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     Proton exchange membrane fuel cells and lithium polymer batteries are important as
future power sources in electronic devices, vehicles and stationary applications. The
development of these power sources involves finding and characterising materials that
are well suited for the application.
     The materials investigated in this thesis are the perfluorosulphonic ionomer
Nafion™ (DuPont) and metal oxides incorporated into the membrane form of this
material. The ionomer is used as polymer electrolyte in proton exchange membrane fuel
cells (PEMFC) and the metal oxides are used as cathode materials in lithium polymer
batteries (LPB).
     Crystallinity in cast Nafion films can be introduced by ion beam exposure or aging.
Spectroscopic investigations of the crystallinity of the ionomer indicate that the
crystalline regions contain less water than amorphous regions and this could in part
explain the drying out of the polymer electrolyte membrane in a PEMFC.
     Spectroscopic results on the equilibrated water uptake and the state of water in thin
cast ionomer films indicate that there is a full proton transfer from the sulphonic acid
group in the ionomer when there is one water molecule per sulphonate group.
     The LPB cathode materials, lithium manganese oxide and lithium cobalt oxide, were
incorporated in situ in Nafion membranes. Other manganese oxides and cobalt oxides
were incorporated in situ inside the membrane. Ion-exchange experiments from HCoO2
to LiCoO2 within the membrane were also successful.
     Fourier transform infrared spectroscopy, Raman spectroscopy and X-ray diffraction
were used for the characterisation of the incorporated species and the Nafion
film/membrane.
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Preface
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I FTIR study of water in cast Nafion films
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Electrochimica Acta, 2000, 45, 2267-2271

II Crystallinity in cast Nafion
Mikael Ludvigsson, Jan Lindgren, Jörgen Tegenfeldt
Journal of the Electrochemical Society, 2000, 147, 4, 1303-1305

III Incorporation and characterisation of a layered lithium manganese oxide
and manganese oxides into Nafion 117 membranes
Mikael Ludvigsson, Jan Lindgren, Jörgen Tegenfeldt
Submitted to Journal of Materials Chemistry

IV In situ preparation of lithium cobalt oxide and cobalt oxides in an
ionomeric membrane.
Mikael Ludvigsson, Jan Lindgren, Jörgen Tegenfeldt
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1 Scope and objective

The development of environmentally friendly power sources is of great importance.
Energy devices such as the Proton Exchange Membrane Fuel Cell (PEMFC), the
Lithium Polymer Battery (LPB) and Solar Cells will in the future be important power
sources. The research and development of these devices are in focus in research groups
all over the world. A lot of this research is concentrated on finding materials that have
the physical and chemical properties that a certain application needs. Designing or
finding a material that performs well is fundamental for the application.

In this thesis, the material in focus is the ionomer (polymer with ionic groups) Nafion�
from DuPont that is used extensively in PEMFC:s. This ionomer has properties that are
sought for in the PEMFC application: protonic conduction, water absorption, low gas
diffusion etc. Furthermore, the structure and the build up of the polymer make it well
suited as a model system in other applications. The investigations in this thesis are
interesting in the development of two future power sources, the PEMFC and the LPB:

i) PEMFC, the water uptake and crystallinity of cast thin films of the ionomer have
been investigated. Infrared spectroscopy and X-ray diffraction were used when
determining the coordination of the functional groups in the polymer as a function of
water content and crystallinity, paper I & II.

ii) LPB, lithium metal oxides used in lithium polymer batteries have been incorporated
into the ionomer. This could be the first step to an all polymer battery using insertion
compounds since a very intimate contact is created between the electrolyte and the
cathode material. Raman spectroscopy and X-ray diffraction were used when
identifying the incorporated phases, paper III & IV. Incorporations of cobalt and
manganese oxides were also performed. These latter two oxides are of interest in other
applications such as sensors and catalysers.

This thesis is a summary of four papers (I-IV) and starts with a description of the two
applications (PEMFC and LPB) and the Nafion polymer. The principles of the
experimental techniques used and the synthetic routes employed are described in the
following chapter. In the final chapters the results are discussed and conclusions are
made.
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2 The Proton Exchange Membrane Fuel Cell

" A  s h o c k  w a s  g i v e n  w h i c h  c o u l d  b e  f e l t

b y  f i v e  p e r s o n s  j o i n i n g  h a n d s ,  a n d

w h i c h  w h e n  t a k e n  b y  a  s i n g l e  p e r s o n

w a s  p a i n f u l "
Sir William Grove 1839.1

The principle of the fuel cell was described by the British lawyer and physicist Sir

William Robert Grove (1811-1896) already in 1839 when he succeeded to produce

electricity from hydrogen and oxygen using platinum electrodes and a sulphuric acid

(H2SO4) electrolyte.1

In the late 1800s not much effort was made on developing the fuel cells and until the

1930s no significant progress was made. At this time Francis T Bacon found the first

practical alkaline fuel cell (AFC), the Bacon Cell, that worked at 200°C and a pressure

of 40 atm.

In 1954 W.T Grubb at General Electric (GE) started to work on H2/O2 cells with ion

exchange polymer membranes.2

In the late 1950s and 1960s NASA together with GE made research on fuel cells and in

the 1960s they developed fuel cells with either an alkaline electrolyte or a solid polymer

electrolyte. In the Gemini space program a Proton Exchange Membrane Fuel Cell

concept (PEMFC) was chosen. The polymer electrolyte membrane was polystyrene-

sulphonate based using hydrogen and oxygen as fuels yielding a performance of 45

mA/cm2. The fuel cell stack consisted of 32 cells producing a total of 1 kW. It was used

seven times during the Gemini program between 1962 and 1966. Later GE used a new

ion exchange membrane from Du Pont called Nafion�. This membrane is a

perfluorosulphonic acid (PFSA) membrane with excellent temperature and chemical

stability.2
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Between 1972 and 1974 the NASA Space Shuttle Fuel Cell Technology Project

constructed 5 kW modules with a current density as high as 185 mA/cm2. For the

Apollo space program the alkaline based fuel cell (AFC) was preferred and the

development of polymer electrolyte fuel cells was slowed down.2

In these early stages of fuel cell development the complex nature of the fuel cell

technology prevented them from advancing beyond very special applications such as

submarines and space vehicles. These systems need long life power sources and fuels

that can be stored on board and used when needed. A battery would be too large and

heavy too store.

In the 1980s the Ballard Power Systems Inc. started their research on polymer

electrolytes as proton exchange membranes in fuel cells. This company is one of the

leading developers of PEMFC powered vehicles. Their recent 75 kW PEMFC stacks

have a power density of ~1.3 kW/liter when hydrogen is used as fuel.

Fuel cells can and will be used in a variety of applications in the energy sector because

of their efficiency and low emission of pollutants:

•  Cars

•  Buses

•  Rail vehicles

•  Ships

•  Space stations

•  Power stations

•  Emergency power supplies

•  Electronic devices

•  Cycles

1.1 PEMFC

In short, an electrochemical reaction in the fuel cell between hydrogen and oxygen

gases produces electricity, heat and water. It works like a battery but uses a renewable

fuel source. A more thorough and detailed explanation is laid out in the following.
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Figure 1: The cross-section of a proton exchange membrane fuel cell is shown
to the left. The rectangle at the centre showing the Membrane Electrode
Assembly is enlarged to the right.

The main component or heart of the modern PEMFC in figure 1 is the Membrane

Electrode Assembly (MEA) that consists of a proton conducting Polymer Electrolyte

(PE) also called Proton Exchange Membrane (PEM) and two electrodes (anode and

cathode), figure 1. The 50-180 µm thin PE separates the two electrodes that both consist

of a 5-50 µm thin catalyst layer made of nanometer sized platinum (2 nm) and carbon

(10 nm) particles mixed with proton conducting ionomeric material. On top of each

electrode is a 100-300 µm thin gas diffusion backing made from carbon cloth or porous

carbon paper. The total thickness of the MEA is less than 1 mm.

The fuel cell is built up from the MEA sandwiched between two current collectors with

flow field plates. The flow field plates are in this way in electrical contact with the

electrodes and thus able to conduct current to the fuel cell powered unit. The flow field

plates distributes the gas evenly to the electrodes. The only thing the fuel cell now needs

to function and produce electrical power is fuel on either side of the MEA.

Fuels (hydrogen and oxygen gas) are distributed by the flow field plates onto the

catalyst layer of each electrode.
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The electrode reactions are:

2H2→4H+ + 4e- anode (2-A)

O2 + 4H+ + 4e-→2H2O cathode (2-B)

2H2 + O2→2H2O total fuel cell reaction (2-C)

Hydrogen gas (H2) is supplied to the anode and distributed evenly by the flow field

plates to the catalyst layer. The platinum catalyses the oxidation of hydrogen at the

anode (a catalyser speeds up a reaction but is itself not consumed during the process).

As can be seen in (2-A), protons (H+) and electrons (e-) are produced at the anode. The

protons move through the proton conducting polymer electrolyte membrane and the

electrons move via the external circuit to the cathode on the other side of the fuel cell.

On the cathode side, oxygen gas (O2), is supplied through the flow field plates to the

platinum catalyst on the cathode. This oxygen combines with the protons coming

through the polymer electrolyte and the electrons from the external circuit producing

water vapour and heat (2-B). Also on this side it is the platinum catalyst that enhances

the speed of the reaction. Normal air can also be used instead of oxygen gas on the

cathode side. Both gases must be humidified before entering the electrodes since the

proton conductivity of the PE is dependent on its humidity.

It is the supply of hydrogen fuel to the anode that is the rate detemining step, i.e. the

accelerator in a vehicle could be coupled directly to the hydrogen input. The oxygen on

the cathode side has only to be supplied in sufficient amounts to take care of the protons

and electrons created on the anode side.

The total reaction of an individual fuel cell is described in expression (2-C). When the

electrode reactions are added the net reaction yields only water as a product. This is the

only exhaust from the hydrogen powered fuel cell and the key reason why PEMFC:s are

so promising as future power sources.

Many single fuel cells can be combined to form a fuel cell stack that can produce more

power than the single fuel cell. An individual fuel cell works at a potential between 0.5

and 1.0 V and a stack of several cells can provide the power needed for an automotive

application. The typical PEMFC has a working temperature of ~80°C and the gases (H2
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and O2) are pressurised between 2 and 5 atm. Current densities are between 300 and

2000 mA/cm2 depending on the pressure of the gases and the fuels used.2

The hydrogen fueled fuel cell vehicle is greatly limited by its use of hydrogen as a fuel

since it has to be stored in pressurised tanks and these occupy quite a large volume. The

practical range for a PEMFC-powered vehicle of this sort is ~300 km.

Furthermore, there is no infrastructure for supplying hydrogen gas to the normal

consumer as is the case for gasoline. As will be described below there are solutions to

this problem. The simplest solution is using an internal reformer that converts a

hydrocarbon fuel to hydrogen. The main drawback with that system is the additional

volume and weight of the reformer.

1.2 DMFC

One interesting area in fuel cell research is the development of the Direct Methanol Fuel

Cell (DMFC) where methanol is oxidised at the anode instead of hydrogen as in the

PEMFC. The electrode reactions are

CH3OH + H2O→CO2 + 6H+ + 6e- anode (2-D)
3/2O2 + 6H+ + 6e-→3H2O cathode (2-E)

CH3OH + 3/2O2 + H2O→CO2 + 3H2O total reaction (2-F)

The total reaction (2-F) shows that both water and carbon dioxide are created in the

DMFC. The carbon dioxide is produced at the anode (2-D) and the water vapour is

created at the cathode (2-E). The DMFC is typically run with an aqueous solution of

0.5-5 M methanol at 110-140°C, 0.4-0.8 V, 200-400 mA/cm2 and a peak power output

between 200-400 mW/cm2.2 The largest problem with the DMFC is methanol crossover

from the anode to the cathode. The methanol is thus transported through the separating

membrane yielding a recombination of the methanol and oxygen. The crossover

methanol flux can even reach the cathode and reduce its performance. The solution to

this problem could be the use of other polymer membranes that reduces the flux of

methanol, for example the polybenzimidazole (PBI) membrane.3



8

Before the DMFC can compete with the PEMFC it has to be more stable on a long term

scale, the fuel efficiency must increase and the anode catalysts must be improved.2 One

of the most important reasons why methanol is preferred instead of hydrogen is because

of its high energy density. Furthermore, the infrastructure of the gasoline supply system

can be kept as it is but with methanol filled tanks instead.

There are other types of fuel cells. The drawbacks of some of these are the high working

temperatures that create material problems such as corrosion, see table 1. These fuel cell

systems are often better for stationary applications than for transportation purposes.

Table 1. Different fuel cell systems.

Fuel

Cell

Electrolyte Working

temperature (°C)

Ion Advantages

PEMFC Polymer Electrolyte

Membrane

20-110 H+ Long life

High current

SAFC H2SO4, sulphuric acid 20-90 H+ Medium

current

PAFC H3PO4, phosphoric acid 150-210 H+ Commercial

AFC KOH, alkaline 70-200 OH- High efficiency

MCFC Li2CO3/K2CO3, molten

carbonate

550-650 CO3
2- High efficiency

SOFC ZrO2, Yttria stabilised 900-1100 O2- Long life

A fuel cell based power source run on hydrogen is environmentally clean. One has to

look at the production of the fuels to find environmentally hostile species. However,

oxygen and hydrogen can be formed from normal water. Producing oxygen and

hydrogen in an environmentally friendly way is done by reversing the fuel cell process

and this non spontaneous process is called electrolysis of water. The reactions are:

2H2O→O2 + 4H+ + 4e- anode (2-G)

4H2O + 4e-→2H2 + 4OH- cathode (2-H)

6H2O→2H2 + O2 + 4H2O total (2-I)
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If this process is powered with a solar cell it is possible to make a very clean and

environmentallly friendly energy system consisting of:

•  A solar cell that powers the electrolysis of water into the fuels H2 and O2

•  A fuel cell that is powered by the fuels produced in the electrolysis.

For the moment, a fuel cell powered car contains fuel cell stacks that occupy a volume

of 50-100 liter. One of the interesting benefits of the fuel cell stacks is that they can be

stored anywhere in the vehicle, under the seats, in the front or in the back. To this, the

car needs fuels, oxygen/air to the cathode side and hydrogen or methanol to the anode

side. The gases must be stored in pressurised tanks but methanol can be stored in the

same way as gasoline is stored in a normal car. In a not too distant future there will

perhaps appear inventions that can increase the handling of hydrogen gases. It is

reasonable to think that the future fuel cell vehicle will be powered by a combined

hydrogen/petroleum fuel cell.

The fuel cell development is a hot area of research and only in the last five years there

has been a five-fold increase of volumetric power density of the hydrogen powered fuel

cell, i.e. the present fuel cell occupies only a fifth of the volume of a fuel cell five years

ago.
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2 The Lithium Polymer Battery
The history of the battery began already in 1800 when Alessandro Volta described an

electrochemical cell known as the "Volta pile". The electrolyte was paper drenched in

H2SO4 with copper and zinc as electrodes. The metal plates were alternated with acid

drenched paper in between every plate. This was a primary battery. Primary means that

it is not possible to recharge it more than once. Secondary batteries can be recharged

repeatedly.

Figure 2: The lithium polymer battery during discharge.

The most well known battery is probably the lead-acid battery system that is used in

every car. It was invented already in 1859 by Planté. The Ni/Cd battery appeared in

1899 and the Ni-MH battery appeared as late as in the early 1990's. At this time the Li-

ion battery also appeared on the battery market.

There are some discoveries that has been of great importance in the development of a

polymer electrolyte based battery:

i) In 1973 it was discovered that polymers could dissolve lithium salts and it

would be possible to use these polymers as electrolytes - Polymer Electrolytes

(PE).4
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ii) Some years later in 1976 it was found that lithium ions could be inserted into

another structure, i.e. the host.5 More importantly this process was reversible

and the lithium ions could be extracted from the host, i.e. it would be possible

to use it in secondary batteries.

These two discoveries laid the ground for the modern Lithium Ion Battery (LIB),

Lithium Polymer Battery (LPB) and Lithium Ion Polymer Battery (LIPB) technologies,

see figure 2.6,7

All of the mentioned lithium based technologies use a laminated build up of the battery

which makes it easy to design the batteries in almost any shape, figure 3. This is not the

case for any other battery technology such as the lead/acid, the Ni/Cd, or the NiMH

battery. The differences between the concepts are the electrolyte and the anode. The

LIB has an organic solvent as electrolyte with a coke anode, the LPB has a solid

polymer electrolyte with a lithium metal anode and the LIPB has a solid polymer

electrolyte with a coke anode. The LIPB is the forthcoming technology combining the

best features of the two other.

Figure 3: The layered build up of the lithium polymer battery.

All three technologies use lithium insertion compounds as cathode material, usually

LiCoO2, LiNiO2 or LiMn2O4 where the latter is preferred because it is more

environmentally friendly than the other two.8 To this day, LiCoO2 has been the most

frequently used. Future cathode materials could include the three just mentioned where

the transition metal atoms are substituted with other atoms. Another idea is to use a

system such as LiFePO4.9
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The most important technical characteristics of the lithium based battery technologies

are their high power and energy densities, low cost, environmental benefits and their

safety. The research has in the 80's and 90's been focused on improving these

characteristics. The first lithium ion technology (LIB) found its use in applications in

the 1990's and the LPB has recently been commercialised in cellular phones.

Figure 4: The layered two dimensional lithium insertion material LiCoO2 (left)
and the three dimensional lithium insertion material LiMn2O4

The structure of the two cathode materials incorporated in polymer membranes in this

thesis are displayed in figure 4. LiCoO2 of space group R3m is a layered two-

dimensional structure where the lithium ions are octahedrally coordinated. During

discharge/charge the octahedrally coordinated lithium ions move in the (weak van der

Waals) planes between the strongly bonded O-Co-O layers in the structure. When

lithium ions are extracted only the c-axis of the structure is increased. There exists a

compound HCoO2 that is isostructural with LiCoO2. Ion exchanges from HCoO2 to

LiCoO2 have been performed in earlier reported studies and also within a Nafion

membrane in this thesis, paper IV.10

The cubic LiMn2O4 spinel of space group Fd3m has a three-dimensional framework

where the lithium ions are tetrahedrally coordinated. This structure is contracted in all

directions when lithium ions are extracted. The material maintains its structure during

insertion/extraction and is denoted as LixMn2O4 during the process. A LixMn2O4

compound has been incorporated into a Nafion membrane in paper III in this thesis.
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The ionomeric membrane Nafion� (DuPont) is used as a model system in this thesis

since it has the mechanical, thermal and structural properties needed for the in situ

precipitations. However, Nafion is not used as polymer electrolyte in lithium polymer

batteries and another polymer has to be designed for that purpose. The synthetic routes

described in this thesis could be the first step to an all polymer battery.
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3 The Nafion membrane
In the 1940s researchers and scientists began to develop organic ion exchange resins.

These new ion containing polymers were called ionomers. Eventually this research led

to ion exchange polymer membranes. The ionomers possess many interesting properties

that are quite different from normal polymers like polyester or nylon because of the

interaction between the polymer and the ions.11 Typical applications for ionomers are

thermoplastics, coatings, fuel cell membranes, ion exchange membranes, permselective

membranes (selects the cations from the anions).

One of the most interesting group of ionomers is the fluorocarbon based ones that

consists of a linear perfluorinated backbone with side chains (<10%) that are terminated

with ionic groups that can coordinate to other ions. Commercially available ionomers of

this sort are amongst others the Nafion membrane (DuPont), the Dow membrane (Dow

Chemical Company, USA), Flemion (Asahi Glass Co, Japan) and Aciplex-S (Asahi

Chemical Industry Company).11

In 1962 the DuPont Company synthesised a new perfluorosulphonic acid (PFSA)

polymer membrane that was named Nafion�. The polymer is based on a polytetra-

fluoroethylene (PTFE) backbone and has perfluorovinyl ether pendant side chains with

sulphonate groups on the ends. This membrane has exceptional chemical, thermal and

mechanical stability and possesses many properties sought for in a vast area of

applications. The first application was in the chlor-alkali industry because of its ion

selectivity, chemical resistance and ionic conductivity.

In 1966 the General Electric Company used Nafion membranes in proton exchange

membrane fuel cells (PEMFC) as proton conducting polymer electrolyte membranes.

These fuel cells were used as power supplies in space projects by NASA. Although the

PEMFC was environmentally friendly it was not considered to be of importance.

Recently the need for clean power sources has grown tremendously and the PEMFC has

become an alternative in future low emission vehicles.

Nafion is the leading polymer within the PEMFC application although other membranes

have been developed that resemble the Nafion membrane. Other usages of the
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membrane have been metal ion recovery, water electrolysis where hydrogen and oxygen

is produced, super acid catalyst in organic reactions and different electrochemical

devices. Membranes with incorporated species like metals or oxides have recently

become interesting because of the possibilities for the membrane to act as a host matrix

for catalytic materials, photosensitive materials and materials with other interesting

properties.11

A recent review summarises the fuel cell application and another review summarises the

structure and properties of perfluorinated membranes.2,11

Throughout the context of this thesis it is the Nafion 117 polymer from DuPont that is

described, used and characterised.

3.1 Structure of the Nafion Membrane

Figure 5: The structural formula of the Nafion polymer.

The chemical formula of Nafion is shown in figure 5. For the Nafion 117 membrane

that is used in this study n=1, k=6.5 and 100<m<1000. The Nafion 117 membrane is

180 µm thick with an equivalent weight of 1100 g polymer per equivalent of sulphonate

groups. There are many other Nafion membranes of different equivalent weights and

thicknesses depending on the application they are designed for.

The ionic polymers are quite different from their polymer analogues without ionic

groups. An example is Nafion and Polytetrafluoroethylene (PTFE) where PTFE has

none of the typical ionomeric properties owned by Nafion. Several models have been

proposed for the interaction between the ionic groups and the polymer backbone. The

two most common will be described below:

i) The first model was proposed by Yeager and Steck and it defines three regions

within the polymer membrane that determine the transport properties. The
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regions are the fluorocarbon phase (FP), interfacial region (IF) and ionic

clusters (IC), figure 6 top.12 The fluorocarbon phase consists of the polymer

backbone, i.e. for Nafion the PTFE backbone. The interfacial region is a mix of

side chains, water and sulphonate groups that are not active as exchange sites.

The ionic cluster region is where most of the absorbed water resides.

ii) The second model was proposed by Gierke et al also in 1981.13 The authors

describe the microstructure of Nafion as a cluster network where the polymer

ions and the absorbed water exist in spherical domains that are separated from

the PTFE matrix. The three dimensional structure is built from 10 Å wide

channels that interconnect spherical clusters creating a matrix of inverted

micelles. The size of the spherical domains grows in size from 25 Å to 40 Å

when water is absorbed, figure 6 bottom.

Figure 6: The two models proposed for the interaction between polymer and
water in the Nafion membrane: (top) model i, (bottom) model ii.
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3.2 Water uptake in the Nafion Membrane

Some of the properties that make the Nafion membrane so interesting are the water

uptake, ion exchange capacity, ion selectivity, ion transport, gas permeablity, and its

matrix like microstructure.

The Nafion membrane can absorb water. (This is not the most obvious property of a

general polymer but for the perfluorosulphonic acid membranes it is probably the most

important one.) Many of the typical properties of these membranes depend on the water

content and the ability to absorb and take up water is very important. Proton

conductivity and gas permeability are two of the properties that increase with water

content within the membrane.

It must be emphasised that a maximum amount of water is not always preferred. For

instance, the performance of a fuel cell does not benefit from too much water since this

can cause flooding of the cathode which in turn decreases the overall fuel cell

performance, hence the amount of water must be optimised.

The role of water has been examined throughout the years. Several investigations on the

hydration, swelling and drying of different Nafion membranes using spectroscopic,

gravimetric and other methods have been made.14-20.

There are two ways in which a membrane can absorb water: from the liquid phase and

from the vapour phase. Both are important in most applications and are explained in the

following.

The water uptake of a PFSA membrane in liquid water is in part a function of the pre-

treatment of the membrane. As an example, consider the case where one Nafion

membrane is dried in vacuum at room temperature and another in vacuum at room

temperature followed by drying for 1h at 105°C. When these membranes are immersed

in liquid water at room temperature and allowed to equilibrate it turns out that the first

membrane absorbs 21 water molecules per sulphonate group (H2O/SO3
-) whereas the

second membrane only absorbs 11 water molecules per sulphonate group.20 The

explanation behind this is according to Zawodzinski et al the deionisation of the
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sulphonate groups when all water is removed. An irreversible destruction of the clusters

in the polymer takes place at elevated temperature, hence the lower uptake in the heated

membrane.20 The proton conductivity of a PFSA membrane is strongly dependent on

the amount of water and is thus lowered in a membrane that is exposed too these

temperatures.

The nature of the counter ion makes a difference when the membrane absorbs water.

Steck and Yeager showed that the water uptake from liquid water is decreased from 16

(H2O/SO3
-) for H+, to 14 (H2O/SO3

-) for Li+ and to 7 (H2O/SO3
-) for Cs+, i.e. the water

uptake is decreased when the size of the cation is increased. The same study also found

that this trend is much weaker for divalent cations.21

In an early study by Grot et al a notation was proposed where "E-form" membranes

were swollen and expanded in high temperature water (180°C in that study) and "S-

form" membranes were shrunken in vacuum at high temperatures. The normal non-

treated membranes were "N-form".22

Table 2: Water uptake from liquid water in Nafion membranes.

Membrane H2O/SO3
- Cation Reference Comments

Nafion 120 16.5 H+ 21 T=room

temperature

Nafion 120 22.3 H+ 21 T=180°C

Nafion 117 21 H+ 20 27°C<T<80°C

Nafion 117 11 H+ 20 Pre-dried at

105°C for 1h

Nafion 117 80 Na+ 2 Pre-swollen in

glycerol bath

at 225°C

The underlying reason for the swelling and high water uptake for the E-form

membranes is that the polymer becomes rubbery and even viscous when temperature is

increased. At this point the resistance to swelling is decreased and the polymer can
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absorb a lot of water into the ionic clusters. When the expanded membrane is cooled it

remains in its swollen state and the water uptake is increased tremendously. For drying

at elevated temperatures (S-form) the opposite process occurs and the ionic clusters

shrink and this structure is kept when cooled.2 Some values from earlier reported water

uptakes in Nafion membranes are summarised in table 2.

Already in 1903, Schroeder found that polymeric materials absorb less water from the

saturated vapour phase than from the liquid phase.23 This finding was called Schroeder's

paradox. Several studies have established that this is true also for Nafion membranes.

Zawodzinski et al established the water uptake to be 14 H2O/SO3
- from water vapour

and 22 H2O/SO3
- when immersed in water.20 A possible explanation for the lower

uptake from the vapour phase, according to Zawodzinski et al, is that it is difficult for

water to condense on the perfluorinated hydrophobic parts of the polymer.20 In another

study Pushpa et al found the water uptake from water vapour to be 13.5 H2O/SO3.24

The absorption from the vapour phase can be separated in a low vapour activity region

and a high vapour activity region.2 The low vapour activity region is the region where

the solvation of the membrane ions is taking place. The enthalpy of this is greater than

for the liquefaction of water. In the high vapour activity region the membrane is swelled

when the membrane pores are filled with water and the enthalpy for this process is

lower than for the liquefaction of water.

The water uptake in Nafion membranes is thus a complex process that is a function of

many parameters. Because of this the experimental procedure is very important and

significant for the result. In this thesis, 1 µm thin cast Nafion films have been studied in

an atmosphere that has been allowed to equilibrate with the film, paper I.

3.3 Other properties of Nafion

The normal Nafion membrane is sometimes called Nafion-H where �H� denotes the

hydrogen that is attached to the sulphonate groups on the pendant side chains. The

sulphonate site is also where the ion exchange occurs and the hydrogen is exchanged for

another cation like Li+ or Na+, i.e. SO3-H�-SO3-Li. Cations of higher charge like Mg2+

and Nd3+ can also be exchanged but are then coordinated to two and three sulphonate

groups respectively.
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Figure 7: The chlor-alkali cell with the Nafion membrane as a separator
between the two chambers.

The Nafion polymer is permselective and cations diffuse faster than anions through the

membrane. This is the property of most importance in the chlor-alkali cell where the

sodium cations (Na+) are supposed to penetrate the separating membrane whereas the

chloride (Cl-) and hydroxide (OH-) anions are prevented from doing this, figure 7. The

optimised separator for chlor-alkali cells is nowadays a Nafion membrane that has been

reinforced, surface modified and sandwiched with other polymers.11

The permeability of gases in the Nafion membrane, e.g. oxygen and hydrogen, nicely

matches the needs in fuel cells. Hence, if the gases diffuse too slow the performance of

the fuel cell is lowered because they can not diffuse into the catalyst layer where they

are supposed to meet the other reactants. If the diffusion is too high that will create

problems with mixing of the gases within the separating membrane. This problem has

of course rendered a lot of investigations and Sakai et al found that oxygen and

hydrogen diffusion is increased with temperature and water content.25 In that study

Sakai et al found that the oxygen diffusion in a dry membrane is on the same level as in

PTFE and in a wet membrane the diffusion is comparable to that in water itself.
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3.4 Incorporation of metal oxides in Nafion membranes

Metal oxides have been incorporated in Nafion membranes in several studies during the

last two decades: e.g. oxides of Fe, Pb, Ir, Ru, Ti, U, W and Mn.26-44. Different routes

have been used to precipitate species inside Nafion membranes and two will be outlined

in the following.

There is one experimental route that can be regarded as the standard route when incorp-

orating metal oxides. The process can be divided into three steps

i) The hydrogen loaded Nafion film (Nafion-H) is placed into an aqueous

solution of the metal ion (M) that is to be oxidised. In this step, the hydrogens

in the Nafion-H membrane are ion-exchanged for the metal ion and Nafion-H

is transformed to Nafion-M.

ii) The Nafion-M membrane is placed into an alkaline solution (LiOH, NaOH or

KOH) of the chosen temperature. If a higher temperature than 100°C is used an

autoclave or a hydrothermal bomb is used.

iii) If needed an oxidising agent is added to the alkaline solution. Some examples

are oxygen gas (O2), hydrogen peroxide (H2O2) and potassium peroxodi-

sulphate (K2S2O8). After this step the process is finished and Nafion-M is

transformed to the metal oxide loaded Nafion-MO.

Raymond et al used this route when incorporating iron oxides in Nafion membranes.26

The authors found that the precipitations were concentrated to the immediate surface in

the membrane. This so called "skin" was ~10 µm. The route is used in papers III and IV

in this thesis.

Another route was used in a study by Albu-Yaron et al where Nafion was placed as a

separating membrane between solutions of NaOH and K2TiO(C2O4).38 The ionic species

TiO2+ and OH- diffuse from each side and combine within the membrane to form a TiO2

precipitate throughout the whole membrane. The grain size of the precipitates in that

study was ~30 nm.
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This diffusional method was employed in the manganese system in this thesis, paper III.

The TiO2+ ion used in the Albu-Yaron study was changed for Mn2+. There was a

precipitation throughout the whole membrane also for this system.
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4 Description of experimental techniques
�Ra man so u gh t  t o  f i nd  the  exp la na t io n  o f  t he  a no ma l i e s  i n
as ym met r y o b se rved  i n  t he  mo lecu le s .  D ur in g  the se  s t ud ie s  o f  h i s  i n
the  phe no me non  o f  sca t t e r i ng ,  Ra ma n made ,  i n  1928 ,  t he
une xp ec t ed  and  h i gh l y s urp r i s i ng  d i scove r y t ha t  t he  sca t t e r ed  l i gh t
sho wed  no t  on l y  t he  r ad ia t io n  tha t  de r i ved  f rom t he  p r i mar y l i gh t
bu t  a l so  a  r ad ia t io n  tha t  con ta ined  o the r  wa ve le ng t h s ,  whic h  were
fo re ig n  to  t he  p r i mar y l i g h t �.
Excerpts from the 1930 Nobel Prize presentation Speech by Prof. H. Pleijel

There are a lot of spectroscopical techniques used in physics, chemistry and biology.

Many of them have been so important that the scientists first describing the technique

have been awarded the Nobel prize, see table 3:

Table 3: The inventors of many spectroscopical techniques have been awarded
the Nobel Prize.

Name Technique Prize Year

Sir Chandrasekhara Venkata Raman45 Raman spectroscopy Physics 1930

Rudolf Ludwig Mössbauer Mössbauer

spectroscopy

Physics 1961

Manne Siegbahn X-ray spectroscopy Physics 1924

Kai Siegbahn Electron spectroscopy Physics 1981

Felix Bloch, Edward Mills Purcell NMR spectroscopy Chemistry 1952

Several textbooks on spectroscopy can be found that explain the theories behind the

different spectroscopic techniques.46-48 The most common spectroscopical techniques

are outlined in table 4.

Vibrational spectroscopy is the perfect tool for scientists in the field of polymers and

polymer electrolytes where the coordination and configuration of molecules are of

interest. Systems like these are complex in nature and it is thus important to find tools

that can probe changes. The two vibrational spectroscopical techniques used in this

thesis are Fourier Transform Infra Red spectroscopy (FTIR) and Raman spectroscopy.

Both techniques are very sensitive to changes in the local environment of a vibrating

molecule.
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Table 4: Spectroscopical techniques.

Region of

exciting

radiation

Wavelength Example of

technique

Probes Examples of

molecular information

Radio >1 m NMR Nuclear spin Conformation

Microwave 0.1-10 mm Microwave Molecular rotation Moment of inertia

Infrared 1-1000 µm Infrared Vibrations and

rotations

Coordination

Visible 100-1000 nm Raman Vibrations and

rotations

Coordination

Ultraviolet-

Visible

100-1000 nm UV-vis Electronic

distribution

Coordination

X-Rays 0.1-100 nm ESCA Photoelectric effect Chemical bonding

γ-Rays 1-100 pm Mössbauer Nuclear

Configuration

Magnetic properties

Figure 8: The absorbance band of the sulphonate group (-SO3
-) is shifted and

decreased in intensity when the Nafion film is dried out at elevated
temperatures.

The vibrational bands of a molecule or an internal group of a polymer is affected when

it interacts with other species, i.e. coordinates and/or changes configuration. The

evidence for such an interaction is a shift or split in frequency of the vibration which in
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the vibrational spectrum yields band shifts and bands that increase/decrease in intensity,

see figure 8.

The region of interest for vibrational spectroscopy is between 50 and 5000 cm-1 in

which most molecular vibrations occur. Vibrational modes involving displacements of

light atoms generally appear in the high wavenumber region and vibrational modes

involving displacements of heavier atoms generally appear in the low wavenumber

region.

The water molecule has 3 fundamental vibrations. The vibrations are a symmetric

stretch (ν1), a symmetric bend (ν2) and an antisymmetric stretch (ν3). The vibrations of

water molecules has been of interest in this study, paper I and paper II.

Figure 9: The three fundamental vibrations of the water molecule.

Group vibrations of molecules are of great interest for vibrational spectroscopists. It is a

vibration where one part (a group) of the molecule to a large extent vibrates independ-

ently of the rest of the molecule. Typical groups are, -OH, -CH3, -C=O, -C≡N that in

most instances vibrate with specific group frequencies. The frequencies of these group

vibrations are virtually undisturbed by other parts of the molecule. Group vibrations

have been useful in this study since the polymer membrane studied contains the

functional group (-SO3
-) also called sulphonate group. It has characteristic group

vibrations that are shifted when different atoms/ions bond or do not bond to the group,

figure 8. This has been used in paper I and paper II.

4.1 FTIR spectroscopy

FTIR spectroscopy is an experimental tool used for detecting changes in coordination

and configuration of molecular species in a system. The underlying reason is that
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electromagnetic radiation in the infrared region has the same frequency as molecular

vibrations. This radiation is absorbed if the vibration is infrared active, i.e. there is a

change in the dipole moment of the molecule when it vibrates. There is thus no need for

the molecule to possess a permanent dipole moment.

As an example of a change in dipole moment when a molecule vibrates consider the

symmetric stretch of the water molecule H2O with positive charges on the hydrogens

and a negative charge on the oxygen that give the molecule a dipole moment, figure 9.

When the distance between the hydrogens and the oxygen is changed the dipole

moment is changed and the infrared radiation of the same frequency as the vibration is

absorbed. For the fundamental vibration this absorption excites the molecule from its

ground state (v=0) to a higher vibrational state (v=1), figure 10. The difference in

energy (Eo) between the two states is related to the position of the vibrational band in

the spectrum.

The absorbance (A) is the height of the band in the FTIR spectrum and is defined as

cd
I
IA o ε=�

�

�
�
�

�= log (5-A)

where Io and I are the intensities of the radiation before and after going through the

sample, ε is the molecular absorption coefficient, c is the sample concentration and d is

the path length. The absorbance can therefore be used for quantitative analysis.

The FTIR experiment is performed as follows, see figure 10: The radiation source used

in infrared spectrometers is a filament that is heated by an electric current. The

spectrometer is based on the same principle as the Michelson interferometer and

consists of a source, a moving mirror (M1), a fixed mirror (M2), a beam splitter (B)

reflecting 50% of the radiation and some optical mirrors and lenses. When the beam

passes the beam splitter and is reflected at both M1 and M2 constructive interference

occurs if the path lengths (B→M1) and (B→M2) are identical or differ by an integral

multiple of wavelengths. In a measurement the movable mirror is moved through a

distance during a certain time. Meanwhile the detector collects sample data at small

intervals. The time for doing this measurement is determined by the desired resolution

and quality (noise level). The resulting data is Fourier transformed and stored in the

computer. A high resolution renders long capturing times.
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Figure 10: The principal setup for an FTIR spectrometer and the energy levels
involved when a molecule absorbs infrared radiation.

In all infrared experiments both a background spectrum and a sample spectrum must be

measured in the manner described above. The background spectrum is simply a

spectrum with an empty spectrometer. The ratio is calculated and the resulting spectrum

with bands from the sample can be analysed.

In this study the FTIR spectrometer Digilab/Biorad FTS-45 was used for recording

infrared absorbance spectra. A resolution of 2 cm-1 was used between 400-4000 cm-1.

4.2 Raman Spectroscopy

The discovery of inelastic Raman scattering of light by Sir Chandrasekhara Venkata

Raman (1888�1970) in 1928 was a remarkable finding.45 He used normal sunlight as

light source, a telescope and his eyes as detectors. The Nobel prize in Physics was

awarded to him just two years later in 1930. After his first discovery he used a mercury

lamp filtering out all radiation but one single wavelength to be able to study the effect in

more detail.

The first sources developed in the 1930s were lamps based on either helium (He),

bismuth (Bi), lead (Pb) zinc (Zn) or mercury (Hg). Later mercury lamps were developed

and primarily used until the 1960s when the laser was invented. The laser became the

dominating source for Raman spectroscopy. Nowadays, lasers of different wavelengths

in the ultraviolet-near infrared region are the only sources of radiation used in Raman
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spectroscopy. Depending on the sample and experiment the most suited radiation source

can be chosen.

Raman spectroscopy can be used for quantitative and qualitative studies of both organic

and inorganic substances. It can be used for solids, liquids, gases at both low

temperature, room temperature and high temperature. Modern inventions have made it

possible to measure on remote samples using fibre optics and on samples on the µm-

scale using micro Raman spectroscopy. The latter technique has been used in paper III

and IV in this thesis. The principal setup for the Renishaw 2000 micro Raman system

used in this thesis is shown in figure 11.

Figure 11: The principal setup of the Renishaw 2000 micro Raman system and
the energy levels involved in a molecule when excited by the laser.

In the Raman spectroscopy experiment a monochromatic laser beam of frequency νo

travels through some filters, irradiates the sample and the scattered radiation is observed

either at 90° or 180° with respect to the incoming excitation beam. The scattered

radiation travels through more filters and reaches the CCD camera that collects the
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radiation. Radiation that is scattered elastically is called Rayleigh scattering (νo) and the

radiation that is scattered inelastically is called Raman scattering (νo±νm). The inelastic

scattering is 100 000 times weaker than the elastic one. The inelastic term νm corre-

sponds to a vibration of a molecule in the sample under study. Hence, the Raman

spectrum consists of lines corresponding to different molecular vibrations shifted νm in

frequency from the incident beam of frequency νo. The νo+νm lines are called Stokes

lines and the νo-νm lines are called Anti-Stokes lines. An expression often used is the

Raman shift of a molecule which is equivalent to the vibrational frequency νm, figure 11.

The Raman effect can be explained with classical electromagnetic theory although

quantum mechanics is needed for a correct description. As an example a diatomic

molecule is assumed in the discussion below which yields an easier interpretation of the

quantities involved.

Classical theory states that the electric field (E) of laser radiation can be formulated as

( )tEE oo πν2cos= (5-B)

containing the amplitude Eo and the laser frequency νo. When this laser beam irradiates

a molecule an electric dipole moment P is induced in the molecule. The dipole oscillates

with the same frequency as the laser beam and

( )tEEP oo πναα 2cos== (5-C)

where α is the polarisability which states how easy it is to polarise the molecule. The

polarisability can be expressed as
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where αo is the equilibrium polarisability. The nuclear displacement q of a vibrating

molecule is found in (5-D) and is

( )tqq mo πν2cos= (5-E)

if the molecule vibrates with a frequency νm.and an amplitude qo.

Using (5-D) and (5-E) the polarisability can be expressed as

( )tq
q mo
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When (5-B) and (5-F) are combined, an expression for the dipole moment (P) of the

oscillating dipole is obtained
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The first term R in this expression is the light which the dipole irradiates that has the

same frequency as the incident laser , i.e. the Rayleigh scattering. The second term AS is

the Raman scattered Anti-Stokes line (νo+νm) and the third term S is the Raman scattered

Stokes line (νo-νm). The important finding from this derivation is that if the polarisability

changes during a vibration
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the vibration is said to be Raman active because the Stokes and Anti-stokes terms are

non-zero.

In a normal Raman measurement only the Stokes-lines are measured since they are

much stronger than the Anti-Stokes lines. This is all in agreement with Maxwell

Boltzmann statistics for population of energy levels. The Stokes lines start from the

ground state with a larger population of molecules whereas the Anti-Stokes lines start

from an excited state that has a smaller population. The information on either side of the

Rayleigh scattering is nevertheless the same but much stronger on the Stokes side.

4.3 X-ray diffraction

X-ray diffraction has traditionally been used as a fingerprint method for crystalline

materials. More importantly it is extensively used for structure determination in solid

state chemistry and one of the most important techniques in crystallography.

The X-ray experiment uses in its most basic setup a radiation source, the sample under

investigation and a detector, figure 12. The radiation source is most often a copper

target. An electron beam is accelerated towards the copper target and inner Cu 1s

electrons are ionised. Electrons in outer orbitals, 2p and 3s, occupy the vacant 1s levels
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and X-rays are emitted from the target. The Kα-transition 2p→1s is the most intense X-

radiation from the target and filtered out to get monochromatic X-rays (wavelength 1.54

Å) for the X-ray diffraction experiment. The wavelength of X-rays is apparently of the

same magnitude as the interatomic distances in crystalline solids ~1 Å. This is the

underlying reason why it can be used as a structural tool.

Figure 12: General setup for an X-ray diffractometer.

Crystals are built up from atoms that form layers/planes. Incoming X-rays are reflected

in these planes according to Bragg's Law:

2dsinθ=nλ (5-I)

where d is the distance between adjacent planes, θ is the incident angle, n is an integer

and λ is the wavelength of the incoming radiation. Since all planes are oriented

differently the X-rays will be diffracted in many different directions. When these

diffracted X-rays are detected an X-ray diffractogram can be collected that is unique for

certain crystalline samples.

The reflections/peaks in an X-ray diffractogram of a powder are broader when the size

of the particles decreases. Profile analysis on the X-ray peaks using the Scherrer

formula yields an estimation of the particle size in the sample.49
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4.4 Synthesis

Paper I & II

The 1 µm thin Nafion 117 (Equivalent weight 1100) films in paper I and II were cast

from a solution of lower aliphatic alcohols and water (FLUKA Chemika). The films

were cast on single-crystal silicon windows that are infrared transparent.

Paper III & IV

The Nafion 117 membranes used in paper III and IV were cleaned and loaded/ion

exchanged with hydrogen before the incorporations in the following way:

i) boiling in 10 % H2O2 (cleaning)

ii) boiling in H2O

iii) boiling in 0.5 M H2SO4 (hydrogen loading)

iv) boiling in H2O

Each step was one hour long. After this procedure the Nafion-H form of the membrane

was achieved, i.e. the sulphonate groups were coordinated to hydrogen.

The incorporation of transition metal oxides into the membrane in this thesis were

performed via two different routes. The first route that yields a skin-like precipitation

within the surface of the membrane can be outlined in two steps:

i) Ion-exchange: The Nafion-H membranes are ion-exchanged in an aqueous

solution of either 0.2 M MnCl2, 0.2 M MnCl2/0.2 M LiCl, 0.2 M CoCl2, or 0.2

M CoCl2/0.2 M LiCl. The cation-exchanged membranes are denoted Nafion-

Mn, Nafion-Li-Mn, Nafion-Co, Nafion-Li-Co.

ii) Oxidation: The Nafion-XX membranes are placed in an alkaline solution at an

appropriate temperature (0.2M NaOH or 0.2 M LiOH, 25°C → 220°C). A high

pH is needed for the oxidation process where the oxygen dissolved in the

solution acts as an oxidising agent. In some cases an extra oxidising agent, 0.2

M K2S2O8 or oxygen gas, was added to the alkaline solution to increase the

oxidation.
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The second route incorporates an oxide throughout the whole membrane. The Nafion-H

membrane is placed as a separator between two compartments filled with an alkaline

solution and a cationic solution respectively. The cations and the OH-ions diffuse from

either side of the membrane and when combined an oxidation of the cations occur

inside the membrane, figure 13.

The experiments in paper III and IV were performed in standard laboratory beakers

below 100°C. At temperatures above the boiling point of water a hydrothermal bomb

was used, see figure 14. The bomb had an inner Teflon� cylinder that is chemically

inert.

Figure 13: The diffusion cell used when incorporating a metal oxide throughout
the entire cross-section of a Nafion membrane.

Figure 14: The hydrothermal bomb with Teflon™ interior.
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5 Experiments, results & discussion
This section is a summary of the results in papers I-IV. Selected experiments and results

from these papers are described and discussed.

5.1 Water uptake in cast Nafion

Earlier results of the water uptake in Nafion membranes were described in paragraph

4.2. Most earlier studies have used a flow of humidified gas over the Nafion membrane.

This is the same method as in the real fuel cell application. However, there has been no

spectroscopic studies of the water uptake in cast Nafion films in an atmosphere that has

been allowed to equilibrate with the Nafion film. This is the first in situ FTIR study of

water uptake in Nafion at equilibrium, paper I.

Figure 15: Experimental arrangement for the FTIR measurements in paper II:

The cast 1 µm thin Nafion film was placed in a small cell that worked as a hygrostat

using salt solutions, figure 15. Different salt solutions yield different relative humidity

(RH) when allowed to equilibrate inside a closed system, see table in paper I. A drop of

the desired salt solution was placed in a small cavity within the cell and the whole

system was allowed to equilibrate. An FTIR spectrum was measured every minute until

an equilibrated state was achieved, i.e. when two successive spectra were identical. The

last spectrum for each solution was saved and analysed. This was done for 4 different

salt solutions and normal water, figure 16. The bands that occur in these spectra are

listed in table 5.
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Figure 16: IR spectra of a Nafion film cast on a silicon window and equilibrated
at different RH, 11, 53, 75, 84, 92 and 100%.

Table 5: Assignations for the vibrational bands in the FTIR spectrum of a 1 µm
thin Nafion film with water absorbed in its inverted micelles.

Wavenumber/cm-1 Vibration

~3500 Stretching vibrations of water molecules

~1700 Bending vibrations of water molecules

~1200 CF2-vibrations in the polymer backbone

~1060 SO3-vibrations in the polymer sidechains

~900 (-C-O-C-) vibration in the polymer sidechains

The only parts of these spectra that are significantly changed as a function of water

content at room temperature are the water bands at 3500 cm-1 and 1700 cm-1. The

polymer bands are not influenced by the water uptake. The absorbance of the 3500 cm-1

band was plotted with respect to RH in figure 17.

Furthermore, Nafion films were placed in vacuum at room temperature and at elevated

temperature to investigate the coordination of the sulphonate groups terminating the

sidechains of the polymer. The symmetric stretching vibration band of the SO3
- group at

1060 cm-1 is not influenced by the RH but in vacuum something occurs. It is known

from earlier studies that a Nafion film contains one water molecule per sulphonate
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group (n=1) when equilibrated in vacuum.50 Is this water just a normal H2O molecule?

Has the proton from the sulphonate group been transferred to the water molecule

creating an hydronium ion H3O+?

Figure 17: FTIR absorbance at 3450 cm-1 in a Nafion film plotted against RH.

Figure 18: IR spectrum of a Nafion film kept in vacuum at RT, i.e. n=1, and a
Nafion film equilibrated in a LiCl hygrostat, i.e. n=2.
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In figure 18 the infrared spectrum of a film containing 1 water molecule per sulphonate

group (n=1) is shown together with a film containing 2 water molecules per sulphonate

group (n=2). In the n=2 spectrum the typical H2O band from the OH-stretching

vibration at 3500 cm-1 is present. The n=1 spectrum contains two bands that are typical

for a H3O+ ion, e.g. the OH-stretching band at 2800 cm-1 and a combination band at

2200 cm-1.11,51,52 It is interesting to notice what is missing in the n=1 spectrum: OH-

stretching bands from H2O at 3500 cm-1 and asymmetric stretching bands of -SO3H-

groups at ~1400 and ~900 cm-1. These bands can be seen in a Nafion film that is heated

to 95°C in vacuum, figure 19. This result confirms that n=1 in vacuum at room

temperature. Furthermore it shows that the proton is transferred to the water molecule

already at n=1 and the hydronium ion H3O+ is created.

Figure 19: FTIR spectra of Nafion films, (a) heated in vacuum to 95°C, (b) in
vacuum at 25°C.

5.2 Temperature dependence

The water uptake from vapour is also temperature dependent, see figure 20. This is a

result of a temperature study at 100% RH between 40 and 100°C where the absorbance

at 3450 cm-1 is plotted against the temperature. There is not a large increase or decrease

of the amount of water in the cast film. There is although a minimum in absorbance

close to 55°C but the difference between the minimum and maximum absorbance is

only 10%. This is a result that is in contrast to other studies where a large decrease in
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water uptake has been observed at higher temperatures.14,53,54 These studies have used

thicker Nafion membranes (25 and 180 µm).

It could be argued that the cast 1 µm thin films would have a different water uptake. A

reference measurement had to be performed at room temperature. A Nafion film was

weighed after treatment in vacuum and after equilibration in 100% RH. A water uptake

of 14 water molecules per sulphonate group was obtained in agreement with that

observed for 180 µm thick Nafion membranes.20

There are thus different hydration behaviours at elevated temperatures. These are hard

to explain. One important factor is probably the difference in the experimental arrange-

ments: a flow of a gas over the membrane/film in some earlier reports or a non-flowing

atmosphere as in the present investigation.

Figure 20: FTIR absorbance of a cast Nafion film kept in 100% RH when the
temperature is increased 1°C/min

5.3 Crystallinity in cast Nafion films

When a cast 1 µm thin film of Nafion 117 was irradiated with xenon ions a crystalli-

sation of the polymer was introduced and large crystalline regions were created in the

film, see figure 21
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Figure 21: Crystallites in Nafion exposed to high vacuum and xenon ions

Crystalline and amorphous regions of this xenon irradiated Nafion film have

spectroscopic features that are not identical. Spectra of these phases are shown in figure

22 together with spectra of Nafion films containing 0, 1 and 14 water molecules per

sulphonate group.

The key feature is the symmetric stretching band from the sulphonate groups

terminating the side chains of the Nafion polymer. This band is situated at ca 1060 cm-1.

If the sulphonate group is coordinated to a hydrogen atom an SO3H-group is created that

has two asymmetric ν(S=O) and ν(S-OH) stretching modes at ca 1400 and 910 cm-1.

For the crystalline film (a) and the dried out film (c) the two asymmetric stretching

bands of SO3H appear. The amorphous region (b) of the irradiated film shows no such

SO3H-bands but only the symmetric stretching band of the SO3
-- group at 1060 cm-1.

Apparently the two SO3H-bands do not appear in the FTIR spectrum (b) of the

amorphous region of an irradiated film.

The two bands, ν(S=O) and ν(S-OH), are only seen in completely dry films since they

are not present even when there is only one water molecule per sulphonate group. The

side chains are thus terminated by SO3H-groups in the dry crystalline region and by

SO3
--groups in the amorphous region, i.e. the crystalline regions do not contain as much

water as the amorphous regions. This could be one explanation for the decrease in water

uptake by Nafion membranes at elevated temperatures.14,53,54
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Figure 22: FTIR spectra of (a) the crystalline region and (b) the
amorphous region of a crystalline Nafion film exposed to high vacuum
and xenon ions and Nafion films containing (c) 0, (d) 1 and (e) 14 water
molecules per sulphonate group.

In the diffractogram of the xenon irradiated Nafion film, figure 23, the crystalline peaks

appear. The broad amorphous features are from the polymer. In the upper diffractogram

there are 4 crystalline peaks. The crystalline regions have spherulitic morphology.

Spherulites in bulk samples consist of lamellar crystalline plates of folded polymer

chains perpendicular to the plane of growth.55-57 The c-axis is thus oriented

perpendicular to the plane of the Nafion film.

Porat et al. have found crystallinity in Nafion films that were 30-60 nm thin. The

authors concluded that the polymer has a linear zig-zag structure just as the structure of

polyethylene.58 The lattice parameters a, b and c of an orthorhombic system is possible

to calculate using the expression d-2=(h/a)2+(k/b)2+(l/c)2 where h, k and l are Miller

indices and d is the d-values from the diffractogram in figure 23. The result for a and b

are a=6.64 ± 0.01 Å and b =5.44 ± 0.01 Å (Porat et al. a=7.49 Å and b =5.02 Å). The

lattice parameter c is not possible to determine since the peaks needed are not present in

the diffractogram.

The diffractogram of a Nafion film kept at room temperature for four months can also

be seen in figure 23. It shows the broad amorphous features but only the strong peak at

d=2.72 Å . Full crystallisation does clearly not occur but some semi-crystalline phase
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develops in a slow process in this film without the xenon irradiation. The exact

coincidence with the (020) peak from the irradiated sample imply the same ordering in

the b-direction in both samples.

Figure 23: Diffractograms of 1 µm thick Nafion films: (top) Film
containing easily observable crystalline regions (exposed to high vacuum
and xenon ion bombardment). (bottom) Film kept at room temperature
and normal atmospheric conditions for 4 months.

The crystalline region becomes amorphous when a drop of water is added. This is

confirmed by an FTIR spectrum. Is the irradiated polymer crystalline because it is dried

out or is it dehydrated because it is crystalline? It is probably the crystallinity that

dehydrates the film since only some regions of the Nafion films are crystalline and the

films otherwise would have crystallised completely.

5.4 Manganese oxides in Nafion membranes

In paper III an incorporation of crystalline Mn3O4 was achieved by immersing a Nafion-

Li-Mn membrane in a hydrothermal bomb filled with 0.5 M LiOH. An X-ray diffracto-

gram of the membrane is shown in figure 24. The well defined peaks are from the

crystalline Mn3O4 and the broad features are from the polymer. Compare with the X-ray

diffractogram of only the Nafion membrane in figure 25. The size of the crystallites in

the sample could be estimated to 25-30 nm with profile analysis of the peaks using the

Scherrer formula.
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Figure 24: X-ray diffractogram of the manganese oxide loaded membrane. The peaks
are assigned as belonging to an Mn3O4 phase.

Figure 25: X-ray diffractogram of an empty Nafion-H membrane.

The Mn3O4 loaded membrane was cut in two halves perpendicular to its surface and

placed between two microscope slides using double-sided tape. This assembly was

polished on a rotating disc using the finest polishing paper with cooling water supplied.

A photograph of the cross-section through the microscope can be seen in figure 26.The

good quality of the Raman spectra of the crystalline precipitate made a spectroscopical

investigation of the cross-section possible, figure 27. The lower and upper spectra are
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from the surfaces of the membrane and the middle spectra are from the cross-section.

The strong band at ~650 cm-1 is from the oxide.

Figure 26: Picture of the cross-section of the Mn3O4 loaded membrane.

Figure 27: The Raman spectra of the cross-section of the Mn3O4 loaded
membrane. The bottom spectrum is from the surface of the membrane and the
0, 10, 20, 30… µm spectrum are cross-section spectra at these depths. The top
spectrum shows an empty Nafion membrane.

The most intense Nafion band is situated at 730 cm-1. This is a stretching vibration of

the CF2 groups in the polymer backbone and is unperturbed by the incorporations since

they do not interact with the cations solubilised in the membrane. The 730 cm-1 band
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was used as the reference band when the intensity of the 650 cm-1 band (from figure 27)

was plotted with respect to depth in figure 28. The oxide precipitation is concentrated to

the surface of the membrane, i.e. in significant amounts to a depth of ~50 µm. The

result is only qualitative and not quantitative but gives a good view of the oxide

distribution within the membrane.

Figure 28: The oxide profile in the Mn3O4 loaded membrane. The values are
obtained from the ratio of the intensities of the 730 cm-1 band of Nafion to that of
the 650 cm-1 band of the oxide.

When using the synthetic route described in paragraph 5.4 where the membrane is

simply placed in different solutions the resulting precipitation is concentrated close to

the membrane surface. However, the polymer (Nafion-H form) can also act as a

separating membrane between two chambers filled with a cation solution (0.2 M

MnCl2) and alkaline solution (0.5 M NaOH) respectively. In this diffusion process the

ions will migrate into the membrane from both sides and the manganese ions are

oxidised throughout the whole membrane. This membrane is cut and polished in the

same way as the Mn3O4 loaded membrane. Using Raman spectroscopy on the cross

section of this membrane shows that there is a phase transition at ~130 µm, figure 29,

i.e. the Raman spectra of region 0-120 µm (spectrum b-figure 29) are different from the

spectra of region 140-180 µm (spectrum d-figure 29).
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Figure 29: Raman spectra of the membrane in the diffusion experiment: (a)
surface of the OH-side, (b) cross-section at 20 µm, (c) 130 µm, (d) 160 µm and
(e) surface of the Mn-side.

The manganese atom has several possible oxidation states and the spectra of the precipi-

tations in this diffusion experiment are not easily interpreted. On the OH-side of the

membrane the band at 660 cm-1 indicates that the Mn3O4 phase is formed and on the

Mn-side the bands at 585 and 640 cm-1 phase indicate that the phase on that side is

MnO2 like.59 The Raman spectroscopy technique used here is thus phase sensitive and

the occurence of different phases can be monitored in systems like this.

5.5 LiMn2O4 in Nafion membranes

It is possible to incorporate manganese oxides in the Nafion 117 membrane. The more

interesting challenge would be to incorporate a lithium manganese oxide that is used as

cathode material in modern lithium polymer battery technologies.8 Three different

incorporations and one ion-exchange were succesful yielding brown/grey precipitations

within the membrane:

i) Nafion-Li-Mn membrane in 0.5 M LiOH at 180°C for 110 days

ii) Nafion-Li-Mn membrane in 2.5 M LiOH at 180°C for 7 days

iii) Nafion-Mn membrane in 2.5 M LiOH at 180°C for 7 days

iv) Nafion-Mn3O4 membrane in 2.5 M LiOH at 180°C for 7 days
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Figure 30: X-ray diffractograms of membranes loaded with lithium manganese
oxide, (G) method i), (H) method ii), (I) method iii) and (J) method iv). The same
LixMn2O4 peaks are found in all diffractograms. Peaks of unknown origin are
marked (*).

Figure 31: The Raman spectra of the membranes loaded with LixMn2O4 using
different methods are similar with features at 616, 570, 497, 437 and 375 cm-1,
(G) method i), (H) method ii), (I) method iii) and (J) method iv).

Raman spectroscopy and X-ray diffraction results show that the incorporated phase is

LixMn2O4 (0<x<1) for all membranes. The X-ray peaks in figure 30 are situated
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between the peaks of the two isostructural phases λ-MnO2 and LiMn2O4 which is a

strong evidence for a LixMn2O4 phase.60,61 This is supported by the Raman spectroscopy

results in figure 31.62-64 The vibrational bands seen for all precipitations are the same

and indicate that the phase present in all membranes is the same. The phase is thus not

pure LiMn2O4 or λ-MnO2 but rather LixMn2O4. The ion-exchange attempt from Mn3O4

to LiMn2O4 was in part successful but the resulting material is not single phase

according to the X-ray results and the procedure is not recommended.

It can be seen that it is not necessary to preload the Nafion membrane with lithium ions

(Nafion-Li-Mn) since the result is the same for the Nafion-Mn membrane. The easiest

route to the LixMn2O4 phase within the polymer is thus a Nafion-Mn membrane in a

strong LiOH solution at elevated temperatures for a prolonged time.

5.6 Cobalt oxides in Nafion membranes

Different cobalt oxides were incorporated inside the Nafion 117 membrane in paper IV.

Five membranes were placed in a 0.5 M NaOH filled hydrothermal bomb for 24 hours

at five different temperatures: 25, 50, 100, 150 and 200°C. The membranes turned black

during this treatment and an incorporation had been achieved. X-ray diffraction could

identify the phases as HCoO2 at 25°C and Co3O4 at 200°C, figure 32.10,65 At

intermediate temperatures the precipitations were mixtures between these two phases.

Another precipitation yielded an incorporation inside the polymer of HCoO2 with a

preferred orientation, figure 33.10 The (003) reflection in this diffractogram is much

stronger than the same reflection in figure 32 indicating this. The Nafion-H membrane

was in this procedure placed in 0.5 M NaOH at 70°C for 30 minutes. During the last 15

minutes 0.2 M K2S2O8 was added.

It has thus been shown that cobalt oxides are easily incorporated in polymer membranes

containing ion-exchange sites. The next step is to find out whether it is possible to

incorporate the layered lithium cobalt oxide LiCoO2 that is interesting as cathode

material in litium polymer batteries.



48

Figure 32: X-ray diffractograms of Nafion membranes filled with cobalt oxides.
The Nafion-Co membranes were placed in hydrothermal bombs filled with 0.5 M
NaOH at temperature (a) 25°C, (b) 50°C, (c) 100°C, (d) 150°C and (e) 200°C.

Figure 33: X-ray diffractograms of (a) an empty Nafion membrane, (b) HCoO2
(preferred orientation) filled membrane before ion-exchange and (c) the same
membrane after the ion-exchange: loaded with LiCoO2.
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5.7 LiCoO2 in Nafion membranes

It was shown in section 6.5 that it is possible to precipitate a lithiated manganese oxide

inside a Nafion membrane and it is interesting to see whether a lithiated cobalt oxide

also can be incorporated. Two Nafion-Li-Co membranes were treated in a 0.5 M LiOH

and a 2.5 M LiOH filled hydrothermal bomb for 7 days at 180°C. The membranes

turned black indicating that some phase had been incorporated in both membranes.

X-ray diffraction and Raman spectroscopy were used to identify the precipitations,

figures 34 and 35.

Figure 34: X-ray diffractograms of (a) an empty Nafion membrane, (b) the
LiCoO2 filled membrane and (c) the Co3O4 filled membrane.

The X-ray results in figure 34 show that the precipitate when using the weaker alkaline

solution is Co3O4 and for the stronger alkaline solution the resulting precipitation is

LiCoO2.10,65 The results were confirmed by Raman measurements in figure 35. The

vibrational bands are typical for Co3O4 and LiCoO2 respectively and these phases are

clearly present inside the membranes.66, 67 X-ray and Raman measurements support each

other in these findings and it is clear that it was possible to incorporate the cathode

material LiCoO2 inside a polymer membrane.

In earlier studies it has been shown that an ion-exchange can be performed for the

isostructural compounds HCoO2 and LiCoO2.10 The hydrogens in the HCoO2 phase can
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thus be ion-exchanged for lithium. It was shown in section 6.6 that a HCoO2 phase

could be incorporated inside the membrane. Would it be possible to change this phase to

LiCoO2?

Figure 35: Raman spectra of (a) the Co3O4 loaded membrane in method C and
(b) the LiCoO2 loaded membrane in method D.

Figure 36: Raman spectra of (a) an empty Nafion membrane, (b) the HCoO2
filled membrane before ion-exchange and (c) the same membrane after ion-
exchange yielding LiCoO2.
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The HCoO2-loaded membrane was placed in a 2.5 M LiOH filled hydrothermal bombs

for 7 days at 180°C. The results in figures 33 and 36 show the same crystallographic

peaks and vibrational bands as for the LiCoO2 phase incorporated earlier. It is clear that

the preferred orientation in the HCoO2 sample before the ion-exchange is present also

after the experiment since the (003) reflection is very intense in both diffractograms.

The ion exchange could thus be performed within the membrane.
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6 Concluding remarks
This thesis has investigated the water uptake and crystallinity of cast Nafion films as

well as incorporation of metal oxides into Nafion membranes. The main conclusions

that can be made are:

i) There is a proton transfer from the SO3H-group to H2O when there is one water

molecule per sulphonate group in the Nafion polymer.

ii) It is possible to introduce crystalline regions in a cast Nafion film by aging or

exposure to ion beams.

iii) The crystalline parts of a cast Nafion polymer contain less water than the

amorphous parts.

iv) It is possible to incorporate the lithium polymer battery cathode materials

LixMn2O4 and LiCoO2 into the Nafion polymer by a combined diffusion and

oxidation process.
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