surface-initiated ATRP reaction of sodium 4-styrenesulfonate,

CuBr/CuBr2 and bpy were applied as the catalytic system. Sodium 4-

styrenesulfonate (0.43 g, 2.09 mmol), MNT-initiator nanoparticles (62 mg), CuBr2

(1.4 mg, 0.006 mmol), bpy (28 mg, 0.18mmol), Milli-Q water (3 mL), and

methanol (1 mL) were added to a 10 mL Schlenk flask equipped with a magnetic

stirrer. Particles were dispersed in the reaction mixture by ultrasonication for 10

min. After four freeze-pump-thaw cycles, the Schlenk flask was backfilled with

nitrogen and CuBr (8.6 mg, 0.06 mmol) was added. The polymerization was

carried out in a nitrogen atmosphere at room temperature for 8 h. The as-

synthesized magnetic nanoparticles were collected with a permanent magnet

and then washed with Milli-Q water for further purification. Finally, the magnetic

nanoparticles (MNT-PSSH) were dried under vacuum at 80 °C overnight.

Fabrication of “magnetic” composite membranes

Composite membranes were fabricated by the solvent-casting method.

This procedure describes the preparation of 40 mg membranes. Predetermined

amounts of PVDF and MNT-PSSH nanoparticles were dissolved in DMF in

separate vials. Each solution was fixed at 0.05 g/mL, and the total mass of the

particles and PVDF was 40 mg. The two solutions were combined and stirred

until the system was homogeneous. Membranes were solution-cast by pouring

the mixture onto a clean glass plate at 50 °C, typically covering 4x4 cm2 area,

with an external magnetic field applied perpendicularly to the glass slide surface
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until all solvent evaporated. After 1 hour, the membrane had turned translucent,

and the glass plate was transferred to a vacuum at 50 °C for further drying

overnight. The dried membranes (15-35 pm thick) were then removed from the

substrate by immersing the plate in water. The as-synthesized membranes were

stored in Milli-Q water prior to tests.

Dimensional stability

Membranes were saturated in Milli-Q water for two days at room

temperature prior to measuring the dimensions of swollen membranes. After

drying under vacuum at 50 °C overnight, the dimensions of the dried membrane

were measured. The swelling ratio was calculated from the length (longest

dimension) of the membrane, as shown in equation 1:

l —l

Swelling ratio = —w—et——dl x100% (1 )

’dry

where [wet and [dry represent the lengths of wet and dried membranes,

respectively. The uncertainty in the measurement is <3%.
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Chapter 4 Sulfonated Polyimide and PVDF based Blend Proton

Exchange Membranes for Application in Fuel Cells

Introduction

Recently, there has been considerable interest in the development of fuel

cells, especially hydrogen powered fuel cells, which cleanly convert the chemical

energy of fuels directly into electric energy and heat with high efficiency. A key

component of hydrogen based fuel cells is the proton exchange membrane

(PEM), which transports protons from the anode to the cathode and separates

fuel and oxidant. Nafion, the prototype PEM, has a high proton conductivity and

chemical and mechanical stability at moderate temperatures in the harsh fuel cell

environment. Although the actual morphology of hydrated Nafion is still under

investigation, it’s widely agreed that microphase-separation of Nafion’s

perfluorocarbon backbone and pendent perfluorosulfonic acid groups accounts

for its high proton conductivity.“'1“'15 The two domains of Nafion provide separate

properties: the hydrophilic domain supports efficient proton transport while the

hydrophobic domain provides mechanical and chemical stability. Despite the high

performance of Nafion in fuel cells, its high manufacturing cost, drastically

reduced proton conductivity above 80 °C, environmental incompatibility, and

severe methanol permeability limit its use in fuel cell applications.

Developing alternatives to Nafion, and especially those that can operate at

high temperatures, is a major challenge in current fuel cell research. The usual

design strategy for such membranes has been to synthesize sulfonated

analogues of thermally stable polymers, such as sulfonated poly(arylene ether
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ether ketone),14 sulfonated polyimides,83 sulfonated polysulfone,123 and

sulfonated polystyrene‘so. Membranes derived from these polymers have

advantages over Nafion in terms of cost and reduced methanol cross-over, but in

their hydrated state, they generally suffer from poor dimensional, chemical, and

mechanical stability?“”(”168168 The problems associated with sulfonated

polymers can be overcome by the use of polymer blends, which are comprised of

a hydrophilic polyelectrolyte phase embedded in a non-conductive material for

reinforcement.

The two components of a blend membrane provide complementary

functions, with the polyelectrolyte providing proton conductivity while a second

polymer affords mechanical integrity. In addition, blending usually involves

commercially available polymers or inexpensive polymer precursors and thus

blending is a simple and cost-effective route to produce PEMs. More importantly,

the blending approach eliminates the need to optimize the mechanical, chemical

and physical properties in a single polymer chain and it has the potential to

develop a wide variety of PEMs.

The blend morphology is crucial since the conducting phase must be

continuous for meaningful proton conductivity. Nafion’s high proton conductivity

has been ascribed to the development of a continuous channel morphology when

hydrated, and analogous bicontinuous blends should also exhibit high proton

conductivities. The selection of appropriate hydrophilic and hydrophobic blending

materials must consider the interactions between the two blending
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17° in order to form continuous conducting channels and high protoncomponents,

conductivities analogous to Nafion.157

The naphthalenic sulfonated polyimides (SPls) are a widely studied

polyelectrolyte system due to their excellent thermal, chemical, and mechanical

stability, high proton conductivity, good film-forrning ability, and low gas

permeability.‘"32's?““'149'157'158 However, SPIs also tend to swell extensively.

Poly(vinylidene fluoride) (PVDF) is an excellent candidate for the hydrophobic

host in blend membranes; PVDF is commercially available, chemically and

mechanically stable, and can be easily processed into membranes.49'1°8"7"173 In

addition, PVDF based membranes have reduced methanol permeability and

swelling ratios, and exhibit good performance in direct methanol fuel cells

(DMFC).1°8'213

Herein, we describe blend membranes derived from SPI and PVDF. The

SPI was synthesized by direct polymerization of nathphalenic dianhydride and

sulfonated diamine monomers. With its high degree of sulfonation, SPI has

excellent proton conductivity, while the rigid PVDF matrix, incompatible with SPI,

provides excellent mechanical and dimensional integrity. In addition, micro-phase

separation of the two incompatible materials generates proton conducting

channels comprised of SPI aggregates, and enhances proton conductivity.

Results and discussion

Synthesis and characterization of sulfonated polyimide (SPI)

The sulfonated polyimide homopolymer was synthesized by step growth

polymerization as illustrated in Scheme 10.214 4,4'-Diaminobiphenyl 2,22
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disulfonic acid (BDSA) was firstly converted to its triethylammonium salt, and

then benzoic acid was introduced as the catalyst for the polycondensation of

1,4,5,8-naphthalene tetracarboxylic dianhydride (NTDA) and BDSA in m-cresol at

180 °C. The high reaction temperature helps remove water from the system and

drive the reaction toward polymer formation, which ensured the synthesis of high

molecular weight SPI. Furthermore, under the reaction conditions, polymer

growth (amide formation) and imidization occurred spontaneously. The as-

synthesized SPI in its triethylammonium salt form was a hard and tough solid and

was difficult to grind, implying a high polymer molecular weight. Using the

sulfonated diamine monomer avoided the drawbacks associated with “post-

sulfonation” method, which usually results in low sulfonation degrees, cross-

linking, and polymer chain degradation?

Scheme 10. Synthesis of sulfonated polyimide (SPI).
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The chemical structure of the SPI triethylammonium salt was confirmed by

1H NMR spectroscopy (Figure 51 a). Proton peaks from the ethyl groups at ~1.1

and 3.0 ppm confirm the presence of the triethylammonium moiety in the polymer.

Genies and others‘58'214 assigned peaks at 8.7-8.8 ppm to the naphthalenic and

ammonium protons, while the peaks at 7.35, 7.8, and 8.0 ppm were attributed to

phenylene protons in the BDSA polymer segments. While our spectra showed

comparable data, we found that the peaks were broadened, and the peak areas

for the resonances at 8.9 ppm, and 8.0 ppm were significantly larger than the

peaks at 7.35 and 7.8 ppm. The broadening of the NMR resonances is consistent

with a rigid, high molecular weight polymer.

The diminution of the peaks at 7.35 and 7.8 ppm suggests that they are

related to the polymer end groups, and that our material may have a higher

molecular weight. Usually, the starting materials for polycondensation reactions

are dried, but reagents and solvents are often used as received?”214 In our SPI

syntheses, we dried or distilled all starting materials (BDSA and NTDA), reagents

(benzoic acid and triethyl amine), and solvent (m-cresol) prior to the

polycondensation reaction in order to obtain high molecular weight. We surmised

that trace amounts of water in reagents and/or solvents limit the molecular weight,

and to confirm this assumption, we carried out the polycondensation of dried

BDSA and NTDA, but used reagents and solvents as received. As shown in

Figure 51 b, the 1H NMR spectrum of the as-synthesized SPI is consistent with

that reported in the literature.158'214
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Figure 51. 500 MHz 1H NMR spectra of the triethylammonium salt form of SPI

synthesized with (a) dried starting materials, reagents, and solvents; and (b)

dried starting materials, but reagents and solvents used as received.
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FT-IR spectroscopy confirms the triethylammonium salt form of SPI

(Figure 52). The spectrum shows strong, broad, O—H stretching bands at 3435

cm'1 due to water absorbed by the hygroscopic polymer. Bands between 3200

cm'1 and 3000 cm‘1 were assigned to aromatic C—H stretching while bands from

3000 cm'1 to 2900 cm'1 resulted from aliphatic C—H stretching of the

triethylammonium moiety. The characteristic C=O symmetric and antisymmetric

stretching bands at 1718 cm'1 and 1680 cm", and the C—N—C bending mode at

1345 cm'1 confirmed the presence of the naphthalenic imide. In addition to the

characteristic peaks at high wavenumbers, the SPI structure was supported by

the S=O antisymmetric and S=O symmetric stretching bands at 1185 cm’1 and

1035 cm", respectively. The absence of the characteristic peak at 1780 cm'1 for a

polyamic acid indicates a high degree of imidization.
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Figure 52. FTIR spectrum of SPI in its triethylammonium salt form. The sample

was made into a pellet with KBr.

Thermogravimetric analysis (TGA) was performed to investigate the

thermal stability of SPI in its triethylammonium salt form. As presented in Figure

53, there are two major weight loss events. The first weight loss (~30 %)

commenced at ~200 °C and continued to 400 °C, which is likely due to

desulfonation.214 The weight loss observed above 400 °C corresponds to the

oxidative degradation of the aromatic backbone of the polymer. The onset for

weight loss is at ~200 °C, which demonstrates that the thermal stability of the SPI

polymer is suitable for high temperature PEM applications.
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Figure 53. Thermogravimetric analysis of SPI (triethylammonium salt), run at a

heating rate of 10 °C/min in air.

Fabrication and characterization of PEMs from the blending of SPI

(triethylammonium salt) and PVDF

The triethylammonium salt of SPI was soluble in aprotic solvents (NMP

and DMSO) and m-cresol. Blend membranes were obtained by solution-casting a

DMSO mixture of the SPI (triethylammonium salt) and PVDF onto flat glass

surfaces. Once soaked in water, the dried membrane samples were easily

peeled from the glass substrate, and after acidification, the membranes were

tough and yellow. Table 3 summarizes the composition and experimental results

from the blend membranes.
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Table 3. Summary of SPI/PVDF membrane characteristics.

 

 

 

 

 

 

 

  

PEMs lEC Conductivity Swelling Water uptake

(SPI wt%) (meq/g) at rt (mSIcm) ratio (%) (wt%)

0 0 a 0 <3 0

10 0.26 a 0 <3 2

20 0.51 a 0 <3 6

30 0.77 a 7 <3 1 1

40 1 .03 a 41 <3 25

50 1 .29 a 75 <3 47

Nafion 117" 0.91 ‘5 62 1815 21     
 

a lEC values were calculated from the SPI repeating unit (Mn = 778 g/mol) and

the composition of blend membranes.

b Nafion 117 was included for comparison.

A key parameter of PEMs is water absorption. Membranes require water

to dissociate $03H groups and act as “vehicles” to transport protons from the

anode to the cathode; however, too much water usually results in severe swelling

and poor mechanical strength. Ideally, the water uptake facilitates high proton

conductivity without sacrificing a membrane’s mechanical properties. As shown

in Figure 54, water uptake by SPI blends increased linearly up to about 28 wt%

SPI content. However, beyond 30 wt% SPI, water uptake increased drastically,

indicating a change in the membrane morphology.215 Since PVDF is hydrophobic,

the SPI phase is primarily responsible for water absorption. When the SPI

content in blend membranes is low, most sulfonic acid groups are isolated in
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ionic clusters distributed throughout the continuous PVDF matrix, and water may

be accessible to only few clusters. As the SPI content increases, accessible ionic

clusters either increase in size or link to adjacent clusters, increasing the

measured water uptake. When the SPI content in blend membranes exceeded

~30 wt%, the membrane morphology of isolated ionic clusters in PVDF

transformed to a bicontinuous network of water swollen channels in a PVDF

matrix. Above the apparent percolation threshold, water uptake increased linearly,

but at a higher rate. Not surprisingly, a pure PVDF membrane (0 wt% SPI) had

zero water absorption.
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Figure 54. Water uptakes of blend membrane as a function of the SPI content.

The membrane water uptake was measured gravimetrically at room temperature.

(The dotted line is a guide to the eye)

The ion exchange capacity (lEC), expressed as mmol acid/g of sample,

defines the number of charge carriers in a membrane and is directly correlated to

a membrane’s ability to absorb and retain water. As demonstrated in Figure 55,

the water uptake is linearly correlated with the lEC values of the membranes up

to about 0.78 meq/g (~28 wt% SPI). However, beyond this value, water uptake

increased more rapidly, indicating a change in the membrane morphology. This

sharp increase in water uptake is consistent with a percolation phenomenon

123



where isolated hydrophilic domains transform to a continuous network in the

PVDF matrix.5°'2°6'215
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Figure 55. Water uptakes as a function of membrane IEC. The membrane water

uptake was measured gravimetrically at room temperature. (The dotted lines are

a guide to the eye)

Proton conductivity is one of the most important parameters for evaluating

the performance of PEMs as well as the practicability of fuel cells. It is widely

accepted that the proton conductivity of PEMs is strongly related to the number

of charge carriers (H‘), so an ideal membrane would have a high sulfonic acid

content without sacrificing the PEMs’ mechanical properties. The conductivity

tests were conducted with the cell submersed in Milli-Q water (100% RH), and
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proton conductivities were measured for the series of blend membranes as a

function of the weight fraction of SPI (Figure 56). Pure PVDF membranes (0 wt%

SPI) and blend membranes with <30 wt% SPI fraction had no measurable proton

conductivity, which is consistent with isolated ionic clusters. However, beginning

at 30 wt% SPI, the presumed percolation threshold, proton conductivity

increased linearly from 7 to 75 mS/cm at 50 wt% SPI.

The proton conductivity of Nafion 117 was measured as a control for

conductivity experiments. At room temperature, the conductivity of Nation 117

was 62 mS/cm, which is reasonably close to the reported conductivity data (60

mS/cm) for Nafion 117 at room temperature.207 The proton conductivity of a 50

wt% SPI blend PEM was higher than Nafion 117 at both room temperature and

60 °C. The high conductivity of the blend membranes is consistent with a

continuous proton conducting SPI phase separated from the hydrophobic PVDF

analogous to Nafion 117.11

The proton conductivity of blend membranes and Nafion 117 were

relatively low at room temperature but increased rapidly as the temperature was

raised to 60 °C. The elevation of temperature might have stimulated the

dynamics of proton transport and structural reorganization, which favors fast

proton conduction.216 Moreover, temperature increase might activate both the

proton diffusion and molecular diffusion leading to improved proton conductivities

at high temperatures.216
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Figure 56. Blend membrane proton conductivity as a function of SPI content for

composite PEMs at 100 % RH and room temperature (O) and 60 °C (A). Data

for Nafion 117 at room temperature (0) and at 60 °C (I) was shown for

comparison. (The lines are a guide to the eye)

Proton conductivity is strongly correlated to the IE0 and generally the

proton conductivity of PEMs increase with the IEC. Figure 57 shows the proton

conductivity as a function of membrane IEC. As with the water uptake data, there

is an apparent percolation threshold at ~ 0.7 meq/g, followed by a linear increase

in conductivity with increasing lEC.
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Figure 57. Membrane proton conductivity (room temperature, 100 °/o RH) as a

function of IEC. (The line is a guide to the eye)

It was of great interest to investigate the proton conductivity vs water

uptake, as water molecules were needed as the mobile phase to facilitate proton

transport. As demonstrated in Figure 58, there was an almost linear increasing

relationship between proton conductivity and water uptake above ~10 wt%, which

was assumed to be the percolation threshold.
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humidity) as a function of water uptake. (The lines are a guide to the eye)

The nature of acid groups, chemical composition, and membrane

microstructure all contribute to the properties of PEMs. To obtain direct

morphologic information, ~100-nm-thick cross-sectional slices of blend

membranes were analyzed by TEM. Figure 59 displays images of SPI/PVDF

blend membranes with different blending ratios. After staining with Ag", the SPI

appears as dark regions, while the matrix material, PVDF, is bright. A phase-

separated morphology was seen for all compositions. Blend membranes with 10

- 30 wt% SPI show randomly distributed ionic domains; the domain size seems

constant, but the areal density of domains increases. TEM images of membranes

with >30 wt% SPI content show ionic domains interconnected into a continuous
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network. The images in Figures 59c and Figures 59d provide direct evidence

for a percolation phenomenon near 30 wt% SPI. The TEM image of a membrane

with 40 wt% SPI content shows an apparent bicontinuous morphology with

conducting paths for proton transport, which is consistent with the conductivity

and water uptake studies. The ionic domains have sizes of 30-100 nm. A finer

phase-separated morphology was found in the 50 wt% SPI blend membrane,

and the domain size dropped to 20-40 nm. Scattered black dots seen in most

images are likely silver oxide clusters generated through the photolysis of silver

nitrate, which was applied for staining blend membranes. While the cross-

sectional TEM images provide direct evidence for a phase-separated structure in

dried membranes, water saturated membranes might have different ionic domain

sizes or domain connections.
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Figure 59. Cross-sectional TEM images of blend membranes with different SPI

content: (a) 10 wt%; (b) 20 wt%; (c) 30 wt%; (d) 40 wt%; and (e) 50 wt%.

As PEMs are used as not only a proton conductor but also a separator to

prevent the mixing of fuels with the oxidant, PEMs cannot have pin holes, which

will allow permeation of fuels. We used SEM to obtain the surface microstmcture

of blend membranes that had been kept in water for over a week, and then dried

(Figure 60). No holes were seen for any compositions. The SEM image of the
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membrane with 10 wt% SPI content shows a homogeneous surface structure.

The roughness of the blend membrane surfaces increases with the SPI content.

The image in Figure 60d shows a spherical morphology in a 50 wt% SPI

membrane. It is noteworthy that the SEM images were taken from the blend

membranes which had been kept in water for over a week, implying that blend

membranes are hydrolytically stable.
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Figure 60. Surface SEM images of blend membranes with different SPI content:

(a) 10 wt%; (b) 20 wt%; (c) 30 wt%; (d) 40 wt%; and (e) 50 wt%.

Ideally, PEMs should have high proton conductivity and minimal

membrane swelling. Membrane dimensional stability was characterized by

measuring the dimensional changes between the dry and water saturated states.

Membranes that swell excessively can detach from the electrode surfaces as

most electrodes do not swell, resulting in mechanical stress.208 As illustrated in

Table 3, Nafion 117 equilibrated in water increased 18 % in length compared to
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the dry film. The severe expansion of Nafion 117 explains its poor performances

in direct methanol fuel cells, as the permeability of Nafion to methanol is related

to the high swelling of Nafion in water. However, all of the blend membranes

swelled <3 %. The very low water swelling behavior may be due to the rigid

matrix of crystalline PVDF, which suppressed the water swelling of SPI in

hydrated membranes.

Conclusion

A SPI with a 100 % degree of sulfonation was prepared by the direct

polycondensation reaction of a naphthalenic dianhydride monomer and a

sulfonated diamine monomer, which avoided the disadvantages associated with

“post-sulfonation” method. The chemical structure of the SPI was verified by 1H

NMR and FT-lR spectra. A series of tough and smooth proton conducting

membranes were prepared using SPI to blend with PVDF followed by

acidification, which revealed comparable or even higher proton conductivity than

Nafion 117 at the same testing conditions. The proton conductivity and water

uptake of blend membranes were proportional to the SPI content above the

percolation threshold, which was confirmed by TEM cross-sectional images.

Membranes with higher SPI content also showed a coarser surface morphology.

The blend membranes showed a high dimensional stability which might be due to

the rigid hydrophobic PVDF matrix. This blend membrane system is more cost

effective compared to Nafion due to much easier synthesis and processing.
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Experimental Section

Materials

Unless otherwise specified, all chemicals and solvents were ACS reagent

grade and used as received from commercial suppliers without further

purification. Dimethyl sulfoxide (DMSO) was dried over activated 4 A molecular

sieves, and triethylamine (TEA) and m-cresol were distilled before use. 4,4”-

Diamino-biphenyl 2,2’-disulfonic acid (BDSA), received from TCl, was purple.

BDSA was dissolved in an aqueous TEA and then precipitated upon addition of

1M HCI BDSA. The process was repeated until BDSA was obtained as a white

solid, and then it was dried under vacuum at 70 °C overnight prior to use. Nafion

117, PVDF (MW = 534,000 Da), and 1,4,5,8-naphthalene tetracarboxylic

dianhydride (NTDA) were purchased from Sigma-Aldrich. NTDA and benzoic

acid were dried under vacuum at 170 °C and 60 °C overnight, respectively, prior

to the polycondensation reaction.

Synthesis of sulfonated polyimide (SPI)

Under N2, BDSA (0.69 g, 2mmol), TEA (0.7 mL, 5 mmol), and m-cresol (6

mL) were added to a 100 mL three-neck round bottom flask and were vigorously

stirred with a mechanical stirrer. After the BDSA was completely dissolved,

NTDA (0.539, 2 mmol) and benzoic acid (0.34 g, 2.8 mmol) were added. The

reaction system was stirred at 80 °C for 4 h, and then additional m-cresol (20 mL)

was added to dilute the viscous mixture. The reaction temperature was increased

to 180 °C. After 14 h, the heating was discontinued, 100 mL of DMSO was added,
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and the system was allowed to cool. The mixture was poured into 500 mL of

ethyl acetate to precipitate the polymer. The crude polymer was isolated by

filtration and was re-precipitated twice by dissolving the polymer in 100 mL of

DMSO and precipitating into 500 mL of ethyl acetate. Finally, the sulfonated

polyimide (SPI) was dried under vacuum at 80 °C overnight (1.1 9).

Film casting and membrane acidification

Blend membranes were fabricated by the solvent-casting method. This

procedure describes the preparation of 10 mg membranes. Predetermined

amounts of PVDF and SPI (triethylammonium salt) were dissolved in DMSO in

separate vials. Each solution was fixed at 0.02 g/mL, and the total mass of the

particles and PVDF was 10 mg. The two solutions were combined and stirred

until the system was homogeneous. Membranes were solution-cast by pouring

the mixture onto a clean glass plate, typically covering ~4x1 cm2 area, and

carefully dried with infrared heat at ~60 °C. After 3 hours, the membrane had

turned translucent, and the glass plate was transferred to a vacuum at 80 °C for

further drying overnight. The dried membranes (5—15 pm thick) were cut to size

(~3XO.5—1 cm2) and then removed from the substrate by immersing the plate in

water. The as-synthesized membranes were soaked in 1 M HCI for 48 h to

ensure that all sulfonate groups in the membranes were in their acidic form. The

membranes were then washed extensively with water, and prior to conductivity

tests, PEMs were stored in Milli-Q water.
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Characterization.

1H NMR analyses were performed at room temperature in deuterated

dimethyl sulfoxide (DMSO) on a Varian UnityPlus 500 spectrometer at 500 MHz

with the residual solvent proton signals as chemical shift standards. FT-IR

spectra were acquired from a Mattson Galaxy 300 spectrometer purged with dry

nitrogen, with the signal averaging 128 scans at a resolution of 4 cm". All IR

samples were dried, mixed with KBr, ground, and then pressed into pellets.

Thermogravimetric analyses (TGA) were carried out in air on Perkin-Elmer

TGA 7 instruments at a heating rate of 10 °C/min. TGA samples were dried under

vacuum at 80 °C overnight prior to use. Dried samples were held at 120 °C in the

TGA apparatus for 30 min prior to initiating the run.

The microstructure of blend membranes was imaged using a JEOL-

100CX transmittance electron microscope. To prepare membrane cross-sections

for TEM analysis, membranes were immersed in 0.5 M AgNOa solution overnight

to stain the ionic domains by ion exchange of sulfonic acid groups for silver.

Samples were rinsed with water, and then dried under vacuum at 80 °C overnight.

The stained membranes were embedded in epoxy resin, dried at 50 °C for 24 h,

and then sectioned with an ultramicrotome to generate ~100 nm thick slices. The

slices were picked up with copper grids for TEM analysis.

Conductivity measurements

The proton conductivities of membranes were measured with an

alternating current (AC) impedance analyzer HP 4192A over the frequency range
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from 5 Hz to 13 MHz. Membranes were placed between two Pt electrodes in a

home-made Teflon cell. The entire setup was kept in Milli-Q water at controlled

temperatures for at least 10 min to saturate membranes and then impedance

was measured in in-plane direction. From the Nyquist plot, the resistance of the

membrane was estimated, and then the conductivity of the membrane was

calculated using the electrodes distance and membrane cross-sectional area, as

shown in equation 1:

L

17 ‘1’
0'

Where ais the conductivity of the membrane, L represents the distance between

two electrodes, A stands for the membrane cross-sectional area, and R is the

bulk membrane resistance estimated from the Nyquist plot.

Water uptake

Water uptake of all membranes was measured gravimetrically. After

equilibration in Milli-Q water for two days at room temperature, membranes were

removed from water, and weighed after the surface water was quickly removed

by a Kim-wipe. Membranes were then dried under vacuum at 50 °C overnight

and the weight of dried membrane was measured. The membrane water uptake

was calculated according to equation 2:

W .

Water uptake = W“ dry x100% (2)

Wary

 

where Wwet stands for the mass of wet membranes and Wdry represents the

weight of dried membranes.

139



Dimensional stability

Membranes were saturated in Milli-Q water for two days at room

temperature prior to measuring the dimensions of swollen membranes. After

drying under vacuum at 50 °C overnight, the dimensions of the dried membrane

were measured. The swelling ratio was calculated from the length (longest

dimension) of the membrane, as shown in equation 3:

l -I

Swelling ratio = —w—et-—dry- x100% (3)

[dry

where Iwet and [dry represent the lengths of wet and dried membranes,

respectively. The uncertainty in the measurement is <3%.

Theoretic ion exchange capacity (lEC)

The ion exchange capacity (lEC) of membranes was calculated from the

molecular weight of SPI repeating unit and SPI weight content in each membrane.

The lEC was calculated as shown in equation 4:

m +

lEC = -—H— (4)

Wary

where mH+ expresses the quantity of sulfonic acid groups.
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Chapter 5 Synthesis and characterization of poly(4-styrenephosphonate)

for high temperature fuel cell application

Introduction

The proton exchange membrane (PEM) is one of the most important

components of a fuel cell. It must have high proton conductivity, dimensional

stability, controlled swelling in water, thermal and chemical stability, and low cost.

These requirements place conflicting demands on materials, such as a high

proton conductivity (favored by liquid-like materials) with dimensional stability,

making it difficult to realize all desired features in a single material. A significant

limitation of current PEMs is poor performance at elevated temperatures >100 °C

and under low humidity conditions.

The primary challenge is the design of polymer morphologies that provide

dynamic hydrogen bonding networks and high conductivities at low relative

humidities, with retention of the physical characteristics required of practical

membranes. Kreuer et al. have proposed criteria for proton conducting

membranes that operate under anhydrous conditions: 217 (1) a high concentration

of charge carriers, preferentially via self ionization (self dissociation), (2) a high

dielectric constant, (3) and a dynamic hydrogen bonding network that facilitates

proton transport without externally supplied water. A significant number of

(1,2'218'223 most following the designphosphonated membranes have been reporte

strategies previously used for sulfonic acids. There also have been several

attempts to construct phosphonic acid-based membranes that satisfy the criteria
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elucidated by Kreuer but the conductivities of the resulting membranes were

modest?“225

Compared to sulfonic acid-based polymers, the synthesis of

phosphonated polymers is limited by the available phosphonation reagents and

more complex synthetic procedures. In addition, high proton conductivities

require a high degree of phosphonation because of the lower acidity of

phosphonic acid than sulfonic acid. There are several reports on proton

conductive polymers, in which phosphonic acid groups were connected to

aromatic rings through alkylene linkers.162'226 However, the benzylic alkylene

spacer was very vulnerable to the oxidizing environment of fuel cells. Directly

tethering phosphonic acids from aromatic ring would provide materials with

greater thermal and chemical stability.

One route to phosphonated polymer materials is the direct polymerization

of phosphonic acid-functionalized monomers. Nevertheless, because of side

reactions, most attempts to polymerize phosphonic acid-functionalized

monomers have resulted with oligomeric products.227 Thus, post-polymerization

functionalization of suitable aromatic polymers is a more practical route. A few

procedures have been studied for introducing phosphonic functional groups into

aromatic polymers. The Friedel-Crafts reaction with phosphorus trichloride as the

starting material is one of the most common, efficient, and cost-effective

procedures for the direct phosphonation of aromatic rings, but the reaction has

poor selectivity and its application to polystyrene system led to cross-linked

products.227 There has been some success in creating direct aryl-phosphonate
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functional groups in various polymers, such as poly(arylene ether),

poly(phenylene oxide), and poly(phenylsulfone) by using the Michaelis-Arbuzov

220,221,227 However

reaction and Pd(0)—catalyzed P—C coupling reaction.

purification of the polymer product and the expense of the Pd catalyst limits this

approach.

Recently Allcock and coworkers reported the successful incorporation of

phosphonic moieties into the aromatic rings of polyphosphazene by bromination,

lithiation, and finally reaction with diethyl chlorophosphate.228 In the present study,

we use a similar strategy to prepare poly(4-styrenephosphonate) from

brominated polystyrene and study its properties.

Results and discussion

The synthetic route to poly(4-styrene phosphonate) is shown in Scheme

11, The Cu(|) catalyze ATRP of 4-bromostyrene at 110 °C in xylenes was well-

controlled. GPC analysis of the poly(4-bromostyrene) product after precipitation

into methanol provided an Mn of 16,500 Da and a PDI of 1.01. To avoid inter— and

intramolecular coupling of the polymer,228 n-BuLi in THF at -78 °C was added

dropwise to the THF solution containing poly(4—bromostyrene) at -78 °C. The

addition of diethyl chlorophosphate provided the white phosphonated product

after precipitation from THF into water, and cyclohexane, respectively. GPC

analysis of the polymer showed a narrow molecular weight distribution (PDI=1.1)

and a molecular weight (Mn = ~16,200 Da) comparable to the parent poly(4-
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bromostyrene), consistent with negligible backbone cleavage and side reaction in

the lithiation-phosphonation reaction.

Scheme 11. Synthesis route to poly(4—styrene phosphonate).
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The 1H NMR spectra of poly(4-bromostyrene) and poly(4-

styrenephosphonate) are shown in Figure 61. The broad peaks in poly(4-

bromostyrene) at ~6.3 and 7.2 ppm, associated with a para-substituted aromatic

ring, shifted to 6.4 and 7.4 ppm after the phosphonation reaction. The peaks at

1.3 and 4.1 ppm corresponding to the phosphate-ester groups in poly(4-

styrenephosphonate) were assigned to the methylene and methyl protons,

separately. Integrations of peaks at 4.1 and 6.4 ppm indicate that ~80 % of the

bromo groups have been phosphonated. Figure 62 shows the 31P NMR

spectrum of poly(4-styrenephosphonate). The single resonance at ~19 ppm rules

out intramolecular phosphonation
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Figure 61. 1H NMR spectra of poly(4-bromostyrene) and poly(4-

styrenephosphonate). _

145



 
 

 

a

EtO’fi‘OEt

a O

30 20 1o 0 -10 -2o ppm-30

Figure 62. 31P NMR spectrum of poly(4-styrenephosphonate).

The glass transition temperature (T9) is related to the polymer free volume,

and often correlates with transport of small molecules or ions. The DSC scan of

poly(4-bromostyrene) showed a glass transition temperature (T9) of 125 °C

(Figure 63). The phosphonated product, poly(4-styrenephosphonate), revealed a

T9 of 95 °C, which was ~30 °C lower than that of the parent polymer. The

decrease in T9 in the phosphonated product might be due to the increase of free

volume as the diethyl phosphonate group was bulkier than the bromo group.
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Figure 63. DSC analyses of poly(4-bromostyrene) and poly(4-

styrenephosphonate). DSC samples were run in a nitrogen atmosphere at a

heating rate of 10 °C/min.

Figure 64 shows FT-IR spectra that confirm the phosphonation reaction.

Both poly(4-bromostyrene) and poly(4-styrenephosphonate) showed the

expected absorption bands at 3200-3000 cm'1 and 3000-2800 cm'1 from aromatic

and aliphatic C-H stretching vibrations, respectively. The two sharp absorption

peaks of C—Br at 1010 and 1073 cm'1 are characteristic peaks of poly(4-

bromostyrene). New absorption peaks due to the diethyl phosphonate groups are

found in the spectrum of poly(4-styrenephosphonate). Absorption peaks at 1025
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and 1052 cm'1 were both attributed to P—0 and the peak at 1246 cm'1 to P=O,

which confirmed the happening of the phosphonation reaction to poly(4-
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Figure 64. FTIR spectra of poly(4-bromostyrene) and poly(4-styrene

phosphonate). Samples were made into pellets with KBr.

Figure 65 compares the thermal stability of the parent polymer and the

phosphonated product. The TGA trace of poly(4-bromostyrene) indicated a

dramatic mass loss at around 250 °C, which is likely due to depolymerization,

and a minor weight loss occurred at 420 C, probably related to some crosslinking
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during degradation. The TGA curve of poly(4-styrenephosphonate) exhibited

three mass loss events. The initial mass loss started at about 230 °C and

continued to about 270 °C, which might be attributed to the dissociation of diethyl

phosphonate groups into free acid and ethylene. The second stage occurred

between 270 and 295 °C due to the cross-linking of phosphonic acids in terms of

P-O—P linkage forming anhydrides.220 The last mass loss beginning at around

420 °C might result from the degradation of polymer backbone.
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Figure 65. Thermogravimetric analysis of (a) poly(4-bromostyrene); and (b)

poly(4-styrenephosphonate). All samples were run in an air atmosphere at a

heating rate of 10 °C/min.
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Conclusion

Poly(4-styrenephosphonate) was successfully prepared from poly(4-

bromostyrene) via lithiation and subsequent phosphonation. The as-synthesized

polymer was soluble in common organic solvents, such as THF. This approach

generated phosphonated polymers with a high degree of phosphonation and no

apparent side reactions. The phosphonated polymer might find its application in

fuel cell applications at low humidity conditions.

Experimental Section

Materials

Unless othenNise specified, all chemicals and solvents were ACS reagent

grade and used as received from commercial suppliers without further

purification. N-Butyllithium (2.5 M in hexanes), 4,4’-dinonyl-2,2’-dipyridyl

(anbpy), and 4-bromostyrene were obtained from Sigma—Aldrich. 4-

Bromostyrene was passed through an activated basic alumina column followed

by distillation prior to use. Tetrahydrofuran (THF) was distilled over sodium and

benzophenone.

Characterization.

1H NMR (500 MHz) spectroscopy was performed at room temperature in

CDCI3 solvent on a Varian UnityPlus 500 spectrometer with the residual solvent

proton signals as chemical shift standards. 31P NMR (121 MHz) spectra were

obtained on a Varian UnityPlus 300 spectrometer. IR spectra were acquired from
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a Mattson Galaxy 300 spectrometer purged with dry nitrogen, with the signal

averaging 128 scans at a resolution of 4 cm". All lR samples were dried, ground

and mixed with KBr and then pressed into pellets.

Thermogravimetric analyses (TGA) were carried out in air on Perkin-Elmer

TGA 7 instruments at a heating rate of 10 °C lmin. TGA samples were dried

under vacuum at 80 °C overnight prior to test. Dried samples were held at 120 °C

in the TGA apparatus for 30 min before the heating proceeded. Differential

scanning calorimetry (DSC) measurements were performed using a TA DSC

0100 with a heating/cooling rate of 10 °C /min under nitrogen.

Polymer molecular weights were measured by gel permeation

chromatography (GPC) at 35 °C using two PLgel 10p mixed-B columns in series

with THF as the eluting solvent at a flow rate of 1 mL/min. A Waters 2410

differential refractometer was used as the detector. Mono—disperse polystyrene

standards were used to calibrate the molecular weights.

Synthesis of poly(4-bromostyrene) by ATRP

To a 10 mL Schlenk flask equipped with a magnetic stirrer, were added 4-

bromostyrene (4.5 mL, 34.4 mmol), ethyl 2-bromoisobutyrate (50 pL, 0.34 mmol),

anbpy (0.42 g, 1.02 mmol), and xylenes (1.5 mL). After four freeze-pump-thaw

cycles, the flask was backfilled with nitrogen and CuCI (34 mg, 0.34 mmol) was

added. The mixture was degassed by three additional freeze-pump—thaw cycles,

and then stirred at 110 °C for 5 h in a nitrogen atmosphere. The polymerization

system was quickly cooled to room temperature, exposed to air, and diluted with
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5 mL of xylenes. Precipitation from methanol gave poly(4-bromostyrene) as a

white solid. The polymer was redissolved in THF and precipitated by the addition

of methanol to remove impurities. Finally, the poly(4-bromostyrene) was dried

under vacuum at 80 °C overnight.

Synthesis of poly(4-styrenephosphonate)

Under a nitrogen purge, n-butyllithium (5 mL, 12.5 mmol) was added

dropwise to 250 mL of THF in a 1 L three-neck round bottom flask equipped with

a magnetic stirrer and equilibrated at -78 °C. A THF solution (150 mL) of poly(4-

bromostyrene) (0.32 g, 1.75 mmol repeating unit) was cooled to -78 °C and then

transferred to the n-butyllithium solution via cannula. The mixture was held at

-78 °C for 1 h and then diethyl chlorophosphate (3.9 mL, 27 mmol) was injected

dropwise. After an additional 3 h at -78 °C, the reaction mixture was allowed to

warm to room temperature overnight. The crude polymer was collected by

filtering the reaction mass, condensing the THF solution, and then precipitating

into water. The polymer was purified by precipitating from THF into water and

cyclohexane, respectively. Finally, the solid polymer was dried under vacuum at

50 °C overnight.
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