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Annotation

Polymer membranes and polymer electrode for membrane-electrode-
assembly are synthesized and studied for usage in hydrogen fuel cell (a device
that converts chemical energy into electrical). Of the studied proton exchange
membrane materials the modified sulphonated poly(ether-ether-ketone) SPEEK
polymer best suited for membrane and composite polymer electrode production.
Method is proposed to make the electron and proton conductive electrode
material from two polymers: SPEEK and polyaniline. Different methods were
used to study synthesized composite polymer materials, consisting of one, two
or three separate polymers - water absorption, Fenton test, morphology by SEM
and AFM, conductivity temperature dependence, impedance spectroscopy and
infrared spectra. Synthesized polymer electrode material has a mixed electron -
proton conduction.

Key words: proton exchange membrane, the membrane - electrode
assembly, electron conducting polymer



1. Introduction

1.1. Motivation

Development of our civilization is highly connected with energy. Main
energy resources used nowadays are oil and radioactivity, both non-renewable
and environmentally unfriendly due to poisonous emissions while in use or
radioactive waste. The trivial way to solve this situation would be to switch to
renewable resources; the main problem in this case is their availability in time
and exact place, for example, the number of sunny days. Due to this fact a new
task arises: how to store energy when it is available for the usage when it is
needed. The best way to solve the situation is to use hydrogen as energy carrier,
which has highest heating value [1]. Another reason to use hydrogen is its
availability on Earth in the form of different substances and in the Universe.

To switch to hydrogen energetics it is necessary to use rare and expensive
materials and complicate technologies. Extensive studies and large financial
investments are necessary to make them available for large segments of society.
One example is fuel cell (FC).

Membrane is one from the most important parts of fuel cell, because it
makes possible for device to functionalize. Based on working conditions inside
the fuel cell, following conditions have been set for potentially new membrane
materials: (1) proton conductivity; (2) dielectric for electrons; (3) thermal
stability; (4) chemical stability; (5) mechanical stability; (6) non-permeable for
gases and liquids. First two criteria from this list are making possible to divide
positive from negative charges and provide electricity in electric circuit. Next
four requirements are necessary for stable work of the system. Fifth criterion
also is important due to increasing geometrical size due to water absorption,
which is influencing contact between electrode, gas diffusion layer with catalyst
and membrane. A sixth criterion is important to exclude the contact between
reactants — fuel and oxidant - before reactions on electrodes.

Some of the properties necessary for electrode material are the same as
for membrane material. Other specific characteristics of electrode material are
related with it functionality, e.g. electron conductivity and catalytic activity
(generally an electrode is catalyst carrier). Both mentioned characteristics of an
electrode on an interface between fuel/electrode/membrane provide necessary
core actions of the fuel cell - reformation of fuel and separation protons from
electrons. As seen, important criterion for an electrode material is good contact
with membrane material to transfer protons from electrode/catalyst centres to a
membrane.



Nowadays the carbon cloth is most used material for making membrane-
electrode assembly (MEA) of fuel cell. In typical procedure it is coated with
catalyst ink and hot-pressed to polymer membrane. Due to mechanical pressure
the membrane in such prepared MEA has irregular thickness due to irreversible
changes in material structure. As shown by theoretical models, the irregularities
in thickness and pressure caused deformations are main reason for uneven
current distribution in MEA volume and faster degradation of the fuel cell [2].

During last years several publications and patents [3] were published,
proposing other methods for making membrane-electrode assembly without hot
pressing. But still question of good contact and chemical compatibility between
membrane material and electrode-catalyst material is vital and has great impact
on the life length of fuel cell.

1.2. Main goal and tasks of the work

Main goal:

To optimize membrane and membrane-electrode system for hydrogen
fuel cell by synthesizing and investigating both proton and mixed conducting
(electron and proton) composite materials made from several polymers with
appropriate properties.

To reach this goal next tasks were set:

1. To synthesize and investigate proton conductive material for membranes
on base of two polymers: sulfonated poly(ether-ether-ketone) (SPEEK) and
sulfonated poly(ether-ketone-ketone) (SPEKK);

2. 'To synthesize and investigate proton and electron conductive material for
an electrode in MEA on the base of polymer used in membrane material.

1.3. Novelty of this work

The main innovation of this work is new proton and electron conductive
polymer membrane material on the base of polymer material used in hydrogen
technologies, e.g. fuel cells, electrolysers and other devices. Three different
synthesis methods were tested and optimal technology chosen to synthesize
electron and proton conductive material.

For the first time the polymer material for an electrode in MEA is made
from polyaniline - electron conductive polymer, and proton conductive material,
which is suitable for membrane in fuel cell: modified sulfonated poly(ether-
ether-ketone).



1.4. Author contribution

All synthesis procedures of the single and composite polymer membrane
samples, their analysis on water absorption and Fenton tests, research with
thermogravimetric and atomic force microscope methods, conductivity
measurements, also literature review and result analysis are made by author.

All FTIR light reflection and transmition measurements and Raman
spectra analysis are made by Dr. phys. George Chikvaidze. Scanning electron
microscope and differential scanning calorimetry measurements were made in
GKSS Polymer Institute, Germany. Elemental analysis for several samples was
made in Portugal for GKSS Polymer Institute, Germany.



2. Literature overview

2.1. History of fuel cell

Fuel cell is a device, which can convert one type of energy — chemical -
to another - electrical. First “gaseous battery” or working device, which could
be described as fuel cell, was demonstrated in year 1839 by William Grouve,
and its working principle was explained by Friedrich Wilhelm Ostwald. There
were a lot of scientists interested in one or other aspect of fuel cell technology
[4-7], but development was very slow during next 100 years. Only during 1930s
scientists returned to the topic, mainly, due to space conquest, hydrogen energy
and global ecological situation on Earth.

During development of fuel cell technology several types of fuel cell
emerged, each having own field of applications with appropriate advantages over
other types.

First polymer electrolyte membrane FC (PEMFC) was demonstrated in
1960 by General Electrics (USA). Ten years later E.I. du Pont de Nemours &
Company — nowadays DuPont, ASV - company’s worker Walther Grot presented
his new polymer [8, 9], but in 1975 it was patented as Nafion® , which is even
now one of the best polymer for low temperature fuel cells. Because this company
dominates market, developing or buying patents, it uses it’s nearly monopoly to
keep price for the Nafion® at around 1500 USD per 1 m? [10], and together with
cost of some other parts it makes energy cost from PEMFC quite high.

2.2. Parts of fuel cell

Fuel cell working principle allows to avoide the limitations put by heat and
mechanical work, e.g. according Carnot cycle. Another advantage is reaction
product (clean water), which are not poisoning environment. FC schematically
is commonly represented by its membrane-electrode assembly (MEA) and gas
diffusion layer cross-section (Fig. 2.1). Real size of such an element typically
is below few millimetres, but due to active surface’s area size resulting power
density can reach 1 W/cm? and open chain voltage up to 0.7 Volts.

Simplified explanation of the working principles of fuel cell is following:
fuel (hydrogen) is brought to anode side, where is decomposed into proton and
electron on catalyst. Membrane is insulator for electrons, but conductive for
protons, this makes it possible to divide charges and voltage difference between
electrodes arise.
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Fig. 2.1. The cross-section of fuel cell [11].

When electrical circuit connects anode and cathode, electrons are moving
to cathode performing particular job. On the cathode side oxidant (oxygen),
protons and electrons produce water; these processes are described by following
reactions:

Anode H, >2H" +2e (2.1)

1 N _
Cathode 5 02 +2H" +2¢ — 1H20 (22)

This and some other processes in fuel cell result in number of requirements
for every part of the system, based on its functions, from which follow certain
criteria to materials and construction of system. For the membrane in FC these
criteria are:

o Proton conductivity;
Electron insulator;
Mechanical stability;
Chemical stability;
Thermal stability;

O O O O O

Water absorption.

2.3. Proton conductivity in membranes

It is necessary to understand proton transport mechanism in membranes
to improve polymer electrolyte. This topic can be divided into two parts: proton
conductivity/transport and influence of membrane's structure on transport
properties.
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Proton conductivity mechanisms in liquid media

In acid water solution proton is bound to water molecule and exists as
hydroxonium ion H,O*. The proton mobility in such media is considerably
higher comparing with other ions in solution. Potasium ion has the same size
and same charge as hydroxonium, but,their mobility differ about 7 times at 298
°C. It mean that proton transport in water is based on other principles [12-15].

German chemist Grotthuss in 1806 proposed ,proton chain transport
mechanism® to describe ion conductivity in water solutions [16,17]. His idea was
that charge in solution is moving not like hydroxonium, but proton is jumping
from one water molecule to another, when molecules collide. This transport
mechanism explains why size of H,O" ion is not influencing the mobility of
proton (Fig. 2.2) [16, 17].

Fig. 2.2. Schematic explanation of Grothuss proton transport mechanism in solution.

German chemist and physicist Huckel improved Grothuss mechanism in
1928 suggesting the dependence from orientation of water molecules [18]. It
was already the basis to create diffusion theory.

Proton conductivity mechanisms in polymer membranes

Water associated in membranes is divided in two types: molecules interacting
with sulfonic groups (SO,H) of polymer (e.g. Nafion), and molecules far enough
from polymer side chains to behave like free bulk water [19-22]. Important
is the number of water molecules around SO,H as it was shown during water
absorption modelling in Nafion memebrane [23]. When there are 3 molecules
of water, the proton has chance to spontaneously dissociate; when number of
water molecules increases till 6, the full proton dissociation from sulfonic group
is expected.

The surface water in polymer connected with sulfonic groups is described
with higher proton activation energy, resulting in slower transfer rate. The
density of sulfonic groups on the surface of pores in polymer and the structure
and size of pores define proton transition from surface water to bulk water in
pores [24]. Increasing the amount of absorbed water in polymer, the pore size
also increases leading to dominating the proton transport in bulk water.
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Polymer membrane’s structure

In 1960s the the first model appeared that at least partially explained proton
transport mechanisms in polymer membrane: Eisenberg model [25]. According
to this theory two types of structures exist in polymer: in one case negatively
charged ions are gathered in separate regions, in other case negatively charged
ions are grouped in agglomerates or clusters (Fig. 2.3). In Year 1970 Eisenberg
published extended explanation, introducing multiplets, where only several ion
couples are; and clusters, with a lot of ion couples [25].

&\/A \
’Q\/ S l{OC‘V ™ e /
(

\% ¢
? ’ /f
Fig. 2.3. Proton conductive polymer structures [25].

Eisenberg’s model later was developed by Gierke et all. (1977) suggesting
the presence of liquid (water) in clusters with absorbed ions laying foundations
of their cluster network model (Fig. 2.4) [26]. Later Gierke and Hsu (1985)
described the dependence of variations in cluster sizes from the form of ion,
equivalent mass and amount of absorbed water [27].

S0
so; t 80 so, g S0,
so, . 80, S0, .80,
sO, "/ SO, / | 30,
- D -
|10A |40 A 10A WA 104
so;, S0,
' so; i 0, /so;
X so, — Y38
0. " go, SO, 3 S0,
< »
50A

Fig. 2.4. Schematic inner structure of Nafion polymer according to Gierke [27].

New material research methods allowed creating other similar models for
describing solvent (water) absorption and with this process connected changes
in polymer structure, but these models have no great difference to previously
described ones.

Water balance in fuel cell

There are two sources of water in fuel cells: one is reaction product, other -
from humidified fuel gases. Losses mainly are created on the cathode side, where
water is carried away with non-reacting oxygen flow. Balancing processes are
water transport between two electrodes [28, 29]. To describe partial pressure of
water in FC the following equation is used:
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2P,
P ,=—2 (3.1
O 1+ 4.76)

where P is water vapour partial pressure according to index, A is stehiometric
coefficient, which is bounding amount of used gas to needed amount on an
input.

Using formula 3.1 one can evaluate when FC will work without additional
humidification (only on water from reactions) by putting in appropriate values.
According to this data FC working temperature till 60 °C allows system to
function without additional fuel gas humidification by finding appropriate
circumstances as shown in Fig. 2.5 [28].

200
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Fig.2.5. Relative humidity of exit gases of fuel cell dependence on working
temperature in case of stehiometric coeficient 2 and 4 and working pressure
100 kPa [28].

2.4. Current limiting factors in fuel cells

The basic function of fuel cell is to produce electrical current accordingly
energy balance of fuel reactions on both electrodes. Classic model for simple
exothermic reaction determines that there is a potential barrier to overcome for
reactions to happen and resulting energy is depending from difference between
energy levels of the system (Fig. 2.6). In case of small probability for gas molecule
to get necessary activation energy the reaction rate is slow.

To increase reaction rate in FC following possibilities exist:

e To use catalyst,

e To increase temperature,

e To increase electrode area.
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Fig. 2.6. Classic energy diagram for simple exothermic reaction for fuel cell.

All three possibilities are very important for perfect fuel cell, but in our
work the third possibility will be elaborated and discussed more highly, because
resulting energy of any FC depend on number of successive reactions occurring
on interface between electrode, membrane and fuel gas.

Energy factors

Discussing the working principles of FC the basic output is an estimation of
energy balance in the system, or in other words to determine how much energy
could be gained from the system. If FC has no external heating, then the only
source of energy in the system is fuel gas (H, and O,), but products are electric
energy, heat and water (Fig. 2.7).

Mydragen

Energy = 7 \ _ - E“’C“'“"IV"
nergy -
Fuel
——
cell L
—
Oxygen __—" — Viater

Energy - 7

Fig. 2.7. Energy balance of FC [28].

Energy of chemical compound most frequently is described with Gibbs free
energy, or in other words available energy from compound to be able to perform
external work, but without changes in the system’s pressure and/or volume. In
case of FC the external work is connected with electron motion in the outer
circuit.

All reactions in FC can be written with one summary equation:
1
H2+502—>H20 (4.1)

If FC is considered reversible, the Gibbs energy change is equal to work
done both for 1 mole of gas, and electromotive force of FC can be written as
following:
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2,
z-F
where E is electromotive force, Ag, - Gibbs free energy difference, F -

Faraday constant, z — electron number, which are participating in reaction from
1 molecule (for hydrogen z=2).

E= (4.4)

In praxis system’s electromotive force is always smaller then theoretically
possible, because of several processes in FC, which are not considered in
theory: (1) activation loses; (2) fuel and electron transport through membrane;
(3) Ohmic loses in outer circuit; (4) mass transport through membrane and
concentration losses.

Activation losses are describing processes on electrodes, when part of the
voltage is used for electron transport from/to electrode. Second point is reflecting
possibility for part of the fuel to come through membrane during working of
FC without reactions, or case when membrane has some very small electron
conductivity. Ohmic losses are representing well-know phenomena of resistance
towards transport of electrons or ions through crystal lattice and are described
by Ohm law. Because on both electrodes the gas is used during functioning, it
results in pressure drop, and this phenomena generates the above mentioned
fourth type of losses.



15

3. Sample synthesis and experimental methods

3.1. Materials

Nowadays most commonly used polymers for hydrogen technologies
(electrolizers, fuel cells) are Nafion’s family polymers with similar chemical
structures, but they still have several disadvantages, making the search for
new materials actual for scientists also today. The one problem for Nafion
type polymers is dehydration, second - comparably low mechanical stability
at working temperatures (80°C). The dehydration lead to decrease of proton
conducting channels, but low mechanical stability enables possibility of direct
connection between electrodes. As one of the possible alternatives to Nafion
polymer is another class of sulfonated polymers with different skeleton structure
but with same proton conducting mechanism.

Frequently polymers, submitted to sulfonation has one more advantage —
they are commercially available and applied in other branches, what mean that
they are available in sufficient quantities and the price is acceptable.

Poly(aril-ether-keton)s are polymer group with a benzene ring as repeating
molecular unit. Benzene ring is chemically stable in acids allowing the sulfonation
of polymer without structural degradation. This polymer class has excellent
chemical stability, perfect mechanical and thermal propertiesy. Poly(ether-ether-
ketone) (PEEK) has one more property, that contributes to using this polymer
for sulfonation and creation proton conductive polymer: PEEK is hydrophobic.
From large scale production point of view the PEEK has also advantage because
has no fluorine,in his backbone like Nafion. In all conscience the lack of fluorine
can’t be considered as disadvantage because the fluorine increases chemical
stability of polymer.

Poly(ether-ketone-ketone) is comparably new polymer with good thermal
stability and appropriate chemical and mechanical properties to be used in
hydrogen technologies.

In this work several compounds were used, both as reagents in chemical
reactions and as part of samples to be synthesized. All the reagents were purchased
from Aldrich and used without additional processing, excepting poly(ether-
ether-ketone) which was obtained from Victrex. Sulfonated poly(ether-ketone-
ketone) (SPEKK) was synthesed in GKSS (Germany) and used in this research
with their kindly permission, but sulfonated poly(ether-ether-ketone) (SPEKK)
was sulfonated from PEEK by author. Next chemicals and compounds were
used in this work:
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e SPEEK - proton conducting polymer;
e SPEKK - proton conducting polymer, synthesized in GKSS Polymer
Institute with sulfonation degree 63%;
e  Aniline hydrochloride;
e PANI - polyaniline;
e PVDF - polyvinilidenefluoride;
e DBSA - dodecylbenzenesulfonacid;
¢  Organic solvents:
o DMSO - dimethylsulfoxide;
o DMAC - dimethylacetamide;
o NMP - N,N-methylpirolidone;
e  Sulfuric acid
e Phosphorous acid;
e  Peroxide;
e Tron.

3.2. Sample synthesis

We used most of polymers as purchased without any additional processing.
But for several of them additional treatment was necessary to make desirable
polymer samples. One of the reaction, which we used in this work, is sulfonation:
addition of sulfon-groups to polymer chain. Another synthesis procedure is
polymerization, when polymer is created from monomers. Sulfonation reaction
allowed to make sulfonated form of poly(ether-ether-ketone) (Fig. 3.1.)

oo -bt bosotol

SPEEK

Fig. 3.1. Sulfonation reaction for PEEK polymer.

To produce sulfonated forms from aromatic compounds the different
methods can be used, differing only with reagents used:

e Concentrated sulphuric acid;

e Reagents based on sulphur trioxide;

e Acetyl sulphate;

e  Chlorine-sulfonic acid.

Sulfonation reaction is reversible (Ar — elementary unit of polymer chain):

Ar-H + H,SO, <> Ar-SO,H + H,0
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This means that in case when an equilibrium is moved to the right, the
sulfonated polymer is loosing some sulfongroups. Such a change results in
reduced proton conductivity because the number of sulfongroups determines
the factor of proton conductivity mechanism. To control sulfonation degree,
several methods are used:

e  Temperature;

e Acid concentration;

e Time.

Temperature determines the speed of reaction, what means that at higher
temperature more precise should be reaction timing to produce equal results each
time. This is main disadvantage of sulfonation. In our case under “sulfonation
result” we mean sulfonation degree (SD) - the number of repeating polymer
chain units with sulfonic groups (SD = 100% when one sulfonic group belongs
to each polymer chain unit).

According to experimental results published by Nunes group [29] for
poly(ether-ether-ketone) to reach sulfonation degree 50%, the different
temperatures result in different reaction time, for example the 8 hours at 50°
and 40-48 hours at room temperature. In our work we made sulfonation with
sulfuric acid because of reaction simplicity and small number of additional
reagents. Acid concentration should be high, but not 100% (97 - 98%), in other
case polymer is either too stable to react and products of reaction are without
cross-linking. The same is in respect other method, e.g. when chlorsulfuric acid
is used for sulfonation reaction. In our work it was decided to make sulfonation
reaction at room temperature, when average difference in reaction time (till 1
hour) results in very small changes in polymer sulfonation degree. Method was
next: raw polymer is put into sulphuric acid at chosen temperature and kept
steering for required time with the help of magnetic steerer. Obtained solution is
spilt over ice, decreasing the concentration of acid. Now it is possible to filter out
sulfonated polymer because polymer is unsolvable in weak sulfonic acid,.The
reaction product is rinsed in deionised water to get rid of acid excess and then
dried. After all procedures the polymer is ready for preparation of sample.

The simplest method to prepare polymer membrane sample was used:
casting onto glass substrate. The polymer is solved in apropriate solvent,
heated and simultaneously mixed with the help of magnetic agitator. When
homogeneous liquid is obtained, it is cast over clean smooth and horizontally
positioned glass plate, which is kept at chosen temperature. It is recommended
to make experiments ventilated box. After solvent has evaporated, the polymer
layer is obtained on glass, which is rinsed in deionised water and left in it for 24
hours. Then sample is dried in vacuum oven.
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From SPEKK polymer the next four series of samples were prepared with
following composite compositions:
SPEKK:PVDF=100:0 w%;
SPEKK:PVDF=95:5 w%,;
SPEKK:PVDF=80:20 w%;
SPEKK:PVDF=0:100 w9%.
In each series the three composite polymer samples were synthesized with
same composition, for example SPEKK:PVDF):PBI= (80:20):1.

Another aim of this work was to make the sample from composite
membrane, where in-situ polymerization of aniline was performed. In this work
ammonium persulfate is used, and in this case the normalized relation between
aniline and oxidant could be written as follow:

_25Vm
B 2V i

Relation can rewrite taking into account molar weights of both compounds

k

M, ;.= 1285 g/mol; M, =228 g/mol). In this case amount of oxidant
depending on mass of aniline is determined by formula:
m _370-m,y,
oxid 257

Electron conductive or nonconductive forms of resulting polyaniline has
different colours (green and blue accordingly), and composite polymer SPEEK
with aniline has golden colour. It mean that the result of synthesis is clearly
seen from the colour of a sample. To finalises the synthesis, the membrane was
prepared from composite SPEEK + aniline, and placed in distilled water. Vessel
with membrane and water was placed in ice water and steered with the help of
magnetic steerer. Oxidant is slowly introduced to vessel with membrane. After
definite time the membrane is taken out of vessel, rinsed in distilled water and
dried. In case of successful synthesis the composite-membrane sample is obtained
and characterized to get information on material’s structure, composition and
other parameters.

3.3. Experimental analysis

Spectroscopic structural analysis

Infrared spectroscopy is frequently used to analyze composition and
structure of organic compounds, because it allows identifying molecular groups
in compounds, allows to follow the concentration changes of them caused by
changing parameters of synthesis. Because organic compounds consists mainly
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from hydrogen and carbon atoms it is very important to identify not only
composition, but also the positions of selected atoms in molecules. This makes
infrared spectroscopy suitable for analyzing organic compounds: one can get
information not only on molecule’s group rotation and vibration spectrum of
a concrete bound between atoms, but also shows influence of neighbouring
atoms, which are not directly participating in bound, thus giving information
also about the places of atoms. Signal with and without sample is compared and
sample’s spectrum obtained; it is analyzed to get all the needed information on
compound, bounds and interaction using available information on different
compound spectrums from data bases.

During sulfonation of PEEK the one hydrogen atom in -CH_ is replaced
with sulfonic group SO,H. When comparing spectra of PEEK and SPEEK, both
the new peaks and changes in previously observed peaks are observed indicating
the influence of SO3 group,. For SPEEK the most clearly observed changes in
spectrum are:

e C-Cbounds peak at 1490 cm™ decreases intensity and new peak appears

at 1470 cm™ as result of sulfonation of PEEK;

e Peak at 1020 cm™ appears, indicating S=O bound;

e Symmetrical and asymmetrical vibrations of O=S=0O bounds’ peaks

appear at 1080, 250 un 950 cm™.

Furje transform infrared spectroscopy is a method, which is non-
destructive, with good sensitivity and quite fast. In this work Furje transform
infrared spectroscopy is used to ascertain if sulfonation reaction was successful.
Measurements were made at the Institute of Solid State Physics with Bruker
Equinox 55 FTIR spectrometer. Both reflection and transparency methods were
used, because raw polymer PEEK is non-transparent, but SPEEK membrane is
transparent. Spectrum was analyzed to find peaks, connected with changes in
structure caused by sulfonation reaction .

Determination of sulfonation degree

Sulfonation degree is one of the most important parameters for polymers
conducting protons with the help of SO,H groups. Knowing it allows comparing
polymers and results between different researchers.

Two methods: elemental analysis and thermogravimetric measurements
were used in this work to determine the degree of sulfonation. First method was
used for samples synthesized in Germany during my stay there, and were made
in Portugal. Thermogravimetric analysis was done for SPEEK + polyaniline
samples in the Institute of Solid State Physics.

With the help of elemental analysis it is possible to determine the weight
of selected elements in compound. For this measurements the Perkin Elmer,
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model 2400 CHN device was used, and concentrations of hydrogen, nitrogen,
sulfur and carbon in samples determined. This device is based on Pregl-Dumas
method, when sample is burned in pure oxygen till oxidises to CO,, HO, N,
and SO,. Mixture of resulting gases is analyzed by chromatographic column
with detector on it’s end to select gases in mixture. Oxygen amount in sample
was determined using pyrolysis in helium and hydrogen (95%:5%) at 1000 °C
temperature, when all the products containing oxygen are transformed into
carbon monoxide CO allowing to calculate oxygen part in compound.

The following considerations were made to analyze above results and

calculate sulfonation degree:

e Sample is pure with no additives, so all the elements are only from
synthesis result (partially this assumption is proven by nitrogen
concentration);

e 100% sulfonation degree means that there is only one sulfonic group on
each repeating unit of polymer molecule.

After appropriate calculations it was concluded that 100% sulfonation degree
results in 8.7 w% of sulphur. Taking it into account it is possible to determine
the degree of sulfonation using simple equation:

8.7 - 100%
a—>x%
where a is measured amount of sulphur in w%.

Thermogravimetric analysis gives information on mass changes during
heating the sample. It is known, that at 300 °C due to degradation the SO,H
groups are disappearing, this leads to possibility to determine sulfonation
degree. Thermogravimetric analysis method will be described later.

Water absorbtion

Water absorption is important parameter for membrane, because water
amount determines both proton conductivity and mechanical stability. For
example, proton conductivity is explained with mechanism were proton hops
between absorbed water molecules. Mechanical stability of membrane is
connected with changes of geometrical size due absorbed water (swelling up).
In the FC block the membrane is under pressure of fuel gas, therefore unstable
geometrical size and lower mechanical stability are increasing possibility for
membrane to break up.

The simple method is used to measure water absorption in membrane: a
piece of membrane (typically around 1 cm?) is weighted and placed in distilled
water for selected time (24 hours in scientific articles) at either room or close to
working (60°C) temperatures. After 24 hours the sample is taken out of water,
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sweep away excess (non absorbed) water from the surface with the help of paper
towel and weighted once more. Water absorption is calculated accordingly
formula:

end _weight -M membrane

WaterAbsorption =

membrane
Chemical stability or Fenton test

Main reason for degradation of membranes in FC is two chemically active
radicals: peroxyl- (HOOs) and hydroxylradical (HOe»). Another possible reason
for degradation is hydrogen peroxide H,O, arising near at catalyst during
oxygen discharge on anode. When such active compounds are contacting
with membrane, irreversible degradation can be initiated. These processes are
the reason for necessity to test each new membrane material for its chemical
stability against active oxygen compounds mentioned above.

One from most frequently used is Fenton test based on peroxide reaction
on catalyst (iron Fe(II) or titanium Ti(III)):

H,0, + Fé*" — Fe** +-OH + OH~

During Fenton’s test the membrane is put into peroxide H,O, and iron Fe
water solution for 1 hour at 60°C temperature. The weight of sample is measured
before and after and results are compared. If membrane lost weight or is broken
into pieces, then its chemical stability is not very high in the presence of active
oxygen.

Such compounds as SPEEK, which have no fluorine atoms in polymer chai,
has greater risk to degrade because of active oxygen radicals, due to fact that
C-H bound has lower energy then C-F bond. This reason has created opinion,
that no-fluorine polymers are less stable in FC. But real tests in FC with a SPEEK
membrane had shown excellent results that SPEEK membrane can work even for
longer time compareing with Nafion. This one of the reasons, why conservative
scientists are doubting Fenton’s test results as good criteria for determining the
chemical stability of polymer membranes. But nowadays there is no alternative
method to test membrane materials, and because of this Fenton’s test is still
widely used to check chemical stability.

Thermoanalytical methods

Thermogravimetric analysis (TGA) is widely used to determine compostion
and phase changes in different materials (metals, glass, ceramics, polymers and
more):

o Thermal stability;

o Composition;
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o Degradation dependence on temperature and its kinetics;
o Behaviour dependence in some gas atmosphere (e.g. in oxygen);
o  Water or amount of volatile compounds in sample;

and other.

During TGA analysis the variation of mass change from temperature is
measured in controlled atmosphere. Typically TGA devices can work till 1000
°C, there is also possibility to work at temperatures below RT. it is possible to
get more information on degradation,If exit gas could be analyzed (e.g. with gas
chromatography, IR spectra registration device or other gas sensors), then e.g.
what compounds are produced during degradation at certain temperature, that
is frequently used during research of polymers. Changes in mass could appear
for several reasons:

» Mass reduction:

o Degradation - bond between compounds and elements disappear;
o Evaporation;

o Chemical reaction of reduction type (e.g. in hydrogen atmosp-

here);
o Desorbtion;
» Mass increase:

o Oxidation processes;

o Absorbtion.

All this processes can be identified from TGA graphics and allow to
determine material behavior at given temperatures.

Siltums

i Tg E Te iTm

Temperatiira

Fig. 3.2. Sample DSC measurement result with glass transition, crystallization and
melting processes.

Another widely used investigation method for determining material
behavior dependence on temperature is differential scanning calorimetry (DSC).
This method allows to define amount of energy needed to increase sample’s
temperature till chosen value. Such analysis provides information on phase
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transition and reactions in sample, and also helps to estimate sample’s components
compatibility; all this properties are important for organic compounds. Typical
processes in polymer are following: glass transition, crystallization and melting,
all are shown on Fig. 3.2.

In this work TGA analysis was done in ISSP UL with SHIMADZU DTG-60
device in nitrogen atmosphere; DSC analysis was done in GKSS with DSC 204
Phoenix devise in argon atmosphere.

Surface analysis

To analyze surface microscopy was used: scanning electron microscope
(SEM) and atomic force microscope (AFM). First one was used for surface
and cross-section relief analysis, second one for surface relief and potential
measurements.

In this work I used LEO Gemini 1550 VP scanning electron microscope
and MultiMode scanning atomic force microscope (one of the EFM types)
with Nanoscope4 program from Veeco (now Bruker AXS). Samples for SEM
measurements were prepared in nitrogen atmosphere. AFM measurements
were made in room atmosphere without additional controlling of it for all
measurements; also surface phase (PhaseImaging™) was determined during
AFM measurements.

Conductivity measurements

Proton conductivity can be measured with several different methods; in
my work I used alternating current impedance spectroscopy and four electrode
method. First method allows to measure conductivity through-plane, which is
also working direction. Second one is more simple in realization, but proton
conductivity is determined parallel to surface (so called in-plane). On one
side polymers are amorphous enough, so properties are typically isotropic in
all directions. On the other side membrane proton conductivity is dependent
on number of channels available for proton transport, and probability to create
longer channel is lower, so shorter dimension could be favorable.

Alternating current or electrochemical impedance measurements were
made with two electrodes, creating system, which is very similar to membrane-
electrode system in FC (Fig.3.3). To measure membranes proton conductivity
created system is connected to impedance spectrometer Zahner 1M6
(ZAHNER-Elektrik GmbH & Co0.KG). Measurements were made in the interval
of 10 to 10° Hz, impedance value was determined at phase angle ¢ equal to
zero. Measurements results were processed with the help of PC, acquiring both
proton conductivity dependence on temperature and impedance spectra for
better describing of processes.
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Fig.3.3. Cross-section of the two electrode cell for conductivity measurements.

Second method, which was used to determine conductivity of samples, was
four electrode method using BekkTech cell (BekkTech LLC). Main advantage
of this method is comparably easy technical realization: there is no need to
secure good contact between parts’ surfaces, taking into account the fact that
membrane could have some variations in thickness.

B

R

Fig.3.4. Four electrode method’s schema (left) and BekkTech cell (right).

Four electrode measurement’s cell’s body is made of thermostable material
(PTFE), inside four platinum electrodes and platinum strainers are placed
(Fig. 3.4). during measuremets electrochemical potentiostat Voltalab PGZ 301
(Radiometric Analytical) was used, which was providing necessary constant
current, chosen by user via PC program for each concreate cycle. Voltage drop
was determined by DVM850BL multimeter (Velleman Inc.) from the other
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side of sample membrane. Results were treated according to known algoritm to
calculate membranes conductivity or resistivity.

Both methods are determining sample’s conductivity dependence on
temperature, which very well describes material potential in FC membrane
branch. From this information with the help of Arrhenius coordinates it is
possible to calculate charge transfer reaction’s activation energy.
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4, Results

4.1. Research on a new materials for proton conductive
membrane

During my intership at Polymer Institute at GKSS Forschungszentrum GmbH
(Germany) idea occured to improve comparably unknown material poly(ether-
ketone-ketone) (SPEKK) with adding polyvinylidene fluoride (PVDEF). SPEKK
polymer by its structure is similar to SPEEK, which already has shown itself as
a possible Nafion polymer competitor because of the better chemical stability in
FC due to the C=0 bound influence. Because SPEKK is less mechanically stable
compared to SPEEK, it was decided to add another polymer - polyvinylidene
fluoride. PVDF has good chemical stability, small water absorbtion and high
enough working temperature diapazone (at least till 100 °C, precize value
depends on concreate variety). Chemical stability of PVDF is based on the fact
that it is fluoropolymer with high energy C-F bound, making it stable in oxydants
(e.g. oxygen). Results of the synthesis showed neccesity of the third polymer for
stabilizing structure, and for this purpose polybenzimidazole (PBI) was added.
Because SPEKK sulfonic groups are hydrophilic and PVDF is hydrophobic,
which can cause not suffiecient interraction between polymers, PBI could
improove interraction due to having both hydrophilic and hidrophobic parts.
This could be illustrated by structure of the used polymers:
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SPEKK polymer structural formula
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PVDF polymer structural formula
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PBI polymer structural formula

There were 5 composite polymer composition series made at different
temperatures: SPEKK:PVDF=100:0; 95:5; 80:20; 0:100 w%; SPEKK:PVDF):PBI=
(80:20):1.

As a possible polymer for proton conductive membrane in FC also modified
poly(ether-ether-ketone) was investigated.

4.1.1. Water absorption

Results of water absorption for polymers and composite polymers
samples had some difference also in case of same composition due to different
temperatures during casting, so both maximal and minimal value is presented
(Fig. 4.1). Pure PVDF sample’s water absorption is below 3 w%, so it is not
shown.

When samples without and with 5 w% PVDF are compared it is observed
that in case of adding second polymer water absorption increases till about 1.5
times. At room temperature, when water amount is below 60 w%, the difference
is not as dramatic as for 60 °C, which is closer to working temperatures in
FC, when difference is much more significant reaching 40 w%. This means
that addition of 5 w% PVDF to SPEKK polymer is increasing possibility to
mechanical strains be high enough to damage membrane. Positive moment in
this case is fact that casting temperature influence became smaller, so difference
inside composition is not as high as it was.
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Fig.4.1. Maximal and minimal absorbed water amount for membrane samples based
on SPEKK composite polymer.
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When SPEKK and SPEKK with 20 w% of PVDF samples are compared
the opposite tendency is observed: amount of absorbed water has decreased in
composite membrane. Also SPEKK with 20 w% of PVDF is absorbing maximal
amount of water, which is not changing during furtherer time. Pure SPEKK is
continuing absorbing water even after 4 - 6 days, but in slower rate compared
to rate at the start. PBI adding has not caused significant water amount changes,
keeping them inside error gap for the measurements.

Water absorption of SPEEK polymer was measured with the help of TGA and
compared with Nafion (F-212) membrane (Fig. 4.2). Results of this investigation
show that both membranes without placing in water just from atmosphere are
able to absorb about 10 w% of water. When temperature is increased Nafion
membrane is starting to lose water at lower temperatures compared with SPEEK
sample. Increasing temperature further in was observed that Nafion membrane
loses water at greater rate, so already at 100 — 120 °C it has very few water inside
compared to SPEEK.
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Fig.4.2. SPEEK and Nafion samples absorbed water amount results with
thermogravimetric analysis.

From the results of water absorption of Nafion and SPEEK samples it
can be concluded that membrane based on SPEEK polymer is able to work at
higher temperatures while not loosing great amount of water compared with
commercially produced Nafion membrane.

Materials suitable for working at higher temperature are allowing fuel cell
system to work at better efficiency because of higher temperature. Cross-linking
is creating additional bounds between molecules making material’s structure
more stable and allows losing less bounded water.
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4.1.2. Chemical stability

According to Fenton test samples’ mass has changed for both one polymer
samples and composite polymer membranes (Fig. 4.3).
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Fig. 4.3. Results of Fenton test for membranes based on SPEKK.

Taking into account all the typical errors for this method, the following
conclusions could be declared: SPEEK membrane’s mass has not changed; PVDF
and SPEKK membrane with 5 w% of PVDF has increased it’s weight, samples
with 20 w% PVDF mass change is inside error gap, so no significant change
were observed for this type of samples. Based on Fenton test from the two
compositions one was chosen, with 20 w% PVDF polymer, to focus in further
research, because it showed better results.

4.1.3. Proton conductivity

SPEKK and SPEKK with 20 w% PVDF polymer proton conductivity was
determined in two-electrode system, using porous (gas permeable) electrodes,
carbon cloth with catalyst on both sides. Result of the measurements show, that
conductivity is below 20 mS/cm (Fig. 4.4).

Pure SPEKK polymer membrane’s conductivity at lower temperatures is
smaller then composite membrane’s one, but it grows more slowly, and at 80
°C both membrane have about the same value of conductivity. Faster increase
could be explained in different ways, e.g. taking into account water absorption’s
dependence on temperature:

e Due to PVFD hydrophobia water is distributed in more optimal way;

e Due to SPEKK and PVDF polymers weak interaction (this statement
is based on results from DSC analysis and microscopy from sections
to follow) composite membrane has polymer grains, and around grain
borders new water channels, increasing proton conductive channel
number and thus proton conductivity.
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Fig.4.4. Dependence of the proton conductivity on temperature for samples with
composition SPEKK:PVDF=100:0; 80:20 w%.

From conductivity dependence on temperature it is possible to calculate
activation energy for the sample and proton transport processes: for SPEKK
value reached 5.4 kJ/mol and for SPEKK with 20 w% PVDF - 14.7 kJ/mol
(Fig. 4.5).
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Fig.4.5. Arrhenius plot and activation calculations for SPEKK (red) and SPEKK with
20 w5 PVDF (blue) membranes.

Based on this results the hypothesis was proposed to explain different
proton conductivity’s dependence on temperature curve grow rate for pure and
composite samples. Fact that resulting activation energy for proton conductivity
processes for pure SPEKK polymer is about 2.5 times smaller compared to
composite sample, this results in lesser dependence on temperature, because
already at lower temperatures it is sufficient energy to reach maximal proton
transfer rate between water molecules. By adding PVDEF overall activation energy
is higher, but also by this procedure temperature influence is more significant,
what is clearly seen in conductivity behaviour.
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SPEEK polymer membrane’s proton conductivity was determined using both
two electrode and four electrode conductivity measuring methods, which are
giving information about properties perpendicular to surface and in its direction
accordingly. Four electrode method has an easy way to secure temperature
and relative humidity around sample. In case of two electrode method porous
electrodes were used with carbon cloth with catalyst to ensure measurement
possibility, e.g. relative humidity. In both cases during the experiments relative
humidity in measurement chamber was kept at 100%.

In case of four electrode method conductivity is steadily increasing with
temperature; using Arrhenius coordinates this sample could de described with
activation energy of 7 kJ/mol (Fig.4.6).
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Fig. 4.6. Cross-linked SPEEK membrane’s proton conductivity dependence on
temperature in linear (up) and Arrhenius(middle) coordinates and results of
2 electrode method (down).
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As it is seen from measurements results for SPEEK membrane both two
electrode method with information on conductivity in perpendicular to surface
direction and four electrode method with parallel to surface direction are
providing similar results. Measured point divergence from value is inside device’s
error (relative error smaller then 1 %) and to explain this also several points
could be mentioned: membrane’s structure features, temperature’s, absorbed
water amount’s minor fluctuation, e.g. due to evaporation. At lower temperatures
smaller conductivity with four electrode method could be explained by the fact,
that at these temperatures it is not sufficient water to create equal amount of
proton conductive channels. Overall results are close enough to be convinced
that it is possible to use four electrode method to determine proton conductivity
in our membranes.

4.1.4. DSC analysis
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Fig.4.7. Normalized results of the DSC analysis for polymer membrane samples for
temperature from 100 to 250 °C.

Differential scanning calorimetry (DSC) analysis of synthesised samples was
made in the temperature interval 100 - 250 °C, where both PVDF polymer crys-
tallization (170 °C) and SPEKK polymer glass transition (169 °C) are happening.
For easier comparison all the curves were normalized, because crystallization
of PVDF polymer has higher energy compared to the observed one for samples
with SPEKK polymer. From the curves following facts are noticed:

» Pure PVDEF polymer sample has well-observed exothermic crystallization

maximum at 170 °C;
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» Pure SPEKK polymer sample has glass transition at 169 °C;

» Composite polymer membranes from SPEKK and 20 w% PVDF and
SPEEK with 5 w% PVDF prepared at 90 °C have both phase changes
(crystallization and glass transition);

» Composite membrane from SPEKK with 5 w% of PVDF prepared at
105 °C has more complicated behaviour representing processes in the
sample.

4.1.5. Microscopy of the surfaces

According to results of scanning electron microscope observed surface
of composite membranes has spherical objects, which are identified as PVDF
polymer. At smaller concentration of PVDF (5 w%) these spherical objects have
greater diameter, but its number is smaller. When 20 w% of PVDF polymer
is added to SPEKK diameter is decreased, but number at surface is increased
(Fig.4.8).

(a) (b)
Fig.4.8. Membranes’ surface (a) SPEKK:PVDF=100:0; (b) SPEKK:PVDF=95:5
(sintezéts pie 90 °C); (c) SPEKK:PVDF=0:100 w%. (Increased 5000)

When membrane samples’ cross-section was investigated by SEM (Fig.4.9)
it was concluded that SPEKK has very small grains (about 0.05 pm) in its
structure, PVDF at the same time is observed in grains with the diameter at
least 0.5 pm. When samples with different amount of added PVDF polymer (5
and 20 w%) are compared, it was concluded that higher PVDF polymer content
is resulting in more homogeneous distribution. Also differences of PVDF grains’
structure were noticed: closer to spherical ones are observed in samples with 5
w% of PVDE, but in case of 20 w% additive of PVDF form has larger dimension
in one direction. This fact could be explained with different polymerization from
solution. Also grain structure in case of 20 w% PVDF is more dense, which well
corresponds with water uptake results.
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Fig.4.9. Cross-section of a different membranes taken by SEM:
(a) SPEKK:PVDF=100:0; (b) SPEKK:PVDF=95:5; (c) SPEKK:PVDF=80:20;
(d) SPEKK:PVDF=0:100 w% (Increased 50 000).

For better understanding the influence of conditions during solvent
evaporation on structure also composite SPEKK:PVDF=95:5 w% membrane
synthesized at 105 °C was analyzed (Fig.4.10). Cross-section’s surface of these
samples is less unified and less homogeneous, reflecting fast solvent evaporation
which produced such structure. This allows to make a conclusion that
temperature of 105 °C compared to 90 °C is too high to produce membrane of
a good quality and solvent is evaporating too fast, not allowing polymers to get
adopted to new situation.

Fig. 4.10. Surface (left) and cross-section (right) of SPEKK:PVDF=95:5 w% polymer
membrane’s sample, which is made at 105 °C (Increased 5000).
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To improove composite samples quality and make it less dependent on
producing conditions it was decided to make another serie by addind small
ammount of third polymer — PBI, which due to its structure is a candidate to
improve compatibility. Trhee polymer samples were synthesised at two different
temperatures: 60 °C and 100 °C and morfology was investigated with the help
of SEM. Results of this investigation for samples synthesised at 60 °C show
the same structure as two polymer samples synthesised at temperature below
90 °C, but 100 °C are very close to two polymer samples synthesised at higher
temperatures (till 120 °C).

Fig. 4.11. Results of SEM microscopy of a composite samples of a three component
sample prepared at 60 °C: surface (left) and cross-section (middle and
right).

Results of this measurements show that adding PBI polymer is resulting in
concentration of PVDF polymer near to the surface of the membrane (Fig. 4.11).
Synthesis temperature (60 °C and 100 °C) has no significant influence on three
polymer morfology, main difference is in fact that lower temperature is resulting
in slightly bigger grains of PVDF and near surface this polymer has porous
structure, but at higher temperatures segregation of composite membrane’s
polymers in layers is more significant.

For analysis of the synthesised membrane’s surface also another type of
microscopy was used — atomic force microscope. Theoretical advantage of
this method is possibility to investigate surface at higher increase rate and
provides more detailed information on different phases. AFM results of surface
investigation for pure SPEKK show small fluctuation in highth and phase, in
last one difference is about 5°, which means that material is homogeneous. For
sample with PVDF changes in both diagrams are much more significant: for
heighth it reaches 600 nm, but for phase - 20° (Fig.4.12). from the analysis of
the results of measurements it can be concluded, that places with maximum
heighth also have maximum phase difference and are assosiated with PVDE.
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Fig.4.12. Surface images from AFM microscope for SPEKK (up) and composite
membrane from SPEKK with 20 w% PVDF. Left side is relief, right phase.
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Fig.4.13. AFM images of SPEKK with 20 w% of PVDF composite membrane: surface
profile (left), phase (middle) and surface potential distribution (right).

Investigating with the help of AFM surface potential of a composite
polymer sample from SPEKK with 20 w% of PVDF on surface potential image
(Fig.4.13, right) some areas are identified like SPEKK polymer, but on surface
and phase images these places are identified like PVDF polymer. Main problem
with measuring surface potential is that resulting image of the two polymers
composite sample has comparably low contrast, typically reaching 0.1 — 0.2 V.
This can be esplained with the fact that polymers dissipate charge, meaning that
interraction between polymers is quite significant. But even with uch a contast
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surface potential could be used to determine polymer structure in a layer near
surface in case of lack of other methods.

4.1.6. IR spectroscopic measurements to determine sulfonation of polymer

Infrared spectroscopy was used to determine if sulfonation reaction was
succesful for membrane material synthesised from PEEK polymer. For this
purpose both polymers were investigated: PEEK polymer to have spectra berofe
reaction and resulting SPEEK polymer to compare results. Because PEEK is
solid untransparent polymer it was decided to use refraction method of infrared
spectroscopy, and spectra were obtained with the help of collecting and avereging
method. Sulfoanted form of PEEK was taken as membrane, that is transparent,
allowing to use light signal transparency method. Due to different method
relative spectra intensity can't be compared and spectra were normalized for
better interpritation (Fig. 4.14).
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Fig.4.14. Refractive/transmittence infrared spectra of SPEEK and PEEK polymers.

In our work we observed several peaks, paying more attention to C-C
bond and its spliting into two peaks due to the influence of S=O bond after
sulfonation of PEEK. For PEEK polymer at 1092 cm™ peak in oscilation spectra
was observed most probably representing ketone structure, because at this wave
length C-C-C bond defirmation and C-C or C-(CO)-C valence oscillations are
observed for this type of compounds [30].

Also successful sulfonation could be identified by new peaks in oscillation

spectra, which represent new bond, which were created during sulfonation
process representing sulfonic group.
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4.1.7. Determining sulfonation degree with the help of elemental analysis

Degree of sulfonation is describing amount of repeating units of the polymer
have sulfonic group. Sulfonation degree was determined by elemental analysis,
which is allowing determining amount of some elements in compound (Tab.4.1).
Measurements were made for one SPEEK polymer sample in different places.

Tab.4.1. Distribution of the elements in samples (in percents).

Sample Carbon (C) Hydrogen (H) Sulphur (S)
SPEEK 1 63.36 3.67 4.85
SPEEK 2 63.66 3.62 4.83
Average 63.51 3.64 4.84

Typically sulfonation degree is determined by using sulphur and carbon
relation, because sulphur is the element, which is introduced into compound
by sulfonation. For purpose of getting to proportion it is needed to calculate
theoretical distribution of the elements in case of sample with 100% sulfonation
degree. To do this number of the atoms of each type is calculated, then atomic
mass for each type is taken and overall mass of an element in compound
calculated, and then distribution in percents is calculated (Tab.4.2). Next step is
to use simple proportion to calculate sample’s sulfonation degree:

Tab.4.2. Distribution of the elements in SPEEK polymer with 100% sulfonation

degree.
Element | 1 atom mass, g/mol Nuarz)lzte;rs of Mass, g/mol Percenrtnl:;jrz A)overall
H 1 12 12 3.26
C 12 19 228 61.96
(0] 16 6 96 26.09
S 32 1 32 8.70
Kopa 368

According to calculations it is clear, that our SPEEK polymer has sulfonation
degree of 56%, which was also awaited for this method as it was previously
published for this synthesis method.

4.1.8. Conclusions

In research of membrane materials two proton conductive polymer
materials were in focus. Based on SPEKK a polymer membrane sample has
shown significant diversity in results and its repeatability; during synthesis
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conditions play great role, especially temperature. Several samples of SPEKK
polymer membranes showed good results, but at the same time others had
opposite results even though both were synthesized at same conditions, making
us not to continue research of this polymer.

Some of the composite samples cross-section microscopy showed possible
usage of this material as porous structure for filtering of the hydrogen from
complicated gas mixtures, e.g. biogas, which would have great influence on
turther development of the hydrogen technologies.

SPEEK polymer membranes” samples showed good repeatability and better
proton conductivity, which made us to decide to continue research with polymer
and synthesize electrode material with mixed conductivity (both electron and
proton) to be used in fuel cells.

4.2. Research on a new electrode material for membrane-
electrode assembly

For the electrode in fuel cell material is needed which partly has the same
properties as material for proton conductive membrane, e.g. chemical stability,
proton conductivity. Also some more properties are required, which are
representing difference in functions between electrode and membrane: electron
conductivity, influence on catalyst (because electrode also is catalyst — platinum
or other - carrier). Both similar and different requirements are needed to divide
protons and electrons in material for systems (fuel cell) functioning and well
explaining its main functions. Another important criterion for electrode is good
contact with membrane to secure proton transfer from electrode to membrane.

Innovation of this work is to produce electrode material on the base of
the membrane’s one. This would create similar structure and could establish
better contact between the two parts; also this would allow creating method of
connecting both parts without pressing them together.

Based on the previously observed results of the investigation of proton
conductive materials for membranes in was decided to choose SPEEK polymer
as proton conductive material. Electron conductivity would be created by adding
polyaniline (PANI), which has an electron conductive form and also reported
to have good influence on catalyst properties. In this work 3 methods different
methods were used to produce original electron and proton conductive material
for electrodes to improve membrane-electrode system for fuel cells.

4.2.1. SPEEK and polyaniline polymerization in-situ

One of the methods to produce proton and electron conductive material is
to make membrane from SPEEK and aniline hydrochloride and then polymerize
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polyaniline in-situ in its electron conductive form. This method’s advantage is
potential homogeneous distribution of polyaniline polymer in volume, because
during making smaller molecules are used. This also can result in possible
disadvantage: too few molecules in some region could prevent polymerization
and no long-chain polymer would be created and electron conductivity in
volume would be not well-distributed.

To create membrane for further investigation of its properties SPEEK and
aniline hydrochloride were solved in DMF solvent, and then was casted on glass,
letting solvent to evaporate for 3 days at 60°C. Sample was placed in distilled
water for 24 hours to secure no solvent was left, then dried. To polymerize
aniline hydrochloride in electron conductive form of polyaniline sample was
placed in water and vessel with it was kept in ice basin; oxidant solution in
water was slowly added to vessel; and whole system is left for 24 hours. Then
membrane is rinsed in distilled water and dried. In case of successful reactions
its colour is changed.

For this investigation 2 types of samples were created: with 15 and 20
w% of aniline hydrochloride. Water absorption was determined at room
temperature and 60 °C. Adding polyaniline has decreased absorbed water
amount approximately 2.5 times. Also less difference is observed in dependence
on temperature for samples with polyaniline (Fig.4.15), which is explained with
interaction between polymers.
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Fig.4.15. Results of water absorption measurements for SPEEK with and without
polyaniline samples at RT and 60 °C.

Conductivity of synthesized composite (with aniline chydrochloride/
polyaniline) samples decreased greatly compared to pure SPEEK membrane; at
lower temperatures it was not possible to measure conductivity with available
method at all. At 60 °C samples with 20 w% aniline hydrochloride showed
conductivity below 1 mS/cm, at 120 °C reaching 2.5 mS/cm.
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Composite samples with 15 w% aniline hydrochloride showed better results
at temperatures above 100 °C (Fig.4.16). Low conductivity is explained by
interaction between SPEEK and PANTI, which influences number of available for
proton transport SO,H groups.
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Fig.4.16. Contuctivity measurement results (after in-situ polymerization):
SPEEK:aniline hydrocholoride (ANI)=100:0; 85:15; 80:20.
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Fig.4.17. Nyquist’s plot (imaginary and real resistance relation dependence on
frequencies) for pure SPEEK (left) and SPEEK with 15 w% of aniline
hydrochloride (right).
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In impedance spectra for pure SPEEK polymer sample 2 processes are
observed: charge transport via proton overlapping mechanisms and via
mass transport (diffusion). Same type of behavior was observed for material
samples with aniline hydrochloride/polyaniline (Fig.4.17). Small influence on
conductivity for composite material samples could be explained by polyaniline
nitrogen atoms blocking part of SPEEK polymer sulfonic groups, resulting in
both types of conductivity reduction both for “free” water (due to decrease of
absorbed water amount) and “surface” mechanisms of proton transfer (due to
“free” sulfonic group number reduction).

From the results it is clear that this method provide possibility to create
electron and proton conductive material, bet also greatly decreases water
absorption, resulting in dramatic decrease of proton conductivity.

4.2.2. SPEEK and polyaniline without oxidant.

The second method investigated for making of electrode material in this
work was to add polyaniline in non-conductive form (which is available on
the market) to SPEEK polymer. Since sulfonic groups can act as oxidant it is
theoretically possible to create both proton and electron conductive material
from these 2 polymers, reducing number of ingredients during synthesis. But
in this case due to interaction between polymer and oxidation of polyaniline by
sulfonic groups proton conductivity will be reduced. After investigation it was
clear that SPEEK with sulfonation degree of 56% is not sulfonated enough to
produce good results because:

> The colour of sample was blue, which means that polyaniline is in

nonconductive form;

» For composite membranes the proton conductivity is several times

lower compared to pure SPEEK.

4.2.3. SPEEK and aniline with oxidant

The third method was similar to the second one, but during sample
preparation polyaniline (PANI) was transferred to its electron conductive form
and then introduced to SPEEK solution to prepare sample. In this way interaction
between nitrogen atom of polyaniline and sulfonic group of SPEEK is reduced
during formation, allowing lesser decrease of absorbed water amount, increasing
chance to create electrode material with both required conductivities.

At first step of the synthesis solvents of SPEEK and PANI polymer with
oxidant are made separately. This allows checking if polyaniline is in conductive
form already at this stage, without interaction to sulfonic groups. During next
step both solutions are mixed together and mixed with magnetic steerer till
homogenious solution is produced. Then solution from 3 components is casted
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on glass and kept at temperature of 60 °C for approximately 3 days till solvent is
tully evaporated, then it is rinsed and dried. Several series were made for this type
of synthesis: SPEEK:PANI=100:0; 90:10; 80:20; 0:100 w%. Samples consisting of
both SPEEK and PANI during these procedures got green colour, indicating
electron conductive PANI form. Samples with greater (20 w%) amount of PANI
polymer were mainly inhomogeneous; using ultrasound bath didn’t improve
polymers’ solvent quality.

Synthesised polymer samples were investigated for water absorption amount
at room temperature and 60 °C using already described method (Fig.4.18).
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Fig. 4.18. Water absorbtion results for polymer samples with composition
SPEEK:PANI=100:0; 0:100; 90:10; 80:20 at different temperatures (RT and
60 °C).

Synthesized SPEEK with 10 w% of PANI samples are characterized with
average water absorption and increase is observed depending on temperature.
When 20 w% of PPANI are added then water absorption is greatly higher
indicating possible electrode from this material instability in fuel cell system.

Due to synthesis and water absorption measurement results for conductivity
investigation only samples with 10 w% of PANI were selected.

Electrode material with 10 w% of PANI samples conductivity is about
4 times smaller compared to samples from pure SPEEK (Fig.4.19). This is
indicating smaller interaction between SPEEK polymer’s sulfonic groups and
PANI polymer’s nitrogen atoms compared to samples with in-situ polymerization
of aniline hydrochloride due to the impact of oxidant.
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Fig.4.19. Conductivity measurements’ results for SPEEK:PANI=100:0; 90:10 samples.
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Fig.4.20. Nyquist plot for synthesized electrode material samples at 100°C (top) and
70°C (bottom).

Impedance spectra for composite electrode material samples had differences
depending on temperature. At higher temperatures two areas are observed: one
is looking like greatly deformed semicircle (at higher frequencies, at left side of
Nyquist plot), other one is typical for diffusion and influence of the measuring
system (Fig.4.20, top). At lower temperatures in impedance plot 3 parts could
be identified: at low frequencies diffusion type of transport, then at middle
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frequencies deformed semicircle and at high frequencies some fragment for other
process. The third part could be identified as indicating electron conductivity
because:
» Process is placed in high-frequencies, which is typical to electron
transport;
» Process appears in case of lower temperatures, when proton transport is
less significant.

Activation energy for pure SPEEK membrane is ~6.7 kJ/mol, but for
electrode material samples it reaches 11.8 kJ/mol. When two points at the
lowest temperatures are not taking into account SPEEK polymer samples have
activation energy ~4.1 kJ/mol. In plots of samples from SPEEK with 10 w% of
polyaniline several parts could be identified. At lower temperatures activation
energy is well-approximated with linear approximation with activation energy
23.2 kJ/mol, other points are described with activation energy 11.4 kJ/mol
(Fig.4.21).
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Fig.4.21. Conductivity dependence on temperature in Arrhenius coordinates for
pure SPEEK (left) and synthesized electrode material with composition
SPEEK:PANI=90:10 (left and separately right).

For the material consisting of SPEEK and PANTI it is necessary to take into
account interaction between groups of both polymers, which often results in
available for proton transfer sulfonic group decrease and water pore size decrease.
Using oxidant is improving situation: it is showed by several measurements, e.g.
by decrease of activation energy from 77 kJ/mol to 11 kJ/mol just by adding
oxidant.

4.2.4. Conclusions
Studies of synthesized composite electrode materials show that:
» Composite from SPEEK polymer with aniline hydrochloride:

v PANI is created in electron conductive form during polymerization
process;
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v

Water absorption ability is greatly decreased and has very weak
dependence on temperature;

Proton conductivity is greatly decreased, and only at temperatures
above 100 °C the samples with 15 w% of aniline hydrochloride have
some increase of conductivity;

No electron conductivity was not observed in impedance spectra.

» Composite from SPEEK and PANI polymers:

v

v
v

SPEEK polymer with sulfonation degree of 56 % was not able to
convert PANI into electron conductive form during their co-
polymerisation;

Following addition of oxidant (acid) to composite polymer didn’t
transformed the PANI polymer fraction into electron conductive
form;

Water absorption capability is decreased;

Proton conductivity is greatly decreased and indicated high
activation energy.

» Composite from SPEEK polymer with 10 w% PANI polymer and
oxidant:

v

v

v

v

v

Synthesis begin with transformation of PANI into electron
conductive form with oxidant;

Homogeneous composite membrane is prepared from solution of
conductive PANI and SPEEK polymers;

Water absorption capability is slightly increased compared to pure
SPEEK polymer;

Conductivity of synthesized composite polymer samples is
decreased, but not as greatly as it was in previous series;

From impedance spectra the mixed electron — proton conductivity
is established for synthesized composite polymer samples.

From these results it can be concluded that to keep some proton conductivity
in composite polymer for an electrode in MEA, it is highly recommended to use
oxidant for PANI polymer protonation before co-polymerisation reaction.
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5. Thesis

KD

* The new proton and electron conductive material for electrode was
recommended and created as polymer composite compound from
sulfonated poly(ether-ether-ketone) and polyaniline polymers to improve
FC's membrane-electrode assembly:

a. New polymer composite proton conductive materials were synthesised
and investigated (SPEKK, SPEKK/PVDE SPEEK with proton
conductivities 17 mS/cm, 16 mS/cm, 24 mS/cm accordingly and SPEKK/
PVDF/PBI). On the basis of research the best material was chosen as a
proton conductive compound for electrode material.

b. Original method is developed to synthesize the composite polymer
material with both proton and electron conductivities from sulfonated
poly(ether-ether-ketone) and polyaniline;

c. The presence of both proton and electron transport mechanisms in
new synthesized composite polymers is shown by electrochemical
impedance spectroscopy and visual observations (colour change).
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