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Abstract
Two separate but related investigations on proton and ion conductivity in
microporous materials are presented. In the first study, the effect of hydroxyl
group density on the proton conductivity in a family of sulfonic-acid functionalized
microporous materials with the *BEA framework topology is investigated. Pure
silica, aryl sulfonic acid-functionalized microporous materials are synthesized
with high concentration of hydroxyl groups from tetraethylammonium hydroxide
and aluminum-containing gels and by post synthetic modification of zinc
containing CIT-6, and they exhibit proton conductivities of ~5*10° S/cm. Pure-
silica materials with nearly defect free structures (low hydroxyl group density) are
synthesized from tetraethylammonium fluoride containing gels and by post
synthetic modification of CIT-6, and exhibit proton conductivities an order of
magnitude lower, ~5 x 10* S/cm, than the samples with a high —OH density.
Propyl sulfonic acid, ethyl phosphoric acid, and carboxylic acid containing pure-
silica zeolite beta, MCM-41, and MCM-48 are also prepared and investigated for
use as solid proton conductors. Strong acids are necessary for fast proton
transport in hydrated systems. The proton conductivities of the functionalized
solids decrease accordingly with the strength of the organic acids in solutions,
and little difference is observed between microporous and mesoporous solids
when functionalized to the same level.
In the second study, the ion conducting properties of the microporous,
zincosilicate VPI-9 (Si/Zn = 4.0) containing the alkali cations Li*, Na*, K", Rb",

and Cs*, and the alkaline earth cations Mg?*, Ca®*, and Sr** are studied using
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impedance spectroscopy. Monovalent cation exchanged samples Li- and Na-
VPI-9 lose X-ray crystallinity upon vacuum dehydration at 450 °C, while K-, Rb-,
and Cs-VPI-9 remain crystalline and exhibit conductivities of 1.7 x 10, 3.5 x 10,
and 4.9 x 10* S/cm, respectively, at 450 °C in vacuum. While K-VPI-9 is less
conductive than K-X, Rb- and Cs-VPI-9 are more conductive than corresponding
zeolite X samples. Divalent cation exchanged sample Mg-VPI-9 also loses X-ray
crystallinity, while Ca-, and Sr-VPI-9 remain crystalline and exhibit conductivities
of 2.3 x 10° S/cm and 7.7 x 107 S/cm, respectively, at 450 °C, greatly exceeding
the conductivity of correspondingly divalent exchanged zeolite X materials.
Dense, crystalline zincosilicate samples with the compositions K2ZnSixOz(x+1) (X =
2 - 5), Rb2ZnSis012, and Cs,ZnSis0+; are also prepared and exhibit much lower

conductivities than their microporous counterparts.
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1. Introduction

1.1. Motivation

In 2005 global energy consumption was on the order of 16 TW, and this
value is predicted to increase with the growing demands of industrializing
nations. Nearly 12 TW of this energy was extracted from the combustion of
hydrocarbon fuels, 1 TW from each nuclear and hydroelectric, and a very small
fraction from renewables such as geothermal, solar, and wind. While increased
atmospheric greenhouse gas levels, particularly CO, emitted from hydrocarbon
combustion, may negatively impact earth’s climate, many reasons exist to
investigate renewable energy production and clean-energy conversion devices.
Worthy directions of investigation include solar production of electricity and solar
production of transportable fuels such as hydrogen gas by direct (chemical
splitting of water) or indirect (electrolysis of water using solar-generated
electricity) methods, and clean-energy conversion devices include solar
collectors, direct methanol fuel cells (DMFCs), hydrogen fuel cells (also called
proton exchange membrane fuel cells, PEMFCs), and others.

While the combustion of hydrogen produces no greenhouse gases,
storage of hydrogen at any appreciable density is a research challenge in itself,
and the more mature field of solar production of electricity is receiving industrial
attention and government sponsored installation. If solar proves to be the route of
choice, advancement in energy storage is needed. If society is to completely

move to a solar fed system, energy densities achieved with even the most
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advanced lithium chemistries currently available must be improved for large-
scale collection and storage of solar generated electricity to provide for energy
demand during sunless times.

The research efforts highlighted in this thesis were performed to address
some of the aforementioned goals. Beyond these lofty goals, however, are
underlying interests in understanding proton and ion motion in microporous
materials. This broad goal was whittled down into two main thrusts. First,
protonically conducting zeolites were investigated with hope of improving the
operating performance of DMFCs and PEMFCs by addressing some of the
engineering challenges associated with the separator membrane between the
anode and cathode, particularly maintaining high proton conductivity at elevated
temperatures that normally cause loss of hydration and decreased proton
conductivity, and reducing methanol crossover. This study focused on zeolites
with the *BEA framework topology and included pure silica materials, aluminum
containing materials, and materials functionalized with organic acids. Secondly,
alkali- and alkaline-earth metal, cation-exchanged, microporous zincosilicates
were investigated as potential ion conductors with hope of observing fast
transport, particularly for the generally slow moving divalent ions, opening a door
to new, divalent cation based battery chemistries. (As will be discussed later,
framework zinc imparts two negative charges to the surrounding oxygen atoms,
potentially facilitating facile transport of divalent ions). While many engineering
considerations exist in optimizing a battery, one Holy Grail (that would itself

require significant engineering development for use in commercial batteries) is a



3
non-flammable, solid electrolyte with high ionic conductivity, and the search for
such a material provided further motivation for studying the ion conducting

properties of (non-flammable) VPI-9.

1.2. A Brief Introduction to Fuel Cells and Batteries

1.2.1. Fuel Cells Overview

Fuel cells embody the hope of ultra high energy density devices, with
theoretical energy densities, in excess of 30,000 Wh/kg when the fuel is
hydrogen gas, and in excess of 6000 Wh/kg when the fuel is pure methanol.
Much like traditional batteries, hydrogen fuel cells, also known as proton
exchange membrane fuel cells (PEMFCs), and direct methanol fuel cells
(DMFCs) are composed of an anode, a cathode, and a proton conducting
membrane. The anode and cathode electrodes are complex, multicomponent
structures that include a current collector, catalysts necessary for the oxidation of
fuel at the anode and reduction of dioxygen at the cathode, and two percolated
networks, one for conducting protons and the other for conducting electrons to or
from the catalyst active sites to or from the membrane or current collector,
respectively. Additional design considerations include efficient gas diffusion,
water management, and start-up and shutdown. A schematic of a PEMFC is
shown in Figure 1.1, including the anode, cathode, proton conducting membrane,
catalyst layers, and gas diffusion structures.

Potential fuel cell markets include transportation, consumer electronics,

portable power supplies, and backup power systems. Encouraging aspects of
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fuel cells include their environmental friendliness, long lifetimes, and high energy
conversion efficiency, while drawbacks include component cost, catalyst
poisoning, hydrogen storage in the case of PEMFCs, water management
(cathode flooding), and startup and shutdown.

Zeolites could potentially address some of these challenges, improving
device efficiency. Two of the major challenges in operating fuel cells include
methanol crossover in the case of DMFCs and decreased proton conductivity
caused by separator membrane dehydration when operated at elevated
temperatures (particularly in PEMFCs where catalysts are sensitive to CO
impurities in the H, feed stream when operated at low temperatures). Because of
their small pores, zeolites could reject methanol at the anode, reducing the rate
of chemical diffusion to the cathode. Further, they are known to hold onto water
at elevated temperatures, potentially addressing the problem of dehydration at
elevated operating temperatures. Further discussion of proton conduction in

zeolites and zeolites in fuel cells is presented later.
1.2.2.  Nafion for Fuel Cells

One critical component of a fuel cell is the protonically conducting but
electronically insulating membrane that separates the anode from the cathode.
While many research efforts have been devoted to inventing and investigating
new materials for this application, Nafion, a product of DuPont, remains the
industrial standard. Nafion, shown in Figure 1.2, is a perfluorocarbon polymer
with fluorinated sulfonic acid containing side chains. When hydrated, the

hydrophilic sulfonic acid containing side chains are believed to form water
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containing domains ~5 nm in diameter. These large domains are believed to be
spaced ~4 nm apart and interconnected by smaller channels of ~1 nm

diameter.’
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Proton conduction in hydrated Nafion is believed to occur in the
hydrophilic domains by the Grotthuss mechanism* in which protonic defects,
extra protons donated by the sulfonic acid groups, move by hydrogen bond
rearrangement. In the Grotthuss mechanism, a supporting, hydrogen-bonded
solvent network is mandatory for proton transport, and in the case of Nafion, this
network is formed by water molecules. Chemical diffusion of proton vehicles such
as hydronium ions also occurs, and is referred to as the vehicular mechanism,
but this process transports protons at a much slower rate than the Grotthuss
mechanism. Recent computational reports nicely highlight the orders of
magnitude difference in proton transport rates between Grotthuss transport and
vehicular transport in hydrated Nafion.® Reference 5 also address hopping of a
proton from a sulfonic acid group to a neighboring sulfonic acid group, and
computational results indicated that this mechanism of proton transport is also
slow when compared to Grotthuss transport. As temperature is increased and
Nafion begins to dehydrate, the hydrogen bonded water network loses hydrogen
bond percolation, and transport occurs by the much slower vehicular mechanism.
It is, therefore, of paramount importance to maintain a high level of hydration in

Nafion membranes to maintain high proton conductivity.
1.2.3.  Batteries

To present an appropriate review of all battery literature would require
thousands of pages and be appropriately titled the Handbook of Batteries.®

Rather, a brief introduction to modern lithium batteries will be presented to
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familiarize the reader with the components and operation of such an
electrochemical energy storage device.

A schematic of a secondary (rechargeable) lithium battery is shown in
Figure 1.3. The anode consists of graphitic carbon particles with lithium atoms
intercalated between the graphitic layers. The cathode consists of lithium cobalt
oxide particles coated with a small amount of carbon to impart electrical
conductivity to the composite structure and facilitate electron transport from the
cathode current collector to the electrochemically active lithium cobalt oxide
particles. Both the composite anode structure and composite cathode structure
are macroporous and the pores are filled with the supporting electrolyte to
facilitate fast lithium ion transport to and away from the electrochemically active
particles. An insulating, porous separator membrane electrically isolates the
anode from the cathode, but allows lithium ions to pass through the electrolyte
filled pores. A typical electrolyte is prepared by dissolving a lithium containing
salt, such as LiPFg, in organic solvents, such as ethylene carbonate and dimethyl
carbonate. Typical conductivities are on the order of 102 S/cm at room
temperature. When discharged, lithium atoms intercalated into the graphitic
carbon are oxidized and deintercalate into the surrounding electrolyte. The
electron is conducted to the anode current collector and flows through the
external load connected to the battery, arriving at the cathode, reducing
cobalt(lV) to cobalt(lll). A lithium ion concurrently travels through the supporting
electrolyte, across the separator membrane and arrives at the external surface of

a LixCoO; particle, where it must diffuse inward to the location of the cobalt that is
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being reduced by the electron. To be electrochemically active, each LixCoO,
particle must, therefore, be part of a percolated, electronically conducting
network and a percolated, ionically conducting network, and loss of percolation of
either of these networks causes loss of capacity with repeated charge/discharge.

Because of the high reactivity of lithium with moisture and the flammability
of the organic solvents used in the supporting electrolyte, consumer lithium
batteries have been known to thermally runaway and burn due, primarily, to poor
quality control during manufacturing. While safety features have been engineered
into modern batteries, it is desirable to remove flammable components from
batteries. This is no small task, however, given the complex composite structure

of the cathode and anode, and is a topic of research.
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Cathode Current Collector Anode Current Collector

Li,CoO, . o8 Li,,C.

Separator Membrane
(with LIPF& and
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Figure 1.3. Schematic of secondary (rechargeable) lithium battery. The anode is
composed of particles of carbon with lithium intercalated between the graphitic
layers. The cathode is composed of particles of lithium cobalt oxide. A typical
electrolyte is LiPFg dissolved in a mixture of ethylene carbonate and dimethyl

carbonate.
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1.3. Zeolites and Zeolite-like Materials

Section 1.3 is meant to serve as a brief introduction to zeolites and zeolite-

like materials and to set the stage for the remainder of this thesis.
1.3.1.  What are Zeolites and Zeolite-like Materials?

Zeolites and zeolite-like materials are microporous, crystalline materials
composed, primarily, of [SiO4]* tetrahedra connected to form a framework with
1-, 2-, or 3-dimensional network of pores ranging in diameter from 2 to 10 A.
Because of their small and unique pore sizes, these often naturally occurring
materials possess the ability to selectively adsorb and separate molecules based
on size and hydrophobicity and are often described using the term “molecular
sieve”. Additionally, some of the [SiO4* tetrahedral can be “replaced” with
[AIO4]* tetrahedra imparting a single anionic charge to the otherwise neutral
silicon dioxide framework. As the overall structure must be charge neutral, the
anionic framework charge must be balanced by a cation, proton, ammonium, or
positively charged organic cation (such as tetraethylammonium). Various
aluminosilicate zeolites are employed as acid catalysts in the production of
commodity chemicals such as cumene, ethylene oxide, and para-zylene, and
faujasite (ultrastable zeolite Y, for example) is used in modern fluidized catalytic
crackers. Other applications arising from their microporous structure and charged
framework include ion exchange materials for softening water, selective gas
adsorption and separation, removal of radioactive waste, and supports for

nanoparticle catalysts.
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1.3.2.  Synthesis Considerations

The topic of zeolite and zeolite-like materials synthesis has received
intense academic and industrial interest for decades and the search for new
materials and the ability to synthetically tune the properties of known materials
continue to receive considerable attention. The synthesis of zeolitic materials is
not as straightforward as combining starting materials in the correct proportions
and heating to elevated temperatures to produce a thermodynamically favored
phase, as these porous materials are kinetically trapped phases, with quartz
being the thermodynamically favored dense phase in the case of purely silacious
materials. Hydrothermal synthesis methods, have therefore, been developed to
synthesize zeolitic materials, often under autogenous pressures at relatively low
temperatures (room temperature to ~200 °C).

Typically, a silica source, an alumina source, a source of alkali cations,
and a source of hydroxide ions (the mineralizing agent that solubalizes silica) are
combined with water in the appropriate proportions, and heated in Teflon lined,
stainless steel autoclaves for some time ranging from hours to tens of days.
Silica sources include tetraethylorthosilicate (TEOS), fumed silica, dried silica
gels, and colloidal silicas such as Ludox, among others. Alumina sources include
aluminum metal, aluminum hydroxide gels, sodium aluminate, and others.
Cations and hydroxide ions are often introduced in the form of strong bases such
as sodium hydroxide. In addition to these reagents, organic cations such as
tetraethylammonium hydroxide, tetrapropylammonium hydroxide, and other,

often complex, quaternary ammonium containing compounds are used to help
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direct the formation of the desired product and are referred to as structure
directing agents. Further, many other heteroatoms have been introduced into the
framework of zeolite-like materials including germanium, gallium, iron, vanadium,
and zinc from various precursors such as nitrates, acetates, and oxides.

A more recently discovered synthetic technique uses fluoride ions as the
mineralizing agent rather than hydroxide ions. Gels prepared using the fluoride
technique are generally much more viscous than traditional basic gels, and have
been used to synthesize pure silica materials in the absence of both alumina and
metal cations.”® Fluoride syntheses often produce large crystallites (1-10 um)
with low hydroxyl defect densities. In pure silica beta from an F synthesis the
absence of connectivity defects is reflected in the °Si MAS NMR by the
presence of well resolved peaks arising from the crystallographically different
silicon sites (as no aluminum exists to alter the Si peak positions).

The mechanism of crystallization of zeolites and zeolite-like materials
remains a debated topic of research. Studies using the pure silica ZSM-
5/silicalite-1 system suggest that hydrated tetrapropylammonium (TPA), the
structure directing agent, lose their water hydration sphere and interact with
inorganic silica species through van der Waals interactions.*'® Five nanometer
building units then form and have been observed by small angle X-ray scattering
in room temperature syntheses. These 5 nm particles aggregate and grow into
silicalite-1 crystallites with sizes on the order of 50-100 nm, growing in size over
the crystallization period, suggesting an Ostwald ripening process. Further work

has also been carried out in alumina containing systems and results suggest that
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nanoparticles may play a similar role in the nucleation and growth of
aluminosilicates.™

Crystallization of a specific structure is often challenging as nucleation of
kinetically trapped phases is extremely sensitive to impurities in starting materials
and water, and extreme care must be taken in choice of precursor materials and
water sources. Phases are also sensitive to the order of addition of starting
materials, how the resulting gel is aged, choice of synthesis temperature, and
whether or not the bomb is rotated during crystallization.

After synthesis, many crystallization products contain organic structure
directing agents in their pores, and these bulky molecules must be removed to
impart porosity to the materials. Traditionally, this is done by calcination, although

extraction with various solvents is appropriate in some cases.>

1.3.3. The Zincosilicates

One family of zeolite-like materials discovered in the past decade is that of
the zincosilicates. These crystalline, microporous materials are similar to
traditional zeolites in that they are composed of [SiO4]* tetrehedra but rather than
containing [AlO4]* tetrehedra, contain [ZnO4]* tetrehedra creating two -1
framework charges per zinc that must be charge balanced by metal cations,
protons, or organic cations. The zincosilicates, who’s structural properties are
shown in Table 1.1, were discovered in the search for low framework density
materials and include VPI-7"", VPI-8'%% VPI-9%° VPI-10, RUB-17%, CIT-6*%%
Zn-ANA*, and Zn-SOD.”® VPI-7, VPI-9, VPI-10, and RUB-17 do not have

aluminosilicate or pure silica analogs due to the presence of three-membered
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rings in the crystalline structure, arising from the presence of zinc. CIT-6, the
zincosilicate analog of aluminosilicate zeolite beta, has received the most
attention among the zincosilicates and has been shown to be a convenient
starting material for the production of a family of materials with the *BEA topology
through post-synthetic chemical modification.?®?” Using acetic acid, zinc can
selectively be extracted from the framework and washed from the pores of CIT-6
leaving either hydroxyl nests, if treated below 100 °C, or producing a hydrophobic
*BEA material, if treated above 100 °C, annealing out the hydroxyl nests,
presumably with a small amount of dissolved silica from other parts of the
structure. Further, if treated with acetic acid in the presence of aluminum,
aluminum can be inserted into the former zinc sites producing an aluminosilicate

*BEA material.



17

Table 1.1. Structural properties of known zincosilicates.

Zincosilicate Cation Largest 3 Framework SilZn
Pore MR Density
CIT-6 Li 12 MR No 15.1 15-30
VPI-10 Rb and K 9 MR Yes 156.3 3.7
VPI-9 Rb and K 8 MR Yes 16.7 4
RUB-17 Na and K 9 MR Yes 16.8 3.5
VPI-7 Na and K 9 MR Yes 171 3.5
Zn-SOD Na and 6 MR No 17.2 6.2-
TMA 12.8
Zn-ANA Cs 8 MR No 18.5
VPI-8 Li 12 MR No 19.8 8-=
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1.3.4.  Organically Functionalized Molecular Sieves (OFMSs)

While many research efforts have been devoted to the preparation and
study of organically functionalized mesoporous materials, such as MCM-41,
MCM-48, and SBA-15 in which organic silanes are either grafted onto surface
hydroxyls or synthesized by “one-pot” techniques, synthesis of organically
functionalized microporous materials was not realized until the late 1990s.%%3*
Jones and Dauvis first prepared sulfonic acid containing pure silica zeolite beta to
study the acid catalyzed reaction of cyclohexanone with ethylene glycol to
synthesize 2,2-pentamethylene-1,3-dioxolane, by adding phenethyltrimethoxy
silane to a fluoride containing gel to produce pure silica beta with a internal
phenethyl moieties attached to framework silicon atoms. Acidity was created by
sulfonation of the para position of the phenyl group by post synthetic reaction
with fuming sulfonic acid (oleum). Further reports showed the incorporation of
amines>*, thiols®!, and various other organic moieties®'*°.

OFMSs are synthesized in the presence of tetraethylammonium fluoride
and the resulting crystallites contain tetraethylammonium cations (TEA") (and
fluoride anions) within their pores. Whether used for catalysis, proton conduction,
or some other purpose, access to the organic groups through the interconnected
pores in necessary and occluded TEA must be removed from the pores to impart
porosity. Calcination, however, is not acceptable as heating would not only
combust the occluded TEA®" molecules but would also destroy the attached

organic group. To overcome this problem, a new extraction technique was

developed using acetic acid to extract TEA from the pores of pure silica *BEA.
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Extraction of the TEA cation with acetic acid is uniquely suited to pure silica
materials, or materials such as CIT-6 in which acetic acid extracts framework
zinc) where TEA™ cations do not electrostatically interact with framework charges
(as is the case in aluminosilicate *BEA).

Holmberg performed the first synthesis of organically functionalized
nanocrystalline zeolite beta modifying a synthesis procedure developed by
Corma.*?" Tetraethylammonium hydroxide is used as the mineralizing agent
and structure directing agent in the presence of aluminum to produce crystallites
ranging in size from 10 to 250 nm and composition from SiO,/Al,03 = 13-150. In
this case, acetic acid does not remove all TEA from the crystallite pores and

stronger treatment is necessary.

1.4. Ilon and Proton Conduction in Zeolites and Zeolite-like

Materials

What follows in section 1.4 is a literature review on proton and ion
conduction in these materials, and is meant to familiarize the reader with what
has previously been studied, in hopes of presenting a unified view of protonic

and ionic motion within microporous materials.

1.4.1. Proton Conduction in Acid Functionalized Micro- and
Mesoporous Materials
Many reports exist on the synthesis of organically functionalized

mesoporous materials, including acid functionalized materials for catalysis, but

only a few reports exist on the proton conducting properties of acid functionalized
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mesoporous materials®®*°

and even fewer on the proton conducting properties of
acid functionalized microporous materials*'. Mikhailenko et al. were first to
investigate sulfonic acid functionalized mesoporous materials. Mercaptopropy!
functionalized mesostructured silica was synthesized in a one-pot method and
the thiol groups were post synthetically converted to sulfonic acids by oxidation
with 33% hydrogen peroxide. Samples containing 0, 0.5, and 1.1 meq SOsH/g
material were prepared and characterized at 100% relative humidity with
impedance spectroscopy by clamping powdered samples between stainless steel
electrodes in a glass tube. Measurements were made as a function of
temperature to extract activation energies for proton transport. At room
temperature, non acid functionalized samples exhibited conductivity of
~10° S/cm while 0.5 meq/g samples showed conductivity of 2*10° S/cm and
1.1 meqg/g samples 4*10° S/cm. Activation energies for all samples were on the
order of 6-7 kJ/mol.*®

Marschall and co-workers also studied sulfonic acid functionalized
mesoporous materials by grafting mercaptopropyltrimethoxy silane (MPTMS)
onto MCI-41, SBA-15, and SBA-16 and post synthetically oxidizing the thiol
groups to sulfonic acids by treatment with 30 wt% hydrogen peroxide. Impedance
spectroscopic characterization was performed on pressed pellets held between
two graphite sheets and two porous stainless steel electrodes. The relativity
humidity of the sample was adjusted between 50% and 100% using a tank of
heated water. Proton conductivity was shown to increase as a function of acid

loading in each of the three framework types and as a function of temperature for
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fixed loading at 100% RH, and as a function of relative humidity for fixed
temperature and acid loading. No clear trend was observed in conductivity with
pore size or shape from MCM-41 to SBA-15 to SBA-16.°

Marschall later prepared acid functionalized MCM-41 from MPTMS in a
one-pot synthesis. When 20 % or 30 % atomic silicon was supplied by the
MPTMS, crystallized samples remained porous upon removal of the
cetyltrimethylammonium bromide (CTAB) structure directing agent while samples
prepared with 40 % atomic silicon supplied from MPTMS were not found to be
porous. Conductivity for pure silica samples was found to be very low (~107
S/cm at 80 °C) while samples from synthesis batches containing 20 % MPTMS
and 30 % MPTMS exhibited conductivities of ~10* S/cm and ~10° S/cm,
respectively. In both porous samples, conductivity was observed to increase with
increasing temperature.*

Alabi prepared a carboxylic acid containing mesoporous material from an
alkene containing surfactant. After silica condensation, ozone was used to cleave
the alkene and oxidize the resulting alkyl chain to a carboxylic acid. The hope
was to prepare a material in which the carboxylic acid groups were in close
enough proximity to one another to facilitate fast proton transport down the
mesopore. While conductivities in between 1*10° and 6*10° S/cm were
observed over the temperature range 20-100 °C, the material lost porosity upon
ozonation.*?

Finally, Holmberg was first to report on the proton conducting properties of

acid functionalized zeolite beta.>® Phenethyl containing nanocrystalline zeolite
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beta samples were synthesized by the addition of phenethyltrimethoxy silane to a
known recipe®” and the para position of the phenyl ring was sulfonated by
treating crystallites with 96 wt% sulfuric acid at 80 °C. Samples were crystallized
from gels containing varying amounts of alumina (SiO2/Al,O3 = 25-400). Proton
conductivity was observed to be highest in samples crystallized from gels with
lowest SiO,/Al,03, decreasing from 1.2*102 S/cm in samples with SiO»/Al,O05 =
25 to 3*10 S/cm in samples with SiO./Al,03; = 50, and 1*10 S/cm in samples
with SiO2/Al,O3 = 100. To rationalize this observation it was suggested that
Bronsted acid sites from framework alumina cooperated with the aromatic

sulfonic acid groups to increase the proton conductivity.

1.4.2.  Proton Conduction in Non Fcid-functionalized Zeotypes

While a mature body of literature exists for cationic conduction in zeolites
and zeolite-like materials, which will be addressed later, relatively few reports
exist on proton conduction in these materials. This section discusses published
experimental and computation results related to proton conduction in zeolitic
microporous materials, concluding with their use as gas sensors.

The first report on hydrated proton conduction in zeolites measured by
electrical methods dates back to 1981, where Lal prepared the proton exchanged
forms of natrolite and mordenite and used AC impedance spectroscopy to study
their proton conducting abilities.*® Natrolite and mordenite powders were
exchanged into the ammonium form and heated to desorb ammonia, resulting in

the proton exchanged form. In the case of natrolite, 88 % exchange from the
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sodium form was achieved while complete exchange was achieved in mordenite.
Powdered materials were thoroughly washed and pressed between stainless
steel dies in a plastic sleeve with 2 tons force. Measurements were made on
‘wet’ samples, pressed from powders, without drying after washing, and on
samples dried in air at 20 °C and 30 °C. Ammonium exchanged samples of ‘wet’
mordenite exhibited the highest measured conductivities, ~ 710 S/cm, followed
by ‘wet’ NH, -natrolite, ~ 5*10* S/cm, and all samples were sensitive to level of
hydration. Dried samples of NH4"-natrolite exhibited conductivities in the range
107-10° S/cm, depending on the drying temperature. After ammonia desorption,
conductivity dropped to ~5*10 S/cm for ‘wet’ samples of natrolite and mordenite,
with dried samples of natrolite exhibiting even lower conductivities, ~5*10®
Slcm.®

Kreuer later studied the proton conducting properties of hydrated
ammonium and proton forms of zeolite A, analcime, sodalite, and gismondine by
impedance spectroscopy.44 Powdered samples were pressed into freestanding
pellets and silver paste was used to paint electrodes onto the pellets faces to
make electrical contact with the samples. Fully hydrated NH,*-zeolite A (Si/Al =
1.4, 2*10° S/cm) had the highest measured conductivity among all the
investigated samples followed by NH4"-analcime, NH, -sodalite (Si/Al = 2, Si/Al
=1, respectively, o = 2*10° S/cm for both materials), and NH4"-gismondine (Si/Al
= 1.67, 8*10° S/cm). Conductivity was observed to decrease with decreasing
level of hydration and activation energy was observed to increase with

decreasing level of hydration in NH,"-zeolite A over the temperature range 0-60
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°C. After thermal desorption of ammonia, the conductivity of fully hydrated H-A
decreased to 6*107 S/cm. Kreuer concluded that water was not a strong enough
base to deprotonate Al-OH Bronsted acid groups, but ammonia, a much strong
base, was able to perform this function, facilitating conduction by the vehicular
mechanism.**4°
Andersen et al. extended the study of ammonium exchanged zeolites,
using direct current (DC) techniques to investigate electric field induced
deamination under flowing hydrogen gas. Samples of zeolites X, Y, and A were
exchanged into the ammonium form, pressed into freestanding pellets, and thin,
platinum contacts were sputtered onto both pellet faces to act as electrodes and
catalytic sites for dissociation of hydrogen gas. A DC signal was applied across
the sample and the resulting current was measured. The amount of evolved gas
was also measured by reaction with (and subsequent titration of) aqueous
sulfuric acid. In an effort to study proton and ammonia transport mechanisms,
various gasses and gas combinations were introduced into the sample cell. In the
presence of dry argon, electrode reactions ceased and the flow of electrical
current stopped. In the presence of ammonia and hydrogen, a steady state
current flowed. When pure hydrogen gas was introduced, ammonia was evolved
and depleted, and current decreased to a lower level but did not cease. When a
mixture of hydrogen and ammonia were reintroduced, the initial current was
reestablished. When wet hydrogen was introduced, current initially rose, but
decreased as the ammonia vehicle was depleted. Proton conduction by a water

vehicular mechanism was thus proposed as the current did not fall to the lower
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level observed with a flow of dry hydrogen.*® Further evidence for vehicular
transport in NH3 containing zeolites is presented in an NMR study of ammonium
exchanged chabazite and clinoptilolite, where it is suggested that hopping of
protons from one Bronsted acid site to another contributes no more than 1-2% to
the total conductivity.*’

Higazy was the first to investigate the electrical properties of H-ZSM-5 by
impedance spectroscopy leading to further study by other groups. H-ZSM-5 was
prepared by thermal desorption of ammonium exchanged samples. The resulting
powdered material was pressed into freestanding pellets and silver contacts were
sputtered onto the pellet faces. Samples were characterized in air over the
temperature range 300-700 K.*® Samples were not dehydrated prior to the first
measurement and conductivity was observed to initially decrease with increasing
temperature, due to dehydration, and then increase with further increasing
temperature, indicating activated behavior.

Franke also studied proton hopping and conduction in H-ZSM-5,
investigating the electrical properties of samples with Si/Al = 30, 50, 80, 150, 280,
and 1000, leading to a variation of distances between framework aluminum sites.
Impedance spectroscopy was used to extract values of proton conductivity
arising from site-to-site proton hopping in dehydrated, pelletized H-ZSM-5
materials over the temperature range 423-723 K. Proton conduction in H-ZSM-5
materials decreased with decreasing framework aluminum due to fewer charger
carriers and greater distance between equilibrium hopping sites. Activation

energy for proton conduction was shown to increase from 90 kJ/mol for H-ZSM-5
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with Si/Al = 30 to 126 kd/mol in H-ZSM-5 with Si/Al = 1000 and classical hopping
theory, which suggests Ea ~ a¢?, provided an adequate fit to experimental data
where Ea is the activation energy and ao is the average distance between
aluminum sites. Debye-Huckel Theory was also used to strengthen the claim of
proton hopping between charge centers created by framework aluminum.
Aluminum sites were modeled as potential wells with various amounts of overlap
corresponding to the distance between them, but not accounting for the actual
structure of ZSM-5. Experimental data exhibited a trend similar to
computationally predicted activation energy values, but fell considerably below
the predicted curve.**>"

A further study investigated solvent supported transport in H-ZSM-5 by
introducing NHs; or H,O into the pore network. In samples with a low Si/Al,
conductivity as a function of temperature was broken into four regions. At high
temperature, activated behavior was observed in accordance with previous
discussion on dehydrated H-ZSM-5. At the lowest temperatures, before the onset
of any dehydration, transport was only slightly activated, and thus attributed to
the Grotthuss mechanism where ammonia or water form the supporting
hydrogen bonded network. Increasing the temperature beyond this low
temperature region led to the onset of dehydration, breaking up the hydrogen
bonded water or ammonia network and activated transport was observed.
Transport in this regime was attributed to the vehicular mechanism, H3O" or NH,*
dominating proton conduction. In the regime between vehicular transport and

dehydrated hopping, near constant conductivity was reported due to the
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decreasing contribution from vehicular transport resulting from desorption of
strongly associated vehicles (H,O or NH3) and the increasing contribution arising
from thermally activated proton hopping. In all regimes, materials containing
water exhibited higher conductivities and lower activation energies than samples
containing ammonia. This was attributed to a higher concentration of water
molecules than ammonia molecules in the pores of ZSM-5, as conductivity was
observed to increase with increasing concentration of NH3 in a flowing Ny
stream.®? Conductivity as a function of water concentration in a flowing stream N,
stream was not investigated, but would be of interest.

Simon studied the effect of NHs; on conductivity of H-beta using
interdigitated electrode (IDE) structures. Zeolite layers were solution deposited
onto IDE structures and resulting samples were dehydrated at 673 K in 80:20
N2:O2 by in situ resistive heaters fabricated on the back of the IDE chips.
Impedance spectroscopy was used to measure the resistance of each sample as
geometric scaling was difficult. When plotted in the complex plane, impedance
data traced out a high frequency semicircular arc with a low frequency tail. H-
beta samples exhibited much greater resistances (x1000) than Na-beta samples.
Upon exposure to NHj the resistance of H-beta samples decreased, but the
resistance of Na-beta remained unchanged, although the slope of the low
frequency tail with the real axis decreased, potentially attributed to adsorption of
NHs3; onto the contact surface. The activation energy for conduction was also

observed to decrease upon exposure to NH3.>?
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Building upon these results, a number of reports exist regarding the use of
various zeolites on IDE structures for gas sensing.>**” Sensors based on Na-Y

were shown to be sensitive to NH3, NO, and CsH1o.

1.4.3. Micro- and Mesoporous Materials in Proton Conducting

Membranes

In addition to studying proton conductivity in powdered materials, a few
reports exist in which micro- and mesoporous materials have been incorporated
into membranes and the proton conductivity and methanol permeability of the
resulting membranes has been measured. Beginning with microporous materials,
initial work was performed by Libby and Cussler, who prepared composite
membranes from polyvinyl alcohol (PVA) and mordenite.*®*° It was hypothesized
that the addition of zeolites could decrease the methanol permeability of the
composite membrane when compared to Nafion, without reducing the proton
conductivity. To improve the proton conducting properties of dealuminated
mordenite (Si/Al = 40) (which intrinsically has low proton conductivity, particularly
in the dealuminated state) powders were soaked in 1 M sulfuric acid to dope the
pores with a proton conducting medium. Composite membranes were cast using
various volume fractions of mordenite in PVA and proton conductivity and
methanol diffusivity were measured. All samples exhibited lower proton
conductivity than Nafion but also lower methanol crossover, leading to higher
selectivity for all membranes. Proton conductivity decreased slightly with

increasing volume fraction of mordenite, while a more drastic decrease in
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methanol permeability with increasing volume fraction of mordenite was
observed.

Chen®® and Holmberg*"°

were the first to produce composite membranes
from Nafion and acid-functionalized zeolite beta. Chen® prepared membranes by
immersing swollen Nafion membranes in the synthesis gel for phenethyl
functionalized nanocrystalline zeolite beta during hydrothermal crystallization.
After 7 days at 140 °C, composite membranes were treated with 96 wt% sulfuric
acid to sulfonate the phenyl groups attached to the zeolite beta framework, and
impart acid functionality, as with the nanocrystalline samples discussed above.
Characterization results suggest that nanoparticles of zeolite beta crystallize
inside the 4 nm hydrophyllic domains of Nafion and constitute ~5 wt% of the
composite membranes. The conductivity of these membranes was nearly
unchanged from that of pure Nafion, while methanol permeability was reduced by
a factor of ~2. Composite membranes were also used in operating methanol fuel
cells and a higher power density was observed in fuel cells containing composite
membranes, when compared to fuel cells with pure nafion, particularly when
operated with a 5 M methanol feed.

Holmberg also prepared composite membranes by slurrying Nafion with
acid functionalized zeolite beta nanocrystalls® and casting from
dimethylformamide. Membranes were prepared with 2.5 and 5 wt% zeolite
content and proton conductivity was measured using a four probe structure under

100 % RH conditions at 25 and 70 °C. In situ results for composite membranes

(membranes in an operating fuel cell stack) showed proton conductivity values
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near that for Nafion and reduced methanol crossover, and hence improved
selectivity, when compared to Nafion. Ex situ results for composite membranes
show similar results to those for Nafion.

Moving to composite membranes containing mesoporous materials,
Munkata reported on preparation of a freestanding, macroporous membrane
prepared by sintering colloidal silica particles (70-100 nm) that had been mixed
with polystyrene beads (~500 nm). The colloidal silica particles were sintered
around the polystyrene beads, which were combusted out of the matrix to impart
porosity. Acid functionality was imparted to the pore walls (surface of the beads)
by either grafting MPTMS followed by oxidation with hydrogen peroxide, or by
direct reaction with 1,3-propanesultone. Proton conductivity was measured at 90
% RH as a function of temperature, achieving 6*10° S/cm at 60 °C, and an
activation energy of 0.18 eV.°"

Tezuka prepared inorganic-organic hybrid membranes from 3-
aminpropyltriethoxysilane (APTES) and sulfuric acid by adding concentrated
sulfuric acid to a mixture of APTES in water and allowing the mixture to gel at 50
°C for one day. X-ray diffraction results suggest a 1-dimensional pore structure,
and infrared spectroscopy (IR) shows protonation of the —NH, groups by the
sulfuric acid, leading to ion complexes. Proton conductivity was measured at 200
°C after dehydrating the membranes under dry nitrogen at 200 °C for 2 hours,
and values as high as 2*10 S/cm are reported. Membranes prepared purely

from APTES exhibited conductivities of 10° S/cm.®?
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Zhang also prepared porous organic-inorganic membranes from
tetraethylorthosilicate (TEOS) by first hydrolyzing the TEOS in water and casting
in a mold, followed by heating in air to 400-850 °C to generate porosity. Either
1,3-propanesultone or [3-(2-bromoisobutyryl)propylldimethylethoxy followed by
reaction with CuBr, 2,2—dipyridyl, and styrenesulfonic acid sodium salt (to
impart aromatic sulfonic acid functionality) were then grafted onto the surface
silanols of the membranes and proton conductivity was measured as a function
of temperature and relative humidity. For non functionalized membranes,
conductivity at a given temperature was observed to increase with relative
humidity, but decrease with initial heating temperature (400, 500, 650, 850 °C).
This decrease in conductivity was attributed to loss of surface silanols. For
membranes acid functionalized through 1,3-propanesultone, conductivity
increased with temperature over the range 25-95 °C but decreased with further
heating for all values of relative humidity. Conductivities were, however,
improved by an order of magnitude when compared to non-functionalized
membranes. Membranes functionalized with aromatic sulfonic acids also
exhibited increasing proton conductivity with temperature at 40 %RH, but now
over the entire temperature range 25-150 °C reaching a maximum conductivity of
0.05 S/cm at 150 °C. This is attributed to a high water holding ability (22 wt %) of
these membranes, even when held at 130 °C for 2 days. Fuel cells containing
aromatic functionalized silica membranes also showed a marked improvement
over Nafion containing fuel cells at 130 °C, while exhibiting nearly identical

performance at 65 °C.%
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Park and coworkers prepared various pure-silica and acid functionalized
MCM-41s by one-pot and grafting methods and fabricated composite
membranes by sonicating MCM-41 powders in solubalized Nafion and spreading
on a glass substrate. Different MCM-41 wt% loadings in Nafion were examined.
Membranes prepared from pure silica MCM-41 all showed decreased
conductivity and most showed increased methanol permeability when compared
to pure Nafion membranes. Similar results were obtained for acid functionalized
materials.®
Finally, Lin et.al., prepared an organic-inorganic mesoporous silica
membrane using the Pluronic L64 block copolymer template, which was calcined
out after condensation, resulting in a mesoporous material with 4.8 nm pores.
1,2,2-trifluoro-2-hydroxyl-1-trifluoromethyl-ethane sulfonic acid beta-sultone was
then reacted with surface silanols to acid functionalize the pore wall, and
composite membranes were created by sonication of 1-6 wt% powdered material
(based on Nafion) in 5 wt% Nafion solutions followed by casting in a glass dish.
Proton conductivity was measured at 60 °C while submerged in water.
Composite membrane results show little improvement (or detriment, for that
matter) in proton conductivity when compared to pure Nafion membranes. When
compared to composite membranes formed from Nafion non-acid functionalized
mesoporous material, a significant improvement in proton conductivity is
observed at all inorganic loading levels. Methanol permeability decreased with
increasing weight fraction of mesoporous materials, slightly faster for non-acid

functionalized materials than for acid functionalized materials. Fuel -cell
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performance was improved when using composite membranes prepared from
Nafion and acid-functionalized mesoporous materials, the greatest improvement

over pure Nafion arising from a 5 wt% inorganic loading.®®
1.4.4. lon Conduction in Microporous Materials

The following section is meant to introduce the reader to the current state
of the literature regarding ionic conduction in zeolites and zeolite-like materials.
The interested reader is further directed to three comprehensive review articles
on the subject.®®®®
1.4.41. Zeolites X and Y

Zeolite X and Y have received the greatest attention in literature on the ion
conducting properties of zeolites, perhaps due to early reports revealing a high
frequency relaxation in these materials, or because of the wealth of
crystallographic knowledge pertaining to the FAU structure, i.e., aluminum
framework sites, cation positions, etc.?*®® This section is broken into three
subsections. A review of ionic conduction in dehydrated zeolites X and Y will first
be presented, followed, by results in partially hydrated samples. The third
subsection will conclude with a discussion of the effects of adsorbed phases on
the ionic conducting properties in zeolites X and .
1.4.4.1.1. Dehydrated Zeolites X and Y

In the first report on the electrical properties of zeolites X and Y, Freeman
synthesized faujasite materials over a range of compositions from Si/Al = 1.2 to
Si/Al = 2.6 and prepared samples containing Li, Na, K, Rb, Cs, Tl, Mg, Ca, Sr,

and Ba by ion exchange (which was incomplete in some instances). Conductivity
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was measured by AC techniques at set frequencies, rather than by the modern
technique of measuring the impedance as a function of frequency. None-the-
less, conductivity was shown to be activated as a function of temperature for all
samples, and decreased as framework aluminum content decreased (Si/Al
increased). In zeolite Y, activation energy for cation transport was observed to
monotonically decrease with increasing cation radius for monovalent cations and
this was attributed to decreased electrostatic interaction between the charge
balancing cation and the anionic framework site. The opposite trend was
observed for divalent cations and activation energy increased with increasing
cation radius. To explain this, it was suggested that the larger of the divalent ions
(say Ba and Sr) are more easily charge balanced by spatially separated sites in
comparison to the smaller divalent ion (Mg and Ca) because their increased size
decreases the distance between the divalent cation and each of the two
necessary anionic sites, leading to a deeper potential energy well.®® Full results
were not reported by Freeman for zeolite X samples, but did suggest that
conduction arose from at least two different types of cations.

Schoonheydt performed further studies on monovalent exchanged zeolite
X and Y samples and, similarly, observed that zeolite X exhibited higher ionic
conductivity than zeolite Y. In zeolite X with a Si/Al = 1.25, the order of cation
conductivity was Na > K > Li > Rb ~ Cs. The trend in activation energies in
zeolite Y samples agrees with Freeman’s results, but zeolite X exhibits a different
trend. Activation energy decreases from Li to Na and then increases from Na to

K to Rb. To explain the increase in activation energy beyond sodium in zeolite X,
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it was suggested that cation-cation interaction significantly contributes to the
conductivity activation energy. Because of the increased aluminum content in
zeolite X when compared to zeolite Y, cations are, on average, closer together.

Further, at low temperatures a peak was observed in a plot of the

imaginary part of the permittivity, €”, and in the tan & spectra suggesting the
presence of a relaxation process. Peak intensity decreased with decreasing
aluminum content (and was almost nonexistent in low alumina content zeolite Y),
and, in combination with crystallographic data and the knowledge that zeolite Y
has no occupied Il sites, the low temperature (high frequency) relaxation was
ascribed to the local motion of an ion (Na or K, in this case) from one Il site to
another Il site, across two lll sites; that is Il — Ill — lIl — Il within the a cage.”""
Schoonheydt also investigated ionic conduction and relaxation in calcium
and copper partially exchanged faujasites.”’® In calcium exchanged samples,
conductivity was a strong function of both framework aluminum content and
extent of exchange. Synthesis of samples with various Si/Al allowed for the
preparation of samples with constant number of sodium ions per unit cell (11) but
with different numbers of empty Il sites arising from different numbers of Ca?*
ions per unit cell. Conductivity increased with an increasing number of vacant Il
sites in partially exchanged samples even though the Si/Al decreased in creation
of additional vacant sites and conduction was therefore ascribed to motion of
sodium ions by a vacancy mechanism from an occupied Il site to an unoccupied

Il site. Activation energy for supercage sodium ion transport also decreased for

partially exchanged samples due to the presence of the calcium ions. A dielectric
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absorption process was also observed and attributed to local relaxation of
calcium ions in the small cages, although the author of this thesis is not
completely convinced.”

Copper exchanged samples exhibited activated transport, although two
different slopes were observed in the Arrhenius plots of conductivity versus
temperature. At low levels of copper exchange, a single slope was observed
while at higher levels of exchange two slopes appeared, one at higher
temperatures and a second at lower temperatures. Thus, conduction at higher
temperatures was attributed to hopping of both copper and sodium ions, while
conduction at lower temperatures, and in samples with a low level of exchange,
was attributed to hopping of sodium ions.”®

Jones investigated the electrical properties of dehydrated samples of
partially exchanged iron containing zeolite Y samples and silver exchanged
zeolite X samples.”®"® Iron was shown to have replaced 60% of the initial sodium
ion content. Both partially iron exchanged zeolite Y and Ag-Y exhibited a single
relaxation peak in the €” spectra that shifted to higher frequencies with increasing
temperature. The relaxation peak was absent at room temperature in partially
iron exchanged zeolite Y and only appeared at elevated temperatures. This is in
accordance with other reported results on zeolite Y. Conductivity in the silver
exchanged material was reported to be 5*10® S/m at 97 °C. Further discussion
of these materials follows in Section 1.4.4.1.3.

Tabourier prepared zeolite X samples with various rubidium exchange

levels and observed a decrease in the peak frequency in the € spectra with
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increasing rubidium exchange and suggested that motion of sodium and
rubidium ions could not be separated as in the cases of the divalent calcium and
copper ions previously discussed.®*®' Further investigation, however, is
necessary in the opinion of the author of this thesis.

Andersen and co-workers exchanged Na-X to various levels of lithium
cations and observed a monotonic decrease in conductivity and increase in
activation energy with increasing lithium content. This is in accordance with
previous work and further illustrates the tighter binding of lithium ions to anionic
framework sites. Partially exchanged cesium samples were also characterized
and had low conductivity at 150 °C (5*10™'° S/cm).®?

Abdoulaye used impedance spectroscopy to measure the ionic
conductivity of dehydrated Na-Y and H-Y, and observed that Na-Y possessed
much great conductivity and lower activation energy than H-Y. Little explanation
was offered.®

Simon approached the study of ionic motion in zeolites X and Y through
the use of modulus spectroscopy.®?® Sodium exchanged samples were
characterized using ac impedance spectroscopy over the frequency range 10 Hz-
10 MHz and the temperature range 293 to 673 K. When impedance data was
presented in modulus representation (see Chapter 2 for further discussion) two
peaks were observed in the plot of imaginary party of the modulus versus
frequency for both zeolite X and zeolite Y, one peak at higher frequencies and
one at lower frequencies. Peaks shifted to lower frequencies with decreasing

temperature. Activation energies were extracted from the change in peak
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frequency with temperature and zeolite X had lower values than zeolite Y for both
high and low frequency peaks (X, LF = 68 KJ/mol HF = 41 kdJ/mol; Y, LF = 80
kd/mol, HF = 72 kd/mol). The low frequency peak was attributed to long range
ionic conduction (hopping from one |l site to another Il site on an adjacent cage)
while the high frequency peak was attributed to the local relaxation of a sodium
ion in the large a cage (Il — Il — Il — IlI) as was previously suggested by
Schoonheydt and discussed above.

Finally, Nicolas used dielectric spectroscopy to study cation dynamics in
Na-Y. Zeolite powder was compacted into pellets that were sandwiched between
two thin (10 ym) sheets of PTFE. The sandwich structure was then placed
between platinum electrodes and the frequency response of the sample was
measured from 102 to 10° Hz. The distribution of trapping energies (AG(E)) was
fit to the €” spectra measured from 0 to 170 °C, and three peaks were observed.
Each peak was attributed to a unique cation position, Sl, SI’, and SlI, and this
distribution was observed to change upon the adsorption of various amounts of
methanol.*
1.4.4.1.2. Hydrated Zeolite X and Y

Jansen studied the electrical properties of four faujasite zeolites with
varying Si/Al ratios in the sodium and potassium exchanged forms. As
Schoonheydt’® reported in dehydrated samples (and attributed to local motion of
a sodium ion in the a supercages of the FAU structure), a relaxation peak is
observed in the €” spectra for zeolite X and the peak position shifts to lower

frequencies with increasing water content in partially hydrated samples. In zeolite
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Y, however, this peak is initially absent, and only appears with the addition of
water to the sample, suggesting promotion of a sodium (or potassium) cation to a
[l site. Activation energy for fully hydrated samples is decreased compared to
dehydrated samples, as may be expected from the weakening of the interaction
of the cation with the anionic framework upon the addition of water to the zeolite
pores.’

Results from Abdoulaye also confirm that residual water in the pores of
zeolites X and Y can lead to increased conductivity.®” Stamires further observed
this effect.”” Dehydration was shown to have less of an effect on the conductivity
of zeolite X than zeolite Y due to the increased number of sodium ions residing at
lll sites in hydrated zeolite Y in which, upon dehydration, cations occupy the
more energetically favorable Il sites.®® In zeolite X, however, Il sites are
completely occupied in both the hydrated and dehydrated states, and the number
of cations located at Ill sites does not significantly change upon hydration. Recall
that sodium ions occupy Il sites in dehydrated zeolite X, while they do not
occupy lll sites in dehydrated zeolite Y as they are less energetically favorable
than other available sites. Contrary to the results of Jansen, however, activation
energy in zeolite X samples is observed to decrease with decreasing hydration.
In agreement with Janson, activation energy for zeolite Y samples decreased
with increasing hydration. This is perhaps due to two competing factors; the
population of Il sites, which is facilitated by water in zeolite Y but not X, and the
likelihood of a successful jump, which could be hindered by water or the

increased cation density in zeolite X.®” Stamires’ data may support this
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hypothesis as samples characterized at 335 °C showed a decrease in
conductivity with increasing water content (over a very small range of water
content because of the elevated temperature) while samples characterized at
lower temperatures exhibited the opposite trend of increasing conductivity with
increasing water content.”

Haidar and Jonscher also examined the electrical properties of partially
hydrated zeolite X and zeolite Y and, while data was presented in terms of
complex capacitance (C*), observed similar relaxation features at elevated water
content.®?

One further report exists on the conductivity of hydrated lanthanum
exchanged zeolites X and Y, but the author of this thesis does not think the
results add to this work. The reference is simply added for completeness.?®
1.4.4.1.3. Effect of Adsorbed Phases on Conductivity

Other adsorbate phases have also been shown to affect the conductivity
and activation energy of zeolites. Stamires showed that the adsorption of
ammonia had a similar affect as the adsorption of water, reducing the activation
energy even more drastically than water adsorption in Na-X. The adsorption of
triethylamine and 2,2-dimethylbutane both decreased the conductivity in Na-X,
while acetonitrile led to an increase in conductivity. Sterics must play a role.
Furthermore, the adsorption of both molecular oxygen and nitrogen also
increased the conductivity at -76 °C.”° This was attributed to weakening of the
interaction of the sodium ions with the lattice due to interactions with the

adsorbed gas molecules.
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Jones investigated how polar and non-polar adsorbates influenced the
electrical properties of the aforementioned Ag-X and partially iron exchanged
zeolite Y. Results from partially iron exchanged samples were presented in terms
of dielectric relaxations (peaks in the €” spectra) and conductivity values are not
reported. Adsorbates, however, did give rise to additional relaxation peaks in the
€’ spectra. A rationalization of these peaks is attempted and the reader is
referred to the appropriate reference.”® Ammonia and acetonitrile adsorption in
Ag-X led to the appearance of addition peaks in the €” spectra and increased the
conductivity of the materials. Again, a rationalization is presented and the reader
is referred to the original reference.”
1.4.4.2. Zeolite A
The ionic conducting abilities of zeolite A, due to its high framework
aluminum content, have also attracted attention dating back to an early report by
Freeman.®® Monovalent cation containing zeolite A materials were ion exchanged
into Li*, Na*, Ag®, and K* forms and activation energy was observed to decrease
from lithium to a minimum in the sodium exchanged form and then increase to
silver and further to potassium. With the exception of lithium, activation energies
in zeolite A samples had higher activation energies than correspondingly
exchanged zeolite X samples, possibly due to the smaller channel system of
zeolite A.°° This trend was also observed by other authors.?**" Kelemen further
reported ion conductivities in zeolite A containing lithium, sodium, potassium, and
rubidium cations and conductivity followed a similar trend as activation energy

reaching a maximum in the sodium exchanged sample.*’
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Morris published a series of articles focusing on dielectric relaxation in 3-

A, 4-A, 5-A, and Ag-A, and two relaxation peaks were observed in the €” spectra.

Zeolite 4-A and Ag-A were the only single-cation containing materials and thus

no further discussion is presented. The reader is referred to the original

references for a complete discussion including the effects of adsorbed phases on
the observed relaxation peaks.®**

Finally, Ohgushi investigated the dielectric properties of dehydrated Na-A

(4-A) and observed two relaxation peaks in the €” spectra as was reported by

9294 and Simon.* The high frequency relaxation peak (relaxation I1) had an

Morris
activation energy of 49 kJ/mol while the low frequency relaxation (relaxation 1)
exhibited an activation energy of 64 kJ/mol. Simon,** Stamires,®® and
Cvijeticanin® reported similar values. The high frequency peak shifted to lower
frequencies with decreasing temperature and the DC conductivity was observed
to increase with increasing temperature to a maximum measured value of
~1 x 10® S/cm at 500 K. In a subsequent study Ohgushi prepared Nai-H+-A,
that is, zeolite A in which one of the charge balancing sodium ions was replaced
by a proton and observed two relaxation peaks as in the case of purely sodium
exchanged zeolite A. Upon adsorption of a small number of water molecules per
unit cell, both relaxation peaks were affected, indicating that both relaxations
arise from the same cation (or more specifically equivalent cations which can

jump to non-equivalent neighboring positions). By comparison with related

materials (Na1o-Cas-A and Na14-ZK-4) that do not contain cations in the S3 site (a
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site near a 4-ring) one relaxation peak was attributed to a sodium ion in the S3
position.*
1.4.4.3. ZSM-5

ZSM-5 is one of the most important industrial microporous catalysts, and
was characterized by impedance spectroscopy by a number of groups in the late
1980s and 1990s.°"""%2 Buckley used modulus spectroscopy to study lithium,
sodium, and cesium forms of ZSM-5 and observed two peaks in the M” spectra
of Na-ZSM-5 (Si/Al = 40), both shifting to higher frequency with increasing
temperature. The low frequency peak was attributed to an interparticle relaxation,
but, as the sample did not have deposited contacts and was rather sandwiched
between platinum plates, this low frequency peak arises from the overall
macroscopic resistance of the sample. For further discussion of this, see Section
2.6. A high frequency peak was also observed and did not change intensity with
framework aluminum content. In combination with IR results, Buckley suggested
that the high frequency relaxation arose from internal silanols, although the
author of this thesis is skeptical and suggests that the high frequency relaxation
could also arise from the most stable cation site, as a pure silica sample was not
investigated. Further results showed that the conductivity activation energy,
lowest for cesium exchanged ZSM-5 and greatest for lithium exchanged ZSM-5,
increased with decreasing framework aluminum content and that a maximum in
conductivity was observed for sodium exchanged forms followed by cesium and

lithium.®’
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Ohgushi performed dielectric measurements on Na-ZSM-5 material with
Si/Al = 13 and observed two high frequency relaxation. Upon adsorption of a
small amount of water, the peak at higher frequency was affected while the peak
at lower frequency did not change position or height. It was suggested, in
accordance with NMR results, that two types of sodium cations exist in Na-ZSM-
5 and one is preferentially hydrated before the other.”® When Na-ZSM-5 with a
higher Si/Al ratio was studied (Si/Al = 685) one relaxation peak was observed, in
accordance with Buckley.”?® The peak was not affected by low levels of
hydration.

Nischwitz investigated ionic conductivity in Li, Na, K, and Rb containing
samples of ZSM-5 with Si/Al = 6.5, 8.2, 24, 27, 55, 83, and 150. Conductivity
decreased in the order Na > K > Rb > Li, and was maximum for each respective
cation in samples with Si/Al = 6.5. Conductivity decreased with increasing Si//Al,
with the exception of Si/Al = 150, in which conductivity increased slightly in Na, K,
and Rb containing samples when compared to the respectively exchanged
sample with Si/Al = 83. For all Si/Al, conductivity activation energy decreased
with increasing cation radius, Li>Na>K>Rb, linearly for samples with Si/Al = 150,
but non-linearly for the other materials.'®
1.4.4.4. Analcime

Data on the conductivity of various cation exchanged forms of analcime
date back to the 1950s in reports by Beattie.">"" Analcime was cation
exchanged into lithium, sodium, potassium, silver, rubidium, thallium, and cesium

forms, and dehydrated, pressed pellets were investigated over the temperature
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range 25-400 °C. Conductivity increased in the order Na > Ag > Li>K > Tl >Rb
> Cs, although activation energy followed a different trend, initially decreasing
from lithium to sodium, then increasing Na < K < Ag < K < Rb < Cs. Conductivity
data agrees with data presented by Barrer and Rees on self-diffusion of alkali
metal ions in analcite.’® The activation energy of thallium exchanged materials
fell below those of rubidium and potassium, but above that of silver.'® Kelemen
also studied ionic conductivity in alkali cation containing analcime, and trends in
conductivity and activation energy agree with those reported by Beattie.?"'"’
Further, when sodium exchanged samples were hydrated, conductivity
increased.’®
1.4.4.5. Sodalite

A number of reports exist in which the electrical properties of sodalite have
been examined.’””""! Kelemen prepared two sodalite materials (Si/Al = 1 and
Si/Al = 5) and exchanged in lithium, sodium, potassium, and rubidium. In
exchanged samples of both materials conductivity increased in the order Rb < Na
~ Li < K while activation energy exhibited a minimum for the sodium exchanged
sample in the material with Si/Al = 1 (Li > Na < K ~ Rb) and a minimum for the
potassium exchanged sample in the material with Si/Al = 5 (Li > Na > K < Rb).
For specific conductivity values the reader is referred to the original references
(~10° S/cm at 400 °C for Si/Al = 1 and 10° S/cm at 400 °C for Si/Al = 5).

Promotion of cation motion by other ions (halides, chromate, etc.) in

sodalite has also been studied.’*""" It was shown that the presence of anions in
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the sodalite cages modified the potential energy landscape and influenced the
motion of the sodium cation.
1.4.4.6. Offretite

Kelemen has studied the ionic conductivity of alkali metal exchanged
offretite with Si/Al = 2.4, 3, and 5 in the lithium, sodium, potassium, and rubidium
exchanged forms. Conductivity of sodium and lithium exchanged materials
increased monotonically with increasing aluminum content, but exhibited a
maximum in the material with Si/Al = 3 for K and Rb exchanged samples. This
was potentially due to the higher cation-cation repulsion between the larger
cations (K, Rb) in materials with a Si/Al = 2.4 while the smaller ions (Li, Na) do
not “feel” this repulsion to the same extent as K and Rb. For all Si/Al, conductivity
followed the order Na>Li>K>Rb and activation energy exhibited a minimum for
sodium exchanged samples, lithium exchanged samples having the highest
activation energy in samples with Si/Al = 3.5.
1.4.4.7. Chabazite

Beattie studied the ionic conducting properties of natural chabazite ion
exchanged into Li, Na, Ag, K, Rb, Tl, and Cs forms and conductivity of
dehydrated samples increased in the order Li > TI > Na > K > Ag > Rb > Cs."™
Activation energy exhibited a minimum in the sodium form and followed the order
Na <Li~K<Rb~Ag<Cs.
1.4.4.8. Mordenite

Ohgushi examined the dielectric properties of three mordenite samples

with different aluminum contents (Si/Al = 4.9, 9.9 exchanged with sodium, and



47
Si/Al = 9.9 exchanged with sodium and protons) and observed two relaxation
peaks in the €’ spectrum. All three materials have sodium ions in a “side pocket”
while only materials with Si/Al = 4.9 have additional sodium ions in the straight
channels. Thus, dielectric loss peaks were attributed to relaxation of the sodium
ion in the “side pockets”. Further confirmation of this was claimed through the
characterization of hydrated samples. Both loss peaks were affected by the
addition of a few water molecules per unit cell, indicating that the relaxation
peaks arise from equivalent sodium ions. Hydration did, however, influence the ¢”
spectra of samples partially exchanged with protons less than samples in the
pure sodium form.'"?

Douillard used the same technique that Nicolas used to study cation
dynamics in Na-Y to investigate ionic relaxations as functions of water uptake in
mordenite. In the case of mordenite, the energy distribution function (AG(E)) was
not calculated to investigate unique framework sites, but the relaxation peak in
the €” spectra was thermally activated and the activation energy decreases with
increasing water content.'"
1.4.4.9. Ferrierite

Yamamoto grew single crystal samples of ferrierite and measured sodium
ion conductivity and activation energy along the 10 membered ring channels of
the [001] direction and the 8 membered ring channels of the [010] direction.
Silicon to aluminum ratio was reported to be >60, low compared to zeolite X and
many of the other zeolites discussed above. Conductivity in both crystallographic

directions was thermally activated, conductivity in the [010] direction significantly
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greater than conductivity in the [001] direction, while activation energy in the
[010] direction (1.2 eV) was greater than the activation energy measured for
transport in the [001] direction (0.84 eV). Sterics in the 8 MR pores was
suggested to explain the increased activation energy. It was further suggested
that the increased conductivity in the direction of the 8 MR pores was observed
because of the increased number of parallel conduction pathways in the [010]
direction from the higher density of 8 MR pores when compared to the number
density of 10 MR pores in the [001] direction. That is, conduction along an 8 MR
pore was not necessarily faster than conduction along a 10 MR pore, but that

there are fewer parallel “ionic resistors” in the [001] direction.’™

1.4.410. Zeolite L

Relaxation of potassium ions in zeolite L with Si/Al = 3 was examined by
Ohgushi over the temperature range 392-633 K and one peak in the €” spectra
was observed, although, it was suggested that this peak was the combination of
two relaxations. This suggestion arose from a decrease in intensity in the €’
spectra at lower frequencies without a significant change at higher frequencies
upon partial exchange of the potassium ions by protons. This main relaxation that
decreased in intensity with increasing proton exchange was attributed to
potassium ions located at D sites, as the tetraethylammonium ions used to
generate the partially exchanged proton forms are too large to penetrate the 4-
membered rings in zeolite L and thus only exchange with the D sites that face the

8 MR channels. Further, the activation energy extracted from the peak frequency
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versus temperature data decreased with increasing exchange, and this was
attributed to less cation-cation repulsion (or cation-proton repulsion).115
1.4.4.11. Tin Containing Zeolites

Four reports exist regarding tin containing mordenite and zeolite Y, but the
prepared systems were two-phase composite materials containing tin-exchanged
zeolites and tin-oxide, and further discussion is, therefore, not presented in this
review of ion conductivity in microporous materials. The reader is referred to the
original references for a complete description.''®""®
1.4.412. ETS-10

The only known report on divalent ion conductivity in a microporous
material was presented by Wei and Hillhouse for the octahedral titanium
containing ETS-10. Copper(ll) was exchanged into the pores of ETS-10 which
exhibited greater conductivity and an activation energy 15 kd/mol lower than that
for copper(ll) exchanged zeolite X. '*® Modulus spectroscopy was also used to
examine sodium ion conductivity in ETS-10, and a high frequency relaxation and
low frequency relaxation were observed. The low frequency peak had an
activation energy of 54.6 kd/mol, lower than that measured for Na-X by the same

authors (62.9 kd/mol) and the high frequency peak had an activation energy of

45.3 kJ/mol.'?®
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2. Instrumentation

2.1. Introduction to Impedance Spectroscopy

Impedance spectroscopy (IS) is a powerful tool for studying the electrical
properties of solid and liquid systems and continues to find increasing use in
electrochemistry, materials science, and other fields. Use of the phrase “electrical
properties” should not simply be interpreted as relating to “electronic conduction”
arising from the transport of electrons or holes, and encompasses not only
electronic conduction but also ionic conduction, electrochemical reactions,
polarization in bulk and at interfaces, and any other process arising from motion
of a charged species, be that motion long range or short range. IS has been used
to study many materials properties including ionic conductivity, relaxation in
polymers, reactions at electrode surfaces, charge and discharge processes in
batteries, fuel cells, etc., and the interested reader is referred to /Impedance
Spectroscopy: Theory, Experiment, and Applications’ for an in-depth
presentation of the technique.

IS is the technique by which the impedance of a sample (Z*) is measured
as a function of frequency, most commonly accomplished by applying a
sinusoidal signal (voltage or current) to a sample and measuring the sample’s
response to that signal over a range of applied frequencies. Impedance is a
complex quantity composed of both a magnitude and a phase and only
decomposes to the more commonly used term “resistance” when the phase is

identically zero; that is, the impedance is purely real. Modern instruments for
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measuring impedance are commercially available, including the Solartron 1260
and the Novocontrol Alpha and Beta, and various Agilent boxes. These off-the-
shelf systems operate over a wide bandwidth of frequencies from a few millihertz
to tens of megahertz with high accuracy and standardized terminals for electrical
connection.

Spectroscopic data is often presented using one of four related functions;
impedance, admittance, permittivity, and modulus. It is important to understand
that all representations contain the same materials data and are simply different
ways of viewing how a material responds to an applied electrical stimulus. These
four related functions, and the transforms among them, are presented in Table
2.1. When data is presented in terms of modulus, authors often refer to the data
collection technique as modulus spectroscopy. Similarly, when data is presented
in terms of complex dielectric constant, dielectric spectroscopy is often used, but
all three names refer to the same technique of measuring the response of a
sample to an applied AC signal.

Historically, data from the characterization of insulating materials has been
presented in terms of the complex dielectric constant, €*, and loss tangent d (tan
0 = ¢’/¢’), and modulus form (M*) is often used to overemphasize features
occurring at higher frequencies.

In the next two subsections, mathematical models are presented to
familiarize the reader with dielectric relaxation and conduction in solid state

materials.
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Table 2.1. Impedance functions and their transforms.

M Z Y €
M - jwC, Z jwC Z 1/¢
Z M/jwC, - 1Y 1/jwCee
Y jwC. Z 1/Z - jwC, Z
£ 1/M 1/jwCZ Y/jwC, -

w is the angular frequency (21f), C. is the open cell capacitance,
defined as g,A/d, where g, is the permittivity of free space, A is the
cross-sectional area of the sample, and d is the thickness of the
sample.
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2.1.1. Dielectric Relaxation

Relaxation process in materials (solids, liquids, gases) arise from the local
polarization, P, of electrical dipoles within the material of interest. Polarization of
dipoles is accomplished by the application of an electric field and can be broken
into contributions arising from the fast responding electron cloud, P., (displaced
in relation to the positively charged nucleus) and a much slower responding, and
thus time dependant, polarization due to the orientation of dipoles in the applied
electric field, P’(t). After equilibration with the applied electric field, a total, static
polarization is achieved, Ps. Defining dielectric constants as in Equation (2.1) and

Equation (2.2) and,

o —1=P,/E¢g, (2.1)
& —1=P,/Ee, (2.2)

the total polarization as
P,=P,+P'(t=0) (2.3)

and assuming a single relaxation time, t, and first order kinetics, the governing

differential equation is

dP'(t)
T =

P
dt
When E, the electric field, is a sinusoidal signal, Equation (2.4) can be solved

~ P.,. (2.4)

with Equations (2.1) and (2.2) for the complex dielectric constant as a function of
sinusoid frequency, w,

& — & WT(& — €x)
14+ w?T? J 1+ w?t?2

This is the same equation arrived at from the circuit model in Figure 2.1 when

*

& — &4

(2.5)

T =RC;, C; = (&5 — €)&p, and C; = 5, and hence, this circuit model is known
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as the Debye equivalent circuit. When the real, €', and imaginary, €”, parts of the
dielectric constant are plotted as functions of frequency, plots similar to that
shown in Figure 2.2 are observed.

A single relaxation is the simplest possible case and, in general, a
distribution of relaxation times exists in solids and the governing equations
become more complicated. Distributed relaxation times lead to a broadening of
the €” peak, and a depression of the semicircular arc, if plotted in the complex
plane, that is €” versus €’.

When the Debye circuit equations are plotted in the complex Z* plane, a

vertical line is observed, as shown in Figure 2.3.



Figure 2.1. Debye equivalent circuit.
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Figure 2.2. ¢’ (solid) and €” (dashed) as functions of frequency for Debye

relaxation.
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Figure 2.3. Debye circuit plotted in complex Z* plane.
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2.1.2. Conduction

Conductivity in the absence of a concentration gradient, that is, motion of

charge carriers driven purely by an applied electric field, can be described as

opc = Czpip, (2.6)

where p, is the drift mobility, C the concentration of mobile ions, z the charge of the
carrier. For cation hopping, this can further be described by

Nc(1 —c)z?1%y

Ope = = Wy, (2.7)

where N is the number of cation sites per unit volume, ¢ is the cation site
occupancy, [ is the jump distance, y is a geometrical factor, k is Boltzman’s
constant, T is the temperature, and w, is the characteristic hopping frequency. w,

can further be described as

~ AGpy AS,, AH, -
wp = wp exp | ——=~ | = wo exp (== Jexp (==, (2.8)

where AG;, is the Gibbs free energy for hopping, AS; the hopping entropy, and
AH,the hopping activation energy. The concentration of mobile ions may be

thermally activated as well and is described as

~ AG,\ AS, AH, 09
C = Cgo exp _k_T —woexpTexp—kT , ()

where terms are as described above but now refer to the concentration of mobile

ions. Inserting Equations (2.8) and (2.9) into Equation (2.7), the dc conductivity

can be written

E
Opc = % exp (— k—“) (2.10)

and
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(2.11)

Co(1 — O)wyz?1?y ASy, + AS,
%= k ex (T)
and the transport activation energy is given by

E, = AH, + AH,. (2.12)
For a full derivation, see Almond, Duncan, and West.?

The simplest circuit model of ionic conduction in solid state materials is a
resistor in parallel with a capacitor, shown in Figure 2.4. In dielectric constant

representation

JEs
Wty

£=¢g — (2.13)
where 1, = ¢y&,/0, and g, is the direct current conductivity of the sample. The

frequency dependant conductivity of the sample is given by

o(w) = 0y + jwesgy. (2.14)
The dielectric constant as a function of frequency is shown in Figure 2.5. The

imaginary part of the dielectric constant continually increases as frequency
decreases, while the real part remains constant as a function of frequency. In the
complex Z* plane, however, a semicircle is traced out as a decreasing function of

frequency, as shown in Figure 2.6.
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Figure 2.4. Circuit model used to describe ionic conduction in solid state

materials.
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Figure 2.5. €’ (solid) and €” (dashed) as functions of frequency for circuit in
Figure 2.4.
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Figure 2.6. Impedance spectra of circuit shown in Figure 2.4.
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2.2. Apparatus for Measuring Proton Conductivity

Two devices for measuring the proton conductivity of fully hydrated
powder materials were sequentially constructed. Both devices were inspired by
Holmberg’s design with various modifications.®> The first apparatus, shown in
Figure 2.7, was designed for in situ measurement of sample thickness using a
digital micrometer. Powder samples were loaded into an insulating plastic sample
holder that was fitted with a platinum bottom contact. The plastic sample holder
snuggly fit into the center of the brass block. Kapton thin film heaters,
sandwiched between the internal brass block and the four attached cooling
radiators, were used to heat the sample. Each attached cooling radiator had an
inlet and outlet port for a cooling flow, if desired. The top contact was formed by a
platinum plate connected to a hollow plastic rod. Electrical contact to the bottom
contact was achieved through a BNC connector attached to a spring loaded tip
that touched the platinum plate through a small hole in the bottom of the plastic
sample holder. Electrical contact to the top contact was made by soldering a
wire, running through the hollow plastic rod, to the platinum contact. The white
block on the bottom of the apparatus was made from Teflon and electrically and

thermally insulates the sample from the holder and external environment.
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Figure 2.7. Apparatus constructed for variable temperature measurement of
proton conductivity of fully hydrated powder samples, with in situ sample

thickness measurement.
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A Watlow temperature controller, connected to a k-type thermocouple
inserted into a hold in the center brass block, was used to drive and control the
Kapton thin film heaters. Pressure was applied to the powdered sample using a
torque screwdriver to lower the micrometer piston onto the plastic probe through
an aluminum adapter.

While this apparatus was designed to meet the current and future needs
of the research effort, contact between the bottom platinum plate and small,
spring-loaded probe was not reliable, and the top platinum plate did not stay
attached to the plastic rod used to apply pressure to the sample. Further, upon
heating above room temperature, complete hydration of the sample was lost, and
the level of hydration was unknown. For these reasons, a simpler design was
used in which the sample was not heated, and only measured at room
temperature.

This second apparatus used the same aluminum frame and digital
micrometer to apply force to and compress the sample and measure the sample
thickness in situ. The sample holder was fabricated from Delrin plastic, and, like
Holmberg’s apparatus, had three chambers for simultaneous sample preparation.
In this case, 4 mm x 5 mm platinum cylinders were used as top and bottom
contacts. External contact with the bottom platinum cylinder was achieved with a
piece of copper foil sandwiched between the platinum cylinder and plastic bottom
of the apparatus, while electrical contact with the top platinum cylinder was
achieved by coupling the platinum cylinder to a stainless steel rod of the same

diameter with an axial set screw. A Teflon coupler was used between the
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stainless steel rod and the piston of the digital micrometer to ensure electrical
isolation of the sample. A picture is shown in Figure 2.8

Powdered samples were loaded into the sample holder on top of the
bottom platinum cylinder and gently compressed. Distilled, purified water was
then added and allowed to hydrate the sample for 60 minutes. This duration of
time was experimentally found to be sufficiently long for the sample to reach
equilibrium. The top platinum cylinder connected to the stainless steel rod was
then inserted and pressure was applied using a torque screwdriver to lower the

piston of the micrometer. A pressure of ~2000 psi was achieved.



ity

Stainless steel
rod

Digital
micrometer

Teflon coupler

Insulation bottom
Teflon block.

Copper foil for
making  contact
with Pt bottom
contact

powders. Electrical contact is achieved by clipping Solartron 1260 cables

stainless steel rod and copper foil.
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Figure 2.8. Apparatus for measuring proton conductivity of fully hydrated

to
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2.3. Apparatus for Variable Temperature/Humidity

Measurements

Because our initial attempts to build an apparatus to measure proton
conductivity as a function of temperature failed, a second device was constructed
for this purpose. A few literature reports performed impedance spectroscopy to
investigate the effect of hydration on conductivity (see Section 1.4.4.1.2, for
example) in freestanding pelletized samples, and this avenue was, therefore,
pursued. A Cincinnati Sub Zero temperature/humidity chamber was purchased to
control both the temperature and relativity humidity of the sample environment.
Another custom sample holder was constructed and is shown in Figure 2.9. The
sample holder was designed for the simultaneous loading of sixteen samples and

was constructed from Teflon.
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Figure 2.9. Sample holder for pelletized sample used in temperature/humidity

chamber. A pellet can be seen between two of the gold coated contacts.
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Gold coated, stainless steel electrodes were used to make contact with pelletized
samples. Pressure was maintained during measurement by spring loaded screws
that held the top Teflon blocks to the bottom Teflon plate, sandwiching the
contacts and sample in between.

Pelletization of samples proved extremely difficult, particularly for
hydrophobic samples, and achieving mechanically stable pellets without cracks
and defects proved challenging. Once pellets were prepared, gold contacts were
formed on pellet surfaces using shadow masks and thermal evaporation or
sputtering. Pellets were then loaded into the sample holder which was hung in
the temperature/humidity chamber. Electrical contact to each of the 32 electrodes
was achieved by a high-temperature compatible coaxial cable running from
inside the chamber, through a foam plug, out to the external laboratory
environment. A Solartron 1260 was then manually connected to two of the
coaxial cables, uniquely addressing an individual sample for measurement.

While this arrangement did allow for nearly simultaneous characterization
of 16 samples in a temperature- and humidity-controlled environment, at elevated
relative humidity and temperature, samples became mechanically unstable, and
peeling of the gold contacts and loss of structural integrity was observed. While
pellets did not often fall apart, impedance was not a stable function with time at a
given temperature and relative humidity. The impedance of a representative

sample over 3.5 days is shown in Figure 2.10.
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Figure 2.10. Impedance as a function of time at 65 °C and 95% relative humidity

over 3.5 days.
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2.4. Apparatus for Measuring lon Conductivity

For measurement of ionic conductivity in microporous materials, all water
must be removed from the pores as the presence of any water has been
observed to significantly affect the conductivity. A vacuum system with a heater
capably of elevating and controlling the sample temperature over the range 25-
500 °C is, therefore, necessary to dehydrate samples and maintain a water-free
environment for the duration of measurement. Furthermore, the sample holder
must be capable of withstanding these temperatures. To meet these
requirements a vacuum chamber and turbomolecular pump were purchased and
a custom probe was constructed. The vacuum chamber is shown in Figure 2.11
and is capable of reaching vacuum levels of ~10® Torr. The sample holder is
shown in Figure 2.12. A ceramic fiber heater (Watlow) is mounted inside the
vacuum chamber to heat the sample. The inside bore is 3" and the outside pore
of the sample holder is 2.5, minimizing the vacuum space between the heater
and sample and maximizing radiative heating. The heater temperature is
adjusted and maintained by a Watlow temperature controller, using temperature
data from a thermocouple mounted in the sample holder. The sample holder

slides into the top of the vacuum chamber, down into the ceramic fiber heater.
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Figure 2.11. Vacuum chamber used for dehydration and characterization of

pelletized samples.
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The sample holder began as a Novocontrol BDS1200, but was modified to
achieve higher temperature operation. The lower half of the BDS1200 was
replaced by a custom manufactured alumina holder with platinum electrodes and
is shown in Figure 2.12. The alumina shielded thermocouple passes through the
bottom alumina disc and approaches the bottom platinum contact from the
bottom up. Electrical connection to the bottom contact is made by the indicated
Pt wire which was attached by welding. A Pt wire running through the inside of an
alumina tube wire welded to the Pt rod is used to contact the top of the sample. A
sliding bushing (not visible) loads the visible spring to apply gentle force to the
sample, through the Pt rod used to make electrical contact to the sample. A set
screw holds the bushing vertically in place, keeping constant downward force on
the spring. Connection to the top of the BDS is achieved using 3 mm gold plated
banana connectors attached to the platinum wires from the top and bottom
contacts. The BNC connectors of the BDS1200 then connect the sample to the
frequency response analyzer (Solartron 1620 and Solartron 1296), through the
aforementioned hardware. The alumina and platinum construction of the probe
allow for high temperature, inert operation, without contamination from other
metal sources, which was an issue when using the original BDS1200 sample
holder. A second top contact was also constructed for the measurement of
powdered samples and replaced the alumina tube with the Pt rod with a longer
alumina tube having a flat, circular Pt plate on the bottom, mirroring the bottom
contact shown in Figure 2.12 and producing a 1 cm diameter parallel plate

capacitor structure. Powdered material was held in place by a quartz tube with an



84
internal diameter of 1 cm and pressure was applied using the described bushing

and spring.
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Figure 2.12. Sample holder for pelletized samples.
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2.5. Measurement with Interdigitated Electrode Structures

Interdigitated electrode (IDE) structures, shown in Figure 2.13 were
purchased from Novocontrol and used in an effort to help understand the
features observed in modulus spectra of Na-X. Further discussion of this is
presented in the following section. A vacuum system was constructed for
characterization of the IDE chips and is shown in Figure 2.14. The IDE chips
have three terminals, two used for characterization and the third for electrically
grounding the guard ring on the chip. Watlow Firerod heaters in a copper block
mounted inside the vacuum chamber (not shown) heat the IDE structure, which
is held to the copper block by custom machined clips. Temperature is monitored
and controlled by a Watlow temperature controller connected to a k-type
thermocouple inserted into the copper block. Samples are prepared by slurrying
Na-X in ethanol and applying a few drops of the slurry from a pipette onto the
IDE structure. Vacuum was applied and samples were dehydrated at 250 °C
under a low flow of argon. While a higher temperature was desirable, the IDE

structures cannot survive higher temperatures.
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Figure 2.13. Interdigitated gold electrode structure purchased from Novocontrol.
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Figure 2.14. Vacuum chamber for characterizing IDE structures.
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2.6. System Qualification and Analysis

In a series of papers on ionic motion in zeolites,*” it was suggested the
presentation of data in the modulus representation, Equation (2.15), and in
particular the imaginary part of the modulus, M” as a function of frequency, rather
than traditional impedance (Z*) data, allowed for more straightforward
visualization of ionic conduction and local relaxations. In Equation (2.15) i is the
square root of -1, w is the frequency in radians per second, Cy is the empty cell

capacitance, M* is the complex modulus, and Z* is the complex impedance.

M* = iwCyZ* (2.15)

A further article on ion conductivity in ETS-10 also uses modulus
representation, and presents data on sodium exchanged zeolite X and ETS-10.2

In the investigation of ionic conductivity in VPI-9, it was of interest to first
repeat literature results from the aforementioned papers on Na-X as a system
check, but this was found this to be a non-straightforward process. Figure 2.15
shows M” data from a pressed pellet of Na-X with sputtered gold contacts,

recorded at 303 K.
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Figure 2.15. Imaginary part of the modulus as a function of frequency for

a hydraulically pressed pellet of Na-X with sputtered gold contacts.
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An intense peak at high frequency is clearly seen, which has been
previously attributed to the local motion of a sodium ion within the large a cages
in zeolite X.” The peak (or hump, rather) at low frequency, however is not well
resolved from the large, high frequency peak, as in references 4 and 6. This was
troubling at first, but further experimentation revealed the answer. Figure 2.16
shows M” spectra of Na-X powder, held between two platinum discs in vacuum,
at various temperatures, and in this case two well resolved peaks are observed.
The low frequency peak has been attributed to the long range ionic conduction
process,” but the full interpretation is more complex, and will be discussed
shortly. Finally, Figure 2.17 shows M” data for Na-X powder drop-cast from an
ethanol slurry onto an interdigitated electrode (IE) structure (Novocontrol). The
sample was dehydrated in vacuum to remove water and ethanol, and
contributions to the spectra from the IE substrate have been subtracted. Again,
two well resolved peaks are observed, with nearly equal peak heights. Pressed
pellets of NaX without sputtered contacts were also characterized by directly
sandwiching them between two Pt electrodes, and spectra similar to those show

in Figure 2.16, but with less peak separation, were observed.
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Figure 2.16. M” spectra of Na-X powder held between two circular Pt plates.
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Figure 2.17. M’ spectra for Na-X powder drop-cast from ethanol onto

interdigitated electrode structure. Measurement performed in vacuum at 25 °C.
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Circuit models are often used to describe the physical processes occurring
in ionic conductors and the most common element is the parallel combination of
a resistor and a capacitor. The M” spectra for Na-X can be modeled using two of
these elements in series, one element corresponding to the motion of a sodium
ion in an a cage and one to represent the long range process (such as DC

conduction).®

To illustrate how circuit model parameter values (R; and C;) influence the
fitting of data, and to help elucidate the nature of the variation in shape and
position of the low frequency peak, Mathematica was used to plot M” as a
function of frequency. This is shown in Figure 2.18, along with the circuit model
used to generate the appropriate equations (by taking the Laplace transform of
the appropriate transfer function). In the M” spectra, each RC parallel element
corresponds to one of the peaks.

In Figure 2.18 a) and b) R2 and C2 are constant and correspond to the
high-frequency peak. In a), however, a smaller value of C1 and larger value of
R1 are used than in b). The peak position in frequency is controlled by the value
R1, larger values of R1 shifting the peak to lower frequencies. The height of the
peak is controlled by the value C1, smaller values of C1 increasing the peak

height.
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Figure 2.18. M” spectra calculated and plotted using Mathematica. Inset of a) is

equivalent circuit model used to generate modulus plots.
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Recall that the M” spectra for a pressed pellet with sputtered contacts
looks like Figure 2.18b) while spectra of Na-X powder held between two Pt
plates, Na-X powder drop cast onto IE electrodes, and pressed pellets of Na-X
without sputtered electrodes more closely resemble Figure 2.18a). Poor
interparticle contact, particularly in the non-hydraulically pressed powder samples
and poor particle contact with the electrodes in all three latter cases significantly
increase the value of R1, which can be thought of as an overall resistance of the
sample (corresponding to long range ionic conductivity in the absence of these
parasitic effects). The increase in R1 causes peak separation in frequency. In the
latter three cases, C1, some overall capacitance, decreases with the addition of
more series capacitors arising from an increase in space between particles and
poor interfacial contact with the gold or platinum electrodes.

It should be noted that the high-frequency peak in Na-X samples appears
at the same frequency for a give temperature for all methods of characterization,
indicating true intragrain or intracage ion motion, as was previously suggested.’

While presenting data in M” representation is useful for over-emphasizing
high frequency data and, therefore, studying internal processes that may occur
very quickly, eliminating parasitic impedances by pressing pellets and forming
intimate electrical contacts is more appropriate for extracting values of ionic
conductivity from microporous and zeolite materials. (Nearly all reviewed
literature on solid electrolytes reports on sintering powders and either painting on
metallic contacts from Pt paste or using a physical vapor deposition technique to

apply intimate metallic contacts.)
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3. Proton Conductivity in Sulfonic Acid-Functionalized

Zeolite Beta: Effect of Hydroxyl Group

3.1. Abstract

The effect of hydroxyl group density on the proton conductivity in a model
family of sulfonic-acid functionalized microporous materials with the *BEA
framework topology is investigated. Nanocrystalline zeolite beta samples with a
high concentration of hydroxyl groups are synthesized from tetraethylammonium
hydroxide and aluminum containing gels and exhibit proton conductivity of
~5 x 10 S/cm. Pure silica zeolite beta with a nearly defect-free structure (low
hydroxyl group density) is synthesized from tetraethylammonium fluoride
containing gels and exhibits proton conductivity an order of magnitude lower,
~5 x 10 S/cm, than the samples with a high —OH density. Acetic acid at 80 and
135 °C is used to post synthetically “anneal” the framework of the zincosilicate
zeolite beta analog, CIT-6, to produce pure silica materials with high and low
concentrations of hydroxyl groups, respectively, to further confirm the effect of
hydroxyl group density. CIT-6 treated at 80 °C (high —OH concentration) exhibits
a proton conductivity of ~5 x 107 S/cm, while the proton conductivity of CIT-6
annealed at 135 °C (less defective framework and lower —OH density) is reduced
to ~1 x 10 S/cm. In this family of sulfonic-acid containing materials it is,
therefore, desirable to maximize the hydroxyl group density to best enhance the
measured proton conductivity. This is presumably due to the formation of a more

complete hydrogen-bonded water network inside the pores.

Reproduced in part with permission from Chemistry of Materials, 20, 2008, 3791.
Copyright 2008 American Chemical Society.
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3.2. Introduction

Direct methanol fuel cells (DMFC’s) and proton exchange membrane fuel
cells (PEMFC’s) have received considerable attention throughout the past
decade because they are considered promising energy conversion devices for
automobiles, homes and portable electronics. One of the critical components of
these fuel cells is the proton conducting membrane electrically separating the
anode from the cathode, and Nafion is the standard for new materials
comparison. Nafion, while exhibiting excellent proton conductivity at low
temperatures and high levels of hydration (~10" S/cm under conditions
comparable to those used herein), has drawbacks including measurable
methanol crossover and loss of hydration and proton conductivity at
temperatures above 100°C. To address some of these issues, a number of

5

reports suggest using various additives including metal oxides,'® clays,®

7-11 12-15

mesoporous materials’™ ' and zeolites.

Among the oxide additives, acid functionalized mesoporous silicas and
zeolites are advantageous because of their high acid strength (e.g., -SO3zH),
adjustable acid group density, and the possibility to decrease methanol crossover
and increase water retention at high temperature while allowing fast proton
transport through the pore space. Acid functionalized mesoporous materials (by
grafting or co-condensation) are used as solid catalysts, but only a few studies
focus on their proton conducting properties.®'%'%?2 QOrganically functionalized

zeolite beta was first synthesized in our lab for catalysis applications nearly a

decade ago.?® Holmberg and co-workers investigated this solid as a potential
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proton conducting material.?* In their report, they synthesized zeolite beta
containing phenethyl moieties from synthesis gels containing varying amounts of
aluminum and suggested, after sulfonation of the phenyl ring, possible
cooperativity between the negatively charged aluminum framework sites
(counterbalanced by a proton or tightly bound tetraethyl ammonium ion, TEA")
and the strong Bronsted acidity of the sulfonic acid in generating the observed
proton conductivity, as the sample with the highest measured proton conductivity
was crystallized from a synthesis gel having the lowest SiO,/Al,O3; ratio
(SiO2/Al,0O3 denoted here by X).

One goal of this study is to test the hypothesis of cooperativity between
the sulfonic acid sites and the framework acid sites generated by framework
aluminum by synthesizing molecular sieves with the *BEA framework that
contained both sulfonic acid groups and varying concentrations of framework
aluminum sites by either direct synthesis, as in the case of nanocrystalline beta,
or by post synthetic insertion of aluminum in the hydroxyl nests left by the
removal of framework zinc in CIT-6 (the zincosilicate analog to zeolite beta).?® As
shown below, framework aluminum is not maintained upon generation of the
sulfonic acid sites. Instead of generating a series of samples with variable
aluminum contents, the solids ended up being a series of samples that possess
significantly different amounts of hydroxyl groups. Thus attention is paid to the
effects of the hydroxyl group in the materials by choice of synthesis method and
post synthesis "annealing” of the framework silanols. Namely, sulfonic acid

functionalized and unfunctionalized molecular sieves with the *BEA framework
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topology (pure silica, ammonium, or proton exchanged) are prepared, and
conductivity results are compared to sulfonic acid functionalized MCM-41.
Furthermore, ammonium and proton exchanged nanocrystalline zeolite beta are
investigated in an attempt to separate factors that contribute to the observed

proton conduction, and to better design future materials.
3.3. Experimental

Tetraethylammonium hydroxide (35 wt%) (TEAOH), aluminum powder,
fumed silica, zinc acetate dehydrate, Ludox® HS-40, pure silica MCM-41, and
tetraethylammonium fluoride were purchased from Aldrich. Lithium hydroxide and
tetraethylortho silicate (TEOS) were purchased from Fisher. Phenethyltrimethoxy
silane (PETMS) was purchased from Gelest.

Nanocrystalline aluminosilicate (SiO2/Al,O3 = x) zeolite beta was
synthesized by a previously published procedure.?*?® The final molar gel
composition was 1.0 Al,O3:(v*(1-w)) SiOz:(v*w) PETMS:(0.26*v+1) TEAOH:15*v
H2O where v ranged from 50 to 1000, and w was 0 or 0.025 (2.5% Si coming
from the PETMS). Half of the TEAOH was combined with the desired amount of
aluminum powder. The other half of the TEAOH was combined with water and
fumed silica. Both mixtures were stirred until all aluminum had dissolved. The
mixtures were then combined and stirred with a Teflon coated stir bar for one
hour. PETMS was then added, if desired, and the sample was stirred for one
more hour. The gel was then loaded into Teflon lined stainless steel autoclaves
(Parr). Typical crystallization parameters were 7 days at 140 °C with rotation at

~60 RPM. Crystallization products were collected by centrifugation, 1 hour at
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50,000 g, and dried at 100 °C. PE containing samples (PE-BEA-x) were treated
with 96 wt.% H,SO, at 80 °C for 24 hours to remove the TEA'(OH’). The
extraction was repeated 2-3 times to ensure maximum removal of the structure
directing agent (SDA). Following extraction, samples were dried at 110 °C under
a rough vacuum and subsequently sulfonated by reaction with oleum for 12
hours at room temperature. See Figure 3.1. Oleum treated samples (S-PE-BEA-
x) were quenched by addition to 500 mL of cold water followed by filtration and
washing with at least 2 L of water. Samples were further washed by repeated
sonication/centrifugation while monitoring the effluent pH. Samples were washed
until the effluent pH was the same as the washing water (and until measured
conductivity values did not change with subsequent washing). Non PE containing
samples (BEA-x) were calcined at 550 °C in flowing air. The temperature was
increased to 550 °C over 6 hours and then held at 550 °C for another 6 hours.
Ammonium exchange was accomplished by contacting the samples with 1 M
NH4Cl at 90 °C for 24 hours. The supernatant was poured off and fresh solution
was added 2-3 times to ensure maximum exchange. Samples were then
collected by filtration, washed and dried at 100 °C. Thermal desorption of

ammonia at 400 °C was used to produce proton exchanged samples.
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Figure 3.1. PETMS was incorporated into the pores of zeolite beta, or grafted

onto the pore walls of MCM-41, and sulfonated using oleum.
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Micrometer-sized pure silica beta (PS-BEA) was synthesized by dissolving
the required amount of tetraethylammonium fluoride in water (6.25g TEAF/7.75 g
water). Tetraethylorthosilicate and PETMS were then added and the initially 2-
phase mixture was aggressively stirred for 12-24 hours. The resulting creamy
white slurry was rotovaped to remove ethanol and excess water, and the
appropriate amount of water was added back to the solution so that the final gel
had a molar composition of 0.55 TEAF:x PETMS:(1-x) SiO, (TEOS): 7.25 H,O0.
The thick gel was loaded into Teflon lined stainless steel autoclaves and heated,
with rotation, in a convection oven to 140 °C. Crystallization time for non
functionalized material was 5 days while phenethyl functionalized samples
required 27 days®"%. Crystallization products were collected by filtration, washed
with water and acetone, and dried at 100 °C. Aforementioned calcinations
procedures were used to remove the SDA from non functionalized materials. PE
functionalized materials were contacted with 1:1 (by volume) glacial acetic
acid:water mixtures for 24 hours at 80 °C to remove occluded SDA molecules.
The extraction procedure was repeated 2 to 3 times to ensure maximum removal
of the SDA. The same procedure as described above was used to sulfonate the
phenethyl groups.

CIT-6>%° and PE-CIT-6 were synthesized by dissolving lithium hydroxide
and tetraethylammonium hydroxide in water. Zinc acetate dihydrate was then
added and the mixture was stirred until all solids were dissolved. Dupont HS-40
silica was then added and the mixture was stirred for one hour. PTEMS was

added and the mixture was stirred for another two hours. If no PETMS was
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added, the mixture was stirred for a total of two hours. The final gel composition
was 0.05 LiOH:0.65 TEAOH:0.03 Zn(CH3COOH),:2H,0:y PETMS:(1-y) SiO,:30
H.O, where y was 0 or 0.025. The resulting clear liquid was loaded into Teflon
lined stainless steel autoclaves and heated statically for 165 hours at 140 °C in a
convection oven. Crystallization products were collected by filtration, washed with
water and acetone, and dried at 100 °C. Non PE functionalized samples were
calcined according to the aforementioned procedure. PE containing samples
were extracted 2 to 3 times using the aforementioned acetic acid:water method.
PE groups were sulfonated per the previously described method.

Phenethyl groups were grafted onto the surface of MCM-41 using the
following procedure. MCM-41 (1 g) was dispersed into 100 mL toluene for 10
minutes with stirring. 4 mmol PETMS/g MCM-41 was added by syringe to the
dispersion and the mixture was allowed to stir for 1 hour before the temperature
of the oil bath was increased to 110 °C, causing the toluene to reflux. The
grafting procedure was allowed to proceed for 24 hours. Grafted samples were
collected by filtration and subsequently washed with 1 L of toluene (2 x 500 mL),
1 L of ethanol (2 x 500 mL), and 2 L of acetone (4 x 500 mL). The
aforementioned oleum procedure was used to sulfonate the PE groups.

29Si CPMAS and *C CPMAS NMR spectra were recorded using a Brucker
Avance 200 MHz ('H) spectrometer and 7 mm zirconia rotors. TGA data were
collected using a Netzsch STA 449 C and Pt/Rh samples dishes. Powder X-ray
diffraction patterns were obtained using a Scintag XDS 2000 with Cu k-a

radiation.
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The apparatus to measure proton conductivity consisted of a Delrin
sample holder with 4 mm diameter sample wells and was discussed in Chapter
2. All samples were thoroughly washed and allowed to equilibrate with bulk water
prior to measurement. Samples were compressed, after hydration with water,
between two 4 mm diameter Pt cylinders using a torque screwdriver. A digital
micrometer was connected to, but electrically isolated from, the Pt cylinders for in
situ sample thickness measurement. Samples were compressed to 80 in-oz
(~2000 psi) and held at this pressure for the duration of the measurement. A
schematic of the sample holder is shown in Figure 3.2. Impedance spectroscopy
was performed with a Solartron 1260 frequency response analyzer, and the
conductivity calculated from the low frequency intersection of the semicircular arc
with the real axis. At lower frequencies, a straight line routinely attributed to
electrode polarization was observed (not shown). Attempts were made to
characterize freestanding pellets with evaporated gold contacts in a controlled
temperature-humidity chamber, but the pellets lost mechanical integrity at
elevated temperatures and humidities, even when held between gold, platinum,
or stainless steel plates.
Aluminum reinsertion into S-PE-CIT-6 extracted with acetic acid at 60 and
80 °C was attempted using AI(NO3)3-9H,0 according to a previously published

procedure.?®
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Figure 3.2. Sample holder used for proton conductivity measurements. Powder
samples were loaded on top of the bottom Pt contact and allowed to equilibrate
with water. The top contact was then inserted and the sample was compressed
by applying torque to the micrometer with a torque screwdriver. An aluminum
frame (not shown) held the structure in place, and the micrometer was zeroed

before loading each sample.
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3.4. Results and Discussion

Zeolite beta synthesized from gels containing tetraethylammonium
hydroxide as the structure directing agent is known to have a high density of
internal hydroxyl group nests,?® and the removal of framework aluminum only
increases this density. Similarly, when CIT-6 is treated with acetic acid at 80 °C,
hydroxyl nests remain and the material is hydrophilic, but when treated with
acetic acid at 135 °C the hydroxyl nests are annealed and the material becomes
hydrophobic.?®> In contrast, pure silica zeolite beta crystallized from fluoride
containing gels is known to possess many fewer hydroxyl defects®® than the
corresponding hydroxide-based synthesis product and is hydrophobic. For
comparison, MCM-41 has many dangling hydroxyl groups and is hydrophilic. As
shown and discussed below, the presence of hydroxyl groups is pivotal in
achieving high proton conductivity, presumably due to the formation of a more
complete hydrogen bonded water network in the materials with many dangling
—OH, and better water saturation inside the molecular sieves.

Samples were characterized by powder X-ray diffraction (XRD) (Figure
3.3), thermogravimetric analysis (TGA) (Figure 3.4), *C CPMAS NMR Figure
3.5), and ?°*Si CPMAS NMR (Figure 3.6). Silicon and aluminum contents were
obtained by energy dispersive spectroscopy (EDS). To estimate acid loading,
samples were titrated with 0.01 N NaOH followed by back titration with 0.01 N
HCI.

From the EDS results shown in Table 3.1, it is observed that aluminum

has been incorporated into as-made and calcined nanocrystalline beta samples
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produced from aluminum containing gels (shown below for non-PE containing
samples H-BEA-X and NH4-BEA-X, but also true for PE containing samples prior
to sulfuric acid treatment). While the SiO»/Al,O3 ratio is greatly varied in the gels,
a much narrower range is observed in the crystallized powders, and lower yields
based on SiO, are observed with decreasing gel aluminum content. Treatment
with sulfuric acid, however, removes aluminum from the framework, in addition to
most of the TEA'. Some residual TEA" exists, and may be bound to framework
defects. Treatment of the zincosilicate CIT-6 with acetic acid removes framework
zinc®®, and ?’Al MAS NMR indicates almost no reinsertion of aluminum into
sulfonic acid functionalized CIT-6 (S-PE-CIT-6). We have yet to find a successful
method for producing zeolite beta containing both organic sulfonic acids and
framework aluminum (acid) sites.

Proton conductivities, sample and gel SiO,/Al;03, and acid loadings from
TGA and titration are presented in Table 3.1 for the investigated samples. For
comparison, the conductivity of as-made samples (containing ~20 wt % SDA) are
presented in Table 3.2.

Acid site amounts from TGA and titration are in reasonable agreement
and the acid density from sample to sample, and between synthesis methods, is
consistent. Samples with many hydroxyl groups show slightly higher loading by
titration than by TGA (S-PE-BEA-X, S-PE-CIT-6_80AA, S-PE-MCM-41) when
compared to samples with fewer hydroxyl groups (S-PE-PS-BEA, S-PE-CIT-

6_135AA), possibly due to deprotonation of some of the hydroxyl groups.
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Figure 3.3. X-ray diffraction data from i) as-synthesized samples. a. Pure silica
zeolite beta (PS-BEA), b. PE functionalized pure silica zeolite beta (PE-PS-BEA),
c. PE-CIT-6, and d. PE-BEA-100 (PE functionalized nanocrystalline beta
synthesized from a gel with a SiO»/Al,O3 = 100). li) Sulfonated samples. a. S-PE-
PS-BEA, b. S-PE-CIT-6, c. S-PE-BEA-100. Inset shows S-PE-MCM-41

(sulfonated, PE grafted MCM-41).
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Figure 3.4. Thermogravimetric analysis traces of a. acetic acid extracted PE-PS-
BEA, b. S-PE-PS-BEA, c. S-PE-CIT-6 (from 80 °C acetic acid extraction), d. S-
PE-BEA-100, e. S-PE-MCM-41, f. as made PE-PS-BEA. Mass loss between 400
and 700 °C is attributed to combustion of the PE or S-PE groups. Mass loss
under 200 °C is attributed to water and water bound to the sulfonic acid groups.
The two mass losses in curve f are attributed to the combustion of TEAOH and

TEA". A small amount of tightly bound TEA" is observed in curves b, ¢, and d.
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Figure 3.5. *C CPMAS NMR spectra of a. PE-MCM-41, b. acetic acid extracted
PE-PS-BEA, c. acetic acid extracted (80 °C) PE-CIT-6, d. oleum treated
(sulfonated) S-PE-MCM-41, e. oleum treated S-PE-PS-BEA, f. S-PE-CIT-6. Upon
sulfonation, the aromatic peak at 140 ppm splits into two peaks at 133 and 145

ppm. The peak at 47 ppm in spectrum a is a spinning side band. Residual TEA"

peaks are evident at 1 ppm and 48 ppm in spectra b, c, e, and f.
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Figure 3.6. 2°Si CPMAS NMR spectra of a. PE-MCM-41, b. acetic acid extracted
PE-PS-BEA, c. sulfuric acid extracted PE-BEA-100, and d. acetic acid extracted
(80 °C) PE-CIT-6. T3 peaks are evident at -70 ppm in zeolite samples, while T3,
T2, and T1 peaks appear in PE grafted MCM-41. Q peaks appear at more

negative chemical shifts.
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Table 3.1. Summary of sample characterization and proton conduction data.

Si0,/A1,05 Si0,/A1,05 TGA Titration

Sample o (S/cm) (EDS) (rxn mixture) (mmol/g) (meq/g)
PS-BEA 8.8E-06 0 0 - -0.003
O-PS-BEA 2.3E-05 0 0 - 0.0012
S-PE-PS-BEA 5.4E-04 0 0 0.17 0.18
BEA-50 80SA 1.1E-05 0 50 - -
BEA-400 80SA 6.4E-06 0 400 - -
BEA-1000_80SA 1.7E-05 0 1000 - -
NH4-BEA-50 2.8E-03 30 50 - -
NH4-BEA-100 1.2E-03 73 100 - -
NH4-BEA-400 2.3E-03 69 400 - -
NH4-BEA-1000 1.2E-03 65 1000 - -
H-BEA-50 7.0E-04 35 50 - -
H-BEA-100 6.1E-04 75 100 - -
H-BEA-400 4.8E-04 60 400 - -
H-BEA-1000 3.1E-04 86 1000 - -
S-PE-BEA-50 4.9E-03 0 50 0.19 0.23
S-PE-BEA-100 6.7E-03 © 100 0.24 0.30
S-PE-BEA-400 6.8E-03 0 400 0.51 0.78
S-PE-BEA-1000 4.5E-03 0 1000 0.23 0.24
S-PE-CIT-6_80AA 6.8E-03 oo* 33%* 0.23 0.29
S-PE-CIT-6_135AA 1.2E-03 0¥ 33* 0.24 0.23
MCM-41 2.9E-05 - - - 0.0055
O-MCM-41 1.5E-05 - - - 0.0052
S-PE-MCM-41 8.3E-03 - - 0.59 0.87

oo* - for zincosilicate, dash line — not measured, oo — no Al detected, PS — pure-silica from
fluoride synthesis, O — oleum treated, 80SA — extracted with 18 M H,SO4at 80 °C, NH4
— ammonium exchanged non-functionalized, H — proton exchanged non-functionalized,
PE — Phenethyl functionalized, S — sulfonated with oleum, 80AA and 135AA —extracted
with acetic acid at 80 and 135 °C
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Table 3.2. Conductivity of as-made samples from gels with the indicated

SiO,/Al, O3 ratios. Typical SDA content is 20 wt%.

Sample ldentity Conductivity (RT/FH) (S/cm)
PE-PS-BEA 9.7E-05
PS-BEA 1.6E-04
BEA-50 1.9E-04
PE-BEA-50 1.7E-04
BEA-100 2.2E-04
PE-BEA-100 1.1E-04
BEA-400 1.8E-04
PE-BEA-400 4. 8E-05
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Examining the results in Table 3.1, unfunctionalized samples that do not
contain aluminum in the framework (PS-BEA, O-PS-BEA, BEA-X_80SA, MCM-
41, O-MCM-41) exhibit a conductivity of ~10° S/cm\ regardless of the
hydrophilicity/hydrophobicity as no proton donating sites exist. Treatment of
MCM-41 and PS-BEA with oleum does not significantly affect the measured
conductivity, nor does the small amount of residual SDA, as sulfuric acid treated
samples (BEA-X_80SA) exhibit conductivities similar to that of calcined PS-BEA.
Zeolite beta samples containing tetrahedrally coordinated aluminum
counterbalanced by a proton (H-BEA-X) exhibit conductivity ~5*10* S/cm, and a
slight trend of increasing conductivity with increasing aluminum content is
observed as has been previously shown for ZSM-5.2"32 Ammonium exchanged
samples (NH4-BEA-X) exhibit higher conductivity values (1-2*10° S/cm) than
those in the proton form in accordance with other reports using impedance
spectroscopy®? and NMR.* Direct current electrochemical®* and NMR*® results
suggest that ammonium ions move by vehicular motion (chemical diffusion), and
that hydrated ammonium exchanged zeolites should exhibit greater conductivity
than hydrated, proton exchanged zeolites.*

The incorporation of phenyl sulfonic acid groups into hydrophilic
nanocrystalline zeolite beta (S-PE-BEA-X) further increases the proton
conductivity to ~5*10° S/cm. Regardless of the aluminum content in the
synthesis gel, no aluminum is detected by EDS in the sulfonated samples, and
no significant difference in the measured conductivity values is observed among

samples crystallized from synthesis gels containing differing amounts of
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aluminum. In attempts to study cooperativity, however, it is observed that phenyl
sulfonic acid-containing pure-silica beta (S-PE-PE-BEA, synthesized out of
fluoride containing media) exhibits proton conductivity an order of magnitude
lower than phenyl sulfonic acid-containing beta synthesized from TEAOH
containing gels even when their acid loadings are similar. This may be due to the
hydrophobicity/hydrophilicity of the pores, as the formation of a hydrogen bonded
water network is important for fast proton hopping by the Grotthiss mechanism.
Pores with many hydroxyl defects hold more water than defect-free pores,
leading to a more “complete” hydrogen bonding network available for proton
hopping. Results using phenyl sulfonic acid-containing CIT-6 further strengthen
this hypothesis. S-PE-CIT-6 treated with acetic acid at 80 °C exhibits a proton
conductivity similar to S-PE-BEA-X (X = 50, 100, 400, 1000). S-PE-CIT-6 from
the same synthesis batch treated with acetic acid at 135 °C, however, shows
conductivity a factor of 5 lower than the S-PE-BEA-X samples, and more closely
resembles the conductivity of S-PE-PS-BEA. Additionally, phenyl sulfonic acid
functionalized MCM-41 (S-PE-MCM-41) exhibits a conductivity value
approximately that of S-PE-BEA-X. The acid loading by TGA and titration is
slightly higher for S-PE-MCM-41, potentially leading to the slightly greater

conductivity when compared to the S-PE-BEA-X samples.

3.5. Conclusion

In conclusion, it is shown that the incorporation of phenyl sulfonic acid
groups into the pores of zeolite beta is more important for enhanced proton

conductivity than framework alumina (in either the proton or ammonium
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exchanged form) and that the conductivity observed in these samples does not
arise from a cooperative effect between the bound organic sulfonic acid groups
and the aluminum acid sites. Furthermore, the presence of framework hydroxyl
groups is necessary for increasing the proton conductivity through the formation
of a better hydrogen bonding water network in the pores leading to faster

GrotthUss transport of the mobile protons.
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4. Proton Conductivity of Acid Functionalized Zeolite

beta, MCM-41 and MCM-48: Effect of Acid Strength

4.1. Abstract

Organically functionalized pure-silica zeolite beta, MCM-41, and MCM-48
samples containing phenyl sulfonic acid, propyl sulfonic acid, ethyl phosphoric
acid, or ethyl carboxylic acid are prepared to test the effects of pore structure,
pore dimensionality, and acid strength on proton conductivity. Four organic
silanes are incorporated into pure-silica zeolite beta by direct synthesis, and
grafted onto the surfaces of calcined MCM-41 and MCM-48. Post synthetic
chemical reaction of the attached organic moieties creates acid functional groups
and the resulting solid acids are investigated for their ability to transport protons.
As may be expected, proton conductivity of the solid samples decreases with
decreasing strength of the organic acid in solution. Acid functionalized pure-silica
*BEA materials exhibit the lowest proton conductivities for each functionality
when compared to MCM-41 and MCM-48 with the same organic functionality,
and acid functionalized MCM-48 samples exhibited higher proton conductivity
than the corresponding MCM-41 samples. Functionalized mesoporous materials
are more conductive than similarly loaded pure-silica zeolite beta because of the
presence of surface hydroxyls, and pure-silica nanocrystalline beta with a high
density of surface hydroxyls exhibits nearly the same conductivity as similarly

functionalized MCM-48.

Reproduced in part with permission from Chemistry of Materials, 20, 2008, 5122.
Copyright 2008 American Chemical Society.
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4.2. Introduction

Direct methanol fuel cells (DMFCs) and hydrogen proton exchange
membrane fuel cells (PEMFCs) are two types of fuel cells where commercial
products have been developed, but have yet to find widespread deployment.
While these devices are compact, easily refuelable, and operate at comparatively
low temperatures, problems such as catalyst poisoning, methanol crossover, and
water management exist and are current topics of research. One important
component of both the DMFC and PEMFC is a protonically conducting but
electronically insulating membrane placed between the anode and cathode. To
minimize internal ohmic losses, the membrane must possess a high proton
conductivity, and is commonly formed from Nafion or other perfluorosulfonic acid
polymers. When fully hydrated, these polymers exhibit proton conductivities on
the order of 10"-102 S/cm. For hydrogen PEMFC without active humidification,
proton conductivity decreases rapidly with increasing temperature. For DMFC,
membrane swelling allows methanol diffusion directly from anode to cathode
decreasing cell efficiency.

To combat dehydration and methanol crossover, the addition of

101 to  the

amorphous'™®, mesostructured®™®, and microporous silicas
perfluorosulfonic acid polymer has been suggested. Silica based micro- and
mesoporous materials possess desirable traits including large internal surface
areas, mechanically stable frameworks, chemical inertness, and negligible

electronic conductivity. Furthermore, materials functionalized with organic

sulfonic acids (through co-condensation or grafting) have shown proton
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conductivities on the order of Nafion.”'%'® While a few reports address the use

"7 and a non-

of sulfonic acid functionalized mesoporous materials and zeolites,
porous organic carboxylic acid-containing silicate'® for fuel cell applications, no
reports are found on phosphoric and carboxylic acid containing zeolites or
mesoporous materials for use in fuel cell membranes. Further, there is little
information on how the pore structure (i.e., pore size and dimensionality) may
influence proton transport under conditions of similar acid loading. Here, zeolite
beta, MCM-41, and MCM-48 samples are compared to address the effects of
acid strength, pore size, and dimensionality on proton conductivity.

Organically functionalized zeolite beta (denoted BEA), MCM-41, and
MCM-48 containing phenyl sulfonic acid, propyl sulfonic acid, ethyl phosphoric
acid, or ethyl carboxylic acid were prepared to test the effects of pore structure
and acid strength on proton conductivity. Four organic silanes are incorporated
into pure-silica zeolite beta by direct synthesis, and grafted onto the surfaces of
calcined MCM-41 and MCM-48. The attached organic moieties are then

converted into acid functional groups and the resulting solid acids are

investigated for their ability to transport protons.
4.3. Experimental

Tetraethylammonium fluoride (TEAF), cetyl trimethylammonium bromide
(CTAB), 30 wt% hydrogen peroxide in water, and MCM-41 were purchased from
Aldrich. The organic silanes, phenethyltrimethoxy silane (PETMS),
mercaptopropyltrimethoxy silane (MPTMS), diethylphosphatoethyltriethoxy silane

(DEPTES), and 2-(carbomethoxy)ethyltrichloro silane (CMETCS), were
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purchased from Gelest. Potassium hydroxide was purchased from Fischer
Scientific.

Pure-silica beta was synthesized by dissolving the required amount of
tetraethylammonium fluoride in water (6.25 g TEAF/7.75 g water).
Tetraethylorthosilicate and the organic silane were then added and the initially 2-
phase mixture was aggressively stirred for 12-24 hours. The resulting creamy
white slurry was rotovaped to remove excess water, and the appropriate amount
of water was added back to the solution so that the final gel had a molar ratio of
0.55 TEAF: x Organic Silane:(1-x) SiOy: 7.25 H,0. x = 0.028 was used in the
preparation of all zeolite beta samples for this work, even though it appears from
TGA and titration that some samples have higher or lower loading in the
crystalline products. Previous experience in the group has shown that attempts to
incorporate higher organic loadings lead to less than 100% crystalline products.
The thick gel was loaded into Teflon-lined stainless steel autoclaves and heated,
with rotation, in a convection oven to 140 °C. Crystallization times for non
functionalized material was 5 days while phenethyl functionalized samples

required 27  days'®?

Crystallization  times  for  Mercaptopropyl,
diethylphosphatoethyl, and 2-(carbomethoxy)ethyl required approximately 50
days. Crystallization products were collected by filtration, washed with water and
acetone, and dried at 100 °C. Non-functionalized materials were calcined in
flowing air at 550 °C for six hours to remove the tetraethylammonium structure

directing agent (SDA). Organically functionalized materials were contacted with

1:1 (by volume) glacial acetic acid:water mixtures for 24 hours at 80 °C to
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remove occluded SDA molecules. The extraction procedure was repeated 2-3
times to ensure maximum removal of the SDA. To sulfonate PE functionalized
samples, ~1 g of PE-BEA was dried at 110 °C under rough vacuum and
contacted with ~25 g of oleum (fuming sulfuric acid) for 12 hours at room
temperature. The mixture was quenched by addition to 500 mL of cold water and
samples were further washed with at least 2 L of water (4 x 500 mL).
Mercaptopropy! functionalized samples were oxidized to propylsulfonic acids by
contacting ~1 g of MP-BEA with ~25 g of 30 wt.% for 12 hours at room
temperature. The mixtures were then filtered and dried at 100 °C and the
resulting powders were acidified with 1 M H,SO4 for 2 hours at room
temperature. Diethylphosphatoethyl groups were cleaved and converted to
phosphonic acid groups by refluxing ~1 g of diethylphosphatoethyl functionalized
beta in ~25 g of concentrated hydrochloric acid for 24 hours. Samples were
quenched in 500 mL of cold water and washed with at least 2 L of additional
water (4 x 500 mL). Finally, 2-(carbomethoxy)ethyl groups were converted to
carboxylic acids by stirring ~1 g of 2-(carbomethoxy)ethyl functionalized material
in 1 N hydrochloric acid for 24 hours. The powder was then filtered and rinsed
with at least 2 L of water (4 x 500 mL). Acid functionalities are shown in Figure
4.1.
MCM-48 was synthesized according to a published procedure.?’
Tetraethylorthosilicate, potassium hydroxide, and water were combined in a
Teflon jar and stirred for 10 minutes. Cetyl trimethylammonium bromide (CTAB)

was then added and the mixture was stirred for an additional 10 minutes before
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loading into a Teflon lined stainless steel autoclave. The final molar gel
composition was 1 SiO,:1 KOH:62 H,0:0.65 CTAB. After statically heating at
115 °C for 48 hours, the crystallization products were collected by filtration,
washed with 500 mL of water and 500 mL of acetone, and dried at 100 °C. CTAB
was removed from the pores of MCM-48 by calcination at 550 °C in flowing air.

Organic silanes were grafted onto the surfaces of MCM-41 and MCM-48
using the following procedure. Approximately 1 g of powder was dispersed into
100 mL toluene for 10 minutes with stirring. 0.30 mmol organic silane/g MCM-
41(8) was added by syringe to the dispersion, and the mixture was allowed to stir
for 1 hour before the temperature of the oil bath was increased to 120 °C,
causing the toluene to reflux. Higher loadings were also prepared during this
investigation by using up to 4 mmol organic silane/g MCM-41(8). The grafting
procedure was allowed to proceed for 24 hours. Grafted samples were collected
by filtration and subsequently washed with 1 L of toluene (2 x 500 mL), 1 L of
ethanol (2 x 500 mL), and 2 L of acetone (4 x 500 mL). The aforementioned post
treatments were used to functionalize or modify the attached organic moieties

shown in Figure 4.1.
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Figure 4.1. lllustration of the acid groups incorporated into zeolite beta, MCM-41,

and MCM-48.
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Attempts to synthesize hydrophilic, nanocrystalline zeolite beta (possibly a
better comparison to MCM-41 and MCM-48 as they are also hydrophilic,
containing many hydroxyls) containing mercaptopropyltrimethoxy silane,
diethylphosphatoethyltriethoxy silane, or 2-(carbomethoxy)ethyltrichloro silane,
led to crystallization without any incorporated organic. This difficulty may arise
from the crystallization kinetics associated with the use of TEAF versus TEAOH.
Synthesis of pure silica BEA containing phenethyltrimethoxy silane requires
approximately 27 days, while mercapto propyltrimethoxy  silane,
diethylphosphatoethyltriethoxy silane, or 2-(carbomethoxy)ethyltrichloro silane
require nearly twice that time in comparison to the much shorter crystallization
times required for nanocrystalline (PE and non-PE containing), 5 days.

295i CPMAS and *C CPMAS NMR spectra were recorded using a Brucker
Avance 200 MHz ('H) spectrometer and 7 mm zirconia rotors, unless otherwise
noted. TGA data were collected using a Netzsch STA 449 C and Pt/Rh samples
dishes. Powder X-ray diffraction patterns were collected using a Scintag XDS
2000 with Cu k-a radiation.

Prior to proton conductivity measurements samples were ground with a
mortar and pestle and further washed with water by repeated
sonication/centrifugation while monitoring the effluent pH. Samples were washed
until the effluent pH was the same as the washing water (and until measured
conductivity values did not change with subsequent washing).

The apparatus for measuring proton conductivity consisted of a Delrin

sample holder with 4 mm diameter sample wells and was discussed in Chapter
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2. Samples were compressed, after equilibration with bulk water for 1-2 hours,
between two 4 mm diameter Pt cylinders using a torque screwdriver. Other

r.eports16,17,22,23

, and trial and error suggest equilibration with bulk water (added,
by pipette, on top of the uncompressed powder in the sample holder) occurs in
less than an hour. A digital micrometer was connected to, but electrically isolated
from, the Pt cylinders for in situ sample thickness measurement. Samples were
compressed for the duration of the measurement by applying a torque of 80 in-oz
to the micrometer screw. A schematic of the sample holder is shown in Figure

3.2. A Solartron 1260 analyzer was used to scan a 100 mV ac voltage'®®

over
the frequency range 1 Hz to 5 MHz. Reported values are averages from 2 to 3

measurements.
4.4. Results and Discussion

Powder X-ray diffraction verifies crystalline products with the *BEA
framework topology, MCM-41 pore structure and MCM-48 pore structure (Figure
4.1). 2°Si CPMAS NMR data confirm the silicon-carbon connectivity between the
organic groups and inorganic structure (Figure 4.3). T3 peaks are visible in BEA
samples, while T3, T2, and T1 resonances are observed in the grafted MCM-41
and MCM-48 materials indicating successful attachment of organic silanes. *C
CPMAS NMR spectra (Figure 4.4) were used to verify the presence of the
incorporated organic group, with the exception of the phosphoric acid containing
materials. 3'P CP MAS NMR spectra for the phosphoric acid containing materials
are shown in Figure 4.5. Thermogravimetric analysis (TGA) is used to estimate

the organic loading in each material, and representative TGA traces are shown in
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Figure 4.6. TGA loadings are corroborated by acid titration (samples contacted
with excess 0.01 N NaOH followed by back titration with 0.01 N HCI). Fourier
transform-infrared spectroscopy (FTIR) further verifies post-grafting chemical
modification to produce phosphonic and carboxylic acids (Figure 4.7).

Representative impedance data are shown in Figure 4.8.
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Figure 4.2. X-ray data of i) pure-silica zeolite beta (BEA) containing a. no organic
silane (but uncalcined), b. sulfonated phenethyl groups (S-PE-BEA), c. oxidized
mercaptopropyl groups (S-MP-BEA), d. cleaved diethylphosphatoethyl groups
(P-BEA), and e. cleaved 2-(carbomethoxy)ethyl groups. ii) a. MCM-41, b. S-PE-
MCM-41, c. S-MP-MCM-41, d. P-MCM-41, e. C-MCM-41. iii) a. MCM-48, b. S-

PE-MCM-48, c. S-MP-MCM-48, d. P-MCM-48, e. C-MCM-48.
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Figure 4.3. ®Si CPMAS NMR spectra of i) acetic acid extracted pure-silica beta
samples as follows: a. PE-BEA, b. MP-BEA, c. P-BEA, d. C-BEA. The T3
resonance centered at -70 ppm is indicative of a C-Si-(OSi); bond. ii) grafted
MCM-41 samples as follows: a. PE-MCM-41, b. MP-MCM-41, c. P-MCM-41, d.
C-MCM-41. T1, T2, and T3 resonances are clearly seen near -50 ppm, -60 ppm,
and -70 ppm, respectively, indicative of C-Si(OH3.x))Six where x is from Tx.
Spectra of functionalized MCM-48 samples gave spectra similar to those shown

in ii.
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Figure 4.4. *C CPMAS NMR of i) pure-silica beta samples as follows: a. PE-
BEA showing two aromatic resonances and two alkyl resonances arising from
the ethyl chain, b. S-PE-BEA showing the same two ethyl resonances but now
three aromatic resonances arising from sulfonation, c. MP-BEA, d. S-MP-BEA, e.

C-BEA showing a carbonyl resonance centered near 175 ppm and a broad
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resonance around 25 ppm arising from ethyl carbons. Spectra were collected on
a Bruker Avance 500 MHz spectrometer with a 4 mm rotor. Residual TEA" gives
rise to resonances near 5 and 50 ppm seen in all spectra. ii) representative
MCM-41 samples as follows: a. PE-MCM-41, b. S-PE-MCM-41, c. MP-MCM-41,
d. S-MP-MCM-41, e. P-MCM-41 before concentrated HCI reflux, f. P-MCM-41
after concentrated HCI reflux, g. C-MCM-41 before HCI reflux, h. C-MCM-41 after
HCI reflux. Spectra of functionalized MCM-48 samples gave spectra similar to

those shown in ii.
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Figure 4.5. *'P CPMAS NMR of HCI refluxed a. P-MCM-41, b. P-MCM-48, and
P-BEA. The resonance centered around 32 ppm arises from the di-acid
phosphorous while the shoulder at lower chemical shift is from phosphorous with

uncleaved ethoxy groups.
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Figure 4.6. Thermogravimetric analysis data of i) acetic acid extracted,
organically functionalized pure-silica beta samples as follows: a. P-BEA b. C-
BEA, c. unsulfonated PE-BEA illustrating the effective removal of most of the
structure directing agent, d. S-MP-BEA, e. S-PE-BEA. ii) representative
functionalized MCM-41 samples as follows: a. unfunctionalized MCM-41, b. P-
MCM-41, c. C-MCM-41, d. S-MP-MCM-41, e. S-PE-MCM-41. MCM-48 samples

gave similar results as those shown for MCM-41 in ii.
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Figure 4.7. FTIR spectra of a. representative MCM-41, b. P-MCM-41 prior to HCI
treatment showing a band at 2990 cm™ from the ethoxy groups attached to the
phosphorus and a small band at 1390 cm™ from the P=0., c. HCI treated P-
MCM-41 where the band at 2990 cm™ is now missing, indicating cleavage of the
ethoxy groups, d. C-MCM-41 prior to HCI treatment showing a band at 1730 cm™
from the carbonyl and a band at 1460 cm™ from the methyl ester, e. HCI treated
C-MCM-41 showing a carbonyl band at 1730 cm™, but no band at 1460 cm™

indicating cleavage of the methyl ester.?*
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Figure 4.8. Representative impedance spectra of functionalized MCM-41

samples.

i) C-MCM-41,

i) P-MCM-41,

i) S-MP-MCM-41,

iv) S-PE-MCM-41.

Figures in the left column show the commonly observed semicircle observed at
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higher frequencies and a low frequency tail generally attributed to charge
accumulation at the contacts. Figures in the right column show magnitude and
phase of the impedance as functions of frequency. A minimum in the phase
curve corresponds to the low-frequency, real-axis intercept of the semicircular

arcs depicted in the first column.
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Proton conductivity results, organic loadings approximated from
thermogravimetric analysis, and acid loadings determined from titration are
presented in Table 4.2 for comparison. While care was taken to prepare samples
with as similar acid loadings as possible, there is slight variation in the measured
acid loadings among samples. These differences, however, are not believed to
greatly affect the conclusions, and Table 4.1 shows data for MCM-41 samples
with higher organic acid loading, but exhibiting the same trends as those
discussed below.

Unfunctionalized, pure-silica materials (MCM-41, MCM-48, BEA) exhibit
proton conductivities on the order of 10®° S/cm and treatment with fuming sulfuric
acid (O-BEA, O-MCM-41) does not significantly affect these values. MCM-41 and
MCM-48 both exhibit slightly higher conductivity than BEA, most likely due to an
increased number of surface hydroxyl groups. Measurements were also made on
phenethyl functionalized materials prior to sulfonation with oleum, and these non-
acidic, organic-containing samples (PE-BEA, PE-MCM-41) exhibit proton
conductivities similar to non-functionalized materials.

When samples have acidic organic groups, trends in the proton
conductivities within each family of materials exist. Aryl sulfonic acid materials
exhibit the highest conductivity values followed by propyl sulfonic acid containing
samples, then phosphoric acid functionalized materials, and finally carboxylic
acid functionalized materials. This trend of decreasing proton conductivity
correlates well with acid strength of organic acid in solution. Acid functionalized

materials exhibit higher conductivity than the unfunctionalized parent materials
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with the exception of the carboxylic acid containing samples that show nearly the
same conductivity as the unfunctionalized materials. This is not surprising as the
pKa of propylcarboxylic acid (4.88) is in the range of suggested pKa values for

surface hydroxyls of hydrated silica under aqueous conditions.?*%’
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Table 4.1. MCM-41 samples with higher loading

TGA Acid
Sample Identity o (S/cm) Loading (mmol/g) Loading (meq/q)
S-PE-MCM-41 8.3E-03 0.59 0.87
S-MP-MCM-41 4.2E-03 0.62 0.68
P-MCM-41 2.0E-03 0.25 a
C-MCM-41 5.7E-05 1.00 0.99

4 mmol/g added to refluxing toluene. The same trend of increasing conductivity
with increasing organic acid strength is observed. Note a. Ran out of material

prior to base reaction/acid back titration.
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Table 4.2. Summary of Proton Conductivity and Acid Loading

TGA Loading | Acid  Loading
Sample Identity o (S/cm) (mmol/g) (meq/g)
BEA 8.8E-06 - -0.003
MCM-41 2.9E-05 - 0.0055
MCM-48 3.5E-05 - 0.0053
O-BEA 1.5E-05 - 0.0012
O-MCM-41 2.3E-05 - 0.0052
PE-BEA 2.9E-05 0.22 0.0099
PE-MCM-41 1.6E-05 0.27 0.09
C-BEA 1.1E-05 0.06 0.1
P-BEA 1.0E-04 0.04 0.21
S-MP-BEA 4.4E-04 * 0.15
S-PE-BEA 5.4E-04 0.17 0.18
S-PE-BEA-100** | 6.7E-03 0.24 0.30
S-PE-BEA-50** | 4.9E-03 0.19 0.23
C-MCM-41 2.4E-05 0.43 0.35
P-MCM-41 3.2E-04 0.20 0.41
S-MP-MCM-41 6.9E-04 0.33 0.31
S-PE-MCM-41 2.4E-03 0.34 0.34
C-MCM-48 2.5E-05 0.36 0.30
P-MCM-48 1.1E-03 0.19 0.36
S-MP-MCM-48 2.7E-03 0.29 0.23
S-PE-MCM-48 3.9E-03 0.29 0.28

O — Oleum treated, S — sulfonated, PE — phenethyl, MP — mercaptopropyl, P —
phosphonic acid containing, C — carboxylic acid containing, * - could not determine from

TGA due to overlap with residual TEA™, ** data from ref. **.
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Acid functionalized BEA materials (S-PE-BEA, S-MP-BEA, P-BEA, C-
BEA) exhibit the lowest proton conductivities for each functionality when
compared to MCM-41 and MCM-48 with the same organic functionality. As is
shown in a recent report?®, this is due to the hydrophobic nature of the nearly
hydroxyl-defect-free framework leading to a less complete hydrogen bonding
water network for Grotthuss transport.

Interestingly, acid functionalized MCM-48 samples exhibit higher proton
conductivity than the corresponding MCM-41 sample. This observation may arise
because of the 3-dimensional interconnected pore structure of MCM-48 as
compared to the 1-dimensional pore structure of MCM-41. MCM-41 particles may
have their one-dimensional pores aligned perpendicular to the applied electric
field, appearing electrically as series resistance, leading to lower measured
conductivity as there is no driving force for proton motion along the direction of
the pore.

A further comparison can be made between S-PE-MCM-48 and S-PE-
BEA-100. S-PE-BEA-100 is an organically functionalized zeolite beta sample
(see ref. 22 for synthesis details) crystallized from an aluminum containing gel
(SiO2/AI,O3 = 100) using tetraethylammonium hydroxide (instead of the
tetraethylammonium fluoride used in the synthesis of the pure silica BEA
samples), and has hydroxyl groups like MCM-48. Both S-PE-MCM-48 and S-PE-
BEA-100 have interconnected 3-dimensional pore structures and exhibit nearly
identical acid loadings by TGA and titration. While the measured conductivities of

both of these samples are within the same order of magnitude, the microporous
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zeolite beta appears to transport protons at a slightly faster rate than the
mesoporous MCM-48 sample.

S-PE-BEA-50, also synthesized from an aluminum containing gel
(SiO2/AI,03 = 50) using tetraethylammonium hydroxide, shows a slightly lower
loading than both S-PE-BEA-100 and S-PE-MCM-48 by titration and TGA but
has an intermediate proton conductivity, ~5*10 S/cm. The loading, however, is
nearly the same as S-PE-BEA, the pure-silica sample with very little hydroxyl
groups. The conductivity of S-PE-BEA, however, is an order of magnitude less
than S-PE-BEA-50. As discussed in a recent report®® this is attributed to the
higher number of hydroxyl groups in zeolite beta samples crystallized from
hydroxide containing synthesis gels.

From a device perspective where proton conductivity is to be maximized
to reduce internal ohmic losses, hydroxyl groups are clearly necessary, but
further considerations exist. While, S-PE-MCM-48 and S-PE-BEA-100(50) exhibit
similar proton conductivity (~5*10° S/cm), the small pores of zeolite beta may
better inhibit the crossover of methanol from the anode to the cathode,
eliminating one cause of decreased efficiency. The small zeolitic pores may also
retain water at high temperatures better than the mesopores of MCM-41 or
MCM-48. Admittedly, particle size, which does not seem to affect the measured

conductivy'’?®

, may play a role in the reduction of methanol crossover if these
powder materials are successfully fabricated into membranes, but methanol

crossover measurements are beyond the scope of this investigation.
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4.5. Conclusion

In conclusion, pure-silica zeolite beta, MCM-41 and MCM-48 containing
sulfonic acids, phosphonic acid, or carboxylic acid were prepared and
investigated for use as solid electrolytes. Aryl sulfonic acid containing samples
exhibit the highest measured proton conductivity values, followed by propyl
sulfonic acid containing materials, phosphoric acid containing materials and
carboxylic acid materials that were approximately the same as non-organically
modified silicas. MCM-41 and MCM-48 show higher proton conductivities than
corresponding pure-silica zeolite beta samples, and MCM-48 samples are slightly
more conductive than corresponding MCM-41 samples. An aryl sulfonic acid
functionalized zeolite beta sample with hydroxyl groups, however, appears to be
a slightly better proton conductor than the corresponding MCM-48 sample
functionalized to the same acid loading level, although the improvement is small
and would, alone, no industrially justify the increased cost of synthesis of
nanocrystalline materials in comparison to mesoporous materials. Reduced
methanol crossover, however, may provide further benefit to the nanocrystalline

zeolite beta sample.
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