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ABSTRACT
This dissertation focuses on the preparation of new Nafion®/ ex-situ silica
nanocomposite membranes and the impact of particle size of spherical silica particles on
the nanocomposites' properties.

To achieve acceptable power production, fuel cell

polymer membranes are required with good proton conductivity, water retention, thermal
and mechanical stability. However, to avoid poisoning of fuel cell electrocatalysts with
CO or other fuel contaminants, they must be operated at temperatures (>100 °C). At
these temperatures, fuel cell membranes dehydrate resulting in dramatic decreases in
proton conductivity or complete failure as membranes crack due to volumetric stress
from water loss. Even if fuel cell is kept in a humidified chamber, increasing temperature
will eventually shut the cell down as Nafion®’s bicontinuous structure “dissolves” into a
single poorly conducting phase at temperatures above the polymer's Tg.
This research provides systematic studies of effects of silica particle size on
properties of silica-Nafion® nanocomposites. Results of this study include new insights
into requirements for reproducible particle syntheses, practical methods for avoiding
silica particle floatation during Nafion® nanocomposite membranes preparation, and a
summary of the influence of particle size and functionalization on Nafion® membrane
properties. Stöber particle syntheses showed high sensitive to ammonia concentration
and we discovered that literature procedures' variability is likely due to researchers'
failure to accurately measure ammonia concentration in their aqueous base (which can be
50% or more off). Homogeneous nanocomposite membranes, as determined by AFM
and SEM, were successfully prepared using more viscous dispersions. It was observed
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that nanocomposite membranes with small particles (<50 nm) showed significant
increases in proton conductivity at temperatures above 80 °C. Surface modification of
the silica particles improved the proton conductivity at 80 °C. Enhancement on proton
conductivity was more pronounced with small modified particles at temperatures < 80 °C
but unmodified particles were better than modified particles at temperatures >80 °C.
Small, unmodified particles led to enhanced thermal stability of the Nafion® ionic
domain, however, surface modification did not result in any thermal stability
enhancement. Contrary to the expected, mechanical properties of the Nafion® were
degraded by adding the silica particles, especially with smaller particles (<50nm).
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CHAPTER 1
INTRODUCTION
1.0 Introduction
Recent advances have made polymer electrolyte membrane fuel cells (PEMFCs) a
viable alternative to internal combustion and diesel engines because of their high power
density, high-energy conversion efficiency and low emissions.1-3

Most of the

improvements in PEMFC's have been driven by the tremendous increase in worldwide
demand for energy, particularly from distributed power sources. However, PEMFCs
commercialization is limited by two major issues:

1) poisoning of platinum anode

catalysts by the carbon monoxide, which can be solved by elevating their operation
temperature to above 100 oC and 2) loss of water at temperatures above 100 °C and
related loss in proton conduction through the polymer electrolyte membranes (PEM).4,5
The performance of the fuel cell is dependent on the ability of the PEM to transport the
protons from anode to cathode. At high temperatures the performance the PEMFC
decreases due to dehydration.
For us to understand why this happens we need to understand the materials used
for the PEM in the fuel cell.2,6 The most common PEM material is Nafion® or other
analogous perfluorosulfonic acid polymers (e g, Aciplex and Flemion).4,7 These materials
have high proton conductivity, high chemical, thermal, and mechanical stability, but only
work well in temperatures below 80 oC. These materials show a significant loss in
conductivity at elevated temperature due to the dehydration of water from the membrane
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as well as dissolution of the bicontinuous structure. Recently a large body of research on
fuel cells has been focused on the development of new polyelectrolyte polymers as
potential replacements for Nafion®.8-11 Although these materials may be good candidates
for polymer electrolyte membranes due to their higher chemical, mechanical and thermal
stabilities, they suffer more problems than Nafion®.11-13 First, most of these alternative
materials are based on sulfonated aromatic polymers that still require water for proton
transport because its involves water assisted mechanisms.9,14 In addition, percolation of
the proton conducting pathways is required for high proton conductivity that Nafion® can
achieve easily due to its ability to form bicontinuous structure.2,4,15 Sulfonated aromatic
polymers, on the other hand, have not shown evidence of bicontinuous structures and,
thus, require a higher degree of sulfonation than Nafion® to achieve percolation of the
ionic domains.8,9 Sulfonated aromatic polymers have high proton conductivity at high
relative humidity and low proton conduction at low relative humidity due to lack of good
proton pathways at low relative humidity. With high degrees of sulfonation the aromatic
polymers absorb too much water, becoming water soluble and making processibility an
issue since membrane acifidication is done in aqueous media. In addition, there is
significant deterioration on the mechanical properties.13,16 Thus adjusting the acidic
group concentration of the sulfonated aromatic polymers is not enough to make a high
proton conducting materials.17 This is a major problem with the sulfonated aromatic
polymers and is still ender intense investigations.13,17-20 However, this materials are still
good candidate but requires better understanding of the proton mechanisms, processing
and control of molecular weight and morphology to achieve good PEM properties.8 A lot
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of research is directed to understand these materials better, but the final goal may take
time to achieve.
A simpler, short term approach to rectifying Nafion®'s limitations (dehydration,
bicontinuos phase dissolution) is to incorporate an inorganic nanoparticle to reinforce the
bicontinuous structure and to improve hydration. This does not directly address the use
of fluorine in the polymer (which raises environmental issues), but it improves properties
and allows less to be used. A number of researchers have prepared Nafion®-inorganic
composites. These include composites with silica, alumina, tungsten phosphate, titania,
zirconia, particles, and glass fiber membranes.21-27 For a composite to be viable, it must
retain water above boiling and have a stable bicontinuous structure. It must also be
relatively inexpensive to prepare and to process into nanocomposite membranes. Several
approaches have been attempted to make composite materials with Nafion® which
includes sue of hygroscopic metal oxides, doping with phosphoric acid or doping with
heteropolyacids such as phosphotungstic acid, phosphomolybdenic acid, phosphotin
acid.2 One of the most studies approaches is incorporating hydroscopic metal oxide
particles to enhance the water retention at high temperatures.28 However, a systematic
method with control of the inorganic nanoparticles of making the Nafion® composite
membranes has not yet been provided. Other approaches involves making doping with
heteroa
We will first look at the fundamentals of fuel cells and then focus on the polymer
electrolyte membranes.

39
1.1

Introduction to fuel cells
Fuel cells are considered as an increasingly important future energy conversion

technology due to their inherent advantages over the thermal combustion process that
include, high theoretical efficiency, high power density, and reduced waste
generation.2,5,6,29 Using pure hydrogen, fuel cells produce electricity with water and heat
as the byproducts water and heat, thus eliminating locally all emissions otherwise caused
by electricity production from fossil fuels.
Fuel cells date back to the 19th century.

Sir William Grove built the first

hydrogen/oxygen fuel cell consisting of a platinum electrodes immersed in sulfuric
acid.30,31 It is only recently that fuel cells have gained the interest of energy firms and
automobile giants as a feasible energy source. They are believed to have a great potential
for successfully replacing the conventional fossil fuel driven internal combustion engines
for future automobiles and stationary power supplies.32,33

A fuel cell is an

electrochemical device that continuously converts chemical energy of a fuel into
electrical energy with heat as a byproduct. Theoretically, fuel cells should have higher
efficiencies than the heat engine since they are not Carnot-limited. In a Carnot-limited
internal heat combustion, the engine accepts heat from a high temperature source coverts
part of that heat into mechanical work and rejects the rest of heat to a heat sink at a lower
temperature. Therefore, efficiency in a Carnot cycle limited system is dictated by the
difference between the two temperatures (high and low), the higher the difference the
higher the efficiency. In the fuel cells, the efficiencies are not limited by temperature
difference.
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Most commonly used fuels include H2, and CH3OH, or hydrocarbons. The basic
design of all fuel cells is similar and consists of an ionically conducting electrolyte
sandwiched between two electronically conducting electrodes connected to an external
circuit. The electrodes contain an electrocatalyst exposed to gas or liquid flows. The
electrolyte serves to conduct ions and separate the two electrical compartments. Fuel
cells are classified by the nature or type of the electrolyte and/or by the temperature of
operation. Thus, one separates fuel cells into alkaline or acidic, or low temperature (up to
100 oC), medium temperature (up to 200 oC), and high temperature (up to 1000 oC).
Currently, the types of fuel cells under active development are summarized in Table 1.1.
Polymer-electrolyte-membrane fuel cell (PEMFC), direct methanol fuel cells (DMFC)
and phosphoric-acid fuel cell (PAFC) are acid fuel cells and utilize air as the oxidant.
These fuel cells essentially require relatively pure hydrogen to be supplied to the anode.
Other fuels such as hydrocarbon can be used but require an external processor to be
incorporated into the system. Alkaline fuel cells (AFCs) on the other hand, must be
operated on pure oxygen to avoid the carbonization of the electrolyte. Most PEMFCs,
DMFCs and AFCs operate at temperatures up to 100 oC, while some PEMFCs utilize socalled “high temperature” polymer membranes, which allow operation beyond 100 oC.
PAFCs, working temperatures are around 200 oC, tolerate fuels with carbon monoxide
(CO) several hundred parts per million (ppm). On the other hand, operation of PEMFCs
with technical grade hydrogen must have less than 30 ppm CO to avoid poisoning of the
platinum anode.34,35 Hydrogen produced from a reforming process, as well as DMFCs
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fed with gaseous or liquid methanol require anode catalysts with high CO-tolerance.35-38
While it is cheaper to use hydrogen from reforming process or methanol.
Molten-carbonate fuel cells (MCFCs) and solid-oxide fuel cells (SOFCs) operate at
higher temperatures and have the advantage that both CO and H2 can be
electrochemically oxidized at the anode. Moreover, the fuel-processing reaction can be
accomplished

within

the

stack,

which

enables

innovative

thermal

integration/management design features to provide excellent system efficiencies (~50%).
Because these systems require high temperature for operation, they are generally not
compatible with small portable electronics application. The PEMFC was first developed
for the Gemini space vehicle.39 PEMFCs are under continuous development for transport
applications as well as for stationary and portable electronics. Applications of PEMFCS
are typically at working temperatures range of 60-100 oC using pure hydrogen as fuel.
The automotive industry’s first attempt at an automobile powered by PEMFC was GM
1966 Electrovan, and there are numerous prototype cars and buses being developed based
on PEMFC around the world. Compared with other types of fuel cells, PEMFCs have
high energy density, quick start-up capability, low operating temperature, and simplicity
of their design.
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Fuel cell type

Eelectrolyte

Fuel

Charge
carrier

Operating
temperature
( oC)

Realized
power
(kW)

Electrical
efficiency
(%)

Proton
exchange
membranes
PEMFC

Solid
polymer

Pure H2

H+

70-100

5-250

40-45

Direct
methanol
DMFC
Alkaline
AFC
Solid Oxide
SOFC

Solid
polymer

CH3OH,
H2O

H+

~90

KOH

Pure H2

OH-

60-120

5-150

35-55

Solid oxide

O2-

~1000

100-250

50-60

Molten
carbonate
MCFC

Lithium
and
potassium
carbonate
Phosphoric
acid

H2,CO,
CH4
Tolerate
s CO2
H2,CO,
CH4
(Tolerat
es CO2)
Pure H2
(Tolerat
es CO2)

O2-

600-700

1002000

50-60

H+

150-220

5011000

40-45

Phosphoric
Acid
PAFC

Table 1.1

Start
up
time

Sec5 30-35

min

Min

Hrs

Types of fuel cells.3,40-42
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1.2

Polymer exchange membranes (PEM) fuels cells

1.2.1

General characteristics of polymer electrolyte membranes fuel cells (PEMFC)
In order for the PEMFC to operate efficiently the electrodes must be constructed

with a triphase architecture that permits rapid movement of fuel and air, promotes the
most oxidation or reduction, allow the efficiency collection of electrons and facilitate
protons transfer to the polymer electrolyte membrane. Achieving these architectures
requires high surface areas, electrically conducting electrodes coated with highly
disperses electro catalyst, and highly permeable electrolyte in what is generally called the
triphase configuration. The polymer membrane must allow the hydrogen (methanol) or
oxygen to pass unimpeded to the electrodes yet be in intimate contact to allow for
electron transfer. Otherwise, the resistance in the cell will be unacceptably high and the
cell performance unacceptable. This posses a challenge in the design of the fuel cells
because PEM are meant to be non permeable to fuel and air in order to prevent crossover.
In a sense , you need two polymer electrolyte, one to act a cell separator and the other as
an binder with the electrode. PEMFCS, operated with hydrogen and air or oxygen at
temperatures of around 100 oC, utilize a proton-conducting polymer membrane as a solid
electrolyte.
Polymer membranes have to fulfill some requirements for this application: (a)
Membranes electrolyte have to conduct ions from the surface across its entire thickness
(b) Membranes also serve as a separator of the two electrical component of the device
(anode and cathode component), (c) should act as a barrier for the gases and finally (d)
should be electronically insulating.

In addition, as part of the membrane electrode
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assemble (MEA shown in the figure), membrane is required to have some mechanical
strength and dimensional stability. PEMF cells operate at high efficiencies of about 60%
when using pure hydrogen fuel cells but have serious problems when hydrogen obtained
from reformed hydrocarbons is used.1,40 It has been proposed that hydrogen can be
generated onboard by reforming liquid hydrocarbon or alcohol fuels, with the most likely
candidate being methanol. Reformation of methanol results in a gas mixture of about
74% hydrogen, 25 % carbon dioxide, and 1-2% CO.43 However, using a selective
oxidation process, the CO concentration can be reduced further to about 100 ppm.44
Nevertheless, even at these low levels, CO poisoning lowers PEMFC operation
performance leading to a reduction in the energy conversion efficiencies.40,43,45-47
The scheme below shows the oxidation of CO on platinum (Figure 1.3).45
Equation (1) is CO adsorption step, which is very rapid and is controlled by the diffusion
of CO to the platinum catalyst surface.

This step determines the initial surface

concentration of the reactants. Equation (1.2) is the electron-transfer step which is rate
determining for a fixed concentration of reactants. Equation (1.3) is the final electron
transfer reaction and is rapid compared to Equation (1.2).
oxidation involves CO lowering the activation energy for the

The mechanism of CO
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Figure 1.1

Schematic diagram of polymer electrolyte membrane fuel cell showing
reactions taking place on the anode and the cathode.
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Figure 1.2

Basic diagram of a membrane electrode assembly (MEA).
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dissociation of water and is similar to the catalyzed gas-phase oxidation of CO by
oxygen. 48,49 However, the adsorption of the CO on the platinum in absence of any water
or hydroxyl group adsorbed in the adjacent sites leads to incomplete oxidation of the CO
and as a result, CO is irreversibly chemisorbed. The mechanism of CO poisoning on
platinum surface continues as follows, once CO chemisorbs on the platinum sites it
excludes adsorption of hydrogen.49 The greater potential required for the oxidation of
CO (0.6-0.9V)48 than hydrogen (0.0-0.2V)48, and a high sticking probability of CO on
platinum of 15 times higher than that of hydrogen makes this process more favorable. In
addition, the Gibbs free energy of CO adsorption continues to become more negative as
temperature decreases, and CO will preferentially continue to adsorb to platinum due to
its more negative Gibbs free energy than that of hydrogen adsorption. As a result, even a
relatively low concentration of CO can result in a complete coverage of the platinum
surface, thus entirely excluding adsorption of hydrogen. However, the absolute free
energy absorption of CO on platinum has larger positive temperature dependence than
that of H2 thus CO poisoning can be lowered by operation of the fuel cells at high
temperature.21,50,51 Hydrogen coverage on platinum surface increases with increase in
temperature while the CO coverage decreases. Increase in the H2 coverage on the anode
is proportional to the current density, which is directly related to the performance of the
PEMF cell.
Another major problem with these systems is the water management.

The

production of power in the fuel cell is based on the ability of the membranes to conduct
protons across its entire thickness. Proton conduction in the membrane increases linearly
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Figure 1.3

Scheme of oxidation of CO on platinum surface in presence of water.45
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with the increase in the water content in the membrane, making water management a
critical issue for operation PEMFC.4,52 The figure below illustrates different modes of
water transport in an operating PEMFC. The perfluorosulfonic acid polymer membranes
such as Nafion® need high water content to maintain high proton conductivity.4 When
protons are transported from anode to cathode in the membrane, they carry water along
while carrying current and this is termed as the electro osmotic drag. Operating PEMFCs
at high current density requires the anode to be humidified to avoid dehydration due to
the electro-osmotic drag from the anode to the cathode. On the other hand, cathode
require a water removal mechanism in the air stream to prevent flooding of the active
layer which may result in the slow oxygen diffusion to the catalytic layer and hence a
decrease in the cathode performance.
To solve both the CO poisoning and the water- thermal management problems the
state-of-the-art PEMs such as Nafion® need to be modified in order to maintain high
hydration levels at high temperature or, new polymer membranes must be developed that
can operate at high temperature. Other non-fluorinated polymers are being investigated
for application in PEM fuel cells, however, these materials have lower proton
conductivity than recast Nafion® and require a lot of structure properties optimization as
will be discussed later in this chapter. Therefore, Nafion® modification remains a better
option of the two. Nafion® modification can be achieved by preparation of hybrid and
composite membranes with materials that will enhance the water management as well as
operation at high temperature. These materials include hygroscopic metal oxides such as
silica.
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Figure 1.4

Langmuir-type adsorption of hydrogen and carbon monoxide on smooth
platinum surface platinum as function of temperature.21,53
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Figure 1.5

Schematic diagram of polymer electrolyte membrane fuels cell showing
the water management. The catalyst and gas diffusion layer are combined
with the electrodes (anode and cathode) for simplicity in this figure.
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1.2.2

Operation of a polymer electrolyte membranes fuel cell
In a hydrogen-oxygen fuel cell, hydrogen is oxidized at the anode and oxygen

reduced at the cathode. The reactions taking place at the anode and cathode are shown
below
H2 → 2H+ +2eO2+ 4e- → 2O22O2- +2H+ →H2O

(1.4)
(1.5)
(1.6)

The product of these reactions is water, which is formed at the cathode, and the
phase of water produced in the cell reaction depends on the conditions under which the
reaction occurs. Standard potential E0 for the cell reaction when no current is drawn, is
obtained from the Gibbs’ energy G0

∆G 0
E =
zF
0

(1.7)

Assuming that water is produced as liquid then the Go equals -237.1 kJ mol-1 and z equals
2, and thus the standard potential is 1.229 V. If product water is in gaseous form, the
corresponding potential is 1.18 V. For a reaction outside STP conditions, the potential is
given by the Nernst equation below

(1.8)
Where R is the universal gas constant, T is the temperature, ai and i are the activity and
stoichiometric coefficient of species i respectively. For dry air (21% oxygen,
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Figure 1.6

Polarization and power curves for a typical operating PEMFC cells.5
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79% inert gases) on the cathode instead of neat oxygen at a temperature of 298.15 K,
equation (1.8) yields for liquid product
(1.9)

However, real PEMFC do not achieve the theoretical open circuit potential given
by equation (1.9). Factors that cause deviations from the equilibrium potential are the
finite rate of reaction at the electrodes together with mass transport limitations in the
PEMFC real systems referred to as polarization. Polarization of a fuel cell is defined as
the voltage drop from open circuit voltage resulting from drawing electric current from
the cell. The voltage drop is caused by various current and mass transport-induced
losses, often called over-potentials. The total sum of over-potentials, η, is defined as the
difference of the real voltage and the theoretical one. A typical fuel cell polarization
curve, voltage as a function of current density, as outlined in Figure 1.6 and power
density curve is included. The initial losses are attributed to the kinetics of the charge
transfer at the interface between the membrane and the electrodes (tri phase region). This
voltage drop is depends on the membrane contact resistance at the interface and the
catalyst activity.

This loss can be decreased by enhancing the catalyst activity by

increasing the catalysts surface area and improving the interface between the catalyst and
the polymer electrolyte membranes by preparing the catalyst with some of the materials
used for the membrane.33 This is related to the interfacial properties of the polymer
membranes. The second voltage loss is attributed to the ohmic losses, which are related
to the membrane resistance to proton flow. This membrane resistance can be lowered by
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enhancing the membranes bulk properties. Finally, mass transport limited losses are
associated with how fast the fuel is delivered and can be controlled by enhancing the flow
at the interface.

1.2.3

Characteristics of polymer electrolyte membranes
The general requirement of polymer electrolyte membranes may be categorized

into interfacial and bulk properties. It is important to have a high interfacial area of a
three-phase boundary between the gas, electrolyte (ionic conductor) and the electrode
(electronic conductor).54 Therefore, a good membrane material is required to have good
flow properties and gas solubility to allow effective movement of the fuel in the threephase boundary, good wetting of catalyst surfaces by the polymer to allow for effective
transport of the protons formed at the catalyst surface to the proton conducting membrane
thus lowering the contact resistance. These properrties of a membrane are important
when making the MEA and testing the fuel cell performance. However, testing a fuel
cell and MEA is expensive and requires a lot of optimizations of the catalyst layer and
gas diffusion layers and thus testing of interfacial properties requires a fully developed
polymer membrane material.
The bulk properties on the other hand include high proton conductivity across the
membrane thickness to support high currents with minimum resistive losses, electronic
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Figure 1.7

Bulk properties requirements for polymer electrolyte membranes for
PEMFC cells application.
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insulating, low gas or fuel permeability for lower fuel crossovers, high electrochemical
stability, high chemical and thermal stability under the operation conditions and good
dimension and mechanical stability.2 The membranes should also be inexpensive to
produce. These properties are very crucial in development of new polymer materials for
fuel cell. Characterization of a new polymer material is required prior to the preparation
of the MEA or an operating fuel cell. Design of new materials for polymer electrolyte
membranes requires consideration and balance of both the interfacial and bulk properties.

1.2.4

Perfluorinated polymer electrolyte membranes

The majority of conventional fuel cell technology is based on perfluorosulfonic
acid (PFSA) polymer membranes as the electrolyte.2,7,8,55 PFSA polymers (e.g. Nafion®,
Aciplex-S and Dow) have a Teflon-like molecular backbone with perfluorosulfonic acid
side chains, an architecture that gives the material morphological stability and excellent
long-term stability in both oxidative and reductive environments and high mechanical
integrity.4,56

Nafion® is prepared

by copolymerization of variable amounts of

unsaturated perfluoroalkyl sulfonyl fluoride with tetrafluoroethylene.4 Combination of an
extremely hydrophobic per-fluorinated backbone with the extremely hydrophilic sulfonic
acid functional groups gives rise to bicontinuous morphology with nanometer scale
hydrophobic/hydrophilic domains. Size of the hydrophilic domains (also referred to as
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Figure 1.8

(a) Structure of the Nafion® polymer available from DuPont, (b) structure
of the ionomer developed by the 3M company, and (c) structure of the
short side chain developed by Dow Chemical
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ionic clusters) is determined by the balance between hydrophilic surface interactions with
the ion exchange sites and the energy of elastic deformation of the polymer backbone.57
The ionic domains in Nafion® are organized in 40Å clusters interconnected with 10Å
channels. The dimensions are based on Gierkes’ model commonly used to describe
Nafion® and is shown in the Figure 1.9 below.58-62 Pendant sulfonic acid (–SO3H) group
impacts strong acidic characteristics for facile proton transport. The membranes acidic
capacity, also referred to as the membrane equivalent weight (EW), is defined as grams
of the polymer per mole of sulfonic group the number of sulfonic groups per gram of
polymer and typical values, 1500–800 EW. The concentration of the acid groups of the
membranes can also be described in terms of ionic exchange capacity, which corresponds
to the number of sulfonic acid group equivalent per gram of dry polymer. Typical IEC
values are about 0.9 to 1.1 meq/g dry polymer. Below is the relationship between IEC
and EW
IEC =

1000
EW

(1.10)

The proton conductivity of Nafion® membrane is strongly dependent on the water
content in the membrane and the IEC.4 Water content, concentration of ionic species and
connectivity between ionic clusters are the main features that affect the overall proton
conductivity of PFSA membranes. As the IEC increases, water absorption increases, and
the crystallinity based on successive sequences of the TFE monomer unit becomes
smaller lowering the mechanical strength of Nafion®. On the other hand, when the IEC
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decreases, water absorption decreases causing proton conductivity to decrease as well.
3M has developed an ionomer with the similar structure as the one shown on Figure 1.8
(b). Lower EW, which corresponds to large number of ion exchange sites per gram of
sample leads to high proton conductivity.

However, these materials have low

crystallinity, which resulting into lower mechanical integrity and high solubility in water.
PFSA are the most studied materials for PEMFCs application.4,55,56,63,64 These
materials have excellent proton conductivity attributed to their bicontinuous phase, high
chemical and mechanical stability and fuel cell performance at low temperatures (80 oC).
The chemical stability is due to the high bonding energy of C–F of 485 kJ mol–1 which
is larger compared to that of C–H of 350 kJ mol–1 for aliphatics and 435 kJ mol–1 for
aromatics). This basic feature gives fluoro compounds a remarkable chemical stability.
These materials however, suffer microstructural changes and dehydration at high
temperatures (>80 oC) leading to low PEMFC performance.

They also suffer fuel

crossover when methanol is used as a fuel in the DMFCs.4,53 Other PFSA materilas
problems include high production cost and environmental inadaptability.

All this

problems have prompted research on non fluorinated ionomer membranes.6,11,13,65
Besides all this issues Nafion® is still the best polymer material out there for PEMFCs
application, all the other polymers are in their development stage.
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Figure 1.9

Cluster-network model of the morphology of hydrated Nafion®.58-62
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1.3

Motivations for high temperature PEM cells
Increase in operation temperature for the PEM fuel cells is attractive for a number

of reasons, which includes: (a) improved carbon monoxide tolerance of the electrodes,
which allows for use of hydrogen produced by reforming of natural gas, methanol or
gasoline.

This is because as discussed earlier the adsorption of carbon monoxide

decreases with increase in temperature. In addition, use of methanol and hydrogen gas
from reforming natural gas will lower the cost of development of the fuel cells. (b)
Simplification of the cooling system: operating fuel cells above 100 °C allows for easier
heat rejection because of the greater temperature difference between the fuel cell and
ambient environment resulting in a simplified cooling system. (c) possible use of cogenerated heat; (d) increased proton conductivity, (e) in DMFC, improved kinetics of the
methanol oxidation reaction at the anode.49,53 Unfortunately, the proton conductivity of
Nafion-type membranes, which are widely used in PEMFCs now, suffer greatly at
temperatures above 80 °C due to the dehydration of the membrane and microstructural
changes. Therefore, there is need for development of new materials or enhanciment the
existing Nafion® by development of composite membranes for high temperatures.
The development of high temperature membranes applicable to operation at up to
120 oC or higher, or at low humidity, and low pressure conditions is been expected to
offer better efficiency attributed to the advantages discussed above. The Department of
energy (DOE) 2010and 2015 targets shown in Table 1.2 below typically reflect these
expectations for membranes.
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Item

Target( 2010)

Target( 2015)

Proton conductivity (120 OC)

0.1 S/cm

0.1 S/cm

Proton conductivity room temperature

0.07 S/cm

0.07 S/cm

Proton conductivity (-20oC

0.01 S/cm

0.01 S/cm

Oxygen and hydrogen crossover

2 mA.cm2

2 mA.cm2

Durability> 80 OC

2000

5000

Durability < 80 OC

5000

5000

Cost

$20/m2

$20/m2

Table 1.2

US Department of energy (DOE) Technical targets for polymer
electrolyte membranes. 68
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1.3.1

Strategies of designing polymer electrolyte membranes for high temperature PEM
operations
To date different approaches have been used to improve the performance of

polymer membranes used in PEMFCs at temperatures above 80 oC. These approaches
can be classified into three categories: (1) modified PFSA membranes including
preparation of hybrids and nanocomposites with inorganic materials such silica, titania
and zirconia, (2) synthesis and characterization of alternative polymerelectrolytes such as
sulfonated polyaromatics and polyheterocyclic2,66,67 and finally (3) synthesis and
characterization of acid–base polymers (e.g. phosphoric acid-doped polybenzimidazole
(PBI)).2,67 This work focuses on the first category with modification of NAfion with
silica particles and surface chemistry.

1.3.2 Nafion® composite membranes
Membranes based on neat PFSA ionomer have a tendency to swell undesirably
when exposed to water resulting in deteriorated dimension stability. In the early 1980s,
reinforcement technologies were developed to improve the mechanical stability and
durability of per fluorinated membranes, aimed at chlor-alkali electrolysis applications.
PTFE-based woven fabrics and micro fibrils were widely used for reinforcement due to
their chemical inertness and excellent compatibility with fluorinated ionomer structures.
W.L. Gore & Associates introduced the Gore-Select membrane in 1995, which is a
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micro-reinforced composite structure of expanded PTFE and perfluorosulfonic
ionomer.69 Recently, Asahi Glass Co. reported a thin, flat PTFE fibril-reinforced PFSA
membrane with good mechanical strength and performance. A continuous-film
production facility has been established that uses a newly developed process.70 In
addition, a large number of research groups are actively engaged in modifying existing
PFSA membrane structures to improve membrane functionality and durability while
retaining the basic membrane properties. Organic–inorganic composite membranes of
Nafion® modified by inorganic additives (SiO2, TiO2, ZrO2 or zeolite) have been
developed and studied to reduce methanol crossover and operation temperature.21-23,71,72
These composite membranes have been prepared in a variety of techniques. One
technique involves impregnation of preformed membranes with the inorganic phase
where inorganic phase is grown by taking advantage of the acidity of Nafion® and
templated by the its structure.22 Another method involves mixing the Nafion® solutions
with the inorganic precursors and again taking advantage of the acid in Nafion® but with
no structure templating.73 Finally, the composite membranes can be made by adding
preformed particles (e.g commercial particles of surfactant template particles) into
Nafion® solution followed by casting. 22 23,74-76 These techniques will be further discussed
in Chapter 4. Other Nafion® modifications include the development of blend composite
membranes such as ionically cross-linked, acid–base membranes, PFSA/
polybenzimidazole, and per fluorinated composite membrane structures.70
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1.3.3

Alternative polymer electrolyte membranes

Aromatic polymers bearing acidic functions are being considered as possible
candidates to replace PFSA polymers. Such polymers include sulfonated poly(arylene
ether sulfone)s, poly(arylene ether ether ketone)s, poly(arylene sulfide sulfone)s,
polyimides, polyphosphazenes, polybenzimidazoles, and polyphenylenes.8,10,14,66,77,78
While significant improvement has been achieved by appropriate molecular design, these
ionomers membranes are not yet suitable for practical applications in terms of proton
conductivity and long-term stability.
Sulfonated aromatic polymers posses’ excellent thermal, oxidative, and hydrolytic
stability and lower permeability to reactant gases than Nafion® thus making them most
attractive PEMs alternatives to Nafion®. However, most these materials suffer lower
proton conductivities at low RH than Nafion®.8 The low conductivity of sulfonated
aromatic PEMs at low RH has been attributed to the lack of connectivity between water
domains as well as more phase mixing of hydrophobic and hydrophilic domains.66
Phase mixing is mainly due to the similar chemical structure between the hydrophilic and
hydrophobic parts and as well as increased backbone stiffness. Lack of phase continuity
leads to lack of proton pathway connectivity resulting into dead ends of the some proton
channels. This is largely due to the irregular distribution (randomness) of the sulfonic
acid groups, and low flexibility of the backbone chains.

To date, most sulfonated

aromatic PEMs are prepared by post-sulfonation of commercial polymers or premade
polymers or by direct copolymerization of disulfonated monomers with random or
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statistical copolymers.66

Most of the studies of these materials now focus on the

understanding of their structure-property relationship as well as the morphology control
to provide more distinct phase separation between hydrophilic and hydrophobic
domains.66,67,79,80

1.4

Focus of this dissertation
This dissertation is focused on investigating the effect of particle size and surface

modification of silica particles on the properties of Nafion® nanocomposite membranes.
Adjemain and coworkers investigated the effect of adding different metal oxides (Al2O3,
TiO2 SiO2 and ZrO2) in Nafion® on the Nafion® membrane properties. They observed
better performance with both titania and silica particles which they attributed to better
interactions between the particles and Nafion®.75 In this work, silica is chosen as fillers
due to its better interaction with Nafion® as well as ease in its accessibility. In addition,
the available Stöber process with alittle modification allows for preparation of silica
nanoparticles with controlled particle size.
General goals of the research conducted for this work is to develop new
Nafion®/ex-situ silica nanocomposite membranes for PEM fuel cells operating above 100
°C. Research targets include:
(a)

Preparation of well-defined and size controlled silica nanoparticles,
with different sizes and surface chemistry. Particles enhance the
performance of the nanocomposite membranes by increasing their
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water retention. Changing the size of the particles will change the
available surface for water retention, which will results in
enhancements related to the particle size
(b)

Preparation of Nafion®/ex-situ silica nanocomposite membranes
with homogenously distributed particles. The interaction between
the Nafion® and the silica particles will depend on the size of the
particles. Due to their high surface area to volume ratio, the small
particles should have stronger interactions than larger particles
resulting in better distributions.

(c)

Characterizations of the nanocomposite membranes properties
such as proton conductivity at both low and high temperature at
various relative humidity and at 120 °C. Based on the DOE targets
for 2010 (Table 1.2) the proton conductivity needs to be above 10-3
S⋅cm-1 at 100 relative humidity for practical applications, and
ideally as high as 0.1 mS⋅cm-1 at 20% relative humidity. The
hygroscopic oxides have been shown to improve the water
retention of Nafion® membranes, and since this is related to the
proton conductivity of the membranes, then proton conductivity
enhancement is expected.

(d)

Nafion®/ex-situ silica nanocomposite membranes should also have
acceptable mechanical properties including elongation and tensile
strength.

There is indication in literature that the Tg and the
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mechanical properties of polymer can be improved by addition of
inorganic phase. However, the enhancement is dependent on the
size of the inorganic phase
(e)

The nanocomposite membranes should have good thermal and
chemical stability, and durability.

1.5

Organization of this dissertation
To achieve the research goal, first focused on preparation of well-defined silica

particles with reproducible sizes. Preparations of silica particles via Stöber process have
been reported previously81 but we will show how eliminating additional water from the
Stöber process formulations will give a better control of the particle size ranging from 20
-1000 nm and good reproducability. Preparation and characterization of un-modified and
surface-modified silica particles is discussed in Chapter 3.
Modification of Nafion® membranes with inorganic materials for application of
PEM fuel cells has been studied and shows promising results, especially when silica is
added to Nafion®.22 However, no report of the effect of silica particles size as well as
surface modification has been fully exploited. Therefore, we start by looking at the
preparation of the Nafion®/ex-situ silica particles nanocomposite membranes and how the
particles’ size affects mixing and membranes morphological properties in Chapter 4. The
impact of the particles’ size on the properties of the membrane such as water-uptake,
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ionic exchange capacity and proton conductivity, is discussed in Chapter 5. This work
will concentrate on the effect of particle size at a fixed particle load of 5wt%.
By adding different functionalities on the silica particles such the sulfonate
group, we can change the properties of the nanocomposite membranes especially the
proton conductivity and the wateruptake. The impact of the surface chemistry of the
particles on nanocomposite membranes will be discussed in Chapter 6. Finally, we look
at the effect of the particle size and particle surface modification on the thermal
properties of the nanocomposite membranes in Chapter 7 and mechanical properties in
Chapter 8. Chapter 9 is the conclusion of the study and recommendations for future
work.
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CHAPTER 2
GENERAL EXPERIMENTAL.
2.1

Materials for particle synthesis and nanocomposite membrane preparations
Nafion (5wt% in aliphatic alcohol) was obtained from Aldrich and used as

received.

Tetraethyl orthosilicate (TEOS) (analytical reagent), (3-mercaptopropyl)

methyldimethoxysilane,

perfluorooctyltetraethoxysilane,

concentrated

ammonium

hydroxide (NH4OH) (analytical reagent, 28-30% NH3), and anhydrous ethanol were
obtained from sigma Aldrich for synthesis of Stöber silica nanoparticles. TEOS was
distilled from calcium hydride prior use. The concentration of the ammonium hydroxide
was determined to be 9M by titration with concentrated sulfuric acid. Hydrogen peroxide
(30%) and concentrated sulfuric acid were obtained from VWR and were used for
membrane post treatment.

2.2

Light scattering

2.2.1

Dynamic light scattering (DLS)
Samples for DLS were prepared by pipeting a small volume (2 mL) of the

particles solutions( particle preparation description in chapter 3) in a disposable plastic
cuvette. The measurements were carried out with a dynamic light scattering, a Malvern
zetasizer nano instrument equipped with a 532nm laser and a detector. The data was
analyzed and processed with Zetasizer software. The size of the particles was calculated
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from the scattering of the laser light since different particles size will scatter light
differently.
DLS measures the hydrodynamic sphere moving together with the particles in
solution. The system determines the size by measuring the Brownian motion of the
particles using the dynamic light scattering and then interprets the size from the intensity
fluctuations of the scattered light.

The Brownian motion is defined as the random

movement of particles in a liquid as they collide with liquid molecules. The speed of the
particle movement is dependent on the size of the particles, where small particles move
quickly while larger particles move faster. The relationship between the size and its
speed due to Brown motion is governed by the Strokes- Einstein’s equation

D=

K BT
6πηR

(2.1)

Where D is the diffusion coefficient of the particles undergoing the Brownian motion, kB
is the Boltzman constant, T is the temperature η is the viscosity of the solvent and R is
the hydrodynamic radius of the particle. The system measures the intensity fluctuation
and uses a digital correlator to determine the size of the particles. The light fluactuations
with the smaller particles are faster than with the larger particles. The system uses a
Zetasizer software, that uses algorithms to extract the decay rates from the correlation
graphs and produces a size distribution.
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Figure 2.1

Structure of (a) Nafion®, (b) tetraethoxysilane (TEOS) and modifying
silanes
(c)
3-mercaptopropyltrimethoxylsilane
(MPTMS)
(d)1,1,2,2tetrahydroperfluorooctylsilane,
(PFS)
and
(e)
aminopropyltriethoxysilane (APTS).

74

DLS is easy to use and takes a short time to get size information. However, the system
determines the hydrodynamic radius, which is not the actual size of the particles. In
addition, the validity of your data depends on accuracy of the viscosity of the solvent
(this could change depending on the concentration of the particles) and knowing the
actual particles shape. Therefore, this means the system has to be calibrated often and the
size information needs to be compared with other techniques such as microscopy. For
the analysis reported in this work the DLS instrument was calibrated with polystyrene 60
nm particles dispersed in water and the size of the particles was also determined with
microscopy techniques such as atomic force microscopy and scanning electron
microscopy.

2.3

Microscopy

2.3.1

Atomic force microscopy (AFM)
Glass or silicon wafer substrates were cleaned with piranha( 1:4 H2SO4:H2O2) and

rinsed with copious (running DI water for 2 minutes) amount of deionized 18MΩ water
followed by drying in vacuum prior the sample preparation. Particle samples were
prepared by drop casting a dispersion of the particles in ethanol on a cleaned substrates.
The samples were allowed to air dry at room temperature for 1 h. Once dry, samples
were mounted on sample stab using double-sided tape prior to the analysis. Samples
were analyzed by tapping mode AFM in air using the Dimension 3100 nanoscope (Veeco
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instruments, Santa Barbara) and silicon nitride tapping cantilever with force constant of
42mN/m. The AFM instrument used for this work was calibrated with calibration grids
from Veeco regularly. All AFM tips were ozone cleaned for 1 h prior use to remove
organic contaminations. The images were processed using Nanoscope 5.12r5 software
from Veeco instruments. Samples were imaged several times on several spots on the
same sample in order to check for sample homogeneity.

2.3.2

Scanning electron microscopy
The morphology of the particles and the membranes was determined with two

techniques (SEM and AFM) for comparison and verification.

All nanocomposite

membranes were gold sputter-coated before analysis using a Hummer sputtering system.
Coatings were applied for 60 seconds at 15 mA. This deposition leads to gold coatings
that are approximately 4 nm thick. Scanning electron microscopy was conducted on field
emission microscope (FEI Inspec-S SEM) with an accelerating voltage of 30 keV.
However, this microscope did not have good resolution for application with the
nanocomposite membranes, therefore

a different microscope was used.

Scanning

electron microscopy analysis of the nanocomposite membranes was conducted on a
Hitachi S-4800 field-emission microscope (FE-SEM) with an accelerating voltage of 15
keV.

The accelerating voltage was lowered between 10 and 5 keV when imaging

nanocomposite membranes until a good image was observed then captured. Samples for
cross sectional analysis were prepared by freezing drying the membranes for 5 minutes in
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liquid Nitrogen followed by fracturing while still cold. All samples were analyzed on
several points to check for homogeneity.

2.4

Spectroscopy

2.4.1

Attenuated total reflectance Infrared spectroscopy (ATR)
ATR is easy, fast and non-destructive technique and can be used for different

types of samples with less sample preparation.

Structure in the particles and

nanocomposite membranes were characterized via attenuated total reflectance IR (ATR)
using a Tensor IR instrument and a Ge crystal and data was processed with OPUS
software. Nanocomposite membranes were cut into small rectangular pieces to fit in the
ATR sample trough and the measurement were done at resolution of 4 cm-1 with 256
scans and IR spectra were corrected between 600 cm-1and 4000cm-1 wavenumbers.

2.4.2 Diffuse reflectance Infra-red
ATR did not work for all the samples due to imperfect contact between the
particles and the IR crystal resulting in very low signals.

In addition, when using

modified particles, the concentration of the surface modifiers was too low to give a good
signal. So all the surface modification were analyzed using Diffuse reflectance IR. A
small amount (about 1 wt %) of the sample was ground together with dried KBr into a
fine powder. The powder was put into the sample cell and measurements were taken at a
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resolution of 4 with 256 scans and the spectra were corrected between 600 cm-1and
4000cm-1 wavenumbers. Data was processed similar to the ATR data.

2.4

Conductivity measurement

2.4.1

DC Proton conductivity measurement
Proton conductivities of Nafion® and Nafion® nanocomposite membranes were

measured by a DC method with a system developed by BeKKtech. The nanocomposite
membranes were pretreated following the procedure discussed below and soaked in DI
water for 24 h prior the experiments. A strip of membrane at least 2 cm in length, and 5
mm width was placed in a four-probe Teflon cell (BekkTech, USA) that consisted of two
outer platinum foils and two inner platinum electrodes. This was connected to the
BekkTech test stand for the continuous relative humidity and temperature control by BT514 gas delivery system (BekkTech, USA). The measurements were performed at 80 oC
and 120 oC with relative humidity ranging from 20% to 100%.

At least three

measurements were carried out for each sample. The measurements are carried out by
applying a voltage (1V) on the outside electrodes and the resistance to current flow in the
inside electrodes is measured
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Figure 2.2

Proton conductivity measurement set up of the BEKKTech DC proton
conductivity measurements.
The equation for calculation of the
conductivity is shown where L is the length, W is the width and T is the
thickness.
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and recorded. The resistance is converted to conductivity using the equation shown on
the figure below. At elevated temperature (temperatures above boiling point of water) a
back pressure is requires. For example if operating at 120 oC you need a back pressure of
230kPa.

2.5.2

Thermal gravimetric analysis
Thermal analysis was performed on a TA Q50 Thermogravimetric Analyzer (TA

Instruments Inc., New Castle, DE). Samples were prepared by weighing 7-10mg of
membrane added into a TGA platinum pan. Samples were heated from room temperature
to 725°C at 10 °C/min under argon flow rate of 30 ml/min. TGA analysis helps to
determine the thermal degradation of the polymers. In our case, it also helps to determine
the temperature at which the water in the membranes is lost.

2.6

Surface area and pore size analysis

2.6.1

Gas porosimetry
Nitrogen-sorption experiments were performed at 77 K on a Quantachrome

Autosorb 1 porosimeter. The samples were outgassed for 4 h at 25 °C before each
measurement. Surface areas (BET) were calculated with relative pressures in the range
of 0.1-0.2.1 Pore diameters and pore volumes were determined from desorption curves
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using the Barrett-Joyner-Halenda (BJH) method.2,3 Dry samples of 40-100mg were used
for the analysis.

2.7

Mechanical analysis

2.7.1

Stress-strain analysis
Stress- strain analysis measurements were done using Instron 5540 series at a

constant strain rate of 5 mm/minute and all data were corrected at room temperature and
room relative humidity which was about 25

o

C and 35% relative humidity.

Nanocomposite membranes were prepared with 1 wt% particles following the procedure
described later in Chapter 4. A recast Nafion® as well as commercial Nafion 117 was
also analyzed together with the nanocomposite membranes. All samples were dried in a
vacuum oven @ 130 oC for 3 h and then left to cool down in vacuum with a cold trap
prior analysis. Rectangular samples were used for analysis with a length of 30 mm by
5mm width and a thickness of 170 ± 10 µm.

2.8

Membrane pretreatment
Membranes preparation will be discussed in chapter 4 in more details. After

preparation membranes have to be pretreated prior any analysis with the following
procedure. Membranes are first soaked in 3wt% H2O2 for 1h at 80 oC, followed by
rinsing with DI water. The membranes were then soaked in DI water at 80 oC for 1 h to
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remove the excess H2O2. This was done to oxidize any organic impurities. This was
followed with membrane acidification with 0.5 M H2SO4 at 80 oC for 1 h.

The

membranes were then rinsed with DI water and soaked at 80 oC for 1 h in DI water to
remove the excess acid. All membranes were left in DI water for at least 24 h prior any
analysis.4

2.9

Water-uptake and ionic exchange capacity

2.9.1

Water-uptake measurements
Membranes were pretreated prior the analysis following the procedure described

earlier. Pretreated membranes were dried at 100 oC for 2 h in a vacuum oven and
weighed (dry weight), then soaked in DI water at 60 oC for 2 h, blotted dry and weighed
(wet weight). Water-uptake values were calculated from the equation below

wateruptak e =

W wet − Wdry
Wdry

* 100
(2.2)

Here, Wwet is the weight of the wet membranes and Wdry the weight of the dry
membranes.

2.9.2

Determination of ion exchange capacity
The ionic exchange capacity of the nanocomposite membranes was determine by

first drying the membranes at 100 oC for 2 h to remove excess water prior to the analysis.
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Dry membranes were weighed and then soaked in a 1M NaCl solution at room
temperature overnight to exchange Na+ ions with H+ in the membranes. The Na-form
membranes were removed from the solution, and the solution was titrated to end point
with 0.1M NaOH solution. The endpoint of the titration was determined with both a pH
probe and phenolphthalein as an indicator. The quantity of exchanged H+ ions was
calculated from the volume of the NaOH used. Finally the EW was calculated using the
dry weight of the polymer and the quantity of exchanged protons using the equation
below.4,5

m
 g 
EW 
×100
=
mol
[
NaOH
]
×
V


NaOH

(2.3)

Where m is the mass of the polymer and [NaOH] and VNaOH are the concentration and
volume of the NaOH used in the titration. The ion exchange capacity is calculated from
the EW following the following equation

1000
IEC  mmol  =
g  EW


(2.4)
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CHAPTER 3
PREPARATION OF WELL DEFINED, NEARLY
MONODISPERSED SILICA NANOPARTICLES OF DIFFERENT SIZES.
3.1

Introduction
Silica nanoparticles are spherical colloids whose diameter is less than 1000

nanometers and, by more stringent definitions, smaller than 100 nanometers.
Commercially, these particles have been important for almost a centruy.1,2 Dispersions of
silica nanoparticles are used in the fabrication of electric and thermal insulators, catalyst
supports, and membranes.3-5 Nanosilica is used as a filler in polymer composites to
strengthen polymers.3,6,7 Other, more mundane applications include abbrasives, rheology
modifiers, and traction agents (for railroads).8-10

More recently, silica nanoparticles

modified with fluorescent dyes have become widely used as tracers in biological studies
and even as drug delivery systems.11-13 Many applications require silica particles with a
narrow size distribution, and with controlled size, shape, and surface properties.
We are interested in making well-defined silica particles with good control of size
for application in Nafion®/ ex-situ silica nanocomposite membranes. We want to study
the effect of particles size on the properties of the polymer nanocomposite membranes
prepared with these particles.

In order to relate the changes in the nanocomposite

membranes properties to particles size, narrow size distributions are required. Due to
their high surface area to volume ratio, small particles have stronger interaction with
Nafion® matrix compared to large particles resulting in greater impact on the
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nanocomposite membrane overall properties such as proton conductivity, thermal and
mechanical properties as discussed in later chapters.
Particles size and size distribution (polydispersity) depends on how the particles
are made and how they interact with each other.

If prepared at higher precursor

concentrations or if aggregation occurs during their synthesis, silica particles generally
have broad size distributions and suffer agglomeration into even larger structures. To
dictate size and dispersity, one must physically limit their size through polymerizations in
micelles or control particle nucleation in homogeneous systems. Monodisperse silica
nanoparticles can be made either by water in oil microemulsions14-18 or by StÖber’s
process.19
Synthesis of nanoparticles with water in oil microemulsions is more advantageous
compared to StÖber processes to reach particles with diameters from 30 to 60 nm with
low polydispersites.

However, these processes involve difficulties in sample

homogeneity due to heterogeneous synthesis media and require extensive cleaning of
large amounts of surfactant used. On the other hand, StÖber process is essentially easy
and inexpensive production of silica particles with narrow size distribution, but lacks size
reproducibility.

In this Chapter, we describe how we developed a modified Stöber

process for preparation of silica particles with more control on particle size and size
distribution.

Using our new method, we demonstrate preparation of well-defined

spherical silica particles with different sizes and at different reaction scales applicable for
industrial production.
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Stöber method is widely used for preparation of monodisperse silica spheres
(“Stöber silica”) in alcoholic phase from silicon alkoxides. Particle size in this process
can be controlled in range from 0.05 to 2 µm in diameter.19 These particles are compact
especially when above 20 nm diameter and thus serve as good models for theoretical
investigations of colloid stability as well as in developing different methodologies such as
static and dynamic light scattering, small-angle X-ray scattering (SAXS) and
electrophoresis.20 In addition, the surface of Stöber silica particles can be coated with
silylating agents, or polymers, which allows one to control the inter-particle forces
making them easily dispersed in solvent without aggregation.21,22, 23-26 In this chapter we
address the particle surface modification by modifying the silica particles with different
silanes, characterize the surface modification via spectroscopy, Gas adsorption and
titration techniques.
Preparation of silica particles via the Stöber method is based on hydrolysis and
condensation of a tetraalkoxysilane (mainly tetraethoxysilane (TEOS)) catalyzed by
ammonia in a water/ethanol medium.19 In their reports, Stöber at el stated noparticle
size reproducibility was obtained. For this reason, a number of “StÖber-modified” silica
nanoparticle syntheses have then emerged. Using the same main principle, most work is
based on varying experimental parameters such as time, temperature, concentrations and
ratios of reactants to achieved reproducibility in particle size.27-31 Other modification
involve use of amino acid as the base catalyst instead of the ammonium hydroxide or use
of seed growth method to synthesis larger particles.32-36

The seed growth method

involves using smaller particles as seeds to grow lager particles. Another commonly used
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strategy to reduce the silica particle size is termed as semi- batch in which the reagents
are divided into two, and one of the reagents is added into the other at a controlled rate.
For example ethanol and TEOS is mixed together as reagent A.

Then the

ammonium hydroxide, water and ethanol are mixed to form reagent B. Then reagent A is
added into reagent B at a controlled rate to form smaller particles. Most of this new
method complicates the system further by introduction of other variables such as microfeed pumps to control the addition of reagent A. Moreover, particle size , shape and size
distribution of the silica particles produced is still difficult to predict and reproduce and
some of the technique have only been shown for specific particle size like the use of
amino acid as the catalyst have only been shown for particles less than 23 nm.33
Silica particles have a variety of applications and most these applications require
specific particle size. For example for size-property relationship studies like the one we
are addressing for polymer silica nanocomposite, we need silica particles of different size
but prepared in the same manner. In order to make silica particles of different sizes using
the same technique we need to first understand the formation of the particles in the Stöber
process. Silica particles formation via Stöber process have drawn great attention to
achieve control of particle shape, size, and dispersity in the process as discussed earlier.37
However, these can only be achieved with better understanding of the particle formation
process. Available models explaining the formation of particles in the Stöber process are
based on initial particle nucleation followed by particle growth. One argument suggests
that the growth of the particles is limited by diffusion of sub particles against a coulombic
potential of the growing particles.38 Typically, the Stöber process is in basic conditions
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(pH >10) suggesting high coulomb potential which means that the particles should never
increase in size due to coulombic repulsions. According to this argument, raising the pH
should allow one to make smaller particles and reducing the pH or adding salts should
encourage growth of larger particles. However, addition of low concentration of sodium
iodide and ammonium salts in a semi batch process lead to growth of smaller particles.39,
40

On the other hand, Bogush and co-workers regarded the growth of the Stöber
particles via the nucleation and growth steps, resulting from aggregation process of small
sub-particles several nanometers in size.41,42 According to this model, initial process
involves formation of small particles in the nucleation steps, they continue to form from
monomer throughout, and the growth process involves continued aggregation of these
small particles to form the large particles. This therefore suggests that particles will
never stop growing and it will be difficult to control the aggregation, which makes it
difficult to achieve narrow size distributions. However, narrow size distributions are
obtained via ostawald ripening where small particles dissolve while the large particles use
the monomer created by dissolution of small particles to grow larger.
Matsoukas and Gulari proposed that particle nucleation was as a result of the
reaction between two hydrolyzed monomers, then the particles only grew by monomer
addition.31,

43

In this case the particle will continue growing as long as there is more

monomer in the solution. This argument explains the seeded growth and semi batch
process resulting in larger particles. However, some contradicting reports are available
where the size of the particles decreased with increasing TEOS concentration. Van Blaa
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eren and co-workers postulated that particle formation proceeded through an aggregation
process of siloxane substructures, while growth proceeded through surface reactionlimited condensation of hydrolyzed monomers or small oligomers.24, 34, 43-45 According to
this argument, once the initial nucleation event has ended there are no new nuclei formed.
Other research has used this argument to grow large particles by addition of new silica
precursor after the initial nucleation via the semi batch process.46

,47

Finally, a more

convincing argument is that formation of the Stöber particles is a combination of all the
mechanism discussed above.24, 34, 45, 48 ,49 All these arguments can be grouped into two
main mechanisms, (1) sub-particles diffusion limited mechanisms and (2) the monomer
addition mechanisms. Figure 3.1 below shows the expected monomer concentration
change as well as the expected particle size distribution in the two mechanisms with
increasing time. Due to the high complexity nature of the system, to date, none of the
available mechanisms can explain all the experimental result. Variation in the number of
particles formed during nucleation period is believed to be responsible for size variability
between batches of up to 20%.50
Although there are all these arguments about the growth of the silica particles in
the Stöber process, each one of them has supporting experimental data. Interestingly all
these data is based on the same Stöber formulations suggesting that the data should
always be in agreement unless there is technique problem or the growth mechanisms
changes as you change the most important parameters such as water, amount of TEOS
and concentration of ammonium hydroxide.

89

Figure 3.1

Proposed mechanisms of StÖber silica particle growth. (a) Monomer
addition mechanism and (b) sub-particle diffusion limited mechanism.
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In this chapter, we address the technique problem by looking at the Stöber
formulations in more detailed manner. Important parameters in preparing silica particles
via Stöber process seem to be water and ammonia concentrations.

However, these

parameters have been shown to have an opposite influence on the silica particle size
explaining why several groups attempted to rationalize their impact on particle size.42, 51
In most cases, the ammonia used in the experiment has some water, which is never
accounted for. First, we look at the effect of eliminating additional water in the StÖber
process formulations and monitor the growth of the particles by only using the water
contained in the ammonium hydroxide solutions.

The scheme 1 below shows the

formation of our silica particles without addition water in the Stöber formulations. In
order for us to maintain a controlled amount of water in the process, all the reagents need
to have high purity. To quantify the importance of using pure reagent we will show the
impact of using distilled silica precursor and confirmed concentration of ammonium
hydroxide. Particle growth with the concentration of the ammonia and silica precursor
will be discussed followed with how this affects the properties of the particles such as the
particle porosity.
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Scheme 1

Formation of StÖber silica particles

92
3.2

Research hypothesis
Stöber silica particles size is expected to increase with increase in concentration

of ammonium hydroxide (NH4OH) as reported and discussed in the introduction section
due to increased condensation and hydrolysis rates of reaction.

The effect of the

concentration of NH4OH without additional water will be tested for the first time. This
will be done by preparing silica particles with different concentration of NH4OH and
holding the concentration of other reagents constant.
Based on the particle growth mechanisms discussed in the introduction section
and shown on Figure 3.1, the particles size should increase with increase in silica
precursor. The monomer addition mechanism suggests that the growth of the particles
will continue as long there is available monomer. According to subparticle limited
mechanism the maximum particle size will be limited by the diffusion of the subparticles.
Both the monomer addition and the subparticle diffusion mechanisms should increase
with increase in the silica precursor because increase in silica precursors increases the
available monomer as well as the diffusion of subparticles. To verify this hypothesis,
silica particles will be prepared with different concentration of the silica precursor and
same concentration of ammonium hydroxide at the same temperature and reaction scale.
We expect that the reaction scale will not affect the particle size as long as the reagents
concentrations are not changed. This will be tested by preparing samples at a 16 mL
scale and 60 mL scale with similar reagent concentrations. In addition, the growth rates
of the particles should increase with increase in the concentration of the silica precursor
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and NH4OH. This will be verified by preparing silica particles and monitoring the
change in particle size with time.
Since the particle size is expected to change with concentration of the NH4OH,
changes in the stock solution of the NH4OH solution will have a significance effect on
the observed particle size. The actual concentration of NH4OH changes with time and
usage due to changes in % NH3, when left exposed to atmosphere, or has stayed for a
long time. The changes in concentration of the NH4OH could be due to the loss of
gaseous NH3 or formation of carbonate salts with carbon dioxide from the atmosphere.
This in turn will change the % water in the NH4OH and will thus affect the particle size.
Therefore, it is expected that the effect of NH4OH concentration on the particle size will
differ from one stock concentration of NH4OH to the other. This hypothesis will be
tested by first determining the actual concentration of stock NH4OH solution, changing
this concentration by intentionally exposing the NH4OH to the atmosphere to lower the %
NH3. This will be followed by preparing the particles with different concentration of
stock NH4OH solution and monitoring the trend in the particle size with concentration of
NH4OH.
Finally, the surface properties such as surface chemistry, surface silanol
concentration, as well as porosity of the particles will changed with introduction of
different functionality of the particle surface. This is achieved by reacting the particles
with different silanes with different functionalitites. The change in the particle surface
chemistry will be confirmed with spectroscopy analysis of the groups on the particle
surface. Other properties that will be tested will include the porosity of the particles with
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Gas adsorption as well as the concentration of the surface silanols by titration. In this
work particle size distribution are considered monodispersed when there is no visible
multiple peaks ( DLS) in the size distribution of no visible bimodal particles in SEM or
AFM images. In addition for particle size to be monodispersed the relative standard
deviation of the size distribution ahs to be less than or equal to 20%. The relative
standard devaiton is defiend as the peak halfwidth divided by the peak particle size
multiplied by 100.

3.3

Experimental

3.3.1

Preparation of Stöber silica nanoparticles
All the materials used in this work are described in chapter 2 section 2.1. The

concentration of the NH4OH was determined by titration with 0.1M sulfuric acid
prepared from stock solution obtained from VWR. The endpoint of the titration was
determined with phenolphalein and a pH probe.
Silica particles were prepared using a modified Stöber process.19 Hydrolysis of
TEOS in ethanol in the presence of NH4OH (base-catalyzed reaction) yielded
monodispersed spherical silica nanoparticles with 95-100% yields. Anhydrous ethanol
and aqueous NH4OH were combined in a vial (based on the recipes on Table 3.1), and
stirred for 5 minutes prior to addition of silica precursor (TEOS).

The volume of

anhydrous ethanol was measured with disposable plastic syringe while the volume of
NH4OH was measured with micropipettes. TEOS without any dilutions was added with a
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micropipette as fast as possible (10 s) to avoid size distribution broadening. The vials
were closed immediately and sealed with parafilm to prevent water or other contaminant
from the atmosphere. All samples were prepared at room temperature determined as 25
°

C ± 5 °C), left stirring at a constant rate (600 rpm) for 24 h before analysis except for the

growth analysis samples that were analyzed several times as discussed later in the
Chapter. Table 3.1 below shows the formulations used to make particles with diameter
ranging from 10 nm to 200 nm. Growth of the particles was easily observed by the
change in the scattering of light by the solutions. With low concentration of the TEOS,
the small particles (<100 nm) remained colorless throughout the entire growth time,
while the larger particles (>100 nm) changed from colorless to translucent after the first 6
h and remained translucent.

However, the scattering changed with changes with

concentration of TEOS as shown in Figure 3.2 and will be discussed later in the Chapter.
Four Samples set were prepared by either changing the amount of silica precursor
in the 16 mL scale or scaling up the solution together with all the reagents to 60 mL.
Table 3.2 shows the changes made on the formulations on Table 3.1. For all the particle
sample sets, the NH4OH concentration was changed as indicated for samples A through L
on Table 3.1. All samples were prepared in triplicates.
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Samples

NH4OH

TEOS

Total Volume
(mL)

SS-1A 0.1M (0.2 mL, 0.0018 moles) 0.011M (0.04mL, 1.79E-4moles)

15.9

SS-1B 0.2M (0.4 mL, 0.0036 moles) 0.011M (0.04mL, 1.79E-4moles)

15.9

SS-1C 0.3M (0.5 mL,0.0045 moles 0.011M (0.04mL, 1.79E-4moles)

15.9

SS-1D 0.4M (0.7mL,0.0063 moles) 0.011M (0.04mL, 1.79E-4moles)

15.9

SS-1E 0.5M (0.9 mL, 0.0081 moles) 0.011M (0.04mL, 1.79E-4moles)

15.9

SS-1F 0.6M (1.1mL,0.0099 moles) 0.011M (0.04mL, 1.79E-4moles)

15.9

SS-1G 0.7M (1.3 mL,0.012 moles)

0.011M (0.04mL, 1.79E-4moles)

15.9

SS-1H 0.8M (1.4 mL,0.013 moles)

0.011M (0.04mL, 1.79E-4moles)

15.9

SS-1I 0.9M (1.6mL,0.014 moles)

0.011M (0.04mL, 1.79E-4moles)

15.9

SS-1J 1.0M (1.8 mL,0.016 moles)

0.011M (0.04mL, 1.79E-4moles)

15.9

SS-1K 1.1M (2.0 mL,0.018 moles)

0.011M (0.04mL, 1.79E-4moles)

15.9

SS-1L 1.2M (2.2 mL,0.020 moles)

0.011M (0.04mL, 1.79E-4moles)

15.9

Table 3.1

Formulations for making particles with small diameter (less than 200 nm).The
concentration of the stock NH4OH was 9 M determined via titration.
Concentrations shown on the table are the final concentrations in the 15.9 mL
solutions.
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Figure 3.2

Stöber silica particles’ light scattering increase with their size and the
concentration of the TEOS. Scattering changes from undetectable to
white with particles size and silica precursor concentrations.
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Series

Table 3.2

Total
Concentration of the silica precursor
volume (mL) (TEOS)

SS- 1(A-L)

15.9

0.011M (0.04 mL, 1.80E-4 moles)

SS-2(A-L)

15.9

0.14M ( 0.5 mL, 2.24E-3 moles)

SS- 3(A-L)

15.9

0.28M ( 1.0 mL,4.5E-3 moles)

SS-4 (A-L)

60

0.28M ( 4.0 mL, 0.018 moles)

Formulations for particle preparation for different particle sample series.
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3.3.1

Particle growth analysis of the Stöber silica nanoparticles

Qualitative particle growth analysis was followed via dynamic light scattering (DLS).
Table 3.3 below shows the recipes used for this analysis. The samples were chosen as a
representative of each of the three samples sets on Table 3.2 with 15.9 mL. reaction
scale. The samples were analyzed by drawing out 1mL of sample into a cuvette and
measuring the size of the particles with DLS. After analysis, the sample in the cuvette
was discarded. This was repeated at different times between 30 min and 72 h. Particle
growth was also followed by taking 5 mL of the samples, adding it into a cuvette and
measuring the size of the particles at different times. The cuvette was covered the entire
time to reduce contamination from the room.

3.3.2

Stöber silica particles surface modification
Preformed

silica

nanoparticles

were

modified

using

either

mercaptopropyltriemethoxysilane (MPTMS), or perfluoro-octyltriethoxylsilane (PFS)
and aminopropyltriethoxysilane(APTS).

The surface functionalities were selected in

order to enhance the interaction between the particle and the polymer matrix for our
Nafion®/ ex-situ silica nanocomposite membranes through electrostatic interaction.
Particle surface modification was achieved by adding about 3 wt% for APTS and
MPTMS and 10 wt% for the PFS of the silane modifier relative to the amount of TEOS
used to make the particles into the particle solution. These wt% was based on
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Series
(concentration
of TEOS)
1 (0.011 M )

3 (0.28 M )

Table 3.3

Samples

SS-1B
SS-1E
SS-1L
SS-3B
SS-3F
SS-3I

Concentration
of NH4OH (M)
0.1
0.5
1.2
0.2
0.6
0.9

Particle growth formulations for monitoring two different particle sample
series. Series 1with the lowest concentration of TEOS and series 3 with
the highest concentration of TEOS.
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calculations with total surface coverage of 100 nm diameter particles and assuming a
particle density of 2.2 g/cm3.

No particle washing was done prior the surface

modification except with the aminopropylsilane modifiers which self catalyze the
reaction with the particles. The samples were left stirring at 600 rpm and at room
temperature for 12 h. After surface modification, the particles are washed with ethanol
with three cycles of centrifugation and ultrasonic dispersion prior any analysis.

3.3.3

Stöber particles Characterization
Particle sizes were determined with DLS in solution or by AFM and SEM on dry

particles solvent cast onto glass substrate. Particle shape was also determined with AFM
and SEM. Particle surface modification was confirmed with diffuse reflectance IR and
the surface coverage was quantified with titrations of the surface silanols.28 Samples for
titration experiment were prepared by washing the silica particles with ethanol (3X, 30
mL), centrifugation, followed by ultrasonicate redispersion to remove all the residue
silica precursor or monomer. Particle samples were dried in vacuum at 120 °C for 12 h
and weighed. Dry samples were mixed with 20 mL of 0.05M NaOH (aq) at room
temperature in 20 mL scintillation vials. The vials were sealed and left stirring for 12 h.
Afterwards, the mixtures were centrifuged and 5 mL of each dispersion was collected and
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titrated with 0.05 M HCl using 3 drops of phenolphthalein as an indicator. The surface
silanols concentration (Mmol/gram) was determined from the equation below
Mmol

gram

=

(VNaOH − VHCl )× C
Wdry

(3.1)

Where VNaOH is the volume of the NaOH and VHCl is the volume of the HCL obtained
from the titration, Wdry is the particles dry weight and C is the concentration of NaOH,
which equal concentrations of the HCl, which is 0.05M. Particles’ surface areas, pore
sizes, pore volumes were determined by nitrogen sorption porosimetry using N2 at 77K,
and data was analyzed with BET model calculations.52-54

3.4

Particles size analysis by dynamic light scattering, AFM and SEM
Dynamic light scattering (DLS) data can be expressed in terms of number particle

size dispersity (PSD), intensity PSD or volume PSD. The number PSD corresponds to
the size distribution based on the population of the particles at a specific size, intensity
PSD is based on the amount of light scattered by a specific particle size distribution while
the volume PSD is the size distribution based on the total volume of a specific size
distribution. If the particles are monodispersed in size (or a single poisson distribution)
then the number, intensity and volume PSD’s will be the same. When more than one
particle size distribution is present the number PSD, Intensity PSD and volume PSD will
be different. For example, if there are two particle size distributions with the same
population in the sample , one size distribution centered at 10 nm and another at 100 nm,
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the number PSD will show two peaks with the same intensity at 10 nm and 100 nm. The
volume PSD will show two peaks with the peak for large particles (100 nm) 103 times
larger than the peak for small particles (10 nm). Finally, the intensity will have the peak
for the large particles size (100 nm) 106 times more intense than the small particle (10
nm) size distribution. If you have more than two size distribution or the ratio between
them is not equal then, it is possible to observe only one peak, which will only be an
average. In such a case, the number, intensity and volume PSD will be different values
indicating more than one size distributions. A few selected size distributions via different
PSD are shown on Table 3.3. All the PSD values are very close to each other and in
agreement with Z-average, which is indicative of a much focused size distribution. Zaverage is the average of all the size distribution in the samples. If only one size then the
Z-average is very close to the PSD values. All the particle sizes reported in this chapter
are based on number PSD unless stated otherwise. The particles are spherically shaped
as shown in the AFM and SEM images below. The larger particles (> 300 nm) tend to
pack into hexagonal packing shown on the Figure 3.4 and confirmed with the 2D
spectrum in the inset.

Particle packing is mostly observed for particles with size

difference less than 2%.36, 55
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Samples

Intensity
PSD
(nm)
12.28

Volume PSD
(nm)

Z –Average
(nm)

SS-1A

Number
PSD
(nm)
7.725

9.386

12.51

SS-1B

17.15

25.09

20.10

26.54

SS-1C

25.53

38.7

30.62

35.20

SS-1D

49.60

72.42

59.25

67.86

SS-1E

100.6

121.9

114.1

117.2

SS-1F

141.5

163.5

162.3

158.8

SS-2F

213.3

227.4

234.0

225.9

SS-2G

239.7

252.7

260.2

256.7

SS-2I

306.7

323.7

336.3

325.9

SS-3H

401.9

434.7

449.7

420.7

SS-3I

494.4

524.4

540

521.4

SS-3L

882.5

925.1

965.9

888.6

Table 3.4

Dynamic light scattering data comparisons for the number PSD, intensity
PSD and volume PSD and the Z average for some selected sizes.
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3.5

Impact of ammonium hydroxide concentration on particle size with a low TEOS
concentration
In a typical Stöber process, size of silica particles is controlled by the amount of

water. In this work, we take advantage of the water in the aqueous NH4OH, which is
about 70% (concentrated NH4OH (28-30%) = 14.9M) or 81% (for 9 M NH4OH) and by
changing the concentration of NH4OH; we change the concentration of the water
simultaneously. The concentration of TEOS was maintained at 0.011M. This is the first
time the impact of concentration of NH4OH has been observed without additional water
and all other reagents’ concentrations held constant. Silica particle size increases with
concentration of NH4OH irrespective of the concentration of TEOS (silica precursor).
The formation of the silica particles involves hydrolysis of the silica precursor to form
silicic acid followed by its condensation. In the Stöber process, ammonia acts to catalyze
both the hydrolysis and condensation reactions. Thus, increasing the concentration of
NH4OH increases the rate of these two reactions and as consequence, larger particles are
formed.1
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Figure 3.3

Tapping mode AFM images (5 µm x 5 µm) of silica particle, (a) 60
nm,(Sample SS-1D), (b) 100 nm (Sample SS-1E), (c) 150 nm (sample SS3G) (d) 293 nm, (sample SS-2J) (e) 340 nm (sample SS-2I) and (f) 412 nm
(sample SS-2I). Samples were prepared with our modified StÖber
modified process and were cast on piece of glass.
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Figure 3.4

Tapping mode AFM images 300 nm silica particles (sample SS-2J). (a)20
µm x 20 µm, (b) 5 µm X5 µm showing the hexagonal packing of the
particles and the 2D spectrum for the hexagonal packing.
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Figure 3.5

SEM images of silica particles of different sizes. (a)180 nm particles (
sample SS-2F), (b) 238 nm particles( sample SS-, ( c) 280 nm particles
(sample SS-2G) and (d) 400 nm particles ( sample SS-2J). all samples
were prepared by casting the solutions on a piece of glass. Particles are
spherical and monodispersed.
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As discussed earlier in the monomer addition model, particle formation and growth are
controlled by the kinetics of the hydrolysis and condensation reactions. In this model,
nucleation is the result of the condensation reaction between two hydrolyzed monomers.
The number of nuclei produced in the nucleation process is determined by the ratio of the
hydrolysis rate to the condensation rate. Higher ratios will imply, more nuclei produced
which will result in small particles while the lower ratios will lead to fewer nuclei, which
will lead to larger particles since growth is by monomer addition. Therefore, particles
size is dependent on the number of nuclei formed and the amount of monomer available
for particle growth after nucleation.
This model also maintains that all nuclei are produced in the nucleation process
and that after the nucleation process is completed, no new nuclei are produced. Particle
size was observed to increase with increase in NH4OH suggesting that high
concentrations resulted into higher condensation rates, which lead to fewer nuclei formed
at the beginning. The fewer nuclei present in the system, the more hydrolyzed monomers
available for particle growth for each nucleus by monomer addition and the larger the
final particles size and vice versa. In addition, at high concentration of the NH4OH, you
have size focusing, which is as a result of dissolution of the small particles and further
growth of the large particles using this extra monomer. Monomer addition model can be
tested with the particle distribution with time, which should not change significantly
since no new nuclei are formed after the nucleation step. At high pH, the particle surface
is negatively charged and this stabilizes the particles against aggregation. The low spread
of the size distribution as shown in the Figure 3.7 is indicative of a process in which
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nucleation is limited to the early stages and the monomer (silicic acid) reacted
preferentially with existing particles rather than nucleating irrespective of the
concentration of the NH4OH concentration.
Increase in size of the particles was observed to follow an exponential trend up to
NH4OH concentration of 0.5M after which, no further change in particle size within
NH4OH concentration range investigated and the lowest concentration TEOS ( 0.011M).
Increase in particles size with increase in concentration of NH4OH has been observed
previously but with addition of extra water in the formulations.1,21,43 Previously, Carlos
et al reported increase in size of Stöber silica particles with increase in volume of NH4OH
but with no mention of whether they had any additional water and why they did not add
any water in the formulations. In addition, their particle preparation recipes were in
volume and the actual concentration of the reagents was not reported. Moreover, the
concentrations of the reagents changes with volume, for example, the volume of TEOS
used is 4 mL but the total volume changes from 56mL to 60mL.56
The particles size decreased slightly when distilled TEOS was used as shown on
Figure 3.7 thus emphasizing on good control of the reagents purity as well as actual
concentrations. The slight particle size change can be attributed to possible presence of
water in the TEOS before distillation or other impurities that may affect particle
nucleation and growth. The presence of more water in the TEOS will change the total
amount of water in the formulation and thus affecting the ratio between the hydrolysis
and condensation. More water leads to slower condensation rates, which corresponds to
higher rate ratio (hydrolysis/ condensation) which would results into smaller particles.
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Figure 3.6

Graph showing dependence of the size of Stöber silica particles on the
concentration of NH4OH with the lowest concentration of the TEOS (
0.011M).
Particles size increases exponentially up to NH4OH
concentrations of 0.5 M and then stops.
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Figure 3.7

Particle size distributions from the DLS for series 1 StÖber silica particles.
All peaks are based on the number PSD. The peaks show a narrow
distribution irrespective of the particle size.
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Figure 3.8

Effect of TEOS purity on the size of the particles. Particles prepared with
distilled TEOS are slightly smaller than particles prepared before TEOS
distillation due to possible water in the TEOS.EOS concentration is
0.011M.
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However, as shown on the Figure 3.7, larger particles are formed with unpurified TEOS
suggesting that at high concentration of NH4OH, the effect of NH4OH and not the effects
of the water in the TEOS dominate the growth of the particles. In addition, Park at el
observed increase in particle size with increasing water and attributed it to the enhanced
water assisted hydrogen bonding between small sub particles to form larger particles.31
Therefore the change in particle size with unpurified TEOS can be attributed to presence
of water, or other nucleating agents which might nucleate the particle formation and
changing the particle growth mechanism resulting in larger particles .

3.6

Growth of silica particles with time at a low concentration of TEOS
The silica particles prepared via this process are spherical (as shown on the AFM

and SEM images). Simple growth models based on monomer (silicic acid) addition to
the surface of an existing particle in the presence or absence of a screened coulombic
potential as discussed earlier can account for the spherical shape. This picture though
qualitative, does not address the fact that increasing concentration of NH4OH promotes
formation of larger particles. This becomes even more complicated when we consider
that the active monomer (silicic acid) is released continuously by the hydrolysis reaction,
which proceeds at a time scale comparable to that of the growth of stable silica particles.
The TEOS concentration was maintained at 0.011M.

Faster kinetics were

observed under higher NH4OH as indicated by the rapid increase in the size of the
particles in the first 6 h after mixing the reagents as shown Figure 3.9, attributed to the
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Figure 3.9

Growth of the silica particles followed with time at different
concentrations of the NH4OH and concentration of TEOS at 0.011 M.
This plots corresponds to the samples SS-1B (NH4OH = 0.2 M), SS-1E
(NH4OH = 0.5 M and SS-1 L (NH4OH = 1.2 M).
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higher hydrolysis rates. However, the effect of NH4OH goes beyond increasing
the rate of monomer release. This is evident by the fact that NH4OH also promotes the
formation of larger particles by dissolving the small particles and growing the larger
particles also called the refocusing through the Ostwald ripening mechanism.2 According
to the simple monomer addition model, under kinetic limitation of monomer release, the
rate of growth reflects the rate of release, but the rate of nucleation (and thus the final
size) depends on the ratio of the hydrolysis rate to the monomer reaction rate. Therefore,
in this case, NH4OH serves to promote hydrolysis, dissolution of small particles at high
pH and promotes higher degree polymerization, resulting in growth of large particles.

3.7

Impact of TEOS concentration on the particles size of silica particles.
TEOS is the source of silica in the formation of the particles and its increase will

affect the initial number of nuclei generated at the beginning of the reaction at any
particular concentration of NH4OH.
concentration of TEOS

As seen on Figure 3.10, increase in the

lead to increase in the size of the particles, and was also

previously observed by Bogush et.al.41,57 However , Stöber et al reported that there was
no effect of TEOS concentration on the final particle size.19 In their experiments, they
used very high concentration of NH4OH (8 moles/liter).19 In contrast to both Bogush et
al. and Stöber et al, Van Helden et al. reported particle size decreased with increase in
concentration of TEOS.49 Monomer addition mechanism of Stöber silica particle growth
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suggests that the particles will grow bigger with more TEOS. However, as seen on the
Figure 3.9 significance impact of increasing the amount of TEOS is only observed when
the concentration of NH4OH exceeds 0.5M and no significant impact at lower
concentrations. To the best of our knowledge, this has not been reported elsewhere. In
most reports the lowest concentration of NH4OH is equal or greater than 0.5 M. For
example, Bogush et .al reported increase in the particle size with increase in the NH4OH
similar to what we observed but their lowest NH4OH concentration was 0.5 M.41 Stöber
et al however had concentration of 0.5 M for TEOS but very high concentration above
0.5 M for NH4OH and thus did not observe any change in the particle size with change in
the increasing TEOS.19 It is possible that the dependence of particle size on TEOS
concentration has a maximum NH4OH concentration limit and Stöber at el had exceeded
this limit. The discrepancies in the impact of silica precursor on the particle size at
different NH4OH concentration is indicative of possible different growth mechanisms
involved at different NH4OH concentration.
At low concentration of NH4OH, the nucleation rate is faster than the growth rate.
Thus irrespective of the amount of TEOS the size of the particles is dictated by the
concentration of NH4OH. In addition, the concentration is low enough not to cause any
size focusing by small particle dissolution and large particle growth. However, at high
concentration of NH4OH the growth rate is higher than the nucleation rate and thus the
final particle size is dictated by the available monomer. At high concentration of NH4OH
particle size focusing would also contribute to the particle size increase. In the size
focusing, there is dissolution of the small particles due to their instability in the basic
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Figure 3.10

Graph shows the effect of changing the concentration of TEOS and
changing the concentration of NH4OH. Particle size increases with
concentration of the TEOS. The concentration of TEOS is 0.011 M, 0.14
M and 0.28 M.
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Figure 3.11

Comparison of particle distribution plots for samples prepared with TEOS
concentrations 0.011 M, 0.14 M and 0.28 M, while holding the other
reagents concentrations constant.
The colors represent different
concentration of NH4OH (red =0.2 M, green =0.5 M, black =0.8 M and
blue = 1.2 M).
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environment and growth of larger particles.

The larger particles use the monomer

generated from the small particle dissolution.

The solubility of the silica in basic

condition has been shown to increase with pH.2 Thus dissolution of small particles will
increase with increase in the concentration of the NH4OH thus increasing the available
monomer for continued growth of the larger particles and as a result the the overall
particle size increases. Thus at high concentration of NH4OH the particle size increases
with the focusing at the end of the particle growth. In addition the peak width is
dependent on the particles size and not on the concentration of the TEOS. However, this
is also amount of TEOS, which corresponds to increasing amount of monomer available
for particle growth.
Peak width, which correspond to particle size distribution, increases with the
increase in the size of the particles as shown in Figure 3.10. Increase in peak width
would suggest that the nucleation is taking place throughout the entire particle growth.
However, all the particle shape and morphology analysis via AFM and SEM, do not show
any bimodal distributions suggesting, there is no another mechanism involved in the size
depends on the concentrations of the NH4OH.

Finally, silica particles growth was

slightly faster with high concentration of TEOS as shown in Figure 3.11. However, all
particles in most cases stop growing after 24 h, at this point, no more particle size change
was detected via DLS.
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Figure 3.12

Influence of the TEOS concentration on size distribution peak widths.
Peak widths increase with increase in the size of the particles and TEOS
concentration.
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Figure 3.13

Growth of StÖber silica particles with time at different NH4OH
concentration and TEOS concentration of 0.28 M. Samples SS-3B
(NH4OH=0.2 M), SS-3F (NH4OH=0.6M) and SS-3J (NH4OH=0.9 M).
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3.8

Impact of changing the % NH3 in the stock ammonium hydroxide
In order to understand some of the variability in particle size obtained with Stöber

formulations, we looked at the impact of the actual concentration of NH3 in the NH4OH
solutions. Concentrated NH4OH is commercially available with 28-30 wt% NH3 in
water. The NH3 concentration associated with this wt% is about 14.9 M. However, in
most cases this concentration will change because NH3 is easily lost during the opening
and closing of the bottle. Loss of NH3 will change the concentration of the ammonium
hydroxide and will change the total wt% of water in the solution. As described earlier,
the amount of water and NH4OH in the reaction will affect size of the Stöber silica
particles.19 Lack of proper information of the amount of water and the NH3 in the
NH4OH solutions will affect the observed particle size data in two ways: first, having the
wrong calculations for the actual concentration of the NH4OH in the solutions by using
incorrect stock concentration. Secondly, if the actual concentration of the NH4OH is
confirmed, the size of the particles will also have more water than when using the highly
concentrated NH4OH. Figure 3.14 below shows that, when the actual concentration of
the NH4OH is not determined prior the particle synthesis, you will end up with particles
sizes smaller than predicted size. This is expected because, as discussed earlier the
particle size decreases with decreasing NH4OH concentration.
Figure 3.15 shows changes in the particle size with the same concentration of the
NH4OH but using different stock solution concentrations. This is to illustrate the effect
of the water contained in the NH4OH. Again, these demonstrate that it is possible to end
up with different size of particles than the predicted size due to difference in the water
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Figure 3.14

StÖber particle size dependence on the concentration of NH4OH. The two
plot shows the discrepancies in the size of the particles when the
concentration of the stock solution is not confirmed. The concentration of
the new bottle of stock NH4OH is 14.9 M, however this may change with
time as shown in the figure the concentration of the stock solution changed
to 9 M.
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Figure 3.15

Influence of using different concentration of the NH4OH stock
solution. The size of the particles for a given concentration of
NH4OH increases with decrease in the concentration of the
NH4OH stock solution due to increase in the wt% of the water in
the NH4OH stock solution.
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wt% in the NH4OH. Therefore, having the correct concentrations of the reagents is
crucial in being able to predict the size of StÖber particles.

3.9

Impact of changing the reaction scale on the size of the particles
Changing the reaction scale from 15 mL to 60 mL did not seem to affect the size

of the particles. The particles prepared with the large scale are slightly smaller within
error limits as shown on Figure 3.13. In addition, only single peaks were observed for
each size of the particles and no aggregations. Increasing the reaction scale allow for
preparation of large amounts of silica. Stöber at el prepared particles in 50-60 mL scale
but they did not show size distributions.19 No aggregation detected with the large scales
as indicated by the narrow peak distributions as well as lack of extra peaks on the large
particle size (Figure 3.16).

3.10

Particle surface modification using sylating agents
Surface modified silica particles have generated intense interest in a wide range of

application fields.

Modification of silica particles with organic groups leads to the

production of organic-inorganic hybrid particles in which the organic components is
chemically bound to the silica matrix. Modifying the particles with different silanes
(MPTMS or the fluoro silane) did not result to any detectable changes in size or shape of
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Figure 3.16

Effect of changing the reaction scale. No significance change in the
particle size was observed as shown on the plots.
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Figure 3.17

Particle size distributions from the DLS data for samples SS-4A through
SS-4I with the 60mL scale StÖber silica particles. All peaks are based on
the number PSD.
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the particles as observed with DLS, AFM and SEM. In addition, the concentration of
the silane modifier relative to the concentration of the silica matrix is small and thus only
very weak IR peaks were observed as shown on Figure 3.18. Surface modification was
also confirmed with the changes in the surface area of the particles as well as changes in
the total concentration of the surface silanols on the particle surface. Table 3.5 shows the
changes in the surface acidity with particle size and surface modification.

The

unmodified silica particles surface acidity did not change with change in particles size
due the inherent particles porosity. Addition of mercaptopropylsilane on the particles
leads to an increase in the surface acidity as indicated by the increase in the mMol acid
per gram of sample. The increase in the acid concentration on the particles surface is
high with small particles and decrease with increase in size, suggesting that particle
porosity did not play a part in the surface modification. Fluoro-modified particles shows
a decrease in the mMol acid per gram of sample relative to the unmodified particles as
would be expected from the surface modification. The change on the surface acidity is
also a confirmation of successful particle modification.
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Figure 3.18

Diffuse reflectance FTIR spectra of bare silica and modified silica
particles. (a) Bare silica particles and Flourinated particles and (b) Bare
silica particles and thiol modified particles.
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Silica peaks

Peaks for F-silica

Peaks

Peaks

Peak

Peaks

(cm-1) assignment

(cm-1)

assignment

(cm-1)

795

705

νs CF2

705

νC-S

Peak

Peaks for SH-silica
Peak assignment

950

Si-O

748

νs CF2- CF3

1398

CH2 wag

1085

νs Si-O-Si

1187

ν CF2

1444

CH2 deformation

1175

νas

Si-O- 1319

ν CF3

1681

Adsorbed
molecules

C 2 H5
1388

OH

water

1362

ν CF3

2567

νs SH

1448

CH2

2833

νs CH2

deformation
1448

CH3
deformation

deformation

2833

νs CH2

2889

νs CH2

2889

νs CH2

3000-

Si-OH

3500
3000-

Si-OH

3500

Table 3.5

Peak assignment for the diffuse spectra of bare silica particles and
modified silica particles. F- silica are the fluorinated particles and SHsilica are the thiol modified particles.
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Silanol particles
Particle size Particle
(nm)

Perfluorinated particles
H+ Particle Size Particle

Sulfonic acid particles
H+ Particle

Particle

H+

concentration (nm)

concentration Size (nm)

concentration

(mMol/gram)

(mMol/gram)

(mMol/gram)

50±2

1.48

40±5

1.40

40±5

3.86

120±8

1.18

97±8

1.25

80±8

2.24

232±16

1.62

120±8

1.12

140±10

2.05

388±10

1.78

189±10

0.99

232±16

1.8

Table 3.6

Concentration of silica particles surface acid and the impact of
surface modification.
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3.11

Surface area and pore size analysis
Gas porosimetry is a very powerful technique and has been used previously to

evaluate material porosity. Both specific surface area and the pore size distribution can
be calculated from the adsorption−desorption isotherms. Brunaur-Emmett-Teller (BET)
method is the most commonly used method to determine the surface area of a solid
material.52 The BET method is based on a kinetic model proposed by Langmuir on
adsorption of gas molecules on a substrate.58 This model extends the Langmuir to
multilayer gas adsorption by making the following assumptions:(1) heat of adsorption is
equal to the heat of condensation except for the

first layer, (2) evaporation and

condensations are identical for all other layers expect for the first layer, and (3) the
adsorbate condenses into a liquid on the surface when the pressure equals the saturation
vapor pressure.

The BET equation is shown below and is applied to

adsorption/desorption data to calculate material surface area

1
 P

W   0  − 1
 P  

=

1
C −1  P 
 
+
Wm C Wm C  P0 

(3.2)

Where W is the weight of the gas adsorbed at a relative pressure P/P0 and Wm is the
weight of the adsorbate gas in a monolayer surface coverage, C is the BET constant that
relates to the energy of adsorption. The optimum values for C ranges from 50 to 150.
Values less than 50 results in underestimation of the monolayer capacity due to low
enthalpy of adsorption while values greater that 150 results in overestimation of the
monolayer capacity due to high enthalpy of adsorption. Therefore, the value of C is a
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quality check number for applicability of the BET model on the solid materials being
analyzed. The application of BET equation is limited to P/P0 range 0.05-0.35, where the
plot between the 1/ [W (P0/P-1] vs./P0 is linear
The pore size information can be deduced from the shape of the isotherm and
these shapes are classified into 5 different types corresponding to different type and size
range of the pores.59 Type 1, II and III ( shown on Figure 3.19) are reversible and the
hysteresis between the adsorption and the desorption are used to categorize the pores into
different shapes.60 The pore size distribution is calculated from the adsorption-desorption
isotherm using the Kelvin equation shown below
rk =

− 2γVm
RT ln P 
 P0 

(3.3)

Where rk is Kelvin pore radius, γ is the surface tension of the adsorbate at its
boiling point Vm is the volume of the liquid adsorbate, R is the gas constant, T is the
boiling point o the adsorbate in Kelvin and P/P0 is the relative pressure. This equation
relates the equilibrium vapor pressure of adsorbate on curved surface to the equilibrium
vapor pressure of the same adsorbate on flat surface. However, this model is limited to
pore size in the range of 20-250 Å, which correspond to mesopores, and assumes
cylindrical pores. To extend this model to type pores and pore size distribution, Barret,
Joyner and Halenda developed the BJH model for calculating the pore size distribution
form the adsorption-desorption isotherms of adsorbate on a solid material.54
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Figure 3.19

Most encountered isotherms for different materials.
Type I for
microporous materials, Type II for nonporous or macroporous materials,
Type III adsorption of water vapor on nonporous carbons and Type IV
corresponds to capillary condensation in mesopores
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3.11.1 Surface area and pore size analysis of the silica particles
Typically, silica particles prepared by StÖber or modified StÖber process are
porous.21, 28, 61 They contain a wide range of pore sizes; micropores 0-20 Å, mesopores
20-500 Å and macropores > 500 Å. Silica particles adsorption−desorption isotherms of
Nitrogen at 77 K are Type II IUPAC classification typically associated with nanoporous
or macroporous materials. The narrow hysteresis loop at rather high relative pressures
(0.7 < P/P0 < 0.9) on the adsorption−desorption isotherms is associated with porous
materials that consist of agglomerate or compact packing of approximately regular and
uniform spheres. This is indicative of relatively narrow pore size distributions in the
particles.
Table 3.4 shows the comparison of the pore size and pore volume of StÖber silica
particles of different sizes. The surface area increases with increase in the particle size
while the pore size decreases. Table 3.5 shows the impact of surface modification on the
surface area and pore size. From the Table it is clear that addition of the perfluorinated
silane on the particle surface leads to decrease of both pore volume and pore diameter
relative to the unmodified particles except for very small particles.

However, the

opposite is observed with amine and thiol modified particles probably due to their short
chain lengths as well as interaction with nitrogen. The addition of the modifier on the
particle surface may lead to blocked pores thus reflecting a decrease in the pore size and
pore diameter. However, there is no specific correlation with the specific surface area of
the particles (Table 3.8) due to possibility of other counteracting effects, such as pore
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Figure 3.20 N2 Gas adsorption isotherm for silica particles prepared in this
work. The red and blue plots are the adsorption and desorption for 120
nm particles, the green plots are the adsorption and desorption data for 80
nm particles while the purple plots are the adsorption and desorption plots
for 40nm particles .
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DLS (nm)

AFM (nm)

Surface

Particle size

Particle size

area(M2/g) (Å)

(cc/g)

41.2±2.1

42±5

84

236

0.49

69.1±2.4

70±8

95

200

0.48

103.3±5.2

114±8

53

247

0.33

134.2±2.8

130±10

381

153.9

1.46

200 ±17

174±15

264

127

0.84

400.5±10.17

300±10

297

77

0.57

Table 3.7

Pore size Pore Volume

Comparison of the BET surface areas, pore sizes and pore volumes of
StÖber silica particles of different size obtained with nitrogen adsorption
analysis.
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DLS (nm)

Surface area(M2/g) Surface area(M2/g) Surface

Particle

(unmodified

(Fluorinated

area(M2/g)

(M2/g)

size(

particles

particles

(Thiol particles

(Aminated

Surface

area

particles
41.2± 2.1

84

149

127

78

80±2.4

95

78

64

63

120.2± 2.8

53

51

50

47

Particle size Pore volume(cc/g)

Pore volume(cc/g)

Pore volume(cc/g) Pore volume (cc/g)

41.2± 2.1

0.499

0.581

0.49

0.50

80±2.4

0.481

0.422

0.37

0.65

120.2±2.8

0.44

0.37

0.74

0.66

Particle size Pore size (Å)

Pore size (Å)

Pore size (Å)

Pore size (Å)

41.2±2.1

236

156

145

257

80±2.4

201

218

231

416

120.2± 2.8

497

291

587

567

Table 3.8

Comparison of surface areas, pore sizes and pore volumes of StÖber silica
particles of different sizes and different surface modifications obtained
with nitrogen adsorption analysis.
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Figure 3.21

Pore size distribution of the fluorinated particles (top), and sulfonated
particles (bottom). In both graph, the red plot corresponds to the pore size
distribution for the 40 nm, blue corresponds to pore size distribution for 80
nm, and black corresponds to the pore size distribution for 120 nm.
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Figure 3.22

Pore size distribution of the aminated particles. The black corresponds
to the pore size distribution for 40 nm, blue corresponds to pore size
distribution for 80 nm, and. red plot corresponds to the pore size
distribution for the 120 nm.

142
3.12

Conclusion
Highly monodispersed spherical silica particles were successfully prepared with

modified Stöber process formulations. The modified Stöber process involved eliminating
extra water from the original StÖber process.

This is the first time to best of our

knowledge the water in the ammonium hydroxide solution has been accounted for in the
process. This in turn offers more control of size as well as better reproducibility since
fewer parameters are involved. The silica particles were observed to increase in size with
increase in the NH4OH and TEOS.

In addition, particles size was dictated by the

concentration of the NH4OH at concentration of NH4OH < 0.5 M irrespective of the
TEOS concentration. Narrow size distribution, and lack change of the size distribution
with time is a good indication of absence of aggregation thus supporting the monomer
addition model for particle growth.
Moreover, this study shows that preparation of monodispersed silica particles
with good reproducibility requires more than just following the StÖber formulations in
literature. We have shown for the first time that knowing the actual concentration of the
reagent has a greater impact on silica particles size. For example, the particle size is
slightly larger than the expected sizes when undistilled monomer is used due to available
water, which is not accounted for in the formulations. In addition, the concentration of
ammonium hydroxide is very important since the particle size increases with increase in
its concentration.

The process developed here uses the water in the ammonium

hydroxide for the reaction. Changes in the concentration of the NH3 in ammonium
hydroxide will result in changes in the amount of water in the reaction. If this water is
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different from the water expected from the original formulations, this will also lead to a
changes in particles size from the expected value. The particle size increases with
decrease in the stock solution of the ammonium hydroxide which corresponds to low
concentration of NH3 but higher concentrations of water. Particle surface modification
didi not fresult in any significance particle size changes. However, particles acidity
increased when particles were functionalized with sulfonic acid silanes, and decreased
when the particles were functionalized with perfluoro silane as expected. These results
confirmed the surface functionalization was asuccesses. The porosity of the particles
decreased when the perluro silanes were used and did not change much when the sulfonic
acid silane was used to modify the particles. This is due to the chain length difference,
the longer chain length in the perfluorosilane blocked some of the particles pores
resulting in reduced pore size and pore volume. Finally, the result in this chapter shows
that the particle size distribution does not change with change in reaction scale. This is
very advantageous especially for industrial applications.
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CHAPTER 4
INFLUENCE OF SILICA PARTICLE SIZE AND SURFACE
FUNCTIONALIZATION ON NAFION®/EX-SITU STÖBER SILICA
NANOCOMPOSITES POLYMER MEMBRANES
4.1

Introduction
Properties of polymeric materials have been reinforced by adding inorganic

nanofillers, termed as polymer nanocomposites, to improve physical, mechanical, and
thermal properties.1,2

In general, nanocomposite consists of a nanosized organic or

inorganic phase such as silica embedded in the polymer matrix. Polymer nanocomposites
are of particular interest owing to their remarkable property enhancement, low cost and
ease in the processability. In this Chapter we will discuss the preparation of Nafion®/exsitu silica nanocomposite materials with silica nanoparticles dispersed in the Nafion®
matrix to improve the water retention, proton conductivity, mechanical properties and
thermal properties of Nafion® polymer electrolyte membranes. Since the ionic domains
in Nafion® are in the range of 10Å, the size of the silica particles is expected to greatly
affect the self-organization of the ionic domains resulting to changes in the properties of
the nanocomposite membranes.3 This work involves development of Nafion®/ ex-situ
silica nancomposite membranes with monodispersed silica particles prepared and
discussed in Chapter 3. We will also monitor the effect of the particle size on the
nanocomposite membrane properties.
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Perfluorosulfonic polymers such as Nafion® have been the reference membrane
for polymer electrolyte membrane fuels cells (PMFCs) because of their high proton
conductivities, excellent thermal and chemical stability at low temperatures.3,

4,5

However, high-energy-consumption applications such transportation as well as limiting
anode catalysts poisoning by trace amounts of CO, requires the operating temperature to
be increased above 100 °C.6,7 Nafion® has a bicontinous microstructure known to be
responsible for high proton conductivity at high relative humidity and low temperatures
below 80 oC.3 However, Nafion® cannot be used effectively at high temperatures due to
losses in performances of the PEMFCs at low relative humidity and high temperatures
(>80 oC) due to dehydration, mechanical failure due to changes in the water content as
well as phase change. A good solution to Nafion® problems would be to retain the water
in the Nafion® as well as retain the bicontinous structure at high temperature.3

In

attempts to achieve this solutions, inorganic-organic composite membranes of Nafion®
with additives such as SiO2, TiO2, and ZrO2 have been developed and studied.7 These
hygroscopic metal oxides particulates allow the membranes to retain water at low relative
humidity and high temperatures. In addition, the nanoparticles also help Nafion® to
retain the bicontinous phase responsible for high proton conductivity.
Silica

is

a

good

filler

candidate

and

have already been shown to offer promising results.7,8 However, a lot of reports on
Nafion®/ silica composites membranes have most concentration applied to the
improvements of the performance of the fuel cell and very little or no mention on the
particle size as well as distribution of silica domains in Nafion® and thus, it is uncertain
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how these two factors will affect the membrane performance. In this work we look at the
effect of processing conditions, silica particle size and particle surface modifications on
the properties of the nanocomposite membranes.
4.1.1

Silica polymer nanocomposites
Silica polymer nanocomposites have gain great attention in the recent years due to

their uniqueness in mechanical properties and physical properties such as high elastic
modulus and tear strengths, high hardness,9-17 low coefficient of thermal expansion,18 low gas
permeability tuned by the porosity of the silica, fire retardation.19-23 Addition of silica in
polymer matrix has also lead to changes in physical properties such as raising the glass
transition temperature and modification of polymer rheology.24-27 Recently the silica fillers
have been used to change the water retention as well as the transport properties of polymer
electrolyte membranes for fuel cell applications.8,28 For polymer nanocomposites, pre-

formed nano-sized (below 100 nm) colloids or particles are dispersed as filler in the
polymer matrix. In the fabrication of these nanocomposites, dispersion of inorganic nano
particles in the polymer matrix is critical with respect to achieving the desired
enhancement of physical and mechanical properties.29 Agglomeration of inorganic nano
particles in the polymer matrix results in poor polymer-filler interaction and leads to
degraded characteristics relative to those of the polymer matrix.30,31 To obtain effective
dispersion of inorganic nano particles in the polymer matrix, inorganic nano particle
surfaces have been grafted with compatible organics or with the polymer matrix or
modified with dispersion agents in order to create electrostatic or steric forces.31-37
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Common methods of preparation of these nanocomposite membranes include
mechanical dispersion of the solid agglomerates in the polymer matrix, physical
dispersion of the particles in solution followed by drying and finally in-situ growth of the
particles either in preformed polymer materials or in solution via sol gel process.38-45
Mechanical mixing has been reported to result in agglomeration of particles in the
polymer matrix, but it is a good technique for polymers that can only be processes in the
melt form. This application also requires high temperature of operation thus requiring
high thermally stable polymers. This process has been used to prepare quite a few
polymer-silica composites, such as PEO, polystyrene46,

polyamide, polyesters,

polycarbonate, polyphosphazene, polysiloxane.40,47-49 This approach is environmentally
friendly since no solvent is involved during the process.

In addition, it is usually

economical since very high weight percentages of fillers can be used. This technique has
been not applied to Nafion® nanocomposites due to Nafion® low thermal stability and
will not be discussed further in this chapter.
On the other hand, the in-situ process involves growing the silica phase in the
polymer matrix both in solution and in preformed membrane using the sol gel process.
Nanocomposites materials prepared by this method can be divided into materials
prepared into association system and chemical bonded system. In the association system
there is no covalent bonding between the organic polymer and silica network. Typically,
like many organic polymer-polymer blends, most polymer-silica nanocomposites are
phase separated when prepared by mixing noncovalently the polymer with inorganic solgel system. Some polymers that contain hydroxyl, carbonyl, amide, or other groups,
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these groups can be hydrogen-bonded with silanol groups on the silica particles or the sol
gel precursor thus enhancing the interactions between the polymer and the silica phase.
Polymers such as poly(methyl methacrylate) (PMMA) 50,51, poly(vinyl acetate) (PVAc)5255

, poly(vinylpyrrolidone) (PVP),56 poly(N,N-dimethylacrylamide) (PDMAc), and

poly(ethyloxazoline) (PeOx), were shown to have hydrogen bonding with silanols on
silicate network. 57
This techniques has been previously applied by Maurtiz et al to grow silica phase
in Nafion® membranes and we will be discussed in more details in the chapter and the
difference between this technique and the physical mixing technique.6,8 The in-situ
method allows for increased compatibility of the polymer matrix and the silica phase but
does not allow for control of the silica phase size. In this work we will use the physical
mixing of the silica dispersion with polymer dispersion in co-solvent followed by a
drying step. This techniques has also been applied for Nafion® nanocomposites but
without any control of size and particle dispersions in the polymer matrix.58,

59

The

advantage of this method is that it allows for control of the silica particle size as well as
the dispersion. In both the physical and in-situ process relatively low temperatures are
used for this techniques

4.1.2

Physical dispersion of silica particles in polymer solution followed by drying
Sol gel process as discussed in Chapter 3, is an easy, and opens the possibility of

tailoring new nonmaterial’s with versatile morphology as well as different functionalities
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through the silane chemistry.60 By taking advantage of the sol gel process, we design
Nafion®/ ex-situ silica nanocomposite membranes. Previously, addition of silica phase in
Nafion® has been achieved by in-situ or ex-situ process and sol gel chemistry have only
been exploited in in-situ process. In-situ refers to generation of the silica phase from its
precursors either inside Nafion® preformed polymer membranes or in Nafion® solutions.
Ex-situ process, on the other hand involves generating the silicate phase separately and
then mixing with Nafion® solution. Mostly ex-situ Nafion® composite membranes are
prepared with either commercial silica or mesoporous silica.

Each method has

advantages and disadvantages and will be addressed throughout the chapter.

4.1.2.1 In-situ Nafion® silica composite
In-situ process takes advantage of acid groups in the Nafion® to catalyze the sol
gel reactions forming the silicate phase from the silica precursors. Mauritz and coworkers have reported preparation and characterization of Nafion®/silica hybrid
membranes,

prepared

by

carrying

out

acid-catalyzed

sol-gel

reaction

of

tetraethoxyorthosilicate (TEOS) inside preformed Nafion® membrane.61-66 On exposure
of a Nafion® membrane to a solution containing water, alcohol, and a sol gel precursor,
the precursor molecules migrate preferentially to the polar clusters inside the membrane.
Nafion® ionic domains behave like nanometer scale reaction vessels, and hydrolysis and
condensation is confined in these vessels. Small-angle X-ray scattering measurements
revealed that the polar/nonpolar nanophase-separated morphological template persists

150
despite the invasion by silica phase.8 Since the silica phase is confined to the ionic
domains, the sizes of the silica particulates are thus controlled by the size of these
domains in membrane but this also limits how much silicate phase can be added.
Amount of silica added is controlled by the time the membranes are dipped in the sol gel
precursor. As mentioned earlier the sol–gel reaction is confined mainly in the polar
clusters at short reaction times, but upon increased reaction time, the silica phase begins
to percolate throughout the Nafion® matrix and becomes knitted together.

This is

indicated by the observation of the agglomeration of inorganic fillers and formation of
cracks on the surface of the composite membrane.67 In addition, this method leads to
uneven distribution of the silica phase with high concentrations on the surface of the
membrane and low concentration on the inside.67 Moreover, the silicate phase produced
in these composite membranes via the acid catalyzed sol reaction leads to formation of
highly branched and less condensed and less hydrolyzed silica polymers as observed by
Ye and coworkers.68 Partially hydrolyzed silica has residue ethoxy groups on the surface,
which limits the ability of the silica to retain more water. However, even with this type
of silica they were able to obtain 10-20 wt% increase in the water retention relative to
Nafion®.8, 67 Our hypothesis is with more hydrolyzed and condensed silica, we should be
able to obtain even higher water retentions with Nafion®/ex-situ silica nanocomposite
membranes.
To overcome this silicate amount limitation one can mix the polymer solution
with the sol gel precursor solution in a co-solvent.6, 69-72 This approach, however, yields
highly polydisperse and uncontrolled shape silica nanoparticles.

Adjemian et a.l
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prepared Nafion®/silica composites membranes with unlimited silica wt% by recasting a
mixture of Nafion® solution and TEOS in a co-solvent exploiting the sol gel
chemistry.6,69-71 This method did not allow for control of particle size of the silicate
phase but again increase in performance of the PEM fuel cell at high temperature was
observed.

In addition, they did not provide any morphological analysis thus the

distribution of the silicate phase was not reported in their work. Figure 4.1 shows the two
most common methods of in-situ addition of silicate phase in Nafion®.

Other

modification of this process involves use of organo silicates in order to introduce
functionalities and use of base catalyst to change the silicate structures formed inside the
Nafion® membranes.8, 65, 70, 73-77 This in-situ method also leads to the highly branched
acid catalyzed silicate phase in the Nafion® composites.

4.1.2.1 Ex-situ Nafion® silica composites
Ex-situ process involves use of preformed silica particles in Nafion®, which can
be prepared via either sol gel process or surfactants templating or commercially available
silica particles, which are prepared by different methods.6,78-80 Tang and co-workers
developed self assembled Nafion® silica particles by taking advantage of the sol gel
chemistry followed by self assembly of the Nafion® on the surface of the particles.81-83
Nafion® was introduced on the particle surface during the sol gel reaction but in low
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Figure 4.1

Schematic diagram of in-situ process of making Nafion®/silicate
nanocomposite membranes. (a) In-situ in preformed membranes and (b)
in-situ in the Nafion ® solutions.
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concentration. These particles were then used to make composite membranes. Their
results show that the self-assembled Nafion®–silica nanoparticles significantly enhanced
the durability and stability of Nafion® membrane for high temperature PEMFCs. The,
Nafion®/SiO2 nanocomposite membrane with 5 wt% self-assembled Nafion–SiO2
nanoparticles showed a significantly improved in performance stability at the
cell/humidifying temperature of 100 oC/60 oC under a current density of 600 mA/cm2,
and degradation rate of 0.12 mV/min which was about 20 times lower than 2.33 mV/min
measured on the pristine Nafion 212 membrane tested under the same conditions.82 The
enhanced durability and stability was attributed to good adhesions between the particles
and the polymer matrix. However, their efforts to control the size of the particles failed
and they were only able to make less than 4 nm particles.81 Commercially available silica
nanoparticles have also been used with Nafion® to make the Nafion® composite
membranes.6, 58, 59, 84-87 Improvements in the fuel cell performance is observed but this is
limited to particles sizes less than 20 nm. Dimitrova and coworkers observed a 25%
increase in the water retention when they added 4.3% of the Aerosil A380 silica to
Nafion®.59 In addition, Most reports lack of composite membranes morphology analysis
raises the question of distribution of the particles in the polymer membranes.
Surfactants template and mesoporous silica particles such as MCM-41 particles
have also been used to make silica Nafion® composite membranes.88,89 Improvements of
the Nafion® properties such as water uptake and proton conductivity have also been
reported with this type of membranes.89-93 Pareira and co workers observed a 10wt%
increase in the water uptake of Nafion® composite membranes prepared with 13wt%
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Figure 4.2

Schematic diagram of ex-situ process of making Nafion®/silica
nanocomposite membranes. Silica particles can be obtained either
commercially, prepared by self assemble, surfactant template of by Stöber
process.
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surfactant template silica. However, they observed a decrease in proton conductivity
from 9 mS/cm (recast Nafion®) to 5.9 mS/cm (composite membranes) at room
temperature and 100% relative humidity. At high temperature, 95 oC and 88% relative
humidity, the composite membranes were observed to have higher proton conductivity
indicated by their lower activation energies of 12.1 kJ/mol for the composite membranes
compared to recast Nafion® with 18.2kJ/mol.89 However, the process of making these
materials involves surfactants, which have to be removed prior the membranes analysis.
In addition, the particles produced via this method have a broad sizes distribution and in
most cases, the size of the particles is not mentioned but rather the mesoporosity.
Aggregation of the particulates into large domains sometimes in the micron scale have
been shown suggesting distribution of these types’ fillers in the Nafion® can be
problematic.93 Modification of this composite membrane involves sulfonation of the
mesoporous structure to enhance proton conductivity.89, 91, 92
We define a fourth method of adding silica in Nafion® via sol gel process to make
well defined particles followed by using these particles as filler in Nafion® as shown in
Figure 4.2. For this purpose, well-defined silica particles of different sizes were prepared
using a modified Stöber method to control particle size as discussed in chapter 3.80 Our
approach will result into highly hydrolyzed particles with silanols on the surface. The
presence of the silanols on the surface of the particles as opposed to ethoxies produced
via the in-situ process, will enhance the ability of the silica particles to hold more water
thus increasing the membranes water retention. Our focus is to study the effect of silica
particle size on the preparation and characterization of the Nafion® silica filled
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nanocomposite membranes and using the Stöber process to make the particles, will result
in silica particle of different size prepared in the same manner (implying particles have
similar properties). Particles sizes, size distribution and shapes were characterized with
dynamic light scattering (DLS), atomic force microscopy (AFM) and scanning electron
microscopy (SEM).
Second challenge lies in the coupling of the particle−polymer matrix and the
characterization of particle distribution within the polymer matrix. Particle –polymer
interactions can be controlled by changing surface chemistry of particles thus changing
particle surface reactivity.

However, distribution of particles in a polymer matrix

depends on many other factors. Distribution of the silica domains in the in-situ Nafion®
composite membranes prepared in preformed membranes by Maurtiz and coworkers is
dictated by the distribution of the ionic domains that acts as the nanoscale reactors for sol
gel process. The distribution of the silica phase in these membranes is high on the
membrane surface and decrease as you move towards the center of the membranes.8, 66
However, in this type of membranes there is less control of the silica distribution because
its highly dictated by the diffusion of the silica precursor across the membranes. These
problems are best solved by using the in-situ solution but at the expense of particle size
control.
Ex-situ methods of preparing Nafion® silica composite membranes allows for
control of both the particle size and with a controlled process you can control the
distribution of the particles in the polymer matrix. To address this issue we are going to
develop a protocol of making Nafion®/ex-situ nanocomposite membranes. The particle
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distribution is characterized by looking at resultant Nafion®/ex-situ silica nanocomposites
morphology with different particle sizes, different particle surface chemistry, and
different preparation procedure.

Nanocomposite membranes morphologies were

characterized with AFM, SEM, and the impact of particle size, and membranes
processing on the properties were determined from water uptake measurement.

4.2

Research hypothesis
Based on available literature on the Nafion®/ silica composites, it is very clear that

these materials are good candidates for polymer electrolyte membranes. As discussed in
the introduction section the effect of the silica particles size on this nanocomposite
membranesproperties has not really been address except for a few cases. Adjemian and
coworkers looked at the effect of different metal oxides on the properties of the Nafion®
composite membranes.58 However, they only compared at least two sizes of metal oxide
particles for example in case of silica they investigated membranes with 20 nm and 0.20.3 µm commercial silica from different companies. In their investigations they showed
that better improvements are obtained with smaller particles. This information was only
based on two data points and many other reports discussed in the introduction are based
on silica generated in a different manner, commercial silica particles or in-situ generated
silica phase. Moreover, as mentioned in the introduction section most of this reports
lacks the supporting morphology data.

In order to design better Nafion®/silica

nanocomposite membranes, a better understanding of the effect of silica particle size in
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these materials is necessarily. To achieve this, a systematic study of effect of the particle
size and particle distribution in the polymer matrix is required. Our hypothesis is this can
be achieved via preparation and characterization of Nafion® /ex-situ silica nanocomposite
membrane.
Taking advantage of the silica nanoparticles developed by a modified Stöber
process discussed in Chapter 3 we can make nanocomposite membranes with different
particle sizes. Mixing of silica nanoparticles in Nafion® is expected to be easy because
the nanoparticles are highly hydrophilic and will interact with Nafion® effectively even
without any particle surface modifications.

Once the membranes are prepared the

enhancement of the Nafion® water retention will be dependent of the particles size since
smaller particles have high surface area to volume ratio resulting into high surface area
exposed for water uptake compared to the large particles. Unlike Adjemian and coworkers

who only investigated two different particles sizes,58 we will be able to

investigate the effect of different silica particles size on the water retention of Nafion®.
Morphological analysis with the AFM and SEM will be performed to verify the silica
particle distribution in the polymer matrix. Once the membrane are prepared and fully
characterized, water uptake measurements are used to determine the effect of the particle
size on membranes properties.
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4.3

Experimental

4.3.1

Preparation of Nafion®/Stöber silica nanoparticles nanocomposite membranes
(NSS series membranes)
Nanocomposites membrane were prepared by mixing Nafion® solution with

required amount of Stöber silica nanoparticles solution in ethanol to make 5wt% of
particles in Nafion®. The 5wt% was chosen in order to test only the effect of size on the
properties of the nanocomposites. Ofcourse, changing this value will result in changes in
the properties. Mixture was stirred for overnight followed by sonicating for 30 minutes
to remove bubbles. This solution was cast on a glass petri dish at 60 oC where the
temperature was raised gradually from room temperature. Membranes were left to dry at
60 oC for overnight and finally annealed at 90 oC for 30 minutes.

Once dry, the

membranes were detached from the petri dish by soaking in DI water for 2 minutes. This
technique was used to prepare a family of nanocomposite membranes with different
particle size but same particles wt% in Nafion®.

Nanocomposite membranes with

functionalized particles were prepared in similar manners. Nanocomposites membranes
are designated as shown in the Table 1, where NSS stands for the Nafion® StÖber silica
and the number indicate the size of the silica particles, T and F corresponds to the thiol
silane and perfluoro silane particle surface modification used to make the membranes
respectively.
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Particle size

Silanol

Thiol terminated

Perfluoro

(nm)

terminated

Particles

teminated

Particles

Particles

20

NSS-20

NSST-20

NSSF-20

68

NSS-68

NSST-68

NSSF-68

100

NSS-100

NSST-100

NSSF-100

136

NSS-136

NSST-136

NSSF-136

283

NSS-283

NSST-283

NSSF-283

Table 4.1

Nafion®/Stöber silica particles nanocomposites membranes, the NSS
series.
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4.3.2

Preparation of Nafion®/Stöber silica nanoparticles nanocomposite membranes
with homogenous particle distributions (PNSS series membranes)
Nanocomposites membrane were prepared in a similar manner as described for

the NSS series with a few more steps added to achieved good distribution of particles
inside the polymer matrix. Nafion® solution was mixed with required amount of Stöber
silica nanoparticles particles in ethanol to make 5wt% of particles in Nafion®. Mixture
was stirred for overnight followed by a pre-concentration step in the oven at 70 oC to
reduce the total volume by a half. This corresponded to a change in the viscosity of the
solution from 14.5±1.2 to 64.6±1.4 Cps. This was followed by mechanical stirring for 4
h to remix the particles in the polymer solution. The solution was cast on a glass petri
dish at 60 oC where the temperature was raised gradually from room temperature. The
membranes were dried for overnight at 60 oC, and finally annealed at 90 oC for 30
minutes. Once dry, the membranes were detached from the petri dish by soaking in DI
water. This technique was used to prepare a second family of nanocomposite membrane
with different particle size but same weight % in Nafion®. The nanocomposite
membranes with silanol terminated particles are designated as PNSS-20 nm, PNSS-40
nm, PNSS-100 nm, PNSS-120 nm and PNSS-136 nm, where PNSS stands for the preconcentrated Nafion® Stöber silica and the number indicate the size of the silica particles
used to prepare the nanocomposite membranes. Nanocomposite membranes with
functionalized particles were prepared in a similar manner and are designated in the same
manner as described above but with a T or and F to designated the particle surface
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Figure 4.3

Preparation protocol for PNSS series membranes. Nanocomposite
membranes with surface modified particles were prepared in a similar
manner with particles modification performed after 24 h of the silica solgel reaction.
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modification as described earlier. Figure 4.3 shows a preparation protocol for PNSS
series membranes.

4.3.3

Preparation of Nafion®/TEOS nanocomposite membranes (NTEOS series
membranes)
Nanocomposite membranes were prepared following the conventional sol gel

method and were used for comparison purposes.6, 69 Nanocomposite membranes were
achieved by adding required amount of TEOS in Nafion® 5wt % solution. The sulfonic
groups in the Nafion® polymer are expected to catalyze the sol gel reaction and form
silica particulates as previously described.6 The Nafion®/TEOS mixture was allowed to
stir for 24 h; during this time, the TEOS polymerizes to form silica particulates in the
solution. Note that this solution was stirred for the same time as preparation of the
StÖber silica particles discussed in Chapter 3. The mixture was then cast into a glass
petri dish at 60 oC for overnight where the temperature was raised gradually. This was
followed by annealing at 90 oC for 30 minutes and finally detaching from the glass by
soaking in DI. This technique was used to prepared membranes with different weight %
of TEOS. Nanocomposite membranes prepared following this technique are designated
NTEOS-1, NTEOS-2, NTEOS-5 and NTEOS- 10 where the NTEOS stands for Nafion®/
TEOS and the number at the end corresponds to the weight% of TEOS added.
In this work, the thickness of all the nanocomposite membranes was controlled
with the amount of Nafion® solution (6 mL) used and the amount of silica added is
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calculated assuming total conversion of the TEOS. The thickness of the nanocomposite
membranes was determined with a micrometer at different section of the membranes to
determine the average thickness. All membranes prepared had an average thickness of
90+ 10 µm.

4.3.4

Characterization of the Nafion®/ex-situ silica nanocomposite membranes
Both AFM and SEM were used to characterize nanocomposite membranes

morphologies. Water-uptake values of NSS, PNSS and NTEOS series membranes were
examined in order to determine effect of membrane processing on their properties.
Loosely bound particles in the nanocomposite membranes can be easily removed by
either mechanical stirring or sonicating thus changing their composition. Nanocomposite
membrane samples were dried in the vacuum oven at 100 oC for 24 h to remove any
residue solvent. Then the samples were immediately weighed to obtain the dry weight
with the particles. This was followed by stirring the membranes in water for 2 h.
Membranes samples were dried again in vacuum oven at 100 oC for 24 h and weighed
again to obtain the percentage weight loss in particles during stirring. Particles removed
from the nanocomposite were observed via dynamic light scattering (DLS) in the water
solution. The amounts of particles dislodged off the membranes surface were determined
from the difference in the weight before and after stirring with gravimetric analysis.
Total change in weight in the membranes was attributed to the particle loss because no
polymeric species were detected from the DLS measurements of the water solutions used.
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4.4

Results and discussion

4.4.1

Floating particles with the NSS nanocomposite membranes series.
Nafion® is dispersed in alcohols in form of small rods with sulfonic groups on the

surface.3, 94, 95 Ideally the silanol terminated particles are expected to interact with the
sulfonic groups in Nafion® via electrostatic interactions.

However, in NSS family

nanocomposite membranes, it was observed that the particles are not well mixed in the
polymer matrix suggesting that electrostatic interactions did not dominate the mixing as
was expected but other factors such as size of the particles and density mismatch seems
to have an impact on the mixing. As a result, most of the smaller particles were buried
inside the polymer matrix due to their size closeness to the radius of gyration of
Nafion®94,96 while the large particles are pushed to the top surface of the membranes as
the solvent evaporates. Majority of these particles on the top surface are loosely bound to
the polymer matrix and can easily be dislodged off the polymer matrix via washing or
stirring. The same effects were observed with modified particles. The Nafion® solution
only has a 5wt% Nafion® in ethanol and thus the density is very low (0.874g/ mL). The
particles on the other hand are prepared and suspended in ethanol and thus it is very easy
to suspend the particles in the Nafion® solution.
viscosity

and

densities

changes

to

that

As the solvent dries the solution

close

to

density

of

dry

Nafion

(2.2g/mL).Amorphous silica has a density between 2-2.3g/mL and thus should remain
mixed in the polymer matrix even after drying all the solvent. However, any deviation of
the silica particles density form the amorphous silica density will result in particle
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Figure 4.4

Nafion®/silica nanocomposite membranes (a) NSS -90 nm nanocomposite
membrane (b) PNSS-120 nm Nanocomposites membranes. NSS-90 nm
membrane is opaque due to scattering of the phase separated or
agglomerated silica particles on the membrane surface.

167

Figure 4.5

Tapping mode AFM height images (5 µm X 5 µm) of NSS series
nanocomposite membranes showing the top and bottom. (a) NSS-136 nm
(top), (b) NSS-100 nm (top), (c) NSS-68 nm (top), (d) NSS-40nm.(top),
(e) NSS-136 nm (bottom), (f) NSS-100 nm (bottom), (g) NSS-68 nm
(bottom), (h) NSS-40nm.(bottom) and (i) designation of the top and
bottom membrane surface. The particles are highly concentrated on the
surface of the membranes. The bright spots are silica particles in the
polymer matrix membrane.
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Figure 4.6

SEM images of top surface of NSS-80 nm nanocomposite membranes
showing the phase separation of the silica particles.
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sedimentation if the particles are heavier than amorphous silica and floatation if the
particles are lighter than amorphous silica.
Moreover, these membranes starts to have a whitish color when particles used are > 90
nm as shown on the Figure 4.4 due to the light scattering of the particle aggregates on the
membranes surface.

NSS series nanocomposite membranes were prepared from a

solution with the same viscosity as the commercial Nafion® solution. Interestingly, this
has been observed previously with fluorinated commercial particles but was never
addressed.97.

Figure 4.6 shows the AFM images of a NSS-136 nm nanocomposite

membrane before and after washing. The difference in the images is due to the loss of
particles dislodged off the membrane surface. However, particles distribution on the
bottom of the membranes did not change suggesting that particles at the bottom side of
the membrane are trapped in the polymer matrix. Analysis of the washing water via DLS
showed evidence of particles removed from the nanocomposite membrane with particle
size close to the size of particles used to make the membranes (inset figure). This is a
good indication that only particles are removed via stirring and no polymer is removed.
Nanocomposite membranes prepared by this method and analyzed after
pretreatment (involving washing or any agitation of the membranes) may suggest
homogenous distribution of particles, which is true based on the images (Figure 4.7), but
the composition of the particles in membrane may have changed. Gravimetric analysis of
washed NSS-series nanocomposite membranes with 5wt % particles shows that it is
possible to loose between 0.5 to 2wt% particles during the membrane processing thus

170

Figure 4.7

Tapping mode AFM height images (5 µm X 5 µm) NSS-136 nm
nanocomposite membranes. (a) NSS-136 nm (top) before washing and (b)
NSS-136 nm (top) after washing. The loosely bound particles are washed
way during the washing thus changing the composition of the membrane.
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interfering with the nanocomposite composition. This will in turn affect the properties of
the nanocomposite membranes observed as will be described later in this chapter.

4.4.2

Evenly distributed silica particles in PNSS nanocomposite membranes.

PNSS series membranes look transparent even with the 120 nm particles (Figure 4.3) due
to absence of large particles or aggregates and this works as a good diagnostics for
uniformly distributed particles in the polymer matrix. Figure 4.8 shows AFM images of
the PNSS series membranes with different particle sizes with both the top surface and the
bottom surface as designated on the inset. The bright spots on the image represent the
particles while the brown regions are the polymer matrix. Pre-concentrating of the
solutions prior to casting, helps in trapping the particles inside the polymer matrix
irrespective of their sizes and washing these membranes does not dislodge the particles
off the surface as observed with NSS series nanocomposite membranes. This is also
observed with modified particles.

As discussed with the NSS nanocomposite

membranes, particles have to be lighter than the dry Nafion® and thus they float. Starting
with a high viscous solution does not help much because it makes it difficult to mix the
particles in the Nafion® solution. However, pre-concentration involves remixing the
particles before the solution is too viscous and then drying takes place very fast before
the particles can move to the top membrane surface. According to Stroke Eistein, the
diffusion of the particles through a solution is dependent on the size of the particles, the
viscosity for the solution and the temperatures as shown on the equation below.
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Figure 4.8

Tapping mode AFM height images (5 µm X 5 µm) of nanocomposite
membranes showing top surface and bottom surface. (a) PNSS-136 nm,
(b) PNSS-100 nm, (c) PNSS-41 nm and (d) PNSS-20 nm, the inset shows
the top and the bottom membrane surface. Particles are slightly
concentrated on the membrane top surface. Bright spots are the particles
while dark spots are the imperfections in the membrane.

Figure 4.9

SEM images of top and bottom surface of the PNSS-136 nm and NSS-20
nm nanocomposite membranes. (a) Top surface of the PNSS-136 nm
nanocomposite membrane, (b) bottom surface of the 13 nm (c) top surface
of PNSS-20 nm nanocomposite membranes and (d) shows the designation
of the top and bottom surface of the nanocomposite membranes. The
bottom surface of the PNSS-20 nm looked similar to the top surface.
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Figure 4.10

Cross-section analysis of PNSS-60 nm showing the distribution of the
particles on the top and the bottom section of the membrane. The white
small dots are the particles distributed in the nanocomposite membranes.
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Figure 4.11

Cross-section analysis of PNSS-360 nm showing the distribution of the
particles on the top and bottom section of the membrane. The white small
dots are the particles distributed in the nanocomposite membranes.
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D=

K BT
6πηR

(4.1)

Where D is the diffusion coefficient, KB is the Boltzman constant; T is the temperature
and η is the viscosity of the medium.
SEM images of the PNSS membranes shows even distribution of the sample from
the top surface to the bottom. The cross-section images also show good distribution of
the particles throughout the entire thickness. The particulates observed on surface and
On the cross-sections analysis are in the same range as the particles used to prepare the
membranes, which show lack of particle aggregation in the polymer matrix. Although
SEM is a good technique for morphological and microstructural analysis and in this case,
looking at the distribution of particles, it very challenging to obtain good images when
dealing with polymers and polymer nanocomposite membranes. After exposure to the
electron beam, the polymer starts to burn and shrink too fast before image capture is done
thus making it difficult to get good images especially with small particles. It was very
difficult to obtain good images for nanocomposite membranes with smaller particles such
as 20 nm due to polymer burning after exposure to the electron beam. Therefore, AFM,
which is a non-destructive technique, would be the idea technique to image polymers and
polymer nanocomposite. Future work on this research will involve developing a protocol
to image the membrane cross-section using AFM.
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4.4.3

Conventional Nafion®-TEOS nanocomposite membranes
NTEOS series membranes show good distribution of particles on both sides as

shown in the Figure 4.9. All membranes are transparent suggesting no aggregation or
phase separation is present. However, the size of the silica particulates changes with
changes in the amount of TEOS added with 1wt% having the smallest particulates and
10wt% having the largest particulates.

NTEOS-10 nanocomposite membranes have

silica particulates that are bigger than silica particles used in NSS and PNSS series
membranes and would be expected to scatter more light than PNSS series membranes.
However, silica particulates in NTEOS-10 membranes are in all different sizes and if
only a small fraction, (less than 5wt %) of the large size particles is present the membrane
may not scatter any light. AFM data below shows the silica particulate in the NTEOS
membranes have no specific shape. The technique used to prepare NTEOS series allows
preparation of transparent nanocomposite membranes but will not allow for control of
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Figure 4.12

Tapping mode AFM height images (5 µm X 5 µm) of NTEOS series
nanocomposite membranes prepared with conventional sol gel. Image
shows the top surface of the membranes. Bright spots indicate the silica
particulates in the membranes, which increases with increase in amount of
TEOS added.

size or shape making it difficult to probe the effect of silica particle size and shape on the
nanocomposite membranes properties.
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4.4.4

Spectroscopic analysis of all nanocomposite membranes
Spectroscopy analysis of Nafion® and the nanocomposite membranes was

performed on the membranes with attenuated total reflectance IR. Figure 4.10 shows the
ATR spectra of the recast Nafion®, NTEOS and PNSS series nanocomposite membranes.
The ATR spectrum of the silica particles is also included for comparison.

The

assignment of the peaks is in Nafion® are shown on the table below and are similar to
previously report.98,

99

As shown in the figure, recast Nafion® and nanocomposite

membranes spectra are similar and thus there is no evidence of silica in the
nanocomposite membranes. However, the silica particle spectra in the figure shows that
all the silica peaks lies within Nafion® peaks wavenumber window thus these peaks could
easily be buried inside the Nafion® spectrum.69,100,101 In addition, the nanocomposite
membranes contain only 5wt% particles therefore only a small fraction of the particles
are expected on the membrane surface for ATR analysis. Previously, analysis of in-situ
Nafion®/silica composite membranes with ATR-IR spectroscopy was used to determine
the amount of silica phase.62,69,98 However, they only reported the difference spectra
obtained from subtracting the Nafion® spectrum from the nanocomposite membrane
spectrum. Issues with this technique include calibration of the amount of sampling on the
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Figure 4.13

ATR spectra comparison of the recast Nafion®, Nafion/TEOS and
Nafion/silica (PNSS) membranes. All the PNSS membranes had the same
spectrum and thus only one is shown. The silica particle ATR spectrum is
also shown for reference. Table below shows the peaks assignment.
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Nafion® Peaks
Peak

Table 4.2

Silica peaks

Peak assignment

Peaks

Peak assignment

628

ω CF2

719

νs CF2

805

νs C-S

980

νs C-O-C 1175

νas Si-O-C2H5

1058

νs SO3-

1388

OH deformation

1130

νas SO3-

1448

CH3 deformation

795
950

1085

Si-O
νs Si-O-Si

1208

νas CF2, νas SO3-

2833

νs CH2

1318

νs C-C

2889

νs CH2

3000-3500

Si-OH

Peak assignment for the ATR Spectra of Nafion® and silica particles.103
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ATR surface and will only work well if silica phase is highly concentrated on the
membranes surface. In our case, the silica nanoparticles are distributed throughout the
polymer matrix thus it’s difficult to get quantative signal from the silica particles. There
other reports which shows that Nafion® and Nafion® /silica nanocomposites spectra are
102

similar.

ATR-IR Spectroscopy is easy and in some case a nondestructive method for
structure analysis.

However, the technique is limited to systems with highly

distinguishable peaks and for nanocomposite membranes, the amount of each component
is equally important. In addition, a serious disadvantage with ATR is that it is a surface
technique and spectra are not necessarily a clear representation of the bulk of the
samples. Nanocomposites membranes samples were also analyzed with transmission IR
but this was more problematic due to the scattering nature of the particle, which is
dependent on the size of the particles.

The other option will to obtain membrane

dispersion in KBr pellets, which will require grinding the membranes, which again
depending on the size of silica particles may suffer from light scattering. Thus, ATR-IR
data is more varied for these analyses.
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4.4.5

Impact of the processing conditions of NSS, PNSS and Nafion®/TEOS
nanocomposite membranes on their water-uptake.
Water-uptake of Nafion® have been shown to increase when silica is added.8

However, preparation and processing of the membranes may affect the measured water
uptakes. Figure 4.11 shows a comparison of water-uptake measured for NSS, PNSS and
NTEOS series membranes. All samples have water uptakes higher than recast Nafion®
which is in agreement with literature.8

However, water uptake of NSS series

nanocomposite membrane is high with small particle, which is close to values obtained
with PNSS series nanocomposite membranes of similar particles size, and decreases with
increasing in particle size close to values with recast Nafion®. The decrease in the water
uptake values with large particle sizes is attributed to the loss of loosely bound particles
during the membrane processing. As discussed earlier the floating of the particles in
these membranes is dependent on the size of the particles where most small particles are
easily trapped in the polymer matrix. As a result, most of the small particles are retained
during the membranes processing and hence the water uptake values are close to values
obtained with the PNSS series membranes, which have evenly distribution of particles in
the polymer matrix.
PNSS series membranes have higher water uptake than NSS series and NTEOS
series, which clearly shows that preparation and processing of the nanocomposite
membranes has an impact on the properties. In addition, water uptake values for PNSS
series membranes are almost independent of the size of the particles, which is in contrast
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Figure 4.14

Comparison of the water-uptake of the NSS, PNSS and NTEOS series
nanocomposite membranes. Water-uptake increases with addition of
silica particles and is dependent on the membrane processing. (a) PNSS
series nanocomposite membranes, (b) NSS series nanocomposite
membranes and (c) NTEOS-5 nanocomposite membranes while recast
Nafion® is also shown in the graph.
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DLS (nm) Surface

Pore size Water uptake

area(M2/g) (Å)

(%)

41.± 2.1

84

236

13.87

69.1±2.4

95

200

8.35

103.± 5.2

53

247

7.04

134.2±2.8

381

153.9

13.55

200 ±17

264.4

127

8.97

300 ±10

297.4

77.1

10.22

Table 4.3

Surface area and water uptake of Stöber silica particles of different sizes.
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to what is expected from the particle surface area difference unless the particles are
porous. Water-uptakes for the particles as well as the particle BET surface area (Table 1)
shows that indeed the particles are porous thus explaining why the water-uptake does not
correlate to the geometric surface area of the particles in membranes. NTEOS series
nanocomposite membranes with the same amount of silica added as NSS and PNSS
series have lower water uptake than PNSS membranes probably because the silica is
prepared under different condition and there are different sizes silica particulate domain.
NTEOS membranes are prepared via a one-step process, which is easy and saves time,
but limits control of size, which definitely has an impact on the properties of the resulting
nanocomposite membranes. In addition, it has been shown that the in-situ produced
silica phase in Nafion® is partially condensed with presence of surface ethoxy groups.68
The presence of the residue ethoxies on the surface of silica lowers it hydrophilicity and
thus lower water-uptakes of the nanocomposite membranes.

4.5

Conclusion
Nafion® nanocomposite membranes were successfully prepared with ex-situ silica

particles prepared following a modified Stöber method. Mixing of the silica particle in
the Nafion® polymer matrix was not as trivial as was expected. However, homogenous
distribution of the particles in the polymer matrix was successfully achieved by using
pre-concentrated solution.

This strategy allows for preparation of homogenous
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distribution of the particles irrespective of their size for size range between 20 nm -300
nm and was confirmed with both AFM and SEM. We have shown for the first time the
importance of morphological data in development of PEM nanocomposite membranes.
We have demonstrated that the properties of the nanocomposite membranes may change
due to the changes in the composition in the membranes during the process where loosely
bound particles are easily dislodged off the membranes in the NSS series nanocomposite
membranes. Unlike what was expected , the interaction between the hydrophilic particles
and the Nafion® was not strong enough to dictate the distribution of the particles in the
polymer matrix but difference in density as well as the viscosity of the solution was more
important.
Moreover, we demonstrate that the processing condition of the Nafion®/ex-situ
silica nanocomposite membranes has an impact on the membrane properties such water
uptake. The water-uptake of the nanocomposite membranes with floating particles (NSS)
was lower than the water-uptake with homogenously distributed particles due to changes
in the membrane composition during processing as shown by our morphological analysis.
However, the water uptake of the membranes with homogenously distributed particles
does not change much with the Stöber silica particles size, which was attributed to the
particle inherent porosity. In the later Chapters we will address other properties of the
nanocomposite membranes such a as proton conductivity, thermal stability and
mechanical analysis and how these properties are affected by the size of the particles. Insitu Nafion® /silica nanocomposite membranes (NTEOS) are easy to prepare but they
have lower water-uptakes than the nanocomposite membranes prepared with ex-situ silica
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particles due to less hydrophilic silica phase surface as result of the residue ethoxy groups
on the surface.

In addition, it’s difficult to control particles size in the in-situ

Nafion®/silica nanocomposite membranes as shown by our morphological analysis.
Therefore, Nafion®/ex-situ remains the only way to monitor the effect of silica particle
size on the properties of the nanocomposite membranes but great care has to be taken in
their preparation.
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CHAPTER 5
PROTON CONDUCTIVITY, WATER-UPTAKE AND IONIC
EXCHANGE CAPACITY OF NAFION®/EX-SITU SILICA
NANOCOMPOSITE MEMBRANES

5.1

Introduction

Incorporating inorganic fillers into polyelectrolyte membranes can alter and
improve the physical and chemical properties of the polymers, such as hydrophilicity,
thermal stability, mechanical strength , glass transition temperature, and water
retention.1,2 This Chapter addresses the effect of silica particles in Nafion® /ex-situ
nanocomposite membraneson properties such as membrane proton conductivity,
wateruptake and ion exchange capacity. As discussed in Chapter 4, addition of silica
nanoparticles in Nafion® increases the water retention of Nafion® membranes by 20%.
There have been many studies performed on silica-filled or modified Nafion®
membranes; the focus has generally been on improvement of fuel cell performance,
structural optimization and confirmation rather than the characterization of the membrane
properties.3-6 There has been no focus on how the properties of silica filled Nafion®
membranes are affected by factors such as size, type and surface chemistry of the silica
particles. Ex-situ characterizations, which involves characterization of the membranes
outside an operating fuel cell of the Nafion®/silica composite membranes is an important
contribution to the overall comprehension of how, incorporation of silica particles into
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Nafion® affects membranes properties. It is through this knowledge that future proton
exchange membranes can be designed that suit the needs of the desired applications. In
this investigation, a systematic study on the effect of silica particles size on membrane
properties such as water-uptake, proton conductivity and ion exchange capacity, is
addressed.

As discussed in chapter 1, a good polymer electrolyte membranes can be
determined by characterizing properties such as proton conductivity, water-uptake and
ionic exchange capacity.

High proton conductivity of a membrane corresponds to

effective transport of protons from anode to the cathode in the PEMF cell which in turns
leads to effective movement of electrons in the external circuit resulting to high current
and power densities.1

High temperature proton conductivity of the nanocomposite

membranes have been reported to decrease with addition of silica but the magnitude of
this decrease varies significantly from one research group to the other. For example,
proton conductivity results reported by Jang at el agrees with those reported by Miyake at
el in which the proton conductivity of the Nafion®/silica composite membranes are lower
than recast Nafion® at all relative humidity and temperature ≤ 80 oC.7-9

However,

Dimitrova and coworkers observed about 3 times increase in the proton conductivity after
adding 4.3% aerosol silica into Nafion® at 90 oC and about 0.5 times increase at 15 oC.7-9
Jang et al used the in-situ solution method (described in Chapter 4) while Miyake et.al
used in-situ membrane method and Dimitrova et.al used commercial Aerosil silica
particles to make the nanocomposite membranes. Jang et al and Miyake at el claimed to
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form small silica particulates in the size range of Nafion® ionic domain which is within 35 nm.10 This is the same size of particles used by Dimitrova et.al but their observation
differ, which begs the question of whether the difference is due to the membranes
prepared via a different method or due to the type of silica phase used in each case.
Alberti and Casciola reported a high proton conductivity with the Nafion®
composite membranes (0.099 S/cm) at 80 oC and 100% relative humidity while
unmodified recast Nafion® was lower (0.074 S/cm) at the same conditions.11 Most likely,
this inconsistency is due to the variability in membrane fabrication techniques, lack of
control of factors such as the size of the particles, as well as loss of particles discussed in
Chapter 4. Nafion®/silica composites membranes can be prepared by in-situ method via
sol gel process, involving impregnation of the silica precursor in the preformed
membranes or by in-situ solution involving mixing the Nafion® solution with the silica
precursor or by use of commercial silica in ex-situ silica in Nafion® nanocomposite
membranes as discussed in chapter 4.1,9,12 These sol-gel derived Nafion® composite
membranes can be made in an endless variety of ways according to the number of
variables in the sol-gel reactions that includes: pH, water: silica precursor ratio, solvent
type, temperature, use of other metal alkoxides, use of modified organic silica precursors
and use of additional catalyst.1 To introduce reproducibility in the membrane fabrication
via this method would require more controlled selections of these variables. However,
this is not easy due to the complexity of the system.
Mauritz et al. template the growth of silica in Nafion® membranes ionic domainin
what is called nanophse templating.1 In their investigation they claimed that the size of
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the silica phase was dictated by the size of the ionic domain size in Nafion®. However,
using the same method as Maurtiz et al., Ye et al. investigated producing silica particles
of different size directly into Nafion® membrane by permeating the membrane with a
mixture of water and tetraethoxysilane (TEOS).13 Ye et al. found that at low TEOS
concentrations small silica particles, consisting of highly hydrolyzed siloxane moieties
were formed. However, at high concentrations of TEOS, larger silica particles were
formed. This is a clear indication that the size of the silica domains is not always dictated
by the size of the ionic domain as described by Maurtiz et al. In addition, the in-situ
membrane method has a limitation of how much silica phase can be added, dictated by
the available water in the membranes and available accessible ionic domains. When this
limit is exceeded, the silica starts to deposit on the membrane surface. Miyake et al
observed existence of the thin silica layer confirmed by scanning electron microscopy
(SEM) micrographs on the surface of Nafion®/silica composite membranes prepared by
in-situ in membrane (Maurtiz et al method) after an attempt to add 18wt% silica.8, 14 As
will be discussed later in this chapter, in-situ solution method does not allow for control
of silica particles size. However, this method has the advantage of lack of limitation with
the amount of silica phase that can be added.
Other reports on preparation of the Nafion®/ silica nanocomposite membranes use
commercially available silica particles, or surfactant template silica.9,

12, 15-18

Silica

particles can be prepared and their size controlled via the Stöber process developed in
1968.19 Interestingly enough, there are no reports of using Stöber silica particles in the
preparation of Nafion®/ silica nanocomposite membranes. In this research, for the first
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time we discuss the use of Stöber process to make Nafion®/ex-situ silica nanocomposite
membranes. Taking advantage of the in-situ silica in the Nafion® solution, we can make
membranes with unlimited amount of silica of well-controlled particle sizes as discussed
in chapter 4. In some reports, the reduction in proton conductivity is attributed to
introduction of the tortuousity in the proton pathway by the silica phase but no available
proof.20 With the controlled silica particles size, we are able to verify the effect of the
size on the proton conductivity of the Nafion®/ex-situ silica nanocomposite membranes.
Our nanocomposite membranes proton conductivity is expected to be high with
small particles and decrease as we increase the size of silica particles. Larger particles
are expected to interfere with the self-organization of Nafion® and as a result, affect the
percolation pathways for proton conduction. The ionic domains in Nafion® are in the
range of 3-5 nm. Since the particles are highly hydrophilic, they will preferably interact
with the hydrophilic regions in Nafion®. In alcoholic solution, Nafion® has been shown
to organize into small rods in which the hydrophobic regions are hidden in the inside and
the ionic regions are on the surface. Introduction of silica particles will result in the
Nafion® self-organizing around the particles and not forming a bicontinous phase.
However, since proton conductivity depends on other factors such as the water uptake
and the ion exchange capacity, the actual effect of size of the silica particles on the proton
conductivity will also depend on these factors.
The water uptake is a measure of ability of polymer membranes to absorb and
retain water during the PEMF cell operation. Proton conductivity in Nafion® is water
assisted and it has been reported that the proton conductivity of most polymer electrolyte
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membranes is related to its water-uptake.21-24 However, sometimes very high water
uptake may compromise membrane dimensional stability therefore a balance has to be
established. Usually, PEMF cells are operated at around 80 °C with humidified H2 and
O2 or air.2 This external humidifying subsystem often introduces complexity to the
system as discussed in Chapter 1. Operation of PEM fuel cells without humidification
subsystems greatly facilitate water and thermal management and reduce the system
weight and complexity.2,

25

Approaches have been developed for low-humidification

operation at both low (80 °C) and high (> 100 °C) temperatures.2, 26, 27 These approaches
include reducing membranes thickness, modifying existing polymer membranes with
hygroscopic oxide nanoparticles such as silicate, and use of solid inorganic proton
conductors.2 Some reports show increasing in membrane water-uptake after addition of
silica whereas, others claim only small increase was observed for the same weight % of
silica added. For example , Wanatabe et al. observed an increase in the water-uptake of
43% with only 3wt% 7 nm silica particles while for the same particles size and same
temperature, Dimitrova et al observed water-uptake of 28% with 4.3wt% particles
Nafion®.9,28

As discussed in chapter 4, most of these reports do not have any

accompanying morphology data and thus the distribution of the silica phase is not known.
By addressing the effect of particle size on the Nafion®/silica nanocomposite membranes,
we will be able to understand why some of these reports are different and thus design
better nanocomposite membranes.
In addition, as discussed earlier any variations in the variables involved in the sol
gel reactions will result into different size and surface chemistry of the silica phase. Ye
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et al found that at low concentration of the silica precursor (TEOS), highly condensed
silica phase were formed which are highly hydrophilic resulting into high water uptakes.
However, with high concentrations of TEOS, leads to partially hydrolyzed silica phase
which results to lower water uptakes.13 Our nanocomposite membranes have preformed
silica particles thus the surface chemistry is the same for all particles. In addition, we
discussed the morphology of these membranes in Chapter 4 where the silica phase is
evenly distributed throughout the entire membrane thickness. Our results shows that
additions of the silica phase in Nafion® both the in-situ and the ex-situ silica particles
leads to increase in the water-uptake of the nanocomposite membranes. However, the
change is independent of the size of the particles but ex- situ particles have higher water
uptake than the in-situ solution silica generated nanocomposite membranes.
The ion exchange capacity (IEC) of a polymer is defined as the dry mass
equivalent to one mol of acid groups, unit g/mol (H+). IEC is a quantity often used to
characterize a proton-conducting polymer material or to compare different materials to
each other. However, IEC, being measured as a bulk quantity, does not give any
indication of the percolation of the exchange sites across the membrane thickness, which
is, more important for the protons to be transported all the way from anode to cathode.
High IECs do not necessarily represent high proton conductivity but may indicate high
possibility of percolation throughout the membrane thickness. IECs of Nafion®/silica
nanocomposite membranes is expected to decrease with addition of silica phase but will
not change with silica

particles size.

This is because the IEC corresponds to the

concentration of the sulfonic acid in the Nafion® membranes, which will not change with
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particles since we are not adding functionalized silica. This is determined by the amount
of Nafion® used. Previously, the IEC have been observed to decrease with addition of
silica phase in Nafion® unless when functionalized silica is used. We will discuss the
effect of particles functionalization in Chapter 6.

From our Nafion®/ex situ silica

particles nanocomposite membranes, we observed that the IECs are lower than the recast
Nafion® as expected due to the reduction in the concentration of the sulfonic groups in
the nanocomposite membranes relative to the recast Nafion®. All the membranes have
the same wt% particles and have the same thickness and thus addition of silica particles
replaces some of the polymer resulting in decreased concentration of the acid group. The
decrease in the IEC is independent of the particles size.
Although Nafion®/SiO2 composite membranes have been reported to have lower
conductivity than Nafion® membranes below 80 °C, their performance in fuel cells is
superior to that of pure Nafion® at all relative humidity.1, 7, 18 The performance of the
fuels cell is based on the realized power and efficiencies as well as operation lifetime of
an operating PEMF cell. PEMF cell performance is affected by both interfacial (gas
flow properties, gas solubility and good wetting of catalyst surfaces,) and bulk (proton
conductivity, electronic insulating, low gas or fuel permeability for lower fuel crossovers,
water uptake, electrochemical stability, chemical and thermal stability under the
operation conditions, and dimension and mechanical stability) membrane properties as
discussed in Chapter1. Improvement of fuel cell performance upon addition of silica in
Nafion® has been attributed to enhanced water retention because the proton conductivity
decreased with addition of silica. Other reports suggest reduction in the concentration of
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the sulfonic groups in the membranes as evident by the decrease in the IECs of the
Nafion®/silica composite membranes causes the decrease in their proton conductivity. In
our research, at low temperatures the proton conductivity of the nanocomposite
membranes was dominated by the recast Nafion® corresponding to the high IECs and
decreases with addition of the silica particles with some significance particle size effect.
At temperatures above 80 °C, some reports shows an increase in conductivity
(relative to Nafion® at 80 °C) with temperature
proton conductivity.8,

30, 31

16, 18, 29

while others shows reductions in

Nevertheless the performance of the fuel cells using silica

filled Nafion® is still better than with unmodified Nafion®. For example, Sahu et al
reported a peak power density of 720 mW/cm2 for the PEMFC with 10 wt % silica–
Nafion® composite membrane as compared to a 550 mW/cm2 PEMFC with Nafion-1135
membrane tested under identical operational conditions.32 In this chapter, we address
effect of the size of the silica particles prepared via modified Stöber process discussed in
chapter 3, on the Nafion® /silica nanocomposite membranes prepared and characterized
in chapter 4. We report, for the first time, the influence of Stöber silica particles size on
proton conductivity of Nafion®/silica nanocomposite mmebranes at temperatures between
RT and 120 °C.

The proton conductivity of our nanocomposite membranes was

enhanced at high temperature with small particles and decreases with increase in the size
of the particles.
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5.2

Proton conductivity measurements
In the operation of a PEM fuel cell, protons move from the anode to the cathode

and power is harvested in the external circuit. Proton conductivity measurement helps in
determining the applicability of polymer membranes for PEMFCs before undergoing the
construction and testing of the fuel cells or a membrane electrode assemble. Ex-situ (not
measured in an operating fuel cell) proton conductivity measurements help eliminates all
other factors that affect the performance of the fuel cell and only look at membrane
proton conductivity. Membrane proton conductivity is obtained from the measurement of
the resistivity of the proton conducting membrane against the flow of either an alternating
current (AC) or a direct current (DC).
Through plane measurements are the ideal measurement, similar to proton
conduction in an operating PEMFC.

However, this approach requires building a

membrane electrode assembles (MEA) Figure 1.2 in chapter 1, which introduces several
variables such

as contact resistance between the membranes and the electrode

compartments, inconsistent in the MEA assembles and flow issues. As a result, this
complicates the characterization of a pure membrane. Despite the fact this measurements
may represent the actual proton conductivity in an operating fuel cell, the complexity of
the experiment makes it difficult to distinguish the membrane materials property from all
other factors that may affect the performance of the fuel cell.

In through-plane

arrangement on Figure 5.1, the cell constant is small, since L corresponds to the
membrane thickness, in the range of micrometers, and A is the area of the electrodes,
which is generally much larger. Thus, the impedance contributions from the interfacial
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region between the polymer membrane and the electrodes are more important. Moreover,
the preparation of the MEA is expensive and inconsistence in the preparation procedure
leads to inconsistence in obtained results making this method a less desirable good
membrane-screening tool.
DC four-point probe polymer electrolyte conductivity measurements yield moredirect results with less complexity. These measurements are performed in the plane of
the membranes and thus termed as in plane measurement, and simplify the whole setup as
shown in the Figure 5.1 such that you only need the membrane and the electrodes. In
addition, it is believed that the in-plane conductivity measurements are easier to carry out
and provide greater accuracy due to the larger cell constant, L/A, where L is the distance
between electrodes, usually several millimeters, and A is the cross-sectional area of the
sample. Thus, the main contribution to the measured resistance comes from the bulk
membrane, and other interfering resistances are negligibly small.

High resistance

obtained from the measurements makes for an easier measurement and the results
demonstrate the character of the polymer material and not the performance of the MEA.
Moreover, the moving charge is isolated, not created nor annihilated.

Finally, this

method provides a more reliable & reproducible and quick good membrane-screening
tool.33, 34
Some of the concerns on DC measurements include the membrane swelling and
membrane history (preparation conditions).

This is taken care of by holding the

membranes in the cell under 70% relative humidity (RH) for 4 h. In addition, the proton
conductivity is measured twice by sweeping from low to high and from high to low RH.
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Figure 5.1

Techniques of measuring membranes proton conductivity (a) Through
Plane measurement (b) In plane measurement. The equation of the proton
conductivity is shown in the inset, where L is the length, W is the width
and T is the thickness of the membranes.
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The closer this two data sets are to each other indicates good membranes history
elimination.

5.3

Research hypothesis
It is evident from the literature that nanocomposite membranes polymer

electrolyte membranes with silica as the additive are promising candidates for higher
temperatures above 120oC PEMFC operations. However, investigations done so far have
not been systematic especially the effect of particle size.

Thus, a more systematic

approach to determine the effect of particles size in Nafion®/ex-situ silica nanocomposite
membranes is discussed here. Our working hypothesis is that small particles are better
than large particles in the nanocomposite membranes Smaller particles have high surface
area to volume ratio that allow then to have more reactive surface per unit volume or
weight. This will require all samples be prepared with the same wt% particles and the
membrane thickness is maintained constant .We will verify this hypothesis as well as
illustrate the importance of control of the particle size in the Nafion®/ ex-situ silica
nanocomposite membranes.
The presence of silica in Nafion® have been shown to lead to high water uptakes
in some reports, however, the effect of the particles size was never addressed. Due to
their high surface area to volume ratio, smaller particles are expected to show higher
water-uptake than the large particles. This is based on the assumption that water is
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adsorbed on the particle surface. Thus, there should be significance change in the water
uptake when the particle size is changed from 10 nm to 300 nm. On the other hand, ionic
exchange capacity, since related to the sulfonic acid group in the membranes should not
change with change in particles size for same weight % added in Nafion®. Proton
conductivity depends on both the water uptake and the IECs. At lower temperature,
where Nafion® still has excellent proton conductivity, the Nafion® in the nanocomposite
membranes will dominate it. However, at high temperature the proton conductivity is
dependent on the available water for conduction. Thus, nanocomposite membranes with
small particles are expected to have high proton conduction because they have high
surface area to volume ratio resulting to high water uptakes.

To verify this entire

hypothesis, we use the membranes developed and characterized in Chapter 4 with
different particle size and determine the effect of the particles size on the membranes
properties.

5.4

Water-uptakes of the nanocomposite membranes

5.4.1

Impact of size of Stöber silica particles on the water-uptake of the Nafion®/ exsitu nanocomposite membranes
Hydration properties of membranes are key characteristics that can influence fuel

cell performance and addition of silica in the membrane improves the water retention
properties of these membranes under low RH conditions. Water transport through the
membrane in an operating PEMFC is caused mainly by the electro-osmotic drag of water
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by protons moving from the anode to the cathode, and by back-diffusion of the water
produced at the cathode, towards the anode, because of the concentration gradients that
build up upon operation. When too much water move from the anode to the cathode, the
anode is dehydrated and the cathode is flooded. Therefore, there is need for balance
between the electrosmotic drag and back diffusion, which is termed as water
management. Figure 5.2 below shows the movement of water in a working PEMFC.
Nafion® has high water uptake, which allows it to have good proton conductivity,
however, lacks good water management.10 Silica is hygroscopic and has been shown to
increases the back diffusion thus when added to Nafion® it enhances the water
managements in the composite membranes.35

Previousily, water uptake has been

reported increase linearly with the amount of silica added.30 However, no report on the
effect of the size of the silica particles.

We prepared Nafion® /ex-situ silica

nanocomposite membranes with the same weight percent (5wt% particles) with different
silica particles sizes (20 nm-232 nm) and determined the water uptakes.
membranes are designated as PNSS series nanocomposite membranes.

These
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Figure 5.2

Schematic illustration of the movement of H+ and water in the polymer
electrolyte membranes fuel cells.
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Recast Nafion® was prepared and treated in the same manner as the nanocomposite
membranes and was used as a reference.
As shown in the Figure 5.3 water uptake values does not change with change in
particle size, but it is about 65-80% higher than recast Nafion®. This observation is
contrary to the expected change from the difference in particle geometrical surface area
as shown in the Figure 5.4. Geometric total surface area decreases with increase in the
particles size due to the high surface area to volume ratio with small particles.
Geometrical surface area corresponds to the available surface area for water adsoption on
the silica surface. Silica surfaces hold water via hydrogen bonding between the surface
silanols and the water molecules. The silica surface has approximately four silanols per
nm2. Therefore, small particle with high surface area per unit gram should have high
total silanols and thus high water-uptakes unless the large particles have additional
surface area. Particles used in this work are porous as discussed in Chapter 3 and the
porosity increase with increase in particle size. Particle porosity offer additional surface
area for water uptake. When the temperature was changed to lower temperature (25 oC
from 60 oC) at constant time (2 h), the smaller particles showed relatively higher water uptake than the large particles shown in Figure 5.6. However, the water uptake does not
scale with the surface area of the particles and decreases below recast Nafion® with larger
particles. This suggests that the porosity in the large particles is contributing to the
water-uptake but it takes more energy to get the water in the pores than on the particle
surface. We also checked the water uptake of the particles and as shown in the Table 4.3,
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Figure 5.3

The effect of the particles on the water-uptake of the PNSS series
nanocomposite membranes with 5wt% silica added. Water uptake is
independent of the particles sizes.
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Figure 5.4

Theoretical change in particle surface area with the change in particle size
calculated assuming a density of 2.2g/cm3. The geometric total surface
area decreases with increasing in particles.
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Figure 5.5

Change in the theoretical water uptake assuming a monolayer adsorption
of water molecules on the particle surface with increasing particle size
calculated based on their geometrical surface area.
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Figure 5.6

Effect of the size of the particles on the water uptake of the PNSS series
membranes measured at different temperatures. The water uptake is
independent of the particle size but increases with increase in temperature.
The red data corresponds to water uptake at 60 oC and the blue data
corresponds to the water uptake at 25 oC. The data at zero x-axis
corresponds to recast Nafion® at both temperatures
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the water uptake of the particles themselves does not change significantly with the
change in particle size.

Alternatively, the water uptakes values would be affected by

having different wt% of particles in the membrane as discussed in the following section.
However, the morphology and the elemental analysis of these membranes do not suggest
loss of particles during processing suggesting all the membranes have the same particle
wt%.

5.4.2

Effect of the amount of Stöber silica particles on the water-uptake of the
Nafion®/ex-situ silica nanocomposite membranes
The PNSS nanocomposite membranes have high water-uptake than recast

Nafion® even with as low as 1wt% particles which is in agreement with literature and
indicates the impact of adding silica in Nafion®.1 Water-uptake decreased with decrease
in the wt% of particle used to make the nanocomposite membranes, but was still
independent of the particles size as shown in Figure 5.7. The graph includes the wateruptake of the membranes prepared by in-situ solution method (NTEOS series) and recast
Nafion®. NTEOS nanocomposite membranes, on the other hand, have higher water
uptake than recast Nafion® , which is in agreement with literature 12,36 ,but lower than the
PNSS membrane series. This is attributed to the difference in the structure of the silicate
phase in the membranes.37 PNSS membranes have highly condensed silica with surface
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Figure 5.7

Effect of particle size on the water uptake of the PNSS series membranes
with different amount added. Water-uptake increases with increase in the
amount added but it is independent of the particle size
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silanols, which are highly hydrophilic, thus the high water-uptakes. NTEOS have been
reported to have partially condensed silica phase thus contains both silanols and ethoxy
groups on the surface. The ethoxy groups are believed to lower the hydrophilicity of the
silica thus lowering water-uptakes of the membranes.13 This results clearly explain why
the water-uptakes reported with the in-situ Nafion®/silica composite membranes was
always lower than that reported with the commercial silica particles.1, 9, 28

5.5

Ion Exchange Capacity – Water Sorption – Proton Conductivity
High IECs do not necessarily represent high proton conductivity but may indicate

high possibility of percolation throughout the membrane thickness. As the acidic groups
need to dissociate for the proton to become mobile, one can expect that the water content
of the membrane will also have a strong influence on conductivity. Proton transport
occurs either via hopping of protons from one water molecule to the next (Grotthus
mechanism) or via the net transport of H3O+ or other aggregates of water and H+.38 As
the number of ion exchange sites increases, so will the hydrophilicity of the material,
resulting in an increase of the water uptake and eventually an increase in proton
conductivity. The ionic exchange capacity is dependent on the concentration of the acid
groups in the membranes and thus will be affected by adding silica particles in Nafion®.
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5.5.1

Effect of the Stöber silica particle size on the Ion exchange capacities of the
nanocomposite membranes
As shown in Table 5.1 below, the ion exchange capacities decreased with addition

of the particles, which was expected since the particles are less acidic compared to
Nafion® and , replaces 5wt% of the polymer. Theoretical IECs ( shown on the table) are
based on the reported numbers for Nafion®,10 and the values for the nanocomposite
membranes are calculated assuming only the 95% (since 5wt% particles) of the
membranes participate in the ion exchange. This is true given the difference in the pKas’
of sulfonic groups in Nafion® (pKa=-2) and silanols on the particle surface (pKa=4.56).
This was done to investigate whether the particles had any effect on the ion exchange
capacity of Nafion®. However, these values are not very far from the theoretically
calculated IECs. The IECs decrease with addition of the particles since we are replacing
some of the acid groups with the silica phase. In addition, the silica does not participate
in the ion exchange.

5.6

Proton conductivity of Nafion®/ ex-situ silica nanocomposite membranes

5.6.1

Proton conductivity of the PNSS nanocomposite membranes at low temperatures
Perfluorosulfonic membranes such as Nafion® are made of a Teflon like back

bone with a grafted sulfonic group. In the presence of water the sulfonic groups are
organized in the polymer matrix forming percolated proton conduction pathways.
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Membranes

Experimental IECs

Theoretical IECs

Nafion 117

0.93± 0.03

0.91

Recast Nafion

0.90

0.91

PNSS-20nm
Nanocomposites
PNSS-40nm
Nanocomposites
PNSS-136nm
Nanocomposites
PNSS-232nm
Nanocomposites
NTEOS Nanocomposites

0.88 ± 0.015

0.86

0.90± 0.03

0.86

0.80± 0.015

0.86

0.81± 0.06

0.86

0.80± 0.02

0.86

Table 5.1

Comparison of ion exchange capacities of recast Nafion, in-situ
Nafion® (NTEOS) and Nafion/ ex-situ silica nanocomposite membranes
with different particle sizes.
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Nafion® has been extensively studied and it has been shown that it is characterized by a
bicontinous phase consisting of ionic domains and perfluorinated matrix.10 Its structure
and specifically the size of ionic domains depend on the hydration state and temperature
of the membrane.10 Changes in either temperature or the hydration level results in
changes in the percolation pathway of the ionic domain hence change in proton
conductivity. When silica phase is added in Nafion® to form nanocomposite membranes,
it helps in maintaining water at high temperature as well stabilize Nafion® structure at
elevated temperature.
As shown in Figure 5.8, proton conductivity at 80 oC for recast Nafion®, as well
as the nanocomposite membranes (5wt% particles) is directly dependent on the relative
humidity and it is independent on the particle size. Nevertheless, this correlates with the
water uptakes values, which did not change with particle size. However, unlike the water
uptake values, the proton conductivity decreases with addition of silica particles and
decreases with decreasing relative humidity.

This dramatic drop in proton

conductivitywith decreasing relative humidity is attributed to the change in the amount of
water available in the membranes for proton conduction. This is in agreeement with
literature where the proton conduction of both Nafion® and the nanocomposite was
observed to decrease with decreasing relative humidity.35, 45, 46 However, in order for us
to understand why this is so we need to look at the proton conduction mechanisms in a
polymer electrolyte membranes.
Typically proton conduction in the membranes is dominated by two mechanisms:
the Grotthus mechanism (proton hopping) at high relative humidity and vehicle process
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Figure 5.8

Comparison of proton conductivity vs. Relative humidity for PNSS series
membranes with recast Nafion® at 80 oC. Proton conductivity increases
with increase in relative humidity for all samples.
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Figure 5.9

Effect of particle size on proton conductivity of the PNSS membranes for
both 50% RH and 100% RH at 80 oC. The data for zero particle size
corresponds to the data for recast Nafion®. The proton conductivity of
the PNSS membranes is lower than recast Nafion®.
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(water assisted proton diffusion) at low relative humidity.10 Proton transport in bulk
water has been shown to follow the Grötthuss mechanism, and has recently been
confirmed with the aid of molecular dynamics simulations.38-42 At high water content,
proton conduction is believed to follow the Grötthuss mechanism because the diffusion
coefficients of water and proton are very different. However, when the water content is
low, it is known that the diffusion coefficients of the protons and water molecules are
very similar.43 Interpretation of this experimental observation is that the protons inside
Nafion® diffuse via the vehicular mechanism at low water content, where the protons and
water molecules move together.44 The proton conductivities obtained at 80 oC and at
50% and 100% relative humidity are shown in Figure 5.9 and a decrease is observed with
incorporation of silica nanoparticles and is independent of their size.
Decrease in proton conductivity with addition of silica in Nafion® even though
silica helps in increasing the water uptake is in agreement with previously reported
work.35,

45, 46

At 80 oC Nafion® has excellent proton conductivity and can still hold

enough water for the proton conduction. Furthermore, the acidity of the sulfonic acid
groups on Nafion® is way much greater than that of the silanols on the particle surface
and thus the sulfonic groups on Nafion® in the nanocomposite membranes dominate
proton conduction.

Proton conduction drop when silica is added relative to recast

Nafion® is attributed to the change in the concentration of the sulfonic groups in the
membranes, which is reduced as suggested by the IEC numbers on the Table 5.1 above.
Nanocomposite membranes have higher water-uptake than the recast Nafion®
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Figure 5.10

Proton conductivity mechanism in Nafion® (a) shows the Grotthus
mechanism, which dominates proton transport with high degree of
hydration, and (b) is the Vehicular mechanism that dominates the proton
conduction with low degree of hydration.38, 39, 44
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independent of the size of the particles but lower IECs leads to a decrease in proton
conductivity.

5.6.2

Proton conductivity of the NTEOS nanocomposite membranes at low
temperatures
Proton conductivity decreases with addition of TEOS in the NTEOS

nanocomposite membranes. This is in agreement with the decrease in the IEC, which is
attributed to the decrease in the concentration of sulfonic acid groups in the membranes.
This is also in agreement with data reported elsewhere on the proton conductivity of insitu generated of silica in Nafion® solutions.7, 12, 47 Error bars of the data on Figure 5.12
are too small and not visible on the graph indicative of a more homogenous system than
the nanocomposite membranes prepared with Nafion®/ex-situ silica particles. This is
well supported by the fact that even with 10wt% the NTEOS nanocomposite membranes
are still transparent as discussed earlier in Chapter 4.

5.6.3

Proton conductivity of the PNSS Nanocomposite membranes at high
temperatures
At high temperature (120 oC), nanocomposite membranes possess higher proton

conductivity values than both recast Nafion® and NTEOS over the entire relative
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Figure 5.11

Proton conductivity of NTEOS series membranes. Proton conductivity
decreases with addition of the TEOS in Nafion®.
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Figure 5.12

Effect of the amount of TEOS added to Nafion® on proton conductivity of
the NTEOS series membranes at 50% RH and 100% RH. Data at zero
Amount of TEOS corresponds to the recast Nafion®. Proton conductivity
of the NTEOS decreases with increase in wt% TEOS added.
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humidity range. The proton conductivity is still dependent on the relative humidity
suggesting that even at high temperatures we still have different proton conduction
mechanism as we move from low to high relative humidity. The most significance
improvement is observed at high relative humidity, attributed to the silica particles been
able to retain more water at high temperature than Nafion®. In addition, the silica
particles restrict Nafion® from changing its microstructures especially with the small
particles thus retaining the proton conduction pathways at this temperature. Impact of
size of silica particles in Nafion®/ex-situ silica nanocomposite membranes is clearly
observed at high temperature and high relative humidity as shown on Figure 5.13. The
proton conductivity at 100% relative humidity increases with small particles and
decreases with increase the particle size.

Nanocomposite membranes with particles

greater than 100 nm have proton conductivity lower than recast Nafion®. Figure 5.14
shows effect of size on the comparison of the proton conductivity of the nanocomposite
membranes at different temperature and 100% relative humidity.
The proton conductivity of the nanocomposite membranes is higher than Nafion®
at 120 oC but decrease as we increase the particles size and it’s lower than Nafion® at 80
o

C for particles greater than 100 nm. The structure and the size of the ionic domains in

Nafion® have been shown to depend on the hydration state of the membrane and thus
swelling modification due to the presence of the silica particles will induce important
structural re-organization of the intrinsic Nafion®structure, which can change percolation
pathways and thus the proton conductivity. Order –disorder transition temperature is
shifted to high temperature with addition of small particles indicative of the persistence
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Figure 5.13

Effect of particle size on the proton conductivity of the PNSS series
membranes at 120 oC showing both 50% RH and 100% RH. Data for the
NTEOS-5 and recast Nafion® is also included for comparison.
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Figure 5.14

Comparison of proton conductivity at 80 oC and 120 oC for PNSS series
membranes at 100% RH. The data at the zero particle size corresponds to
the recast Nafion®.
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Figure 5.15

Comparison of proton conductivity at 80 oC and 120 oC of PNSS series
membranes at 50% RH. The data at zero particle size corresponds to the
data for recast Nafion®.
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of the Nafion® microstructure as shown on the thermal analysis in Chapter 7. However,
the order –disorder transition temperature is shifted to lower temperatures with large
particles indicative of less stable ionic domains thus the observed lower proton
conductivities.
Previously Ye et al. investigated the effect of producing silica particles of
different size directly into Nafion® membrane, by permeating it with a mixture of water
and tetraethoxysilane (TEOS).13 They found that at low TEOS concentrations small
silica particles, consisting of highly hydrolyzed siloxane moieties, were formed. These
gave rise to a significant improvement in water sorption at high temperatures and low
humidity, causing an increase in the proton conductivity.

However, at high

concentrations of TEOS, larger silica particles were formed, which hindered the proton
movement. Significant amount of water was observed confined in silica domains and
therefore did not contribute towards proton conductivity. Their observation of decrease
in proton conductivity relates to the change in the size of silica particulates in in-situ
Nafion® membranes. However, in changing the size they also changed the wt% of TEOS
added. We are able to only look at the effect of the size with the same wt% of silica
added and observed a decrease in proton conductivity with increase in size of silica
particles. The decrease in the proton conductivity observed with PNSS membranes with
particles larger than 100nm is attributed to less available water to aid in the proton
conductivity of the membranes. The smaller particles hold more water on the surface due
to their high surface area to volume ratio.
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Figure 5.16 shows the predicted distribution of the particles in the nanocomposite
membranes. Most of the smaller particles are distributed along the ionic domains due to
small particles. Due to their higher surface are to volume ratio, the small particles
provide more surface exposed to the ionic domain regions. The particle surface exposed
to the ionic domain contributes in the water retention and the proton transport via
hydrogen bonded network through the surface silanes. The particles are drawn in light
blue to indicated presence of water inside the particles. However, transport of protons are
expected to take place predominantly on the particle surface due to the low diffusion rates
though the particles.

Larger particles on the other hand only have a small surface

exposed to the ionic domain. In addition, proton transport through the large particle slow
comparing their size to the ionic domain length scale. This prediction was supported by
the thermal analysis of the membranes that shows the ionic domain stabilization by the
smaller particles. Most of the large particles surface is exposed to the perfluorinated part
of the polymer which highly hydrophobic making it difficult to access any water on the
particles for proton conduction.
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Figure 5.16

Predicted particle distribution in the Nafion/ex-situ silica
nanocomposite. (a) Shows small particles distributed along the
ionic channel, most particle surface is exposed to the ionic domains,
(b) shows large particle distribution along the ionic channels but only
a small particle surface is exposed to the ionic domains. Therefore
small particle contribute more to the water retention at high
temperatures.
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5.6.4

Proton conductivity of the NTEOS nanocomposite membranes at high
temperatures
Figure 5.17 below shows that the proton conductivity decreases with addition of

TEOS in the NTEOS nanocomposite membranes. This is in agreement with the decrease
in the IEC; we attribute this to the decrease in the concentration of sulfonic acid groups in
the membranes. The proton conductivity of the NTEOS series is higher than recast
Nafion® but it is slightly higher with NTEOS-1 membranes at high relative humidity.
However, proton conductivity of the NTEOS-5 membranes is lower that the recast
Nafion® at low relative humidity. These results suggest that the NTEOS membranes do
not retain more water than the Nafion® at low RH as was observed with the particles.
Thus, defeating the purpose of adding the silica phase in Nafion®. This can be attributed
to the presence of residual ethoxide groups, which will hinder effective water hydrogen
bonding on the silica phase in the membrane. Moreover, the silica phase in NTEOS is
produced via the acid-catalyzed sol gel reaction, which is well known to produce highly
branched and much less condensed silica phase.1
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Figure 5.17

Effect of the amount of TEOS added to Nafion® on proton conductivity of
the NTEOS series membranes at 50% RH and 100% RH and at 120 oC.
Data at zero Amount of TEOS corresponds to the recast Nafion®. Proton
conductivity of the NTEOS decreases with increase in wt% TEOS added.
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5.7

Conclusion
Previously, improvement on fuel cell performance with Nafion®/ex-situ silica

nanocomposite membrane has been attributed to improved water management of the
membrane at high temperatures. We have shown for the first time, hydration of the
nanocomposite membranes does not change with size of sol gel derived particles but is
slightly lower for in-situ derived particles than the ex-situ particles. At low temperature,
proton conductivity of recast Nafion® decrease with addition of the silica particles
irrespective of their size. However, the in-situ silica nanocomposite membranes have
slightly lower proton conductivity than the ex-situ silica nanocomposite, which is due to
the surface chemistry difference of the silica pahse in the membranes.
Decrease in performance of Nafion® at elevated temperatures is attributed to
decrease in proton conductivity because of dehydration of unmodified Nafion®. At
elevated temperatures, destruction of the pore structure in Nafion® leads to low proton
conductivity pathways connectivity and thus the decrease in proton conductivity.
Addition of silica helps in retaining more water at elevated temperature and thus increase
in proton conductivity is observed. However, there is still need for proton conductivity
pathway connectivity and this can only be achieved if the silica helps lock the Nafion®
room temperature bicontinous structure at elevated temperatures. Presence of small silica
particles within the membranes apparently prevented these temperature-related structural
changes, and membrane conductivity is enhanced at 120 oC.

This has also been

confirmed with thermal analyses as discussed in Chapter 7. Large silica particles, on the
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other hand, seem to have a negative impact on these structures and thus a decrease in
proton conductivity is observed.
Nafion® /ex-situ silica nanocomposite membranes with ex-situ small silica
particles have better proton conductivity at high temperatures than both recast Nafion®
and nanocomposite with in-situ silica. The enhanced performance is attributed to the
ability to control the size of the particles.

Based on literature reports about the

relationship between the proton conductivity and fuel cell performance, these
nanocomposite membranes should perform better. Future work will involve testing of
these nanocomposite membranes on the fuel cell performance at elevated temperature.
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CHAPTER 6
EFFECT OF PARTICLE SURFACE MODIFICATION ON
PROTON CONDUCTIVITY OF NAFION®/EX SITU SILICA
NANOCOMPOSITE MEMBRANE

6.1

Introduction
Proton conductivity of Nafion® decreases with addition of less conductive fillers

such as silica as discussed in Chapter 5. The reduction in proton conductivity is due to
the volumetric dilution of the sulfonic groups in Nafion®.1 To minimize these losses
caused by addition of less conducting inorganic fillers especially silica, sulfonated groups
can be introduced onto the silica surfaces via silane chemistry. Previously, Nafion®
composite membranes have been prepared with sulfonated montmonrillonite,2-4
sulfonated phyenethyl-silica,1 sulfonic-functionalized heteropolyacid silica nanoparticles
(commercially particle).5 Sulfonated mesoporous silica materials prepared via surfactant
template method were also developed as proton electrolyte composite membranes for
proton conductivity at higher temperature.6-9

Proton conductivity of the sulfonated

mesoporous silica was found to increasing with increasing degree of sulfonic acid
functionalization.7,10

Sulfonated hallow silica spheres have also been used to make

Nafion® composite membranes.11 However, preparation of the sulfonated hollow silica
particles involved three steps, first template from polystyrene beads followed by
emulsification to form the silica hallow particles and finally the sulfonation. In addition,
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this investigation was only done on 170 nm sulfonated hollow silica spheres.11 Silica
phase in these composite materials constitutes the main body of the obtained sulfonated
silica materials but the effect of inorganic domains size has never been investigated
Our goal is to modify the silica particles with sulfonic groups, to increase the
water retention, and maintain high proton conductivity to provide fuel cell performance
superior to unfilled Nafion®. In this context, we prepared different size silica particles
with a simple modified Stöber process discussed in Chapter 3.

The particles were

sulfonated via functionalizing the surface silanols with mercaptopropylsilane.

The

Nafion® /sulfonated particles nanocomposite membranes were prepared as discussed in
Chapter 4 and particles were oxidized during the membrane pretreatment step with
10wt% H2O2. This Chapter focuses on the effect of sulfonated silica particles of various
sizes on the properties of the nanocomposite membranes such water-uptake, ionic
exchange capacity and proton conductivity. Introduction of sulfonated silica in Nafion®
is expected to take care of the proton conductivity loss observed and discussed in chapter
5 when unmodified particles were used. Since the ionic exchange is a measure of the
acidity of the membranes, the addition of sulfonated particles will increase the acidity of
the nanocomposite membranes due to the difference in the pKa of both the silanol and the
sulfonic groups. The acidity of the silanols is about 0.06 mMol/g while that of the
sulfonated silica is about 0.46 mMol/gram.12
Nafion® have also been modified with sulfonated silica in other various ways
such

as

use

of

various

additives

(HS(CH2)3CH3Si(OCH3)2(SH–)

including

(MPTS),

mercaptopropyltrimethoxysilane,

tetraethylorthosilicate

(TEOS)

and
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HS(CH2)3CH3Si(OCH3)2-TEOS (MPTS-TEOS) in in-situ Nafion® solution or Nafion®
preformed membranes.13,14 Thiol groups on the MPTS or similar silanes can easily be
oxidized to sulfonic groups with hydrogen peroxide at the right temperature and
concentrations. Quantitative oxidation of thiol groups into sulfonic groups has been
investigated on silica surfaces (or particles) with optimum conditions of 10wt% hydrogen
peroxide and at 60 oC.13,15,16 Yen at el, via X-ray photo electron spectroscopy showed
that performing oxidation at high temperature may detach the sulfonated groups off the
silica surface.13
It’s emphasized that introduction –SO3H group silica in Nafion® in these hybrid
membranes is not a primary factor for the increase of membrane conductivity, but the
capacity of the membrane to contain water molecules within the polymeric structure and
the ionic channel for proton transportation.

Membranes prepared with only the

MPTS/Nafion® composite were slightly whitish mainly due to the phase-separated
microstructure in the membrane.13, 14 This is indicative of lack of control of dispersion
and size, and this lead to a decrease in proton conductivity with introduction of –SO3H in
terms of the MPTS. They observed better performance with addition of both TEOS and
MPTS in Nafion®, where the TEOS helped to improve water uptake while the MPTS
introduced more –SO3H for enhanced proton conductivity at temperatures < 80 oC.
Sulfonated silica can also been added by using phenethyltrimethoxysilane which is then
sulfonated using sulfonating agents such as cholorsulfonic acid.1 Wang at el. reported
improvement in water-uptake and proton conductivity at 80 oC with Nafion® composite
membranes with phenethyltrimethoxysilane prepared by in-situ in Nafion® solution.1
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Other systems includes use of the sulfonated diphenyl silane,17 sulfonated diphenyl
dimethoxysilane18 ,grafting an organic ionomer layer on fumed silica and then using this
particles to modify Nafion® and finally use of acid functionalized polysiloxane.19,

20

However, in most case they are no control of inorganic domains size. As discussed in
Chapter 5 the size of the silica domain in Nafion® has a great impact on the membranes
proton conductivity especially at high temperature and all relative humidity.
In this Chapter, we discuss the impact of modifying Nafion® with sulfonated
silica particles of different sizes. Silica particle were prepared and modified following
the procedure described in Chapter 3 and the surface thiols were oxidized by soaking the
particles in 10wt% H2O2 at 60 oC for 1 h as shown on the Figure 6.1.

Surface

modification was confirmed with diffuse IR and quantified with titrations as discussed in
Chapter 3. Most of the reports on sulfonated silica in Nafion® are based on either in-situ
Nafion® solution or in-situ Nafion® membranes composites. Ladewig at el have shown
that in-situ (in-situ membranes) addition 3-mercaptopropyl methyldimethoxysilane in
Nafion® membranes leads to formation of highly polydispersed inorganic agglomerates
due to the nature of the silane.21 These agglomerations lead to lower proton conductivity
than Nafion 117 but lower methanol crossover was observed.

Application of the

sulfonated silica in the Nafion® nanocomposite membranes for improving the proton
conductivity will be discussed in this chapter. As mentioned earlier addition of sulfonic
groups in Nafion® alone is not enough to generate high proton conductivity since water is
required for effective proton transport. Additional of sulfonated silica particle will
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Figure 6.1

Schematic diagram of the modification and oxidization of silica particle
with mercaptopropyltriethoxysilane (MPTMS).
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involve two steps, formation of the particles, which will serve to enhance the water
uptakes and surface functionalization via the silane chemistry to add sulfonic groups for
enhanced proton conductivity. Preformed particles allows for control of size.

6.2

Research hypothesis
Addition of sulfonic acid functionalized particles in Nafion® is expected to result

in increase in water uptake, ionic exchange capacity and membranes proton conductivity.
The water uptake was observed not to change with particle size with the unmodified
particles, which was attributed to the particle porosity in Chapter 5. In addition the
particle porosity was not affected that much with surface modification as discussed in
chapter 3. This therefore, suggest that the water uptake may increase with surface
modification due to the difference in the type of interaction of the water molecules with
silanols and the sulfonic groups on the surface but is not expected to change with particle
size. Similarly Ionic exchange capacity will increase with addition of the sulfonic groups
on the particles but will be independent on the size of the particles due to the particle
porosity. Since the ionic exchange capacity relates to the concentration of the acid group,
this hypothesis will also be verified by determining the ionic exchange capacity of the
particles themselves.
Proton conductivity is expected to be enhanced irrespective of temperature and
relative humidity. This is attributed to the fact that the particles are bifunctional, they are
designed to increase both the wateruptake and the acid concentration, which will aid in
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proton conduction. The additional sulfonic groups should also aid in retaining the proton
pathway connectivity and forming extra proton channels in the membranes that should
significantly enhance the proton conductivity. Since both the water uptake and the ionic
exchange capacity are not expected to change with the particle size based on the results
obtained with unmodified particles, the proton conductivity is expected to be size
independent at all temperatures.

This hypothesis will be tested by preparation of

nanocomposite membranes with sulfonated particles of different particle size and
characterized for their properties.

6.3

Impact of Stöber silica particle surface modification on the water uptake of the
Nafion®/ex-situ silica nanocomposite membranes.
These membranes were expected to have higher water uptakes than the

membranes with bare silica due to the difference in the acidity of the sulfonic groups and
the silanols. However, that was not the case. Figure 6.2 below shows the water-uptake
does not changes with change in the silica particles size in the Nafion®/ex-situ modified
silica nanocomposite membranes. Nanocomposite membranes with unmodified particles
(PNSS series) have higher water-uptake values than recast Nafion
Chapter 5.

®

as discussed in

However, nanocomposite membranes with sulfonic acid functionalized

particles (SPNSS series) have lower water-uptakes than recast Nafion®. Decrease in
water-uptake values with particle modification is associated with the decrease in the
hydrophilicity of the particles relative to recast Nafion®. Presence of the hydrophobic
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Figure 6.2

Impact of particles surface modification on the water uptake of PNSS and
SPNSS nanocomposite membranes with different silica particle sizes.
Water
uptake
decreases
with
surface
modification
with
mercaptopropyltrimethoxylsilane but it’s independent of the particle size.
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side chain on the modified particles, shown of Figure 6.1 renders the particles slightly
hydrophobic thus lowering their ability to hold more water than the unmodified particles
or the recast Nafion®. In addition, since it is not possible to have a perfect monolayer on
the particle surface, the residue silanols cannot participate in the water uptake because the
water will be blocked by the hydrophobic side chains
Water-uptake values for nanocomposite membranes with the modified particles
did not change with change in silica particle size. This is attributed to silica particles
porosity confirmed with the gas adsorption and discussed in Chapter 4. Modification of
the particles with silane does not change their porosity that much as discussed in Chapter
3 and shown on Table 3.5, which is indicative of only surface modification and no pore
clogging.

6.4

Impact of the of Stöber silica particle surface modification on Nafion®/ex-situ
silica nanocomposite membranes exchange ionic capacity
IECs are the measure of the acidity of the membranes, which is dependent on the

concentration of the sulfonic groups in the membranes. In most cases high IECs may
correspond to high proton conductivity when they result in better proton pathway
percolations. Table 6.1 shows the ion exchange capacities of the recast Nafion®, SPNSS
and PNSS nanocomposite membranes.

Theoretical IECs are based on the reported

numbers for Nafion®,22 and the values for the nanocomposite membranes are calculated

243

Membranes

Experimental IECs

Theoretical IECs

Nafion 117

0.93

0.91

Recast Nafion®

0.9

0.91

PNSS Nanocomposites

0.81

0.86

Sulfonated PNSS-30nm

0.88

0.874

0.89

0.874

0.80

0.874

Nanocomposites
Sulfonated PNSS-150nm
Nanocomposites
Sulfonated PNSS-235nm
Nanocomposites

Table 6.1

Comparison of the ionic exchange capacity of the nanocomposite
membranes with the acid functionalized particles.
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assuming only the 95% (since 5wt% particle) of the membranes participate in the ion
exchange. This was done to investigate whether the particles had any effect on the ion
exchange capacity. The IECs with unmodified particles decrease with addition of the
particles since we are replacing some of the sulfonic acid groups with the silica phase.
However, when the sulfonic acid functionalized particles are used, the IECs are expected
to be lower than recast Nafion® because we are adding a very small amount of the
sulfonic groups and the rest of the particles is still silica. However, the IECs are slightly
higher than with the unmodified particles. The IECs are higher with the small particles
and very close to the expected value but decreases with increase in the size of the
particles. This is in agreement with the surface acidity reported in Chapter 3 on Table
3.6. The surface acidity of the unmodified does not change with particle size while with
the sulfonic acid functionalization the acidity is higher for small particles and decrease
with increase in particles size.

This has also been observed with in-situ generated

functionalized silica in Nafion® solutions or membranes.6,23

6.5

Impact of the of Stöber silica particle surface modification on Proton conductivity
of Nafion/ex-situ silica nanocomposite membranes

6.5.1

Impact of the of Stöber silica particle surface modification on proton conductivity
at 80 oC
Figure 6.3 shows the proton conductivity of the recast Nafion® and composite

membranes with sulfonic acid functionalized silica particles as function of relative
humidity (RH) at 80 oC. Proton conductivity increases with increase in RH for all
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Figure 6.3

Comparison of proton conductivity dependent on RH for SPNSS
nanocomposite membranes with recast Nafion® at 80 oC. Proton
conductivity increases with increase in RH for all samples. Significance
difference observed at high RH.
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Figure 6.4

Impact of silica particle size on proton conductivity of the SPNSS
membranes for both 50% RH and 100% RH at 80 oC. The data for zero
particle size corresponds to the data for recast Nafion®. The proton
conductivity of the SPNSS membranes is higher with small particles (<50
nm) and lower with large particles at 100% RH. At low RH the proton
conductivity is not significantly different from recast Nafion®.
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samples. This is due to the proton conductivity mechanism discussed in Chapter 5,
suggesting that addition of the sulfonated silica does not change the mechanism. Proton
conductivity of the SPNSS nanocomposite membranes was higher than recast Nafion®
membrane for membranes with particles less than 50 nm. However, proton conductivity
of the SPNSS nanocomposite membranes decreased with the increase in the size of the
particles after 50 nm and is more significance at high RH as shown on Figure 6.4.This is
interesting because it correlates with the decrease in the acidity of the membranes with
particle size shown on Table 3.6.
At low RH, proton conductivity is not different from that of recast Nafion®
suggesting that adding the modified particles is not beneficial at low RH because the
particles do not enhance the water-uptake of the membranes.

In addition, proton

conductivity at low RH is independent of particle size and is about the same as recast
Nafion®. This is different from the observations with the unmodified particle (Figure
5.9) where the proton conductivity of the nanocomposite membranes is slightly lower
(about 20%) than recast Nafion® at low RH. This is indicative of the contribution of the
added sulfonic groups on the particles to the proton conductivity of Nafion®.

The

increase in proton conductivity of nanocomposite membrane with small-modified
particles was consistent with IEC values in Table 6.1 when particle size used was less
than 50 nm. Increase in the proton conductivity is attributed to the increase in the
sulfonic groups in the membranes and the small particle size allow for a better
connectivity of the ionic domain.

As discussed in chapter 7, the peak transition

temperature with small particles was shifted to slightly high temperature than recast
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Figure 6.5

Comparison of the proton conductivity of PNSS and SPNSS
nanocomposite membranes at 80 oC and 50% relative humidity.
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Nafion®, suggesting stronger cohesive sulfonic group’s interactions. This also applies
with the sulfonated particles but addition of sulfonic groups on the particles enhances the
proton conductivity.
Comparison of the proton conductivity of nanocomposite membranes with
modified particles and unmodified particles shows some significance differences. As
shown in Figure 6.5, proton conductivity of the nanocomposite membranes with modified
particle (SPNSS) is higher than that with the unmodified particles (PNSS). At low RH
this improvement is only observed with small particles (<100 nm) as shown on Figure
6.5. Larger particles lead to decrease in the proton conductivity even way below the
recast Nafion®. This is a clear indication of the impact of the silica domain size in the
SPNSS nanocomposite membranes. This has not been observed previously because most
of Nafion sulfonated silica membranes are prepared via in-situ method where it’s not
possible to control domain size.
At high relative humidity the same rule applies, the SPNSS nanocomposite
membranes with small particles have higher proton conductivity than those with PNSS
with the same particle sizes.

Addition of sulfonic groups on the particles leads to

improvement on the proton conductivity. However, with particles larger than 50nm,
proton conductivity of the SPNSS membranes starts to decrease, merges with the PNSS
membranes, and is much less than recast Nafion®. From these results, addition of acid
functionalized silica enhanced proton conductivity only when particles with diameter less
than 50nm were used.
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Figure 6.6

Comparison of the proton conductivity of SPNSS and PNSS
nanocomposite membranes at 80 oC and 100% relative humidity.
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6.5.2

Impact of the of Stöber silica particle surface modification on nanocomposite
membranes proton conductivity at 120 oC
At high temperature, proton conductivity of the SPNSS membranes is higher than

recast Nafion®. The enhanced proton conductivity at high temperature can be due two
factors, (1) the nanocomposite membranes' have higher ability to retain water than recast
Nafion

®

or (2) the particles in the nanocomposite membranes restrict Nafion

microstructure changes by rocking the ionic domains thus maintaining the proton
conduction pathways. However, the wateruptake these membranes was observed to
decrease with addition of the modified particles therefore this is not the dominating factor
for enhanced proton conductivity.

It is most probable that, the proton conductivty

enhancement is due to added proton pathways in the membranes in addition to stabilizing
the ionic domains by the modified particles. Proton conductivity is still dependent on the
relative humidity as shown on Figure 6.7 which is suggest that the mechanism of proton
conduction is the same as Nafion® at high temperatures. The highest conductivity of
nanocomposite membranes with 5 wt % sulfonated particles was 232.7 mS m-1 at 100%
RH with 20nm particles, whereas the conductivity of the pure recast Nafion® was
only164.2 mSm-1 at the same condition. Even with the largest particles (232 nm) the
proton conductivity is about 200.0 mS m-1 at 100%, RH which is higher than recast
Nafion®.
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Figure 6.7

Comparison of proton conductivity Vs. Relative humidity for SPNSS
series membranes with recast Nafion® at 120 oC. Proton conductivity
increases with increase in relative humidity for all samples. Significance
difference observed at high relative humidity.
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Figure 6.8

Comparison of proton conductivity of PNSS and SPNSS nanocomposite
membranes at 120 oC and 50% relative humidity.
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Nanocomposites membranes with small particles (20 nm) have higher proton
conductivity than with large particles (232 nm). The increase of proton conductivity of
the nanocomposite membrane was consistent with the increase in the IEC values as
shown on Table 6.1. Figure 6.8 shows the comparison of the proton conductivity of the
nanocomposite membranes with modified and unmodified particles at low RH (50%).
Proton conductivity of the nanocomposite membranes with small particles is higher than
with small modified particles because the unmodified particles have higher water uptakes
as shown on Figure 6.2.

However, larger particles as discussed in chapter 5 may

introduced some tortousity in proton conductivity channels leading to lower proton
conductivity. The proton conductivity of the large modified particles is enhanced due to
the presence of the sulfonic groups on the particles, which allows for better proton
conduction pathway connectivity. Moreover, proton conductivity of the SPNSS
a nanocomposite membrane decreases with increasing particles size similarly to what was
observed with PNSS membranes (Chapter 5).
Figure 6.9 shows the comparison of the proton conductivity of the PNSS and
SPNSS nanocomposite membranes at high RH (100%). In general, proton conductivity
of the SPNSS nanocomposite membranes is higher or equal to the proton conductivity of
the PNSS nanocomposite membranes. Significance difference is observed with large
particle size (>100 nm). The highest conductivity of SPNSS nanocomposite membranes
was 232.7 mS m-1 at 100% RH and with 20 nm particles, whereas the conductivity of
PNSS nanocomposite membranes was only 210.4 mSm-1 at the same condition with same
particle size. Moreover, the proton conductivity of SPNSS nanocomposite membranes
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Figure 6.9

Comparison of proton conductivity of PNSS and SPNSS nanocomposite
membranes at 120 oC and 100% relative humidity.
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with the largest particles (220 nm) is about 200.0 mS m-1 at 100% RH while with
unmodified particles is only 109.0 mS m-1, which is much less than recast Nafion® 164.2
mSm-1 at the same conditions. This suggests that at high RH the concentration of the
sulfonic acid in the membranes have a greater impact than the available water in the
membranes for large particle size while its opposite for small particle size. Increase in
the available sulfonic acid may result in possible increase in percolation of the proton
pathways in the nanocomposite membranes.

Large particle, as they may introduce

tortousity, when unmodified particles are used, the sulfonic groups on modified particle
may offer other possible proton conduction channels thus the observed increased proton
conductivity.

Previously a increase in the proton conductivity was observed with

addition of 171nm sulfonated hallow silica particles at temperatures above 100 0C.11 This
is in agreement with our data.
The results can be explained by different proton conduction mechanisms
introduced in chapter 5. High RH proton conductivity is dominated by proton hopping
(Grotthus) mechanism.24,

25

Under this circumstance, the proton conductivity was

controlled by proton hopping (Grotthus) mechanism. Since there is enough water for
proton conduction, the enhancement comes for the increased concentration of sulfonic
acid in the membranes, making it easy for protons to hop from one sulfonic group to the
other. On the contrary, at low RH, proton conductivity is dominated by vehicle process
(water assisted proton diffusion) and depend on the available water in the membranes.26
The difference between the SPNSS membranes and the PNSS membranes increases with
increase in particle size due to the ability of the small particles to hold more water (easily
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accessible) than the large particles at high temperature. Thus at this conditions, the
presence of water is more important than the concentration of sulfonic acid groups.

6.4

Conclusion
An organic sulfonic acid (–SO3H) group was successfully grafted on the surface

of Stöber silica to improve proton conductivity of Nafion®/StÖber silica particles. The
performance of these nanocomposite membranes was evaluated on their water uptake and
proton conductivity at low and high temperatures.

The water uptake of the

nanocomposite membranes decrease with addition of the modified particles due to
decreased hydrophobicity of the particles. Proton conductivity was enhanced at 80 oC for
all relative humidity and particles size. However, it was more enhanced with small
particles.

At high temperature the highest conductivity of SPNSS nanocomposite

membranes was 232.7 mS m-1 at 100% RH and with 20 nm particles, whereas the
conductivity of PNSS nanocomposite membranes was only 210.4 mSm-1 at the same
condition with same particle size.

Moreover, the proton conductivity of SPNSS

nanocomposite membranes with the largest particles (220 nm) is about 200.0 mS m-1 at
100% RH while with unmodified particles is only 109.0 mS m-1, which is much less than
recast Nafion® 164.2 mSm-1 at the same conditions. At low relative humidity, the proton
conductivity of the SPNSS membranes with small particles (20 nm) was 38.6 mS m-1 at
50% RH and with PNSS membranes was 42.6 mS m-1 at same conditions with the same
particle size. With small particles, there are no benefits of using the modified particles on
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the proton conductivity. However, with large particles, the proton conductivity of the
SPNSS membranes with large particle (220 nm) 37.5 mS m-1 at 50% RH while with
PNSS membranes was 25.8 mS m-1 at the same conditions. The proton conductivity of
the PNSS is much lower than that of the SPNSS membranes and even lower than recast
Nafion® which was 46.6 mS m-1.
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CHAPTER 7
THERMAL PROPERTIES OF NAFION® /EX-SITU SILICA
NANOCOMPOSITE MEMBRANES

7.1

Introduction
In this chapter, we will look at the effect of silica particle size on the thermal

stability of Nafion®/ex-situ silica nanocomposite membranes.

Nafion® composite

polymer electrolyte membranes are developed to work at temperatures higher than the
pristine Nafion® in order to overcome its temperature limitations.1,2 To understand the
impact of adding silica particles in Nafion®, we need to know, how silica particles affect
the ionic domains responsible for proton conductivity and the overall thermal stability of
the polymer nanocomposite membranes. Achieving this goal requires examination of the
changes in heat capacity with change in temperature in the polymer membrane via
differential scanning calorimetry (DSC). Our research focuses on looking at the effect of
silica particle size and surface modification on the thermal properties of Nafion®/ex-situ
silica nanocomposite membranes prepared and discussed in Chapter 4.
Dynamic mechanical analyses (DMA) of dry Nafion®-organically modified
silicate

nanocomposite membranes showed an improvement of thermal mechanical

properties, indicated by the shift of the α-transition, which has been assigned to the
motion of the ionic domains in Nafion®, to higher temperatures with increasing filler
content.3 The authors attributed this increase in stability to the entrapment of the acidic
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ether side chains inside the organically modified silica (ORMOSIL) nanoparticles. These
nanocomposite membranes however, were prepared by in-situ sol gel polymerization
inside preformed membranes and thus the ORMOSIL nanoparticles are believed to form
around the acid groups in Nafion®. However, Maurtiz et al. have shown that the first
endothermic peak in DSC associated with the ionic domain in Nafion® shifts to low
temperatures with addition of the silicate phase in Nafion® with low percentages but
disappears with high silicate phase.4, 5 This was observed for both silica and ORMOSIL
nanoparticles in Nafion® preformed membranes. This observation contradicts the DMA
results, which suggest a shift to high temperatures with addition of silica phase. In both
cases the size of the silica domains was not controlled and thus it is not known why there
are discrepancies in the results. Limitation of the in-situ Nafion®/ silica nanocomposite
membranes is the lack of control of size as well as limitation of the amount of silica
phase added. In this chapter, we address the size issue by using well-defined silica
particles of different sizes and we monitor the change in the thermal properties of
Nafion®/ex-situ silica nanocomposite membranes.
As discussed in Chapter 5 and observed previously2,5 addition of silica phase in
Nafion® helps in water uptake but deteriorates the proton conduction at low temperatures
below 80 oC. However, proton conductivity at 120 oC is greater with nanocomposite
membranes especially with small silica phase particulates than with pristine Nafion®.
The hypothesis for this increase in proton conductivity is the presence of more water in
the nanocomposite membranes than in Nafion® as well as the stability of the ionic
channels connectivity at these temperatures. In this chapter, we will discuss these two
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hypotheses and verify them using differential scanning calorimetry (DSC) and thermal
gravimetric analysis (TGA). DSC is used to probe the change in the thermal stability of
the ionic domains in Nafion® with different silica particles size and particle modification
while TGA is used to monitor the water loss as well as the polymer degradation with
increasing temperature.

7.2

Differential scanning calorimetry of the nanocomposite membranes

7.2.1

Differential scanning calorimetry of Nafion®/ex-situ silica nanocomposite
membranes
In order to understand the effect of the silica particle size in the Nafion®/ex-situ

silica nanocomposite membranes on the thermal properties we need to look first at the
impact of processing on Nafion® membrane. DSC curves of the unmodified, recast
Nafion® and commercial Nafion 117 under argon in the range of -50 oC to 250 oC in the
first cycle are shown in the figure below (Figure 7.1). Both membranes show two broad
peaks, the first peak at around 105 oC and another at around 200 oC. The first peaks
shows up at almost the same temperature while the second peak is shifted to lower
temperature with the recast Nafion®. The first peak in most cases is reported as the glass
transition temperature (Tg) of Nafion® which has been observed and confirmed elsewhere
with dynamic mechanical analysis.4,6-10 However, a Tg is the temperature associated with
long range cooperative molecular motion, but the ion domains in the range of 30-50 Å are
not large enough to make up for this long range order. Therefore, it’s found more
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Figure 7.1

First cycle DSC curves for dry Nafion 117 (blue) and recast Nafion® (red)
membranes. Samples were scanned from -50 oC to 250 oC and back to -50
o
C. The line on the curves shows first peak temperature is the same for
both membranes irrespective of their difference in processing.
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Figure 7.2

Second cycle DSC curves for dry Nafion 117 (blue) and recast Nafion®
(red) membranes. Samples were scanned from -50 oC to 250 oC. The first
peak disappears after the first heating cycle due to the loss of water in the
ionic domains. The second peak is also barely visible suggesting changes
in that peak could be associated with lost water in the membranes.
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appropriate to associate this peak with the structural changes in the ionic domains, which
leads to disordering of these domains in the membranes or molecular rearrangements
inside the polar phase of the polymer membrane.8, 11, 12 In this chapter we refer to this
transition as the order-disorder transition. The peak at 105 oC is slightly broader with the
recast Nafion® than the Nafion 117 but occurs at the same temperature range, which
suggests that processing does not have an impact on the peak temperature but may affect
the peak broadening. The peak broadening can be attributed to the difference in the
degree of order, as expected; Nafion117 membranes prepared by extrusion will have
more domain order than recast Nafion® membranes prepared from solution casting.1
The second endothermic peak at 200 oC is attributed to the release of strongly
bound water. The second peak has also been attributed to the melting of the crystalline
domains in the perfluorosulfonic ionomers and related polymer.10, 13 Both transitions are
observed in the first cycle and only the second peak is barely observed in the second
cycle as shown in the Figure 7.2. These suggest that the first transformations in the
membranes after heating the membranes up to 250 oC are irreversible. This is probably
because this transition also involves loss of some water during the heating cycle, which is
not recovered in the cooling cycle.

7.2.2

Effect of Stöber silica particle size on the first endothermic peak of Nafion®/exsitu silica nanocomposite membranes
First peak on the DSC curves for nanocomposite membranes prepared with the

homogenously distributed silica particles (PNSS) is shifted to lower temperatures as the

265

Figure 7.3

First cycle DSC curves for dry PNSS nanocomposite membranes.
Samples were scanned from -50 oC to 250 oC and back to -50 oC. The line
on the curves shows the first peak temperature for both recast Nafion® and
Nafion 117. Peak temperature for nanocomposite membranes with large
particles is shifted to lower temperatures while with small particles is
shifted to slightly high temperatures.
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particle size increases as shown in the figure below (Figure 7.3). A similar trend was
observed by Mauritz et al. with increasing the diffusion time of TEOS in Nafion®
preformed membranes.4 Moreover, Ye et al. have shown that the increase in diffusion
time of TEOS in Nafion® membranes leads to an increase in the silicon dioxide domain
size in the membranes.14 Therefore, the shift observed by Mauritz et al. is a combination
of the size and amount of silica phase effect. However, due to the manner in which the
nanocomposite membranes are prepared you cannot distinguish the two.

In our

nanocomposite membranes we have preformed silica particles with controlled particle
size and distribution. In this case we can easily monitor the effect of silica particles size
in the membranes by making Nafion® nanocomposite membranes with different particle
size but same amount of the silica particles in the nanocomposite mebranes. Unlike the
in-situ Nafion® nanocomposite membranes where the silica phase diffuses into the ionic
domain, in our case the silica particles, which are highly hydrophilic, could interact
electrostatically with sulfonic groups in Nafion® during the membrane preparation.
Nafion® solutions are known to contain rod like aggregates in alcohol solutions,
with the hydrophobic backbone making up the inside of the rods and the hydrophilic
sulfonic groups pointed toward the hydrophilic solvent.15-18 Based on this model, the
rods are expected to orient themselves around the silica particles because of electrostatic
interactions between the particle surface silanols and the sulfonic groups. Thus, the silica
particles could affect the way the sulfonic groups reorganize in the nanocomposite
membranes compared to the unmodified recast Nafion® membranes. Disruption of the
organization of the ionic domain and the cohesive interaction of the sulfonic groups
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within the ionic clusters will lead to a change in the transition temperature. Interestingly,
the peak transition temperature with small particles (PNSS-14 nm and PNSS-58 nm) is
shifted to a slightly high temperature (117 oC and 118 oC, respectively) than the recast
Nafion®, suggesting stronger cohesive interactions in the ionic domains. Membranes
with larger particles (PNSS-70 nm and PNSS-235 nm) have peak temperatures shifted to
lower temperatures (95 oC and 91 oC, respectively) than the recast Nafion®, suggesting
possible disruptions of the ionic domain organization in Nafion®/ex-situ silica
nanocomposite membranes than in recast Nafion®. Recast Nafion® and Nafion 117
membranes have an order disorder transition temperature of about 105 oC, as observed in
the present study. Elevation of this value upon addition of an inorganic phase allows
Nafion® to maintain its bicontinuous
temperature above 80 oC.19

microstructure throughout the operating

In chapter 5, the proton conductivity of the PNSS

nanocomposite membranes at high temperature is high with small particles and decreases
drastically way below recast Nafion® with particles larger than 100 nm (Figure 5.13).
Since the proton conductivity was measured at 120 oC, about 10 oC above the orderdisorder transition temperature, disruption of the organization of the ionic domain may
lead to discontinuity in the ionic channels thus low proton conduction across the
nanocomposite membranes.
These data suggest that the decrease in proton conductivity and thus membrane
failure at elevated temperatures and low humidity is due to reorganization of the Nafion®
structure. This reorganization of structure may either cause an expulsion of internal
water or induce discontinuities in the proton conductivity pathways contained within the
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ionic domains below the order-disorder transition temperature. As observed with the
PNSS nanocomposite membranes with smaller particles, this transition temperature
shifted to higher temperatures indicating stabilization of the ionic domains and thus
allowing better proton conductivity at 120 oC. However, nanocomposite membranes with
larger particles have a transition temperature shifted to lower temperatures, which suggest
destabilization of the ionic domain, thus, a decrease in proton conductivity at 120 oC.
The DSC curves are however similar at low temperatures, and proton conductivity was
observed not to change with particle size at 80 oC, suggesting that we have enough ionic
domain connectivity with both small and large particle size to support the proton
conductivity.

Proton conductivity was slightly less than recast Nafion®, which is

attributed to the slight decrease in sulfonic group’s concentration, which is evident by the
decrease in the IECs, as shown on Table 5.1 in Chapter 5.

7.2.3

Effect of particle size on the second endothermic peak of the Nafion®/ex-situ
silica nanocomposite membranes
The second endothermic peak for all the nanocomposite membranes is shifted to a

lower temperature as compared to the recast Nafion®. Similarly, Maurtiz at el. has also
observed a decrease in this peak’s temperature with the in-situ Nafion®-silica composite
membranes.4 This result is expected, taking into account an increase in water uptake with
addition of silica particles results in an enhanced plasticization effect of the polymer,
thus, a decrease in the degree of crystallinity, as suggested previously.19 This peak is also
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less intense with the nanocomposite and shifts to a lower temperature with an increase in
the size of the particles suggesting that the larger the particle size, the greater the
perturbation for the crystallinity. As observed earlier with the recast Nafion®, this peak is
the only one retained in the second cycle.

7.2.4

Effects of particle surface modification on the order-disorder transition
temperature of Nafion®/ex-situ silica nanocomposite membranes
Addition of modified particles in Nafion® is intended to add functionalities to

particles, thus enhancing some of the nanocomposite membrane properties.

As

mentioned previously, and discussed in Chapter 6, addition of mercaptopropylfunctionalized particles add to the proton conductivity of the nanocomposite at low
temperatures, but proton conductivity deteriorates at high temperatures. Earlier in this
Chapter, we discussed the relationship between the stability of the ionic domains and the
proton conductivity of the nanocomposite membranes. Nanocomposite membranes were
also prepared with fluorinated particles intended to enhance the crystallinity of the
fluorine-rich region in Nafion®.
The impact of adding the mercapto- and flouro-functionalized particles in Nafion®
is shown on the three figures below (Figure 7.4, Figure 7.5 and Figure 7.6). The first
transition peak temperature is shifted to lower temperatures relative to the membranes
with unmodified particles with smaller particles (40 nm and 80 nm) suggesting
interference with the order-disorder transition of the ionic domains in Nafion®. However,
membranes prepared with larger particles (120 nm) have the transition peak temperature
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Figure 7.4

Influence of particle modification on the DSC curves of nanocomposite
membranes with unmodified and modified 40 nm particles. Samples were
scanned from -50 oC to 250 oC and back to -50 oC. The line on the curves
show the first peak temperature for recast Nafion®. The peak temperatures
for nanocomposite membranes with modified particles are shifted to lower
temperatures.
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Figure 7.5

Influence of particle modification on the DSC curves of nanocomposite
membranes with unmodified and modified 80 nm particles. Samples were
scanned from -50 oC to 250 oC and back to -50 oC. The line on the curves
show the first peak temperature for recast Nafion®. The peak temperatures
for nanocomposite membranes with modified particles are shifted to lower
temperatures.
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Figure 7.6

Influence of particle modification on the DSC curves of nanocomposite
membranes with unmodified and modified 120 nm particles. Samples
were scanned from -50 °C to 250 °C and back to -50 °C. The line on the
curves show the first peak temperature for recast Nafion®. The peak
temperatures for nanocomposite membranes with modified particles are
shifted to lower temperatures.
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shifted to higher temperatures relative to membranes with unmodified particles
suggesting stabilization of the ionic domain with particle modification. However, in all
membranes the transition temperature is lower than recast Nafion®. Peak temperature
observed with small particles is similar irrespective of the particle modification and only
a very slight difference is observed with larger particles.
As observed and discussed in Chapter 6, particle modification has a greater
impact on the nanocomposite membrane proton conductivity at high temperatures (120
o

C) with larger particles at high temperature the proton conductivity is enhanced with

surface modification with larger particles but the opposite is observed with smaller
particles as shown in figure 6.8 and 6.9. This now can be explained by the observed
increased stability and organization of the ionic domains as indicated by the slight
increase in the order disorder transition temperature.

7.2.5

Differential scanning calorimetry of wet Nafion®/ex-situ silica nanocomposite
membranes
DSC analysis of wet modified polymer was performed on Nafion® nanocomposite

membranes with particles of different size, both unmodified particles and mercaptomodified particles. The membranes were pre-treated and left in deionized water for 24 h
before analysis. Mercaptopropyl-functionalized particles are expected to enhance the
water uptake after oxidation to sulfonic groups. However, as discussed in Chapter 6 a
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Figure 7.7

DSC curves for wet PNSS nanocomposite membranes with unmodified
particles. Samples were scanned from -50 oC to 250 oC and back to -50
o
C. Wet recast Nafion® data is also included. The transition peak
temperature does not change with change in particle size. The peak at 200
o
C is shifted to lower temperatures (<200 oC) with the nanocomposite.
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Figure 7.8

DSC curves for wet SPNSS nanocomposite membranes with modified
particles. Samples were scanned from -50 oC to 250 oC and back to -50
o
C. Wet recast Nafion® data is also included. The transition peak
temperature does not change with change in particle size expect for the
small particles where it is slightly higher. The peak at high temperature is
shifted to lower temperatures with the nanocomposite membranes.
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decrease in the water uptake was observed which was attributed to the hydrophobic
nature of the side chains. Membranes with the sulfonated particles are designated as
SPNSS membranes.

These experiments demonstrated an increase in the degree of

hydration in the recast Nafion® causes an increase in ∆H associated with peak 1 and a
decrease in peak temperature (Figure 7.7).
modified membranes.

Similar results were observed with the

The temperature decrease could be associated with a water

plasticizing effect in the membrane, since silica particles can absorb and hold more water
in the membranes, increasing the chain mobility and thus decreasing the peak transition
temperature.
An increase in ∆H1 associated with peak 1 is attributed to a change in the state of

the aggregation of the ionic domains in the membranes with increasing water content.
Gierke et al. reported that an increase in the membrane water sorption simultaneously
leads to an increase in the number of sulfonic groups per aggregate in the ionic domain
and an increase in the size of the aggregate.20 This in turn leads to more highly organized
ionic clusters, and interactions that are more cohesive are expected. As a result, higher
energy is required to overcome the ionic interactions and cause polymer chain mobility.
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Scheme 1

Radical decomposition mechanism of Nafion®.22,26
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Scheme 2

Ionic decomposition mechanism of Nafion®.22,26
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Figure 7.9

Thermal degradation analysis of Nafion® scanned at 10 °C/min showing
the degradation products and the temperature range at which these
products are expected.
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7.3

Thermal degradation of the Nafion®/ex-situ silica nanocomposite membranes

7.3.1

Effect of silica particle size on the thermal degradation of the Nafion®/ex-situ
silica nanocomposite membranes.
Several studies have addressed the issue of thermal stability and thermal

degradation of Nafion® membranes and have shown three main degradation steps which
are attributed to (1) loss of surface water, (2) followed by loss of sulfonic groups, and (3)
degradation of the polymer chains (Figure 7.9).21

4,19

The polytetrafluoroethylene

(PTFE)-like molecular backbone gives Nafion® membranes their relative stability until
temperatures beyond 150 °C due to the strength of the C–F bond and the shielding effect
of the electronegative fluorine atom22 Investigation of thermal degradation of Nafion®
using thermal gravimetric analysis, differential thermal analysis, and Fourier transform
infrared spectroscopy show that Nafion® looses only water below 280 oC.23-25 Thermal
degradation of Nafion® then starts with the loss of sulfonic groups at temperatures
between 280 oC and 350 oC, detected by the release of SO2. This is followed by the
breaking down of the fluorocarbon chain, detected by the release of the CF3. Detailed
mechanisms of Nafion® thermal degradation were proposed by Wilkie et al. and Samms
et al. and are shown in the schemes below (Scheme 1 and 2).22, 26
Previously, it has been observed that the temperature at which Nafion® starts to
degrade is shifted to high temperature with the addition of inorganic particles.2,

27, 28

However, the temperature shift reported for the silica phase in Nafion® is different even
with the same wt%. For example, Jalani et al. reports a shift to 460 oC with in-situ silica

281
in membranes, while Maurtiz et al. observed a shift to 365 oC with the same system and
about 3-5 wt% of silica added. A good calibration of the membrane preparation as well
as the size of the silica domains is required in order to explain the discrepancies. We
address this issue in the next section by showing the effect of silica particle size of welldefined silica particles on the thermal degradation of Nafion®/ex-situ silica
nanocomposite membranes.
The figure below shows the TGA analysis of the PNSS membranes together with the
recast Nafion® and the NTEOS membranes (Figure 7.10). All the samples were scanned
at the same rate (10 °C/min). Overall, the NTEOS membranes seem to be more stable
throughout the entire temperature range. This has been observed with in-situ Nafion®
composites and has been attributed to the cross-linking of the TEOS which shifts
degradation to high temperatures.2 From the figure below, all the membranes retain more
than 90% of their weight up to a temperature of about 325 °C. Above 325 °C, all the
membranes started to decompose and lose weight quite rapidly (Figure 7.10). PNSS
membranes have a large loss at the beginning, which is attributed to loss of surface or
unbound water. PNSS membranes have more unbound water than recast Nafion® and
NTEOS, which is in agreement with the water uptake discussed on Chapter 4 and shown
on Figure 4.11. As discussed earlier, the silica phase in NTEOS is less condensed
compared to the PNSS membranes, and thus less hydrophilic.
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Figure 7.10

Thermal gravimetric analysis of recast Nafion, PNSS and NTEOS
membranes. All samples were scanned at 10 oC/min and sample weight 79 mg was used in each case. Inset figure is an expanded view of the
region below 325 oC.
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In addition, weight loss at the lower temperatures (<300 oC) is independent of the
particle size, which again agrees with the water uptake with an exception of the very
large particles (PNSS-232 nm). Weight loss observed with the recast Nafion® is similar
to that of Nafion117, which suggests that the changes observed on TGA analysis of the
PNSS and NTEOS membranes are due to the effects of the silica particles and not
processing conditions. At high temperatures, we can clearly see the effect of the particle
sizes on membrane thermal properties. The results for nanocomposite membranes with
large particles (PNSS-113 nm and PNSS-232 nm) fall off more steeply as compared to
other results in the temperature range of 325-400 oC. This is attributed to catalytic
removal of sulfonate by silica, which seems more pronounced with the large particles
than with the small particles. This phenomenon has been observed with silica and titania
filler in Nafion® and is more pronounced with titania.21

Thus, a strong molecular

interaction between sulfonate groups and the metal oxide surface is more probable with
large particles and less with small particles.
The third mass elimination revealed in the 400−500 oC range is due to the PTFE
backbone decomposition.19

As shown on the Figure 7.10 all the nanocomposite

membranes have the third weight loss temperature lower than recast Nafion® except for
NTEOS. This is an indication that, silica particles reduce the thermal stability of both
polyether side chains and PTFE backbone chains, thus no significant thermal stabilizing
interactions occur between silica particles and the Nafion® polymer host network.
Maurtiz et al. investigated the products of thermal degradation of Nafion® and its silica
nanocomposite membranes material with FTIR and observed that the major
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decomposition products between 355-560 oC were HF, SiF4, carbonyl fluoride, and other
species exhibiting C-F stretching vibrations.29 The SiF4 is derived from the reaction
between the HF produced in the decomposition of the Nafion® side chains and the silica
nanoparticles according to the reaction equation shown below (Equation 7.1).

4 HF + (SiO2 )x → 4SiF4 + (SiO2 )x−4 + 2 H 2O

(7.1)

This reaction would also explain why the weight remaining after the TGA experiment is
almost zero. This is contrary to what was expected from the weight of silica particles
remaining after heating the particles in the same temperature range (Figure 7.14) which
shows about 90 + 2 % remains after heating.
Now, let’s focus only on the PNSS nanocomposite membranes with the smallest particles
and that with the largest particles (Figure 7.10), because everything else falls between
these two plots. The NTEOS and the recast Nafion® plot are shown for comparison. The
onset degradation temperatures for the PNSS membranes are shifted slightly lower than
the recast Nafion® suggesting less stability. PNSS-14 nm membranes loss more weight
at the beginning, suggesting that the PNSS-14 nm membranes have more water. This is
contrary to the water uptake of the membranes discussed in Chapter
5 in where no change was observed with change in the particle size. However, the water
uptake was determined at 60 oC, which is much lower than the temperatures discussed
here.

To examine this effect we utilized thermal gravimetric analysis for both

membranes with small particles and those with large particles at an isothermal
temperature above the boiling point of water. Figure 7.12 shows the isothermal
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Figure 7.11

Thermal gravimetric analysis of recast Nafion®, NTEOS and PNSS-16
nm and PNSS-232 nm membranes. All samples were scanned at 10
o
C/min and a sample weight of 7-9 mg was used in each case.
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experiment performed at 120 oC showing a large drop in weight with time for membranes
with smaller silica particles compared to membranes with large silica particles.

Overall, nanocomposite membranes with larger particles seem to be slightly more
stable than those with smaller particles.

Thus, explaining one possible source of

discrepancies in data reported on Nafion®/silica composites observed by Jalani et al. and
Maurtiz et al. Silica particle size may affect the degradation temperature shift to either
lower or higher temperature observed in degradation of the Nafion®/silica composite
membranes.

7.3.2

Effect of scanning rates on the thermal degradation of the Nafion®/ex-situ silica
nanocomposite membranes

Other possible discrepancies in the reported thermal degradation analysis of
Nafion®/silica composite membranes would be the effect of heating rates. Most common
heating rates reported in literature are at 5 oC/min, 10 oC/min, and 20 oC/min.19,23,26,29
The figure below shows the effect of heating rate on the thermal degradation of recast
Nafion® and three other different nanocomposite membranes.

NTEOS membranes

prepared by in-situ method are used to show the effect of preparation procedure, while
the other two PNSS membranes were selected to show the effect of the silica particles
size. From the data, the most affected is the recast Nafion® where the curve obtained
with at 20 oC/min is shifted to high temperatures relative to the curve obtained with 5
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Figure 7.12

.

Comparison of weight loss of PNSS-14 nm and PNSS-235 nm at 120 oC
for 3 h. Small particles loose more mass, which suggest they may hold
slightly more water than the large particles. However, the nanocomposite
membranes loose most of the mass at the beginning and no significance
change occurs afterward this temperature.
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Figure 7.13

TGA plots of recast Nafion®, NTEOS and PNSS-16 nm and PNSS-232
nm membranes showing the effect of scan rate. The greatest shift is
observed with the recast Nafion® while the least is observed with the
NTEOS membranes.
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o

C/min. When the heating rates are faster than the decomposition process rate, then the

decomposition step may show up at a higher temperature than expected. The results with
nanocomposite membranes follow the same order as the recast Nafion® with a 20 oC/min
heating rate shifted higher degradation temperatures.

However, the shift is not as

significant as compared with the recast Nafion®. Addition of larger particles show an
even a lesser effect. No significance difference was observed with the in-situ Nafion®
silica membranes.

7.3.3

Thermal degradation of silica particles
Silica dehydration is known to occur through the following steps: (a) evaporation

of water formed in the silica pores by capillary condensation occurs below 140 oC in the
presence of a dry nitrogen stream (this effect should be less significant for well dispersed
spherical silica particles); (b) desorption of physically adsorbed water occurs at 140–150
o

C leaving a large amount of silanol groups on the surface; (c) the silanol groups degrade

in the temperature range between 150 and 800 oC depending on their characteristics (e.g.
isolated, germinal) and environment, forming siloxane groups and releasing water.
The larger particle loss more weight than smaller particles suggesting more
capillary water condensation on the silica pores. This is in agreement with the porosity
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data discussed in Chapter 3. The porosity of the particles was observed to increase with
increase in the particles.

7.3.4

Effects of particle surface modification on the thermal degradation of Nafion®/
ex-situ silica nanocomposite membranes
Thermal stability of the Nafion®/modified silica nanocomposite membranes is of

interest and was examined with different particle surface modification and different
particle sizes.

Figures 7.15, 7.16, and 7.17 shows the comparison of the thermal

degradation of nanocomposite membranes with 40 nm, 80 nm, and 120 nm modified
particles, respectively.

TGA thermograms of all the membranes exhibited similar

degradation patterns with recast Nafion® shown earlier Figure 7.9. The initial weight loss
Thermal degradation of the polymer chain is observed above 490 °C, and this is where
the effect of the particle modification is observed. The membranes with small fluorinated
particles are less stable as compared to the membranes with sulfonic groups or
unmodified particles. Previously, addition of sulfonated silica in the Nafion® membranes
has been done but no report is available on the effect of the sulfonted silica and
fluorinated silica phase on the thermal properties of Nafion® membranes. The decrease
in thermal stability of the nanocomposite membranes with fluorinated particles is
assumed to be due to the accelerated reaction between the silica and the fluorine both in
the particles and in the polymer. During the casting and drying of the membranes, small
fluorinated particles may reside close to the fluorinated parts of the polymer chain and as
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Figure 7.14.

TGA analysis of silica particles prepared by modified Stöber process.
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Figure 7.15

Impact of silica particle modification on the thermal degradation of
Nafion®/silica nanocomposite membranes with 40 nm silica particles.
Nanocomposite membranes with fluorinated particles are a little less
stable as compared to the other membranes. All samples were heated at
20 oC/min.
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Figure 7.16

Impact of silica particle modification on the thermal degradation of
Nafion®/silica nanocomposite membranes with 80 nm silica particles. No
significance change was observed with particle modification. All samples
were heated at 20 oC/min.
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Figure 7.17

Impact of silica particle modification on the thermal degradation of
Nafion®/silica nanocomposite membranes with 120 nm silica particles.
No significance change was observed with particle modification. All
samples were heated at 20 oC/min.
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a result, increase the chance of the reaction shown by equation 7.1 taking place at lower
temperatures.

However, a decrease in thermal stability is not observed with large

fluorinated particles as shown by Figure 7.14 and 7.15, which is probably due to the
particle size.below 150 °C for all the thermograms is attributed to a loss of the absorbed
water within the membranes and is similar for all the membranes irrespective of particle
modification. On the other hand, the weight loss starting at about 300°C is attributed to
the decomposition of sulfonic acid groups in the polymer chain, and again this is similar
for all the membranes.

7.4

Conclusion
This study clearly shows that the size of silica nanoparticles in Nafion®/ex-situ

silica nanocomposite membranes has an impact on thermal properties. The stability of
Nafion®s’ ionic domains was enhanced with small particles as indicated by the increase
in order-disorder transition temperature from 105 oC to 118 oC. The proton conductivity
of Nafion® at high temperatures deteriorates due to both dehydration and change in the
bicontinuos microstructure. Thermal stability enhancement of Nafion® ionic domains
observed with small particles in turns leads to high proton conductivity as discussed in
chapter 5.

This is attributed to enhanced stabilization of Nafion®s’ bicontinous

microstructure at high temperature with small particles in addition to increased hydration.
On the other hand, nanocomposite membranes with particles (> 50 nm), lead to
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disruption of the organization of the ionic domains as indicated by the decrease in orderdisorder transition temperature. Interestingly, the order-disorder temperature decreased
with increase in silica particle size in the nanocomposite membranes. Silica particle
surface modification lead to lowering of the order-disorder transition temperature relative
to recast Nafion®.
According to this study the presence of silica particles in Nafion® does not
enhance the thermal stability of the Nafion® as shown by the TGA data. Recast Nafion®
and NTEOS membranes are more stable than Nafion® / ex -situ silica particles
nanocomposite membranes. Particle surface modification of the silica particles has no
effect on the thermal degradation of the nanocomposite membranes irrespective of
particle size.
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CHAPTER 8
MECHANICAL PROPERTIES OF NAFION /EX-SITU SILICA
NANOCOMPOSITE MEMBRANES.

8.1

Introduction
Polymer electrolyte membranes (PEM) fuel cells using membranes made from

sulfonated perfluorinated polymers or their nanocomposite with inorganic fillers have
received attention due to their improved performance (greater power densities) at
relatively high operating temperatures (100-150

o

C)-compared to standard PEM

conditions. While fuel cells are widely thought as potential power supplies for portable
electronics, transportation and distributed power1-4

these applications challenge the

materials science due to the greater mechanical stresses that naturally arise from mobility,
vibrations, cycling, and shocks from impacts. Durability to mechanical damage is one of
critical issues holding fuel cells from commercialization, because most materials,
including the thin polymer electrolyte membrane separating the fuel cell anode and
cathode, must last at least 5000 h for automotive applications and 10,000-40,000 h for
stationary applications to be economically competitive with current power supplies.5-7
Degradation of the membranes electrode assembly materials by either chemical or
mechanical damage is the main cause of most of the PEM fuel cell failure.7-10 Hydrogen
peroxide is readily converted to peroxide which leads to polymer chain scissoring and
contributing to the membrane chemical degradation.

7,11-13

The polymer chemical
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degradation is easily detected by, monitoring the fluorine ions release and loss of proton
conductivity in the long-term testing of PEM fuel cells.7, 14, 15

On the other hand, mechanical degradation is observed via formation of pinholes
or tears observed on the membrane electrode assemble.16-18 During normal operation of a
fuel cell, the membrane electrode assemble is put under compressive forces between the
bipolar plates. Under this constant compressive stress, polymer electrolyte membranes
undergo time-dependent deformation such as creep. Polymer creep can cause membrane
thinning and eventually failure through pinhole formation, or micro crack formation.
Kundu et al. compared the mechanical properties of the Nafion® membrane before and
after 80 °C H2/air fuel cell life tests for 72 h and found that both the Young's modulus
and yield strength of aged sample decreased by about 15% when compared with a fresh
sample.19 This combination of reduced physical properties in aged samples and thinning
of membranes can result in a self-accelerated degradation process, in which the thinnest
membrane cross sections produce the highest fuel crossover rates.
Microcrack is one of the routes for polymer electrolyte membranes mechanical
degradation. Microcracks are usually observed in local stress concentrated regions, such
as the edge of the flow channel, where the bipolar plate land and groove meet in the PEM
fuel cells.19 The most common method to evaluate the crack resistance in PEMs is
stress−strain curves, even though membrane tear tests are likely more relevant to actual
failure mechanisms. Since our goal is to offer more understanding on the effect of the
particle size on the Nafion®/ex-situ silica nanocomposite membranes mechanical
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properties, we decided to look at the stress- strain analysis in order for us to be able to
compare with reported values. In development of new materials or composite materials
for application in polymer electrolyte membranes, mechanical stability of the material is
very crucial. In addition, various factors influence mechanical properties of particulatefilled polymer composites including the particle size and size distribution, its aspect ratio
and processing, particle–matrix adhesion, stress transfer at the interface and mixing
temperatures.20 21 As discussed earlier in previous chapters, we have developed Nafion®
/ex-situ silica nanocomposite membranes with different silica particle sizes. This chapter
addresses the effect of adding silica particles on Nafion® s’ mechanical properties and
how this relates to the particle size. Our goal is to determine the best particle size that
does not affect the mechanical properties of Nafion® but rather enhances it.
The mechanical properties of Nafion® have been improved by using a reinforcing
material such as polytetrafluoroethylene (PTFE) or ePTFE matrix. W. L. Gore and others
have used PTFE porous membranes or PTFE fibrils to increase the durability of Nafion®
in both the hydrated and dehydrated states.22,23 The significantly enhanced strength and
reduced dimensional change of the composite PEMs is most likely due to the PTFE
matrix, which suppresses the dimensional expansion of Nafion® within its porous
structure.24,25

Since the PTFE reinforced Nafion®

membranes usually have lower

conductivity, relatively thin membranes have been used. Therefore, using a fiber based
(biaxially stretched), because you can make it stronger and thinner ,it is always better for
conductivity (unless you have pinholes or defects)

In addition, preparing Nafion®

/ePTFE composite PEMs without little voids or pinholes is still very difficult because it is
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difficult to impregnate the hydrophilic Nafion

®

solution into the hydrophobic pores of

the ePTFE.26 In most cases the mechanical properties of Nafion® were enhanced but with
a reduction in proton conductivity as well as fuel crossover due to available pinholes in
the membranes. The composite membranes had 1.5 times higher modulus than Nafion®
membranes at the same thickness however, strength and toughness values were not
reported.
The concept of adding inorganic particles as well as using cross-linking polymer
have been applied to improve the mechanical properties of polymer electrolyte membrane
at elevated temperature by reducing it swelling.27-30 Particulate fillers such as metal
oxide/phosphate, or silica, are also used as a reinforcing agent and have been reported to
improve membrane creep and morphological stability at elevated temperature.31-35
Adiemian et al. performed a durability test for silicon oxide incorporated Nafion® at 130
°C.34

The fuel cell performance with a silicon oxide/Nafion® membrane remained

constant while the cell performance with unmodified Nafion® fell dramatically within an
hour. In most cases, an improvement of the thermal and mechanical stability is reported.
Reports on mechanical testing are scarce or incomplete and more specifically the effect
of the size of the inorganic particles is rarely mention.

For highly water swollen

hydrocarbon based PEMs, blending with a mechanically stable framework, such as
poly(vinylidene fluoride) (PVdF) or other polymers, has also been attempted, although
durability under fuel cell conditions are yet to be demonstrated.36
The effect of particulate filler in polymer nanocomposite membranes depends on
their concentration, size and shape as well as the interaction with the polymer matrix.
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Previously, addition of silica phase in Nafion® has been show to affect the stability of
Nafion® in a positive manner. However, there is no discussion available on the effect of
the size of the silica phase domains in the composite materials.

The theory of

reinforcement of polymer by the particulate fillers predicts formation of a layer of the
polymer matrix on the particle surface. This layer of polymer has different property than
the bulk matrix.37 Different particles size will lead to different polymer molecules per
particles thus a different impact on the property of the entire composite. Moreover, the
smaller particles (20 nm) have high surface area to volume ratio and may have stronger
interaction with the polymer matrix than the larger particles (300 nm). Therefore, effect
of the silica particles in Nafion® is expected to change with particle size.

In this

investigation, we look at the effect of well-defined silica particles on the mechanical
properties of Nafion® / ex-situ silica nanocomposite membranes.

8.2

Mechanical analysis of the Nafion® nanocomposite membranes
Typical tensile test results for extruded Nafion117, recast Nafion® and selected

Nafion® /ex-situ silica nanocomposite membranes are shown in Figure 8.1. A variety of
values can be extracted from the tensile testing including the elastic modulus (the slope of
at the beginning of the curve), the plastic modulus (corresponds to the slope of the curve
after the yield point), the tensile strength (the stress at the yield point) and the %
elongation. Most non-brittle plastics show increasing stress strain curves past yield point
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Figure 8.1

Comparison of the mechanical properties of Nafion 117, recast Nafion®,
and nanocomposite membranes. The slope of the region designated as (a)
corresponds to the elastic modulus while the region designated (b)
corresponds to the plastic modulus.

especially if you have strain hardening (anisotropic alignment and crystalilization of
polymers with elongation under stress).

However, Nafion® and its nanocomposite
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membranes showed increasing stress as it was strained past the yield point, the positive
slope of the stress-strain curve past the yield point is indicative of strain hardening.38,39
This has also been observed with Nafion® /Titania composite membranes.35
Nafion 117 shows steeper slope than all the membranes for both elastic and
plastic modulus, which correspond to higher values. This was expected because Nafion
117 is prepared by extrusion while the other samples are prepared by solution method.
This clearly shows that the method of preparation has a greater impact on the modulus of
the material. Typical values for % elongation of 150-350% but that is dependent of the
strain rate. Nanocomposite membranes with small particles have the lowest plastic and
elastic modulus but the highest elongation%. This is indicative of less crystallinity in the
materials. This is in agreement with the DSC data shown in Chapter 7 that shows the
membranes with small particles have lower crystalline domain temperature than
membranes with large particles. However, membranes with large particles have high
elastic and plastic modulus than the recast Nafion®. This is also in agreement with the
DSC data. Large particles make the Nafion® stiffer than small particles because they
interfere with its microstructure.

8.2.1

Impact of particle size on the % elongation of the nanocomposite membranes
From the previous data, Figure 8.1 we shows that the % elongation is high for

nanocomposite with small particles than recast Nafion® and lower for nanocomposite
membranes with large particles. Similar result have been reported with polyurethane
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silica nanocomposite membranes with 10wt% silica in the polymer matrix with particle
size in the range of 12nm.37 They also observed a decrease in the % elongation with
microsize silica particles at the same wt% silica.37 As shown on Figure 8.2 below, the %
elongation increases with addition of smaller silica particles and decreases with increase
in particle size. Interestingly, the drop in % elongation is very step from smaller particles
to 100nm particles after which the drop becomes gentle.
Previously, in the Chapter 5, we observed a change in the proton conductivity at
high temperature. Combination of the proton conductivity and % elongation data suggest
possible microstructural changes happening in Nafion® after adding particles larger than
100nm. The decrease in % elongation is due to the interference of filler in the mobility or
deformability of the Nafion®matrix. This interference is created through the physical
interaction and immobilization of the polymer matrix by the presence of mechanical
restraints (in this case silica particles), thereby reducing the elongation at break. The
smaller particles however, do not affect the mobility of the polymer matrix because they
are sufficiently small not to offer any mechanical restraints. The % elongation obtained
with recast Nafion® was 142% which is agreement with literature

40,41

while the highest

obtained with nanocomposite membranes with 18nm particles was 227% and finally the
lowest with nanocomposite membranes with 326nm particles was 69.8%.

The %

elongation corresponds to the dimension stability when the material is under some strain.
Previously the % elongation have been observed to decrease with addition of mesoporus
silica with particle size range of 70-140nm in Nafion® which is in agreement with the
observed trend in this study at the same particle size.40 According to these data
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Figure 8.2

Effect of silica particles size on the % elongation of the Nafion®/ex-situ
silica nanocomposite membranes with 1wt% particles. Data at zero
particle size corresponds to recast Nafion®.
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nanocomposite membranes with smaller particles have less dimension stability, which
may be problematic in the fuel cell operation by causing increased polymer creep. On the
other hand, the smaller elongation for the nanocomposite membranes with large particle
indicates the confinement of fillers on the deformation of Nafion®, which can be an
advantage by limiting the excessive swelling of the Nafion® membrane during fuel cell
operation.

8.2.2

Impact of the particle size on the elastic modulus of the nanocomposite
membranes

The effect of particle size on the both the elastic modulus is shown on the Figure
8.3. The elastic modulus is not very much affected by particle size in the range studied.
The tensile elastic modulus of recast Nafion® is found to lie in the range of 270 and 300
MPa. Unlike % elongation, the effect of particle size on the elastic modulus of the
nanocomposite membranes is not that significant. For nanocomposite membranes with
smaller particle size (<100 nm), there is a no change in the elastic modulus relative to the
recast Nafion®.

These results imply that particle size has no effect on composite

stiffness. Nanocomposite membranes with larger particle size (>100 nm) have increasing
elastic modulus with increasing particle size. The possible reasons proposed for this kind
of behavior may be due to the improved interfacial adhesion between the polymer matrix
and particles.
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Figure 8.3

Effect of silica particles size on the Elastic modulus of the Nafion®/ex-situ
silica nanocomposite membranes with 1wt% particles. Data at zero
particle size corresponds to recast Nafion®.
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8.2.3

Impact of the particle size on the tensile strength of the nanocomposite
membranes
The figure below shows the variation of in the tensile strength with change in

particle size. Tensile strength of nanocomposite membranes was found to be the same as
Nafion® or to increase with the increase in the particle size. The rate of increase of
tensile strength is higher in the case of larger particle size and not significant with small
particles. The tensile strength of the recast Nafion® membrane is 29.9 MPa, is higher
than the reported value of 15.5 MPa,40,41 however this measurement were obtained at a
higher strain rate of 50 mm/min instead of 5 mm/min. Recast Nafion® tensile strength is
slightly lower than reported by Sang-Hee Kwak and coworker of 45MPa although they
did not mention at what strain rate the data was obtained. 42 Nanocomposite membranes
with small particles have slightly lower values, 18.6 MPa and with large particles, the
value is about the same as recast Nafion®. As reported previously, the tensile strength of
Nafion®/mordenite membranes decreases with the content of mordenite, which is likely
related to the decrease of incompatibility with surface energy difference between
mordenite particle and polymer.42

The tensile strength of polyurethane silica

nanocomposite was observed not to change much with 10wt% 12 nm silica added.37,43
Similarly, in the present study, the incorporation of silica nanoparticles was not
necessarily designed to improve the mechanical strength of Nafion®. However, our goal
was to determine the impact of adding silica preformed particles in Nafion® together with
the effect of changing the particle size.
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Figure 8.4

Effect of silica particles size on the Tensile strength (ultimate stress) of the
Nafion®/ex-situ silica nanocomposite membranes with 1wt% particles.
Data at zero particle size corresponds to recast Nafion®.
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8.4

Conclusion and future works
This work demonstrates that the mechanical properties of Nafion® especially the

% elongation is highly affected by addition of preformed silica particles in Nafion®. The
% elongation is enhanced with addition of small particles and decreases with particle
size. However, we did not observe significant change in the tensile strength and ultimate
strength with larger particles bit observed a decrease with smaller particles. This is
attributed to the possible plasticization of the Nafion® by the water associated with the
small particles. However, large particles lead to higher modulus due to possible increase
in membrane crystallinity. As discussed in Chapter 7 large particles do not stabilize the
ionic domains. A lot of deviations are observed with larger particles. This work only
offers preliminary results on the mechanical properties of Nafion® ex-situ silica
nanocomposite and more work need to be done to control the experimental parameters.
Previously, it has been suggested that the mechanical properties of Nafion® changes with
the hydration level and temperature. Even though all the experiments were performed at
room temperature with the room relative humidity, which does not guarantee
experimental control.
However, improvements on the experimental condition control will allow for
better analysis. The interaction between the particles and the polymer matrix can also be
enhanced by addition of particle surface modifiers and thus enhancing the mechanical
properties. Lastly this work can also be extended to different % weight of silica in
Nafion® as well as different temperatures and different relative humidity. The ultimate
test will be to test the mechanical stability of these nanocomposite membranes in working
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fuel cells. This will give insight into the effect of particle size on the mechanical stability
of these nanocomposite membranes.
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CHAPTER 9
CONCLUSION
9.1 Impact and future directions
This dissertation focused on using silica nanoparticles to reinforce and enhance
Nafion® to permit its operation as a proton conducting electrolyte at higher temperatures.
This meant improving the ability of Nafion® to retain water at temperatures above its
boiling point, to prevent or limit the loss of the critical bicontinuous structure in Nafion®,
and, if possible, to improve the strength and proton conductivity of the materials. While
others had successfully incorporated silica into Nafion® to prepare nanocomposite
membranes, no one had bothered to control the size of the silica particles or determine if
the size had any effect on the properties of interest. Since the polymeric bicontinuous
structure is at the heart of Nafion® effectively performing as a proton conducting
electrolyte, it seemed obvious that the size of the silica filler should be important since
the mechanism for its interactions and the nature of its interface with Nafion® will depend
on how length scales match.
Like any good research, this one includes many tangents and discoveries that
were not planned. However, it does provide a number of discoveries that make the work
worthwhile.

These include: 1) Significant improvements to Stöber silica particle

formulations that permit more reproducibility in size and facile preparation of large
quantities. 2) Discovery of a general method for creating homogenous silica particleNafion® nanocomposite membranes without phase segregation due to particle buoyancy.
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3) Discovery that water retention, thermal stability and proton conductivity at low
temperature (80 oC) does not change as a function of silica particle size (independent of
surface modification) but that proton conductivity at high temperature ( 120 oC),
membrane strength and stability of the ionic domains in Nafion® are enhanced by small
(< 50 nm silica particles).
Stöber spheres were the key to preparing nanocomposite membranes with
different particles sizes between 20-1000 nm in diameter. There is simply no other way
to easily prepare large quanatities of particles across this range. This project included
investigation of the chemistry and physiscs of the Stöber sphere preparation because we
discovered that the literature reports of their preparation were woefully incomplete, not
reproducible between different groups and often contradicted each other. Initially, we
experienced the same uncertainty in results. By returning to the basics of colloid science,
and beginning the process with purification of starting materials and analytically
determining the concentrations of ammonical reagent, we were able to reproducibly
prepare particles of the required monodispersity and sizes needed for the nanocomposite .
This effort stands as a mundane but important contribution to particle preparation that
provides, for the first time, detailed experimentals for the preparation of the spherical
silica particles. During this process we were able to accumulate structural details about
the porosity of the particles and their surface activity that were relevant to their surface
modification and incorporation into the nanocomposite membranes.

The surface

modification of Stöber spheres with sulfonic acid, thiolalkyl and perfluoroalkyl groups
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has been reported elsewhere, this has not been accomplished in a single study with a
series of particles prepared using our systematic approach.
Once the necessary silica and surface modified silica particles was achieved, the
challenge was to mix them with Nafion® to create two phase silica-Nafion® composite
structures with a continuous Nafion® (a bicontinuous material in its own right). Here we
were surprised to find that creating homogeneous nanocomposite membranes was
frequently thwarted by segregation of the particles into buoyant rafts that could only be
detected if one carefully examined the top surface of the membrane. Revisiting the
literature revealed many instances where Nafion® nanocomposite membranes weren’t
fully characterized or else the morphology of the membranes shown was never correlated
to the observed data. We also found out that the particles that are not fully mixed in the
polymer matrix and can be easily dislodged off the surface thus changing the composition
of the entire composite. Typically this problem would be easily solved by surface
modification of the silica particles to enhance the interaction between the particles and
the polymer matrix. However, we did not have any luck with changing the particle
surface modification but rather changing the physical properties of the solution such as
viscosity. After successfully being able to make membranes with homogenous particle
distribution we were able to evaluate the actual effect of the particles size on the
properties of the nanocomposite membranes. The conclusions made in this work are
valuable tools for preparation of better nanocomposite membranes with polymers such as
Nafion® (which is a complicated system by itself). We have shown systematically for the
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first time the effect of the Stöber silica particle sizes on the Nafion® nanocomposite
membranes.

9.1.1

Monodispersed spherical silica nanoparticles
Highly monodispersed spherical silica particles were successfully prepared with a

modified StÖber process as discussed in Chapter 3. As discussed in the entire dissertation
it is very critical to have control of particle size when designing nanocomposite
membranes and especially when the size of the particles is a key to the properties of the
nanocomposite membranes. By only using the water in the ammoniacal solutions and
carefully controlling the concentrations of the reagents used in the StÖber process, we
showed that it is possible to prepare well-defined particles with excellent size control in
the size range from 20-1000 nm.

All the particles produced in this work are

monodispersed, as indicated by the narrow particle distribution, and are spherical as seen
in the AFM and SEM images. The silica particles were observed to increase in size with
increase in the amount of NH4OH and TEOS. More specifically, at low concentrations of
NH4OH (< 0.5 M), the particles size is dictated by the concentration NH4OH, irrespective
of the amount of TEOS concentration. Previous reports contradicts on this issue as
discussed in Chapter 3, some reports suggest that the particle size increases with
increasing amount of TEOS while others suggest that the particle size does not change
irrespective of the amount of NH4OH, used. According to our the dependence of the
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particle size on the amount of TEOS is dependent on the NH4OH concentration range
being considered.

This has not being observed or discussed previously.

The

formulations discussed in this dissertation support the monomer addition model for the
growth of the particles as indicated by the lack of any evidence for aggregation of small
particles into larger particles both in solution DLS and microscopy analysis.
This work only focused on lower concentration of NH4OH (0.1M-1.2M) and
TEOS (0.01M-0.28M), it would be of great interest to know what happens at higher
concentrations. Previously, the particle size has been reported to decrease when very
high concentrations of water are used due to particle dissolutions. High concentrations of
NH4OH contains high concentration of water but the question is whether this water is
enough to dissolve the particle. In addition, these particle syntheses need to be extended
to higher scales for industrial applications.
We were able to shown that the particles prepared under these conditions
maintained their size irrespective of changing the reaction scale and we successfully
isolate the particles as concentrated dispersions that were directly introduced into the
Nafion® solutions for preparing the nanocomposite membranes.
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9.1.2

Impact of particle size and surface modification on proton conductivity of
Nafion®/ex-situ silica particles nanocomposite membranes.
In the design of the polymer- silica nanocomposite membranes, dispersion of

silica particles in the polymer matrix is critical with respect to achieving the desired
enhancement of physical and mechanical properties as discussed in Chapter 4.
Additionally, we have developed the first approach to prepare and characterize Nafion®
nanocomposite membranes with StÖber silica particles. Moreover, we have shown the
importance of controlling the size and size distribution of particles to be incorporated in
the membranes. We have shown that the particle size did not affect the water uptake of
the nanocomposite membranes and the proton conductivity at low temperature, but did at
higher temperatures as shown by the significant increase in the nanocomposite
membranes’ proton conductivity observed with the smaller particles as discussed in
Chapter 5. The Nafion®/in-situ silica nanocomposite membranes, although prepared via
one-step process, does not offer as much improvement as with the ex-situ particles. For
example the highest proton conductivity obtained with Nafion®/in-situ silica
nanocomposite membranes was only 13 % higher than recast Nafion® while the highest
obtained with Nafion®/ex-situ silica nanocomposite membranes is 28% more than recast
Nafion® with the same wt% silica added.

This is attributed to the ability of the

Nafion®/ex-situ silica nanocomposite membranes to maintain more water than the in-situ
membranes due to the difference in the nature of the silica phase in the membranes. In
the ex-situ particles the silica is fully condensed with silanols on the surface while in the
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in-situ generated silica has residue ethoxy, which interferes with the water uptake of the
nanocomposite membranes
Surface modification with sulfonic groups on the particles led to increased proton
conductivities, especially with smaller particles (< 50 nm) at lower temperatures about
18% higher than recast Nafion® while with the unmodified it was less than recast
Nafion®. This is attributed to the ability of the modified particles to participate in the
proton conduction due to the presence of the sulfonic groups on the surface. At high
temperature, the available water become more important than the extra sulfonic groups
on the surface and thus nanocomposite membranes with unmodified particles
outperforms those with modified particles on the proton conductivity. As discussed in
Chapter 6, nanocomposite membranes with modified particles have lower water-uptake
than nanocomposite membranes with bare silica particles due to the hydrophobicity of the
side chain of the grafted sulfonic group. Therefore, from our observations, the surface
modification can only be used to enhance the proton conduction at low temperature (< 80
o

C).
This work only focused on 5wt% particles in the Nafion® matrix.

More

enhancement may be obtained with different weight % of silica particle in Nafion®.
Since it has been established that at this point small particles are better, and better method
to control the particle size (discussed in Chapter 3), then the effect of the wt% can be
determine for a specific size.
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9.1.3

Impact of particle size and surface modification on thermal and mechanical
properties of Nafion®/ex-situ silica particles nanocomposite membranes.
This study clearly shows that the size of silica nanoparticles in Nafion®/ex-situ

silica nanocomposite membranes has an impact on its thermal properties, particularly that
of the ionic domains. Addition of small particles (< 50 nm) to the nanocomposite clearly
increased the temperature of the order-disorder transition of those domains from 105 oC
in Nafion® without particles to 118 oC with the particles (Chapter 7). As discussed in the
Chapter 1, the proton conductivity of Nafion® deteriorates due to the changes in
hydration levels in Nafion® as well as bicontinous phase changes at high temperature
(120 oC). We have shown that these problems can be solved by adding the right (< 50
nm) size of the silica particles to help in water retention and stabilizing the ionic domains.
Our thermal analyses show that large particles help in the water uptake but they do not
stabilize the ionic domains. As a result we observed increased proton conduction as
discussed in chapter 5 with smaller particles.

Interestingly, silica particle surface

modification with sulfonic acid groups or perfluoro leads to a lowering of the orderdisorder transition temperature relative to recast Nafion® and resulted to no enhancement
in the proton conductivity observed at high temperature. According to this study the
silica particles of any size in Nafion® does not change the stability of Nafion,® as shown
by the TGA data, thermal degradation processes.

Recast Nafion® and NTEOS

(nanocomposite prepared with in-situ silica in Nafion®) membranes are more stable than
Nafion®/ex -situ silica particle nanocomposite membranes. Surface modification of the
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silica particles also had no effect on the thermal stability of the nanocomposite
membranes irrespective of particle size.
Inclusion of 1wt% of the small particles does appear to improve the mechanical
strength of the resulting nanocomposite membranes. Stress strain mechanical analyses
show that the nanocomposite membranes with 50 nm particles (1wt%) in Nafion® are
more extendable (tougher) by 60% while the ultimate strength decreased by 40%. This is
attributed to more available water between the particles and the Nafion® polymer
resulting to higher hydration levels.

Moreover, the strength of the nanocomposite

increased with increase in the particle size, attributed to the ability of the large particles to
stop a propagating crack in the membranes compared to the smaller particles.
Previously, Nafion® mechanical properties have been shown to depend on the
both temperature and humidity. However, in these experiments both of these parameters
were not precisely controlled even though we still observed the effect of the particle size
on the mechanical properties of the nanocomposite membranes. Finally use of particle
modification with surface modifiers that will enhance the interaction between the
particles and the Nafion® may lead to better mechanical analysis. However, the most
important factor is that we did not destroy the mechanical properties of Nafion® by
adding the silica particles. Testing of mechanical stability of these materials in an
operating fuel cell and dimension stability will be ideal test to determine the effect of
particle size on the nanocomposite mechanical properties.
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APPENDIX A
PREPARATION AND CHARACTERIZATION OF
POLYPHENYLENES AND SULFONATED POLYPHENYLENES

A.1

Introduction
Nafion® is, by far, the extensively studied polymers electrolyte for PEM fuel cells

due to its high proton conductivity high chemical stability and long lifetime at low
temperatures.1-3 Despite these attributes, research has also been focused on exploration
of the possibilities of hydrocarbon-based membranes as candidate for PEM and direct
methanol fuel cells (DMFC).4

5-7

This is due to Nafion® membranes limitations on their

operational temperature range of around 80 oC, poor barrier properties to methanol, high
osmotic drag, which makes water management at high current densities an issue. As a
result, much effort has been focused on the development of alternative proton exchange
membranes for PEM fuel cells and DMFC, with the aim of increasing the operation
temperature of the fuel cell.7 8,9
There are few non-fluorinated membrane materials appropriate for fuel cell
application at temperatures above 80 oC.5,10

Polymers with either polyaromatic or

polyheterocyclic repeat units, examples which include polysulfones (PSU), poly (ether
sulfone) (PES), poly (ether ketone) s (PEK), poly (phenyl quinoxaline) (PPQ), and
polybenzimidazole (PBI).5,11-15 However, these polymers are ionically insulating unless
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modified with proton conducting groups such as sulfonic acid groups. A variety of
approaches have been developed for the preparation of polymer eelctrolytes by
derivatization of thermostable polymers for application in medium- or high-temperature
PEM fuel cells.11,15,16 Characteristics of the membranes prepared from these polymers
clearly depend upon the chemical nature of the polymer backbone, polymer molecular
weight and molecular weight distribution, the solvent used for casting, and the presence
of residual solvent in the polymer film.5,11 The proton conductivity of most of these
materials depends on the degree of sulfonation. However highly sulfonated materials
tend to be water-soluble and thus lack the dimension stability in an operating fuel cell.17
Polyphenylene membranes are being studied for application in fuel cell at high
temperatures primarily because they are known to have high glass transition
temperatures.
changes.

Therefore, they can be used at high temperature without structural

Polyphenylenes are chemically and thermally stable but not ionically

conducting until functionalized. In this chapter, we will discuss the preparation and
characterization of both parent polyphenylenes and the sulfonated polyphenylenes
membranes. The backbone polymer is prepared by the Diels-Alder polymerization of
1,4-bis(2,4,5-triphenylcyclopentadienone)

benzene

with

diethynylbenzene.18

A

minimum-energy molecular model (Figure A.1) of the polymer repeat unit shows a noncoplanar phenylene backbone and a rigid-rod structure, which allows for solubility in a
variety of organic solvents. The rigid structure also allows for morphology analysis via
atomic force microscopy for the study of the relationship
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Figure A.1

(a) Polyphenylene polymer repeat unit and (b) minimum molecular model
showing the pendent phenyl groups out of plane of the macromolecule.
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between the molecular weight and the chain entanglements. Entanglement of a polymer
is related to their mechanical strength.18
Polyphenylenes are thermally stable to 500 oC and similar to the other aromatic
polymers, they are ionically insulating and requires sulfonation for application in PEMF
cells.18 The polymer can be sulfonated using chlorosulfonic acid and the degree of
sulfonation can easily be controlled by the concentration of the reagents.18 High proton
conductivity requires sufficient degree of sulfonation to provide percolation of the proton
conducting pathways in the polymer membranes.5

Furthermore, high degree of

sulfonations makes the materials highly hydrophilic, which the material absorbs, more
water and resulting into increased solubility in water. To solve this problem, several
cross-linking methods have been applied on other aromatic PEM such as the
polysulphones which include covalent (by using S-alkylation of the sulfonate group or
using the α,ω dihalogenaoalkane) or ionic cross-linking with the interaction between base
and acid polymer blends.19-21 However, we will use a simpler method, with thermal
cross-linking. Previously, sulfonated aromatic polymers such as sulfonated polystyrenes,
can be thermally cross-linked to make a less soluble material.22 By controlling the level
of cross-linking, highly sulfonated polyphenylene membranes can be achieved with high
proton conductivities.
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A.2

Experimental

A.2.1 Synthesis of polyphenylene.
The polymerization experiment was carried out by adding bis(tetracyclone) (5.74
g, 0.0083 mol) and 1, 4-diethynylbenzene (1.04 g, 0.0082 mol) in a flame dried, 1000
mL, round-bottom flask equipped with a condenser topped with a drying tube. Diphenyl
ether (133 mL) was added, and the resulting mixture was stirred under argon. After
complete dissolution, the solution was heated to 210 oC and allowed to react for 5 days
(120 h). The polymerization begins at 140 oC as is evidenced by the formation of
bubbles of carbon monoxide and decolorization of the purple solution. Heating was
stopped after the polymerization was done, then allowed to coolled until slightly warm to
touch. The polymer was then precipitated by slow addition into acetone (2L) with
vigorous stirring. Precipitated polymer was then vacuum filtered using a Buchner funnel.
Filtered product was then dissolved in DCM (~200 mL) precipitated into acetone (1000
mL). This dilute precipitation into acetone was repeated three times. The resulting
polymer was dried under vacuum at 80 °C overnight. The powdered polymer was still
brownish. The sample was redissolved in toluene (200 mL) and precipitated in acetone
(1000 mL). This was repeated three times and the resulting polymer was yellowish in
color. The polymer was dried in the vacuum oven at 80 oC overnight. The sample
labeled as BM7A was weighed after drying and was 5.246g, which corresponds to 83.6%
yield for 5 days and 4.527gSample labeled BM17A, which corresponds to 72% yield,
was obtained for 2 days’ polymerization .
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Figure A.2

(a) Reaction of the bis (tetracyclone) and 1.4-diethynylbenzene to form the
polyphenylene through Diels alder reaction. (b) Reaction setup
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A.2.2 Sulfonation of polyphenylene.
The polymer was first dissolved in methylene chloride to make 6wt% solution.
This concentration was later lowered to 2wt% after heterogeneous sulfonation was
observed with AFM. The solution was added into a flame dried flask and kept under
argon since this reaction is water sensitive. The solution was cooled to -50 oC using dry
ice/acetonitrile.

The sulfonating agent, chlorosulfonic acid previously diluted in

methylene chloride (4.5 mL, 1.8 M) was added dropwise through the an addition funnel
over 10 minutes while vigorously stirring the solution with a mechanical stirrer under an
argon atmosphere. After 30 minutes the reaction was warmed up to room temperature
and the dark solid was decanted off. To the precipitate, about 5 times volume 0.5 M
NaOH solution was added into the remaining solid and allowed to neutralize the excess
acid at room temperature for 12 h. The slurry was then heated for 4 h at 80 oC to ensure
sulfonyl chloride conversion to the sodium form of sulfonated polymer.

The solid

polymer was soxhlet extracted with DI water for 72 h and dried in a vacuum oven at 100
o

C for 48 h to obtain light yellow solid, the sulfonated polyphenylene polymer.

A.2.3 Fourier transform infrared (FT-IR) spectroscopy
FT-IR spectroscopy was used to confirm the structure of the polymer.
This was done on KBr pellets of the polymer sample prepared by mixing the polymer
with the KBr powder, grinding and pressing the mixture into a pellet.
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A.2.4 Gas porosimetry measurements
Nitrogen-sorption experiments were performed at 77 K on a Quantachrome
system. The samples were outgassed for 2 h at 100 °C before each measurement.
Surface areas were calculated with relative pressures in the range of 0.1-0.2.23 Pore
diameters and pore volumes were determined from desorption branches using the BarrettJoyner-Halenda (BJH) method.24 25

A.2.5 Molecular weight analysis by gel permeation chromatography (GPC)
The polyphenylene sample was dissolved in tetrahydrofuran (THF) (2-3mg/ml).
2-3 drops of toluene were added in a 1ml sample as an internal standard. The sample was
then passed through a 0.2 um (Teflon) reusable syringe filter to remove any undissolved
polymer or particulates in the sample. A small volume of sample (20 µl) was injected
into the GPC and analysis was done for about 35 min. The data was corrected with two
detectors; UV detector at wavelength of 254nm and a refractive index detector. The
retention of the internal standard (toluene) was compare to a calibration plot using
styrene standards. The data was processed using the Empower software. The molecular
weight was calculated based on polystyrene standard calibrations.
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A.2.6 Preparation of polyphenylene polymer membranes
Polyphenylene sample was dissolved in chloroform or chloroform/cyclohexane to
make a 10 wt% solution and sonicated for 15min. The solution was filtered with a 1µm
syringe filter prior casting to remove any undissolved polymer. The filtered solution was
then cast on a teflon petri dish and dried under solvent saturated system for 5 h. The film
was further dried in a vacuum oven for 24 h at 110 oC to remove any residue solvent.
Membranes were detached from the teflon petri dish by adding DI water on the petri dish.

A.2.7 Preparation of sulfonated polyphenylene membranes
Membrane casting procedure involves dissolving the sulfonated polymer to a
concentration of 40mg/mL in DMAc, then filtering through a 1.0 micron filter to remove
any undissolved polymer. The solution is cast into a clean piece of glass by relying on
surface tension to prevent the solution from spilling over. The sample is placed on a
level surface in a vacuum oven and the solvent dried under vacuum at 80-90 oC for 24 h.
Once a film is formed, the temperature is increased to 110 oC and the film should
continue drying under vacuum for an additional 24 h to remove residual solvent. After
cooling the sample to room temperature, it is submerged in DI water to release the film.
Polymer membranes are boiled for several hours in DI water for complete removal of
residual solvent.
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A.2.8 Morphology analysis with atomic force microscopy
Membranes samples were mounted on sample stab using a double sided tape prior
to the analysis. Analysis of dry samples was performed by tapping mode AFM using the
Dimension 3100 Nanoscope (Veeco instruments, Santa Barbara) and silicon nitride
tapping cantilever with force constant of 42mN/m. All samples were imaged in air and
the images were processed using Nanoscope 5.12r5 software from Veeco instruments.
Samples were imaged several times on several spots on the same sample in order to
check for homogeneity of the sample.

A.2.9 Proton conductivity measurement
Polymer membranes for proton conductivity were prepared with the sulfonated
polyphenylene as described earlier. The membranes were acidification with 0.5M H2SO4
at 80 oC for 1 h. The membranes were then rinsed with DI water and soaked at 80 oC for
1 h in DI water to remove the excess acid. All membranes were left in DI water for at
least 24 h prior to any analysis. Acidified polymer membranes’ proton conductivity was
measured by a DC method with a system developed by BeKKtech. The membrane was
cut in small pieces with at least a length of 2cm and width of 5mm. The membrane was
fixed to a four-point BekkTech conductivity cell, connected to the test stand for the
continuous humidity and temperature control. The measurements were performed at 80
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o

C and relative humidity ranging from 20 to 100%. At least three measurements were

carried out for each sample.

A.2.10 Thermal cross-linking
Polymer membranes prepared from the sulfonated polyphenylenes were thermally
cross-linked by heating the membranes in vacuum at different temperatures for 24 h.
Thermal cross-linking was tested by the solubility of the membrane in DMAc at room
temperature and for samples that did not dissolve slight heating was done (60 oC).

A.3

Results and discussion

A.3.1 Fourier transform infrared (FT-IR) spectroscopy
Spectra of this material are similar to those of the same material reported earlier.26
Poly(phenylene)s shows typically two single bands, between 770-730 cm-1 and 710-690
cm-1 corresponding to out-of-plane vibrations of the five adjacent aromatic hydrogencarbon bonds of the pendant phenyl groups.27 The presence of peaks at 758 and 696 cm-1
suggest that this material is the same as that reported earlier.26 Three samples were
analyzed.
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A.3.2 Gas porosimetry measurements
Porosity analysis of the polyphenylene powder sample shows a nonporous
material. This is of great importance since this material will be characterized and tested
for fuel cell applications, which require nonporous materials.

Hysteresis observed

between the adsorption and the desorption curve which is indicative of strong adsorption
of nitrogen in the polymer sample. The data analysis was done using the BJH method
and the data is summarized in table 1. Pore diameter decreases from adsorption to
desorption due to the strongly adsorbed nitrogen on the sides of the pores; this is also
observed in the pore surface area and the pore volume as shown in table 1. This could
lead to changes in the physical and chemical properties of the polymer, which could be
applied in designing sensors for nitrogen or gas separation membranes.

Further

investigations of the strong adsorption of nitrogen as well as other adsorbate gases on the
polymer and its effects on physical and mechanical properties is part of the future
analysis required for these materials.

A.3.3 Molecular weight control of polyphenylenes and its importance
Control of molecular weight in polymers is very important because most polymer
properties depend on molecular weight, such as strength and solubility.

Molecular

weight and the polyderspersity of the polymer samples synthesized in this work as shown
on the table below.

Samples BM7A and BM17A were prepared with similar

concentration and temperature setting. Equal concentration of the monomers was used in
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Figure A.3

FT-IR spectrum of polyphenylene polymer materials

334

Sample

Temperature Concentration Mw
o

C(time)

(M)

PDI

GPC

Product
Scale
(approximate)

BM7A

190-210

0.062

148198

2.06

5g

0.062

61936

2.34

5g

111016

3.64

14g

(120h)

BM 17A

190-210 (h)

Mario

Reflux (24h)

5E

Table A.1

Molecular weight and polydispersities measured with GPC. The results
show that the molecular weight of the polymer is affected by the time of
polymerization.
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Figure A.4

Gas adsorption isotherm of a dried polyphenylene polymer material.
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BHJ Method

Adsorpti

Desorption

on
Surface area(m2/g)

5.9E+01

4.0E+01

Pore diameter(Å)

2.3E-01

1.9E-01

Pore volume(cc/g)

2.5E+01

1.4E+01

Table A.2

Show the parameter obtained from the porosity measurement.
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Mario samples and the actual concentrations of the reagents are not known. However,
this sample is included here because some of the polymer properties discussion is based
on this polymer sample. The two samples and the only variable was polymerization time.
From this data, the molecular weight is observed to change with the polymerization time.
Further investigation is required to test these conclusions.

A.3.4 Morphology analysis with atomic force microscopy
Molecular shape and the way macromolecules are arranged in a solid state are
important factors in determining polymers properties of such as mechanical properties,
solubility, and processability. Polyphenylenes have a rigid structure that allows us to
probe the arrangement of the polymer chains in the solid state. Figure A.3 shows the
tapping mode AFM height images acquired for the membranes prepared from chloroform
solutions and dried in chloroform saturated environment with a different polymer
molecular weight. This figure reveals that this material tends to form small rod-like
structures (diameter 12-17nm) distributed randomly in the film with roughness RMS =
1.22 and low molecular weight polymer in chloroform. However, samples with high
molecular weight do not show well defined features. This is attributed to possible
entanglemement of the polymer chains. Figure A.4 shows that the features obtained with
the low molecular weight sample, can be related to the polymer repeat unit. The height
of the AFM features corresponds to the length of the repeat unit while the width is much
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larger than a single repeat unit. This is indicative of interaction between the polymer
chains leading to formation of a large rod.

Most of the rod-like features are

approximately the same length as would be expected from polymer chains of the same
molecular weight. This is the first time the molecular weight has been correlated to the
morphology of the polymer; however, more data is required.

Moreover, when the

samples were prepared with different solvent such as the chloroform/cyclohexane
mixture, the morphology is different as shown on Figure A.5. This is indicative of the
importance of the solvent polymer interactions for preparation of mechanically stable
membranes. The effect of the solvent on the polymer membranes has also been observed
with other aromatic polymer such as polysulfones.5
Membranes prepared with the low molecular weight < 70K were very fragile after
drying in the vacuum oven to remove all the solvent. However, those prepared with
molecular weight greater >70K were stronger. This is attributed to the entanglement of
the polymer chains, which leads to increased mechanical strength. Interestingly this
material requires relatively higher molecular weight for effective entanglement due to
their rigid nature compared to polymer such as Nafion®.1 The entanglement of polymer
chains is affected by factors such as its chain tortousity, entanglement density (number of
entanglement joint per unit volume) conformation of the chains, tacticity and finally the
shape and size of the substituent’s.28,29

339

Figure A.5

Tapping mode AFM height images ( 1µm X 1 µm) of (a) 62K, (b) 111K
and (c) 148K molecular weight polyphenylene polymer membranes cast
out of chloroform.
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Figure A.6

Tapping mode AFM height image (500nm X 500nm) of the low molecular
weight polyphenylene showing the rodlike features. Dimension of the
features is indicated on the figure and the dimensions of single
macromolecules are shown.
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Figure A.7

Tapping mode AFM height images (500 nm X 500 nm) of both a low
molecular weight polyphenylene cast out of chloroform/ cyclohexane 1:1
mixture.
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A.3.5 Morphology of sulfonated polyphenylenes
Morphology of the polymer membranes prepared with the sulfonated
polyphenylenes is different from that observed with the unsulfonated polyphenylene
membranes. This is attributed to the addition interaction of the polymer chains via the
sulfonic groups. The figure below shows both the height and the phase image of the
sulfonated polymer membranes. No structural features are observed on the height image.
On the phase image however, the material shows different regions with different phase
contrast, indicative of difference in the chemistry of the material on the surface. As
shown in Figure A.8, phase image of the sulfonated polyphenylene and the unsulfonated
polymer is different. The lack of phase contrast in the polyphenylene membranes is
because all the polymer chains are chemically similar.
The phase contrast observed with the sulfonated polyphenylene membranes is due
to the phase separation of the sulfonated regions in the polymer and the unsulfonated
region on the polymer chains. Recast Nafion® membranes also show phase separation of
the sulfonated regions and the perfluoro regions indicated by the lightly colored and the
dark regions in the image on Figure A.8. However, domains observed in Nafion® and
previously reported are much smaller, nanometer scale.1 Phase separation in Nafion® is
important and helps in better percolation of the proton pathways thus high proton
conductivity.1

Similarly, presence of the phase separation on the sulfonated

polyphenylenes would aid in the proton conductivity of the membranes. However, at
50% relative humidity and 80 oC the proton conductivity of recast Nafion® is 15.1 mS/cm
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Figure A.8

Tapping mode AFM image of the oversulfonated polyphenylenes polymer
membranes before being exposed to a 332 nm laser. 1µm X 1µm height
and phase images.
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Figure A.9

Tapping mode AFM 1µm X 1µm phase images image comparison of the
(a) polyphenylene and (b) oversulfonated polyphenylene polymer
membranes while ( c) recast Nafion®.

345
while that of the sulfonated polyphenylenes at the same thickness is only 2.45 mS/cm
with 50µm thick membranes in both cases. In addition, phase domains obtained with
sulfonated polyphenylenes are much larger than expected for a homogenous sulfonation,
which would lead to a better percolation of the proton pathway.
As observed on the AFM images of polyphenylene polymer membranes, the
polymer chains are not fully isolated as single chains due to the intermolecular
interactions between the chains. Precipitation of the polymer in the sulfonation reaction
was observed just a few minutes before sulfonation was started suggesting that, the
polymer chains were highly aggregated before sulfonation. The observed morphology
for the sulfonated polyphenylene membranes can be thought as a result of sulfonation of
the polymer chain aggregates (Figure A.9) instead of the single polymer chain leading to
such large phase separation domains.

The morphology of the polymer membranes

sulfonated with low polymer ( 2wt%) concentration and at low degree of sulfonation does
not show any phase separation, as well as very few sulfonate groups were added on the
polymer chains and are distributed evenly on the polymer chains.
These preliminary data show that, heterogeneous sulfonation problem can be
solved by, sulfonation at low polymer concentrations as well as at temperatures, which
will not lead to precipitation of the polymer before sulfonation.

In addition,

heterogeneous sulfonation limits degree of sulfonation, and once the available sulfonation
sites on the outside polymer chain on the aggregate (shown in Figure A.9) are fully
sulfonated, no more sulfonation can be achieved. In the case of homogenous sulfonation,
the entire polymer chains are sulfonated.
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Figure A.10 Schematic representation of (a) Heterogeneous sulfonation and (b)
Homogenous sulfonation. The red dots represent the sulfonic groups on
the polymer chains. Both pictures show the distribution of sulfonic groups
in a polymer with calculated two sulfonic groups per repeat unit.
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Figure A.11

Tapping mode AFM 1µm X 1µm phase images image of ( A) polymer
sulfonated with low polymer concentration (2wt%)
(b) polymer
sulfonated with high polymer and concentration (6wt%) (c) and (d) shows
the schematic representation of the polymer chain sulfonations for (a) and
(b) respectively.
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In most polymer electrolyte membrane reports, the issue of morphology has not
been addressed. However, presence of heterogeneous sulfonation especially with the
aromatic post sulfonated polymer, as shown with the morphology of the sulfonated
polyphenylenes has not been reported and, may affect the material properties and their
performance.

Therefore, development of aromatic polymer membranes with pre-

sulfonation before polymerization would be the ideal solutions to heterogonous
sulfonation of aromatic polymers or preparation of copolymers.12

A.3.6 Thermal cross-linking of sulfonated polyphenylenes
Aromatic polymers have been used as alternatives of Nafion® for high
temperature fuel cell system.30

However, these materials require higher degree of

sulfonation for high proton conductivity. High degree of sulfonation leads to high proton
conductivity but increases the solubility of the polymers in water. This is a real problem
because most of these materials have to be used in their hydrated form and increase in
solubility lowers their mechanical strength as well as their dimension stability. Different
methods have been used to maintain the high degree of sulfonation and high strength
such as use of copolymers (a sulfonated polymer and an unsulfonated polymer ),30,31 use
of composite materials (polymer and metal oxide particles),

32-34

as well use of non

aqueous solvents.35
We are looking at strengthening our oversulfonated polyphenylene membranes
using thermal cross-linking. It has been reported that the sulfonate groups in a sulfonated
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polyphenylenes are lost at temperatures between 200 oC and 450 oC.26 Therefore it is
possible to control the degree of sulfonation by dehydrating the polymer, which leads to
formation of polysulfone bridges as shown in the figure below without the loss of the
sulfonic groups as long as this is done at temperatures below 200 oC.22 The sulfone
bridges will hold the material together in hydration state thus reducing its solubility.
Thermal cross-linking was tested by heating the membranes at different temperatures and
testing the material solubility in DMAc. The figure below shows that the membranes
become insoluble after heating at temperatures above 190 oC. The figure also shows that
the thermally cross-linked membrane does not swell in water indicative of dimension
stability.
However, cross-linking of these materials will lead to decrease of the number of
sulfonic acid groups as shown in figure 1. Ideally if all the available sulfonic groups in
the membranes are converted to the sulfones (100% cross linking), the proton conducting
membranes will be converted to non-conducting. However, the 100 % cross linking will
only happen when less sulfonic groups in the material with available phenyl groups for
effective formation of polysulfone groups. In case of high degree of sulfonation, the
sulfonic groups are too close together with less available phenyl group for sulfone bridge
formation thus only lower degree of cross-linking can be achieved.

These two

hypotheses however, are yet to be tested. The cross linking can be tested with changes in
the proton conductivity. The graph below shows the changes in the proton conductivity
before and after 195 oC thermal treatments.

The reduction in proton conductivity

confirms the cross linking of the material. This data suggest that the cross-linking was
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Figure A.12 Thermal cross-linking of membranes films of sulfonated polyphenylenes.
The figure shows the changes in coloration of the membranes after heating
at different temperatures for 12 h.
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Figure A.13 Structure of the sulfonated polyphenylenes before and after the crosslinking. The formation of the sulfone bridge renders the polymer
insoluble in the DMAc and reduced swelling in water at room
temperature.
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Figure A.14

Changes in proton conductivity of the sulfonated polyphenylenes
after cross-linking. The proton conductivity decreases with cross
linking due to reduction of the concentration of the sulfonic groups
in the membranes by the sulfone bridging shown in the inset.
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good enough to lower the solubility of the materials but not to render the material
ionically insulating.

A.4

Conclusion
From the morphology preliminary data obtained it is possible to relate the

morphology of the polymer with the molecular weight with a good calibration. This is
the first time it has been tried but more data required to achieve a good calibration. The
molecular weight of the polyphenylenes was not very easily controlled and a better
control is required in order for the morphology-molecular weight relationship to be
developed. However, this preliminary data suggest that with these rigid rod polymers it,
which can easily be imaged with AFM the correlation between molecular weight and
morphology, is possible.

As has been reported earlier over-sulfonation of

polyphenylenes can be achieved by increasing the concentration of the sulfonating agent.
However, if the concentration and the temperature of the polymer are not controlled,
aggregation of the polymer leads to heterogeneous sulfonation.

In addition, an

oversulfonated of the polymer membranes leads to increased solubility in water, which is
not a favorable thing in the PEM fuel cell operation. However, with controlled cross
linking of the sulfonated polyphenylene we can lower the solubility with only a small loss
in proton conductivity. The cross linking of the sulfonated was successfully achieved
with very slight change in the proton conductivity. This is a good method for making
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less soluble polymer electrolyte membranes for PEM fuel cell applications. However,
more experiments are required to verify how the degree of cross-linking is related to the
degree of sulfonation.
With better control of the polymer molecular weight and degree of sulfonation
this materials is a good candidate for high temperature PEM fuel cells.
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