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CHAPTER I

INTRODUCTION

1.1 OVERVIEW

Fuel cell is one of the new promising energy converters that directly transforming the
chemical energy into electricity and offers many benefits including high performance efficiency,
durability and clean energy power. They can operate on wide range of fuels from the gaseous
fuels such as hydrogen and air etc. to the liquid fuels such as methanol etc., while emitting zero
level of pollutants.[1, 2] Based on the type of electrolyte, fuel cells are classified into several
types i.e. polymer electrolyte membrane fuel cell (PEMFC), direct methanol fuel cell (DMFC),
alkaline fuel cell (AFC), phosphoric acid fuel cell (PAFC) etc., however they all consist of an
anode (negative side), cathode (positive side) and electrolyte. Each fuel cell technology has
different advantages and disadvantages, the suitable application need to be considered in various

aspects i.e. operating condition, cost and stability etc.

Proton exchange membrane plays a major role in PEMFC and DMFC systems. Both
systems are similar except that DMFC uses methanol as reactant and directly feed to the anode
instead of hydrogen gas. The polymer membrane serves as electrolyte that provides proton and
electron and also as separator for the two reactants at both electrodes.[3] The polymer membranes
are the important units for producing electrical power. In order to efficiently produce electricity,
the polymer electrolyte membrane of should has high proton conductivity, chemically and
thermally stable, good mechanical property, non-electrically conductive, and inexpensive.
Moreover, the PEM can beis applied under the aggressive conditions; such as automobile
operation, which includes hydrolysis, oxidation, reduction or hydrogenation that can lead to

degradation of the polymer thereby reducing the lifetime of polymer electrolyte membrane.



Current commercial polymer membranes that utilized in PEMFC and DMFC application
are perfluorinated sulfonic acid membranes such as Nafion (developed by Dupont de Nemours)
and Dow membrane (developed by Dow Chemical Co.,Ltd), Flemion (developed by Asahi Glass
Co.,Ltd) etc. These membranes showed high proton conductivity at temperature approximately
80°C and high relative humidity condition while poorly perform at higher temperature (above

80°C) and lower relative humidity due to the dehydration of membrane.

Many researchers studied and attempted to find the membrane material that endure the
fuel cell operation and optimize the proton and water membrane transport properties while
minimize the reactant permeability. Some of the most promising candidates for PEMs are based
on high performance aromatic polymers, i.e. sulfonated polyimides (PI), poly(ether ether ketone)s
(PEEK), polysulfones (PSU) or poly(ether sulfone)s (PES), poly(phenylene oxide) (PPO),
poly(phenylene  sulfide) (PPS), polyphosphazenes, polybenzimidazole (PBI) and
others.Historically, the acid functionalities used in ionomers for PEMs had primarily contained
carboxylic and sulfonic acids. Many sulfonated aromatic polymer systems have been investigated
since they have high operating temperature, good processibility, improving water uptake and

lower cost than perfluorinated membranes.

Sulfonated polyimides have excellent thermal, oxidative stability and mechanical
properties. Many works reported the advantage and disadvantage of polyimide membrane.
Normally, the five-membered ring phthalic polyimides showed poor hydrolytic stability under the
strongly acidic conditions of fuel cell. The hydrolysis of the five-membered ring imide structure
probably led to chain scission (decreased the molecular weight) and then caused the membranes
to become brittle. In comparison, the six-membered ring naphthalic polyimides displayed better
thermal and chemical stabilities; along with the improvement of mechanical strength than
phthalic polyimides. Although their properties were excellent, the synthesis and film preparation

of napthalic polyimides were difficult due to their low solubility in common organic solvents.[4]



Moreover the optimization between the degree of sulfonation and swelling properties were
challenging as well. Basically, to adjust the molar ratio of sulfonated diamine and non-sulfonated
diamine in SPI copolymer could precisely control the degree of sulfonation in SPI copolymer.
However, it was crucial to control the degree of sulfonation, because the high degree of

sulfonation generally led to high swelling ratio.

In place of using sulfonic acid, phosphonic acid is an alternative functional group that
may serve as proton-transporting group in PEMs. Organophosphonic acids (RPO3H2) have two
ionizable acid groups, that depended on the chemical groups, attached to the phosphorous atom,
with having pKal ~1 — 4 and pKa2 ~ 4 — 9 respectively[4, 5] The stronger acid P-OH group
hasthe dissociation constant at the intermediate between those of sulfonic (pKa ~ 1) and
carboxylic (pKa ~ 4 — 5) acids [6-8]. Although phosphonic acids are less acidic than sulfonic
acids, they generally have higher thermal stability [9], which might make the phosphonic acids to
be the attractive candidates for the higher temperature PEMs. [10-15]

Phosphonic acid-containing ionomers had been much less investigation than
carboxylate and sulfonate ionomers [16]. Early works on phosphonate ionomers concerned
chlorphosphonylation of polyolefins andusing organolithium compounds to minimize the
formation of side products from the reaction[17-21]. Lafitte and Jannasch [xx] had phosphonated
polysulfone up to 50% by using direct lithiation in the presence of diphenyl or diethyl
chlorophosphate. Souzy et al.[22] synthesized perfluorovinyl ether monomers containing
phosphonic acid groups that incorporated into the polymer backbones by a free radical
polymerization reaction or directly grafting onto an aromatic ring. Phosphonated
polyphosphazenes have been prepared by using bromination and lithiation reaction in a presence
of chlorophosphonic acid ester.[15, 23] Wu and Weiss [24]prepared phosphonated ionomers by
copolymerization reactions of styrene and vinylphosphonate, followed by hydrolysis to the

phosphonic acid derivative.



In addition to the type of acid groups, the microstructures of the polymer also affect the
properties of PEMs. Various chain architectures and/or morphologies had been considered to
design for PEM materials. These included different copolymer architectures, such as block, graft
and random copolymers. Micro-phase separation between hydrophobic and hydrophilic phase
usually occurs in block copolymers, the hydrophilic part can promote the proton transfer and
sustain the water stability while the hydrophobic backbone can provide durability.[25, 26] Ding et
al. reported that graft-block copolymers, e.g., poly(sodium styrene sulfonate) grafted to a
polystyrene backbone, exhibited the higher proton conductivity than a random copolymer with
the same composition[27]. Lee et al. [28]prepared sulfo-alkylated graft polyimides and found that
the ionomers with the longest side chains had the best durability and chemical resistance. The
SPIs series prepared from 4,4’-ketone dinaphthalene 1,1°,8,8’-tetracarboxylic dianhydride
(KDNTDA) showed the good solubility in aprotic solvent and their cross-linked membrane
improved the mechanical properties and water swelling of PEMs.[29].

In this research, the study and synthesis of proton exchange membrane from
phosphonated polyimide are interested. Since polyimide has excellent thermo-mechanical
properties, and high chemical resistance. The graft copolyimide in this study consists of
hydrophilic phosphonated polyimide and hydrophobic polyimide backbone. The new
phosphonated graft copolyimide series with phosphonic acid units as proton transfer group are
prepared by combination of one step polymerization and lithiation reaction. This method will
enable the proton transfer while maintain high thermal stability of the membrane, while and the
relations between the microstructures of polymer membrane, prepared from different chain

length, the phosphonation level and the fuel cell performance were also investigated.



1.2 The Objective of This Thesis

® To study and synthesis polyaromatic membrane from phosphonated polyimide and

compare membrane properties to Nafion membrane.

To develop novel high temperature membranes with low methanol crossover, while
maintain proton conductivity

To obtain new better membrane properties this utilizes in the proton exchange

membrane applications.

1.3  The Scope of The Thesis

1.

Preparation of the phosphonated graft copolyimide series and developing effective
synthesis methods.

Preparation of membrane from phosphonated graft copolyimide and characterizing the
membrane properties by using different techniques.

Assemble the single cell of a PEM fuel cell using synthesized membrane, and

evaluating its performance.



CHAPTER 11

THEORY

This chapter will briefly review basic concepts that related to this study including
polyimide and its basic property, proton exchange membrane fuel cell technology with some
specific issues on factors controlling its performance i.e. irreversible losses (polarization curve
characterization) and fundamental of electrochemical impedance data analysis etc. and

mechanism of proton conductance in polymer electrolyte membrane.
2.1 POLYIMIDE

Polyimides are one of a step or condensation polymers that generally derived from the
reaction of organic diamine and organic dianhydride or derivatives thereof and its general
structure can be shown in Figure 3-1. [30] The variation in the structure of diamine and
dianhydride monomers has magnificent effected to the final polyimide property. However, most
of polyimides are thermally stable based on stiff aromatic backbones. Generally there are two
methods for polyimide synthesis; two-step method and one-step method. Both methods are

starting from poly(amic acid) formation and following by imidization process.

K Ot

Figure 2-1 General structure of polyimide



2.2 ONE-STEP METHOD-HIGH TEMPERATURE SOLUTION POLYMERIZATION

The one step polymerization is employed for polyimides that are soluble in organic
solvents especially in dipolar aprotic solvents i.e. NMP, m-cresol or nitrobenzene. [31] In this
procedure, the stoichiometric mixture of dianhydride and diamine monomers in a high boing
point solvent are heated and homogeneous stirred at 180-220°C. [30, 31] Under these conditions,
the imidization occurs rapidly at this temperature and the water generated from the reaction is
distilled from reaction mixture along with azeotrope solvent i.e. toluene etc., which added during

the synthesis step. The imidization mechanism of poly(amic acid) are shown in Figure 3-2.

N ﬁ’\“@ 7 /) C-N <\ /w&i S —
e NN T/} —{_I A
COOH (
o + Heat o

Figure 2-2 General mechanism of aromatic imide formation reaction [30]

As shown in Figure 3-2, the amic acid are continuously converted to imide group or
reverted back to diamine and dianhydride, however, this method is generally conducted in the
presence of catalysts i.e. quinolone, triethyl amine or tertiary amine etc. This one step method is
very useful for polymerization of unreactive dianhydride and diamine which cannot form high
molecular weight poly(amic acid) by two-step method. In addition, this method is often yields
polyimide with higher degree of crystallinity than two-step method as well, it was possibly due to

an increase in solubility of monomer in the solvent at high temperature.

2.3  TWO-STEP METHOD [30]

The most common procedure of polyimides synthesis is two-step process. It involves the

reaction of dianhydride and diamine at ambient temperature in dipolar aprotic solvent, such as N-



methylpyrrolidone (NMP), dimethylacetamide (DMAc) or dimethylsulfoxide (DMSO), to form a

soluble, processable poly(amic) acid

The high molecular weight isomeric poly(amic)acid formation is completed within 24
hours or less, depending on monomer reactivity. Since it is fully soluble in the reaction solvent,
the solution may be cast into a film on a suitable substrate. The second step in this synthetic
method is imidization reaction that accomplished by thermal (heating to elevated temperatures),

chemical (incorporating a chemical dehydration agent) or by azeotropic solution imidization.

This method was initiated since 1950’sand continues to be the widely practical way to
synthesize high performance polyimides. Most polyimides are insoluble and infusible due to their
planar aromatic and hetero aromatic structure thus they are usually need to be processed from the
solvent route. On the other hand, the soluble and processable poly(amic) acid intermediates that
are heated to elevated temperatures also facilitate the generation of fully cyclized films via spin

casting in coating procedures.
24 DETERMINATION OF THE DEGREE OF IMIDIZATION][32]

The prominent procedure to assess the degree of imidization of polyimide is infrared
spectroscopy technique. Although there are some overlap bands between chemical functional
group of poly(amic acid) and polyimide, the investigation of the dominant peak of imide
adsorption are still useful determination. The most band that frequently presented and related to

polyimide bond are summarized as following;

® Imide absorption band : at 1780 cm’ (C=0 asymmetric stretching), 1720 cm’
(C=0 symmetric stretching), 1380 em’ (C-N stretching), and 725 em’' (C=0
bending). [33]

® Carboxylic acid band in poly(amic acid) : at 1700 em’ (C=0 symmetric

stretching) and 2800-3200 cm’ (O-H). [33]



® Amide band in poly(amic acid) : at 1650-1680 cm’ (C=0 symmetric

stretching), and 1550 cm' (C-NH) and 3200-3300 cm ' (N-H)[33]

These absorption bands are important for qualitative assessment and confirmation of

imide bond formation.
2.5 PROTON EXCHANGE MEMBRANE FUEL CELLS

Fuel cell is currently developed for new power sources as alternative to fossil fuel
because they have more efficient and environmental advantage including high power density,
reliability, durability and pollution free. A fuel cell is an electrochemical device to convert the
chemical energy to electricity. The polymer electrolyte membrane can be applied for both proton
exchange membrane fuel cell (PEMFC) and direct methanol fuel cell (DMFC) systems. The basic
information for both PEMFC and DMFC is summarized in Table 2-1. This PEMFC is currently

used in automotive, stationary and portable power.[34]

Table 2-1 Summary of basic information for proton exchange membrane fuel cell (PMFC)

and direct methanol fuel cell (DMFC)

Fuel cell Type Operating Efficiency Electric Electrochemical Reactions
Temperature Power
Proton exchange | 60-130 40-60 <250kW | Anode: H,— 2H +2¢
membrane fuel Cathode:0,+4H +4¢ —>H,0
cell (PEMFC) Cell: 2H,+O, — 2H,0
Direct methanol 60-130 40 <10 kW Anode: CH,OH+H,0 —* C02+6H++6e_
fuel cell (DMFC) Cathode: 302+12H++12e- — 6H,0
Cell: 2CH,OH+2H,0+30, —2H,0+CO,

The proton exchange membrane fuel cell (PEMFC) is sometime called as polymer

electrolyte membrane and solid polymer electrolyte membrane. The cross-section of a proton
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exchange membrane fuel cell is shown in Figure 2-3. The membrane plays as a major role for
proton conducting function. On both sides of membrane surface, the catalyst layers are coated by
various techniques including printing and spraying method. Then the membrane is fabricated to
contact with gas diffusion layers (GDL) on both sides as well and this composition is named as
membrane electrode assembly (MEA) which will be applied for set up single fuel cell component

as shown in Figure 2-4.

Proton Exchange Membrane
Anode Cathode

H Air

2
Qutlet Qutlet
Flow Channel & Flow Channel & Anode gath?dT
Current Collector Current Collector ~ Catalyst atalys!

Inlet Inlet Anode: H, = 2H" + 2e
Cathode: %0, + 2H* + 2e — H,0
Gas Diffusion Substrates Overall: H, + % 0, = H,0

{ +

Figure 2-3 The concept of polymer electrolyte membrane fuel cell [2]

The hydrogen gas is fed into anode side of the system while the oxygen, either in air or
pure oxygen gas, is fed into cathode side. Both reactant gases flow through gas channel inlet
(Graphite flow channel) and pass through the gas diffusion layers to the catalyst surface on their
respective sides of membrane. When the hydrogen gas contacts to the noble metal catalyst layer
i.e. platinum (Pt), ruthenium (Ru) etc., the hydrogen is oxidized to form protons and electrons.
The protons pass through the polymer electrolyte membrane and electrons transfer through

external circuit to the cathode side, thereby producing an electric current. At catalyst layer of
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cathode side, oxygen combines with the protons that pass through membrane and electrons from

external circuit to produce water and heat.

[ Copper Current Collector /]

. \ 1
SES L Electrical Insulator

Out Qut

End Plate

Figure 2-4 The single cell of polymer electrolyte membrane fuel cell composition

that used in laboratory. [2]

2.6 THE MEASUREMENT OF PEM FUEL CELL PERFARMANCE

The performance of single cell fuel cell can be determined from;

° Relationship between voltage and current density (or polarization curve)

® Reactant utilization (calculation for gas consumption)

2.6.1 POLARIZATION CURVE-RELATIONSHIP OF VOLTAGE AND CURRENT

DENSITY|[35]

Polarization means the difference between voltages of both electrodes that shifts away
from equilibrium value, leading to an electrochemical reaction. Polarization curves showed
relationship between the voltage changes with current density, which is important data for
depicting fuel cell performance. A fuel cell with good performance should have long current

density range at high cell voltage, which indicating high power output.
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Figure 2-5 A typical polarization curves for a proton exchange membrane

fuel cell (H,/O, cell) [36]

As shown in Figure 2-5, the polarization curve presents three regions, which called as
kinetic limitation (or Activation polarization), ohmic limitation and transport limitation. In the
kinetic part; the cell voltage drops because of the charge-transfer kinetics (O, reduction and H,
oxidation) rate at the electrode surface. In the ohmic part; the cell voltage drop is mainly due to
the internal resistance of the fuel cell, including electrolyte membrane resistance, catalyst layer
resistance, and contact resistance. In the mass transfer part; the voltage drop is due to the transfer

speed of H, and O, to the electrode surface. [36]
° Open circuit voltage (OCV)

Open circuit voltage (OCV) is the cell voltage at condition of zero current (no load and
no power output). In real operation, at an electric current of 0, the cell voltage is less than the

standard theoretical potential (Eo ) of approximately 1.2 V. This ideal value is calculated from

theory

the change of Gibbs free energy (AGO) for overall reaction (both hydrogen oxidation reaction or

HOR and oxygen reduction reaction or ORR) based on standard condition at 25°C and 1 atm. The
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change of Gibbs free energy is —237 kJ/mol (if liquid water is produced) and -228.1 kJ/mol (if

vapor water is produced), the corresponding E° values are 1.23 and 1.18 V, respectively.

theory
These ideal values are never observed in the reality since some reactant gases permeate across the
electrode, for example; H, permeates from anode to cathode while O, permeates from cathode to

anode, where it is oxidized and this can cause the overpotential at each electrode and results in

lower open circuit voltage.
o Kinetic limitation period

Activation polarization is primarily function of temperature, pressure, concentration and
electrode properties. As shown in Figure 2-5, the kinetic loss at cathode (O, reduction reaction) is
much greater than kinetic loss at anode because the oxygen reduction reaction on Pt catalyst is
slower when comparing to the relative facile hydrogen oxidation reaction. The voltage loss in this

period is dominated for resistance of reaction at electrode.
L4 Ohmic limitation period

At the mid-range of the polarization curve, the cell voltage drop is dominantly associated
to internal resistance. This internal resistance is also called ohmic resistance and related to the
electronic resistance and ion transport resistance of membrane and catalyst layer. The electronic
resistance includes the resistance at cell electrode, gas diffusion layer, and contact resistance at
each component interface. However, the losses due to electronic resistance are really smaller than
the losses from resistance to ion transport. In PEMFCs case, the proton (H+) conductance in

membrane and catalyst layer is contributed to the total ohmic resistance.
° Transport limitation period

The transport limitation period are also called as concentration polarization.

Electrochemical reactions at electrode surface involve many steps including mass transfer and
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electrode kinetics. If the mass transfer step is faster, while the adsorption and charge transfer are
slower, the total reaction rate is dominantly determined by the electrochemical reaction kinetics.
However, in the case of slower mass transfer and faster electrochemical kinetics, the mass
transfer rate limits the whole reaction. In other word, the concentration gradient between the bulk
and electrode surface is arisen when the reaction rate at electrode exceeds the rate at which
reactant can be delivered to the active reaction site so the reactant that can reach the electrode
surface is consumed immediately, and the insufficient reactant on the electrode surface can cause

the voltage loss.

2.6.2 REACTANT UTILIZATION (U)

Reactant utilization and gas consumption have a significantly effected to fuel cell
efficiency. Reactant utilization (U) is defined as the ratio between amount of consumed reactant
to amount of supplied reactant while the stoichiometric ratio (S) is the inverse of the reactant

utilization as shown in Equation 2-1 and Equation 2-2 respectively.

V
U = —Leact.consumed. Equation 2-1
Vreact,total
1 :
S= U Equation 2-2

where V is the volumetric flow rate of reactant gas (L/min).

The total required flow rate of reactant gas can be calculated based on Faraday’s Law
(Equation 2-3) since the amount of consumed reactant is directly proportional to the electric
current that generated from the fuel cell system. However, under typically fuel cell operation, the
excess amount of required reactant will be fed to the system in order to keep the utilization value

less than 1.
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Equation 3-3

where N is reactant consumption or product generation rate, mole/s
I is current, A (coulomb/s)
n is mole of electron exchanged per mole of species (equivalent/mole)
F is Faraday constant, 96485 coulomb/equivalent

Remark : The n value of H, and O, gas is 2 and 4 eq./mole respectively

2.7 ELECTROCHEMICAL IMPEDANCE SPECTROSCOPY (EIS) ANALYSIS

An electrochemical system in fuel cell exhibits complex behaviors. Many factors effected
to the fuel cell performance, some factors are directly related while others are dependent. In
addition, some processes that occurring in the cell responded to when cell condition is changed
over a broad frequency range. For example, diffusion processes and charge transfer process
occurs at different time scale (sub-seconds to seconds for diffusion and sub-milliseconds for

charge transfer), their effects are revealed at different frequency range.

In brief, electrochemical impedance spectroscopy is an experimental technique that
measures the AC impedance of circuit element or an electric circuit. For actual electrochemical
system, impedance is applied instead of resistance. Generally, the impedance spectrum of
electrochemical system will be presented in Nyquist and Bode plots which represented the
impedance data as a function of frequency. Some typical Nyquist plots for a fuel cell system are
shown in Figure 2-6. The normal result is presented in a semi-circle shape, with the high
frequency part giving the membrane resistance and the width of semicircle giving the charge-

transfer resistance.
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Figure 2-6 Typical Nyquist plots for fuel cell system [36]

EIS data analysis is generally determined by fitting it to an equivalent electric circuit
model. An equivalent circuit model consists of resistance, capacitances and/or inductances as well
as a few specialized electrochemical elements (i.e. Warburg diffusion element), which produces
the same response as the electrochemical system does when the same excitation signal is
imposed. In the empirical model, each circuit component represents the physical process in
electrochemical cell. The shape of model’s impedance spectrum is controlled by the combination
(parallel or series) and interconnection between electrical elements. The available Z-view
software is a powerful program to fit the spectra and give the best values for equivalent circuit

parameters.

The equivalent circuit contains at least electrolyte resistance, double layer capacity and
impedance of Faradic or non-Faradic process. Some common equivalent circuit elements for

electrochemical system are listed in Table 2-2.
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Table 2-2 Common circuit elements used in equivalent circuit models

Equivalent element Name
R Resistance
C Capacitance
L Inductance
w Warburge

The Randles Cell is a simpliest and most common model of electrochemical interface
model. The equivalent circuit ans Nyquist plots for Randles cell are shown in Figure 3-7. The
circuit includes an electrolyte resistance, a double layer capacitance and charge transfer
resistance. As shown in Figure 3-7, R is the charge transfer resistance of the electrolyte/electrode
interface process, C, is capacitance of double layer at interface, and R is the resistance of the

electrolyte or called as ohmic resistance (R, ). The double layer capacitance is in parallel with

ohm

the charge transfer resistance.

Rs Rp
AN —
Cp
|.._...._

Figure 2-7 The common circuit of Randles Cell [36]

The Nyquist plot of a Randles cell is commonly presented in a semicircle. At high
frequency, the impedance of C is very low, so the measured impedance tends to R or R . At
very low frequency, the impedance of C, becomes extremely high, and thus, the measured
impedance tends to R+ R_. Accordingly, the high-frequency intercept is corresponded to the

electrolyte resistance (R or R ; ), while the low-frequency intercept corresponds to the sum of the

ohm

charge-transfer resistance and the electrolyte resistance. The diameter of the semicircle is equal to

the charge-transfer resistance.
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Figure 2-8 Interpretation of graphical complex plane of impedance data for

an equivalent circuit

2.8 BASIC PROPERTY OF POLYMER ELECTROLYTE MEMBRANE [3]

In order to get effective PEM fuel cell performance, the polymer electrolye membrane

should have these following characteristics.

® High proton conductivity
® [ow gas (specially oxygen) and fuel (methanol) crossover
® Balanced water transport

® High chemical and water stability

Ideally, membrane should have excellent performance in all of these aspects. However, it
is often found that PEMs will generally perform well in some of these areas while performing

only adequately or even poorly in others.

2.8.1 PROTON CONDUCTIVITY[34,37]
The ability to conduct protons through membrane is key parameters of a PEM. This

parameter is intimately associated to acid and water content in the membrane and also affected by
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the strength of the acid, the chemical structure and morphology of the membrane, and

temperature. The proton conductivity is calculated from Equation 2-4.

Equation 2-4
Where O is conductivity (S/cm), L is membrane thickness (cm), A is electrode area

(cm2), and R is resistance (Q).

Water is a good proton conductor. Transport of proton or cation in solution usually
consists of a solvated cation diffusing through a solution. In addition to the vehicular transport
(Figure 3-9) of larger solvated cations, protons also move through solution via structural
diffusion. This can be visualized as a chain mechanism in which protons are passed from one
water molecule to its neighbor so that it appears the protons are migrating through the solution.
This structural diffusion has also been called the Grotthuss mechanism (Figure 2-9).
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Figure 2-9 The vehicular mechanism (up) and Grotthus mechanism (down) for

proton transportation. [38]

In addition, the distance between acid groups may effect to proton mobility. With protons
mediated via positively charge species between acid groups, it is expected that larger distances
between these tethered counter-ions will require greater energy in comparison to shorter

distances, thus leading to lower mobility in the former case. This is schematically represented in
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Figure 2-10. Furthermore, the mobility of the proton is also affected by the degree of dissociation

and its relationship to water content in membrane.

: i 2 = S o = S & &
(@) (b)

© =-SO;H

Figure 2-10 Proximity of neighboring acid groups within an aqueous channel. Distance

between acid groups in (a) is greater than in (b). [39]

Other important factors that control the proton conductivity are polymer microstructure
and morphology. The formation of hydrophobic and hydrophilic domains in membrane strongly

relates to proton transport as expectation.

2.8.2 10N EXCHANGE CAPACITY AND WATER UPTAKE

The ion exchange capacity value can tell the content of acid group in polymer chain The
effect of acid content on conductivity is normally plotted as Figure 2-11. The proton conductivity
strongly depends on acid content for all PEM especially in sulfonic acid containing polymer
membrane; It is not surprisingly found that the conductivity is dependent upon proton content.
For example, as shown in Figure 2-11, the proton conductivity increases with increasing of IEC

value for all membranes.
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Figure 2-11 The Plot of Proton conductivity as a function of IEC value for ETFE-g-PSSA,

BAM membrane, SPEEK and Nafion [39, 40]

In general polymer electrolyte membrane, the hydrophobic segment of the polymer is
incompatible with the hydrophilic segment of acid group and results in phase separation. When
the membrane is exposed to the water, the hydrophilic domains swell and yield proton transport
channel. For example, the graphic of micro-phase separation and water channel in Nafion and

SPEEKK was reported as shown in Figure 2-12.

A smaller characteristic separation length with a wider distribution and a larger internal
interface between the separated hydrophilic and hydrophobic micro-domains is corresponding to
a larger average separation between neighboring acid sites. In general, it can be seen that the
water-filled channels through SPEEKK membrane, which proton transport is thought to occur,
are narrower than those in Nafion, as well as exhibiting greater degrees of branching and dead
ends and less separation between the channels. This leads to a more complex pathway for proton

conduction in SPEEKK versus Nafion.
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Figure 2-12 Graphic of microphase separation in Nafion and SPEEKK. [41]

2.8.3 METHANOL PERMEABILITY

Generally, methanol crossover is a major problem in direct methanol fuel cell
(DMFC), MeOH permeating from the anode compartment through the membrane to the cathode
compartment. The decrease of the cell efficiency due to the reactions and depolarization of
permeated MeOH with oxygen at the cathode are issued. The relationship between %sulfonation

and IEC value were reported as shown in Figure 2-13.
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Figure 2-13 Ratios of Methanol to Water uptakes for S-SEBS membranes as

a function of sulfonation degree. [42]

It was reported that the MeOH uptake of the membrane increased with increasing of
%sulfonation. Chemical structure and morphology of membranes significantly affects the solvent
absorption. For grafted or branched polymers, the phase separation exists due to the hydrophobic
segment in polymer; however, a regular clustered structure, has not been proposed for these

materials.

The MeOH crossover rate is closely related to several factors, including membrane
structure and morphology, membrane thickness, membrane acid content, and the cell operating
parameters, such as temperature and MeOH feed concentration. The MeOH crossover rate
decreases with an increase in the thickness and can be reduced greatly by using a membrane with
sufficiently high equivalent weight (EW). [42, 43] Therefore, it may be advantageous to use

either thicker or higher EW membranes to reduce the MeOH crossover rate.

However, the disadvantage is the penalty of higher voltage losses due to higher specific
resistance as a result of thicker and higher EW membranes. The voltage loss is particularly severe

at higher current density operation. Moreover, a thicker membrane means increasing material
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cost. Ideal membranes for DMFC would have no MeOH crossover, but would have some water

transport to the cathode to prevent drying of the cathode catalyst layer.



CHAPTER III

LITERATURE REVIEWS

Fuel cells can be classified into two major groups depending on their operating
temperature: (A) low temperature fuel cells (<200 °C) and (B) high temperature fuel cells
(>450 °C). The proton exchange membrane fuel cell (PEMFC) and direct methanol fuel cell
(DMFC) are one of the low temperature fuel cell that have operating temperature around 60-
90°C. In this chapter, all polymer membrane types that used in polymer electrolyte membrane

fuel cell and direct methanol are reviewed and detailed as following:

31 Current Perfluorinated Membranes

Among the protonconducting membranes, the perfluorinatedmembranes, which have
been developed as ion separators for fuel cells and have showed the characteristic features of
super selectivity, very high thermal stability, and chemical resistance, which cannot be obtained
by the other classes of polymeric membranes. This section provided the literature on
perfluorinated membranes including their historical development, synthesis, and their structural

and proton conductivity characteristics.
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Figure 3-1 General structure and type of perfluorinated membrane [44]
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The perfluorinated polymers or poly(perfluorosulfonic acid) have sulfonic acid groups
which are attached to the polymer backbone as shown in Figure 2-1. These polymers have high
proton conductivity up to 10° — 10" S/cm 'under fully hydrated state and lifetime up to 60,000

hours at 80°C. [44]

The commercial of poly(perfluorosulfonic acid) membranes have been developed in
various series, equivalent weight (EW) and thickness by different company as summarized in

Table 3-1.

Table 3-1 Summary of commercial of poly(perfluorosulfonic acid) membranes [26,45]

Membrane Series Equivalent Thickness Company
weight (EW) (um)
Nafion 112 1100 51 Dupont
115 1100 127
117 1100 178
1110 1100 254
120 1200 260
Flemion R 1000 50 Asahi Glass
S 1000 80 |
T 1000 120
Aciplex S 1000-1200 25-100 Asahi Chemicals

Among these membranes, the Nafion with 1100 EW are most currently used since this
EW provides high proton conductivity, moderate swelling ratio, good chemical resistance and
mechanical properties. Generally, the thinner membranes are suitable for proton exchange

membrane fuel cells since the reduction in ohmic loss can increase stability, while thicker
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membranes (e.g. Nafion 120) are usually applied for direct methanol fuel cells to reduce methanol

Crossover.

Figure 3-2 Illustration of Cluster-network model for the morphology

of hydrated Nafion. [31]

Water is a major carrier for proton conduction in Nafion. Many researchers studied and
proposed the Nafion network model. The fully hydrated membranes presented micro-phase
separation between hydrophobic (fluorocarbon rich) and hydrophilic (sulfonic acid rich) in
domain. The widely accepted “reverse-micelle-like” cluster network model as shown in
Figure 3-2 was proposed since year 1982. All fluorinated membranes in their fully hydrated state,
including Nafion have water uptakes above 15 H,0/SO,H and proton conductivities of 10°-10"
S/cm. However, their conductivity decreases dramatically above 80°C due to the loss of the
absorbed water, which promotes a decrease of interconnection between neighboring sulfonic acid

rich domains within the polymer membrane.

The small-angle neutron and X-ray scattering (SANS and XAXS) techniques were
applied to study the swelling characteristics of Nafion membrane with different water content as
presented in Figure 3-3. [46] The spherical ionic clusters in a dry membrane had original diameter
approximately of 15 A. By increasing the water volume fraction, each spherical clusterwere
swelled and started to connect to neighboring clusters by forming cylinder path when the volume
fraction ranged between 0.3 - 0.5. At the volume fraction larger than 0.5, a structure inversion

occurred and became a “rod-like” polymer network.
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Figure 3-3 Schematic representation of Nafion under different water volume fraction.[47]

In the presence of water, the hydrophilic domain in Nafion is well-connected whereas the
hydrophobic domain serves as a boundary. Water is required to transport protons as illustrated in
Figure 3-4. The proton conductivity of Nafion 115 membrane has reached the maximum value at

approximately 80°C and dropped at higher temperatures because the water is evaporated, the
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temperature of 80 °C is then known as the best operating condition of poly(perfluorosulfonic

acid) membrane. [41, 48]

© :sos
@® : protonic charge carrier

@ :mo0

Figure 3-4 Illustration of micro-sturcture features of Nafion.[49]

From overall disadvantages of poly(perfluorosulfonic acid) like Nafion such as expensive
(600-800 $US/rn2), poor proton conductivity at low humidity or elevated temperature and high
methanol crossover[50], these lead many researchers try to improve and study the alternative

polymer membrane for fuel cell application.
3.2 Alternative Polymer Electrolyte Membrane

Due to shortcoming of Nafion membrane at high temperature, various types of polymeric
materials were studied as alternative membrane for fuel cell application. In the past, there were
many researches on new polymer membranes including modification of Nafion [51]acid-base
polymer blends [52], synthesis of new condensation polymers such as polyimide and other

aromatic polymer materials.

Presently, some of the most promising candidates for PEMs are based on high
performance aromatic polymers, i.e. polyimides, poly(ether ketone)s, poly(arylene ether

sulfone)s, polybenzimidazoles, etc.[1] Advantages of using these materials include;



30

® [ ower cost than perfluorinated membranes
® Composing of polar groups to improve water uptake

® High operating temperature and good chemical stability

This section focused on the research of sulfonation and phosphonation of polymer
materials by gathered all approaches for modification and functionalize of polymer materials. In
addition, the basic properties of sulfonated and phosphonated aromatic membrane especially the

polyimide membrane in fuel cell application were reviewed in this section as well.

3.2.1 Sulfonated polymer membrane
This section described the researches on sulfonated polymer membrane including method
for preparing the sulfonated polymer; (A) Post-sulfonation and (B) Direct copolymerization of

sulfonated monomer, and some basic membrane properties in fuel cell application.

3.2.1.1 Post-Sulfonation
One approach to obtain sulfonated polymer materials is the chemical modification of
available polymers by treatment with different types of sulfonation agents, which namely as

“Post-sulfonation”. In the beginning, the sulfonation was done by dissolving polymer powder in

concentrated sulfuric acid solution and then participated it into water, however the degree of

sulfonation could not be controlled.

Many reports attempted to find the proper method to control the degree of sulfonation
while maintain their basic properties. Treatment of sulfonating agents was used for introducing
the proton transfer sites into existing polymer backbone i.e. sulfonated poly(ether ether ketone) or
SPEEK([53], sulfonated poly (ether ketone ketone) or PEKK, polysulfone. The sulfonation is an
electrophilic substitution reaction which generally occurs at the aromatic ring between the two

ether linkages in PEEK. However, a strong sulfonating agent such as chlorosulfuric acid could
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cause the degradation of polymer materials.The SPEEK with 30-100% sulfonation level were
obtained by controlling the reaction time and concentration of sulfuric acid [54]. The proton
conductivity of SPEEK (structure in Figure 3-5) with 65% sulfonation level was reported about

10" S/cm and start falling at temperature above 60 °C under 100% RH.

{‘H@{:’_@_ &@ {“b**@i Org @%

SPEEK[S3, 54] SPEEKK [55]
T aLa EO,
%@ﬁ O Hﬂu 0
SPEKK (T) [56] SPEKK () [56]

Figure 3-5 Chemical structure of SPEEK, SPEEKK and SPEKK

Post-sulfonation of poly(arylene ether)s which have less ether linkages like PEKK were
more difficult than others such as PEK, PEEK and PEKEKK due to the increase of ketone/ether
ratio of repeating unit. The ketone groups in polymer chain have withdrawn the electron from
aromatic ring and results in less reactive toward sulfonation. The stronger sulfonating reagents
such as mixture of concentrated and fuming sulfuric acid are required for these systems. The
conductivity of SPEKK membrane prepared from mixed sulfuric acid at 80°C is about 0.05 S/cm
and comparable to Nafion 112 (0.06 S/cm). In addition, the methanol permeability in SPEKK

membrane is much lower than Nafion 112.[57]

Exclude the treatment of reagents in sulfuric acid group, the SEBS block copolymer with
28% wt of styrene content was sulfonated by using acetyl sulfate in 1-2 dichloroethane solution.
The degree of sulfonation was controlled by the amount of sulfonating agent.[43] The proton

conductivity and methanol crossover of the sulfonated SEBS membrane sharply increased when
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the degree of sulfonation exceeded 15%mol.In addition, the conductivity of this membrane with
34% sulfonation level was closed to Nafion 117 at the same temperature. Holdcroft and co-
workers developed a synthetic methodology to produce a series of sulfonated polystyrene graft
copolymer by grafting the sulfonated graft chains of PS-g-PSSNa as shown in Figure 3-6 to

polystyrene chain. [27]
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Figure 3-6 The structure of Sulfonated polystyrene graft copolymer[27]

The idea of direct functionalizes of polysulfone(PSU) main chain using metalation or
lithiation techniques were investigated by many researchers.[7,8,58] In year 1986, the PSU was
metalated and carboxylated by reaction with n-butyllithium (1.6 M n-BuLi in hexanes) and
carbon dioxide at room temperature in dry tetrahydrofuran (THF). It was reported that the
lithiated PSU precipitated from the reaction mixture at relatively low levels, and that an uneven
carboxylation occurred. The mechanism of the of the lithiation of polysulfones was explained by
Guiverand co-workers. Based on their reports, the lithiation of PSU was carried out at low
temperature, typically at -78 °C in THF and maintain the low temperature by using a 2-propanol /
dry-ice bath which in contrast of Beihoffer ef al since the higher temperatures resulted in the

precipitation of the polymer which caused by the intramolecular rearrangements.

The direct lithiation of polysulfones using organolithium reagents such as n-Buli is

possible since the electron withdrawing power of the sulfone group gives an acidic character to
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the ortho-to-sulfonehydrogens and allowing their replacement by strong organic bases. In
addition, the lone electron pairs of the sulfone groups stabilize the lithium cations in the form of

complexes (see Scheme 3-1).
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Scheme 3-1 The mechanism of directlithiation of the polysulfone main chain

using n-butyllithium(7]

In another works, Guiver and co-workers [59] reported that lithiated sites of ortho-to-
ether could be accessed via a two-step bromination-lithiation reaction. This bromination pathway
could increase the sulfonated active sites since the reactive substitution positions are located
ortho-to-ether as for the direct sulfonation reactions. Notably, high degree of lithiation (DL)
values can be obtained since ortho-to-sulfone positions may be lithiated when all the bromine

atoms had been consumed (see Scheme 3-2).
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Scheme 3-2 Bromination and lithiation of the polysulfone main chain.[7]

The introduction of sulfonic acid groups into aromatic polymer chain as described above
seems to be unmanageable since the degree of sulfonation and location of acid site could not be
controlled and this post-sulfonation procedure could lead the side reactions. In addition, the use of
inappropriate sulfonating agents can cause the degradation of polymer materials. The sulfonic
acid group presented in the phenyl ring could lead higher chemical stability; however, the
desulfonation process might occur at elevated temperatures and under acidic condition. Another
complication is that directly sulfonated polymers exhibited extensive swelling and lose their
mechanical stability when reached critical degree of sulfonation, or temperature. For example,
directly sulfonatedpolysulfones with a degree of sulfonation of 80% have been found to be water-
soluble at room temperature, therefore the ion exchange capacity (IEC) of the polymers should be

optimized for PEMFC application[6-8]
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3.2.1.2 Direct copolymerization of sulfonated monomers

The direct copolymerization of sulfonated monomers is an alternative interesting
procedure. Degree of sulfonation can be easily controlled by varying the ratio of sulfonated
monomer and non-sulfonated monomer. Many sulfonated polymers were investigated and

prepared by “Direct copolymerization of sulfonated monomers” procedure especially

polyimide and poly(arylene ether)s.

L4 Sulfonatedpoly(arylene ether)s copolymer
The possible structure of sulfonatedpoly(arylene ether)s that obtained from direct
copolymerization procedure are shown in Figure 3-7 and the polymer chain contains both

hydrophilic and hydrophobic domain.
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Figure 3-7 General structure of sulfonated poly(arylene ether)s obtained

from direct copolymerization [26]

The 3,3’-disulfonate-4,4’-dichlorodiphenylsulfone(SDCDPS) is the most
common sulfonated monomer applied for preparation of sulfonated poly(arylene ether)s.

This monomer obtained by sulfonation of dichlorodiphenylsulfone (DCDPS) via 30%
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fuming sulfuric acid and precipitation it in mixture of ice water and diluted NaOH or
NaCl solution as shown in scheme 2-4.[60]
Cl—{: :}—E—‘:: —Cl
‘15
(DCDPS)

50:H:504 | 6h/110°C

S0;H

0}

HO,5§
H.O/ice l NaOH, NaCl
S0,Na
- Q N
:";3035
(SDCDPS)

Scheme 3-3 Synthesis 0f3,3’-disulfonate-4,4’-dichlorodiphenylsulfone[60]

The accurate functional group stoichiometric ratio (between sulfonated monomer and
non-sulfonated monomer is required for direct copolymerization of poly(arylene ether)
copolymers which known as step growth polymerization. The polymer structure shown in

Figure 3-8

SDCDPS Bisphenol A DCDPS

-—

Figure 3-8 Structure of sulfonatedpoly(arylene ether)s obtained from

polycondensation of bisphenol A, DCDPS and SDCDPS[61]

The sulfonated poly(arylene ether)s were obtained in salt form and converted to acid via
hydrolysis process after being cast into film and different degree of sulfonation can be controlled

by varying amount of SDCDPS (disulfonated unit). However, the membrane prepared from 60%
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mole of disulfonated monomer had dramatically increased in water uptake (up to 150%wt) as

shown in Figure 3-9.[61]
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Figure 3-9 Relationship between water uptake and degree of sulfonation of sulfonated

poly(arylene ether)s [61]
The synthesis of polyarylenene thioethersulfone has been reported by Dai et al. [62]The
membrane prepared from polyarylenene thioethersulfone with 40% sulfonation level were proven

to apply in PEMFC application at medium temperature operation. Their mechanical properties

were better than Nafion 112 in both dry and hydrated states. They also showed significantly lower

H, crossover than Nafion 112 at 80°C under 100%RH.
L4 Sulfonated polyimides
Most polyimide membranes in fuel cell application were mainly focused on sulfonic acid
as proton transfer group. Presently, the sulfonated polyimide copolymers have been synthesized
by a direct copolymerization procedure. As mention earlier, the step growth polymerization
requires the accurate stoichiometric amount of dianhydride, sulfonated diamine and non-
sulfonated diamine to control sulfonation level. The copolymerizations are always carried out at

high temperature; as one-step polycondensation in aprotic solvent such as NMR, DMAC and m-
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Cresol etc. The catalysts i.e. benzoic acid or isoquinoline, employed in this system have been
varied while triethylamine is used for converting sulfonated diamine to salt form; this can
increase the solubility of sulfonated diamine in reaction media like m-cresol and yield high
molecular weight polyimides. In this section, the study on sulfonated polyimides including the

essential properties in fuel cell application, which are described as following:

Table 3-2 Comparison of physical properties of sulfonated polyimide with different

sulfonation level and Nafion 117 [63]

Sample IEC Water Uptake Proton conductivity
(mmol/g) (%wt) (S/cm)
Nafion 117 0.091 34.21 0.10
SPI 00 £ 2.41 1.72 x 10-3
SPI 07 0.250 3.24 2.26x 10-3
SPI 16 0.562 4.32 3.52x 10-3
SPI 25 0.844 5.99 3.64x 10-3
SPI 36 1.125 12.65 3.62x 10-3
SPI 46 1.375 14.74 1.11x 10-3
SPI 57 1.625 15.35 3.77x 10-3
SPI 63 1.750 15.89 4.10x 10-3

Woo and co-workers studied the physical properties of SPI membrane with different
sulfonation level and reported in Table 3-2. The SPI membranes based on 3,3°,4,4’-
benzophenonetetracarboxylic  dianhydride (BTDA), 4,4’-oxydianiline (ODA) and 2,2’-
benzidinedisulfonic acid (BDSA) as staring materials have lower water uptake and lower proton
conductivity than Nafion 117 even at higher IEC value. However, they exhibited significantly low

methanol permeability. [63]



Table 3-3 The starting materials for synthesis of naphthalenic polyimides

Dianhydride 322
NTDA
[29, 64-67]
PTDA [29]
0 0
O> BTDA [29]
SulfonatedDiamine HO,S
e S O
0.H
BDSA (rigid) [66,68,69]
HO:S,
H,,NQO%}NH;
0;H ODADS (flexible) [66]
HO,S SOH
BAPBDS(flexible)[29]
H,N NH,

@
HO;S O‘@ SO;H

BAPFDS (rigid,bulky) [29]

39
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Table 3-3 The starting materials for synthesis of naphthalenic polyimides

BSPB (flexible, bulky)

Non-sulfonatedDiamine H,N @FO—QNHI

ODA [64-67]
Hﬁ@O@NHZ
BABP
H,N NH,

oo
@ @ FDA [66,70]

H,N o NH,
C C 3 C i

BAPPS [64,65,70]

The hydrolytic stability of phthalic (5-membered ring) and napthalenic (6-membered
ring) sulfonated polyimide was investigated. [64,65,68,69] It was reported that the 6-membered
ring polyimides showed a better hydrolytic stability in PEMFC application than 5-membered ring

polyimides. Therefore this section focused mainly on naphthalenic polyimides. The naphthalenic-
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based polyimides are generally prepared by one-step polycondensation process at high
temperature from various naphthalenic-based dianhydride, sulfonated diamine and non-sulfonated

diamine as shown in Table 3-3.

Sulfonated diamines are important units for proton conducting polymer since protons
transferred via sulfonic acid sites. BDSA and ODADS monomers were widely used for synthesis
of sulfonated polyimides. When compared between these two sulfonated diamines, that ODADS-
based polyimide membrane exhibited better water stability than BDSA-based polyimide, however
both membranes had similar proton conductivity value. Since ODADS has a flexible ether
linkage which results in good water stability. Besides the flexibility of polymer chain, the water
stability also depends on the basicity of sulfonated diamine as reported by Okamoto and co-
workers. [67, 71]0Okamoto and coworkers studied and classified sulfonated diamine based on
their chemical structures. The sulfonated diamine monomer that has sulfonic acid located at the
same amino-phynyl ring, i.e. BDSA and ODADS, have weaker basicity than other types i.e.
BPABDS, BAPFDS etc. (see structure in Table 2-3) since the electron density of amino-phenyl
ring is reduced by stronger electron-withdrawing sulfonic acid groups. When compared the water
stability of sulfonated polyimide membrane synthesized from different sulfonated diamines, the
BAPBDS-based polyimide exhibited better stability than others and the proton conductivities of
NTDA-BAPBDS based polyimide membranes was comparable to Nafion 117 at lower
temperature (<80°C). However, it had been reported that NTDA-BAPBDS polyimide and
NTDA-BAPBDS/BAPB copolyimide showed higher proton conductivity than Nafion 117 at

50 °C under fully hydrated condition as shown in Figure 3-10.
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Figure 3-10 Relative humidity dependence on proton conductivity for

NTDA-BAPBDS based polyimide membrane at 50 °C [67, 71]

NTDA-Based polyimides containing sulfoalkoxy groups have been investigated,[14, 72,
73]Okamoto and co-workers have synthesized and further studied on the NTDA-BSPB-based and
NTDA-BAPBDS-based SPI membrane. Transmission electron microscopy (TEM) revealed
clearly microphase-separation between hydrophilic (dark region) and hydrophobic (lighter region)
domains and poor connection between hydrophilic parts of BSPB-based SPI membranes as

shown in Figure 3-11. However, it was not clearly observed in BAPBDS-based SPI membranes.
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Figure 3-11 TEM Image of SPI membrane (Cross section in Ag+ salt form)[71]
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Furthermore, this group has reported their proton conductivities and methanol
permeability of the NTDA-based membrane series. The proton conductivies of SPI membrane
were smaller than Nafion 117 at low RH whereas they were comparable to Nafion 117 at higher
relative humidity (>80 %RH). The Arrhenius-type temperature dependence was found in
methanol permeability measurement as shown in Figure 3-12 and SPI membrane exhibited much

lower methanol permeability than Nafion 117.

Figure 3-12 Temperature dependence of methanol permeability for SPI and Nafion 112

membranes at methanol concentration in feed (XM) of 30 or 10 wt.% respectively. [71]

The effect of polymer microstructure on proton conductivity has been investigated.[28]
The membrane prepared from SPI based on DSDSA/FDA/ODA (70/10/20) displayed higher
proton conductivity than Nafion 115 at 140 °C. This was probably due to the flexibility of linear
structure of ODA and the bulky structure of FDA. The bulky structure increased interchain
spacing where the water could be trapped and difficult to evaporate at elevated temperature. Lee
and co-workers confirmed this study by synthesis of grafted sulfonated polyimide membrane with

had different alkyl chain length. The grafted SPI membrane with long side chains exhibited lower
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IEC value than one with short side chains. However, the SPI grafted with long side chain
displayed a large number of water molecules per —-SO,H group, which resulted in higher proton

conductivity.

Even though many publications had reported about sulfonated polymer membrane, the
optimization between sulfonation level and the basic properties such as water uptake swelling
ratio and methanol permeability has been challenged, as well as maintain the proton conductivity

at higher temperature or low relative humidity condition.

3.2.3 Phosphonated polymer membrane

The search for alternative proton-conducting membranes, which are capable at high
operating temperatures, has been widened and increased in the investigation of new alternative
acidic or proton transfer groups that have the ability to facilitate proton conductivity under low-
humidity conditions. These groups include the phosphonic acid and various heterocycles i.e.
imidazole and benzimidazole group. Considerly, polymers carrying these groups have quite
different properties than sulfonated polymers. For example, phosphonated polymers generally
show a higher degree of hydrogen bonding and lower water uptake than their sulfonated moieties
at comparable ion exchange capacity value Moreover, phosphonated membrane have recently
been the attractive candidates for the higher temperature PEMs due to their higher thermal
stability.[12,74] Because the information of phosphonated membranes for fuel cells is less than
sulfonated membrane, this section will focus on some phosphonation reactions, key
characteristics of the phosphonic acid containing polymer and the possibility of phosphonated

polymers for proton exchange membrane fuel cell applications.

Like as sulfonation process described earlier, the phosphonic acid was introduced to
polymer chain by various methodologies; (A) post-phosphonation i.e. acid doping[75], metalation

reaction [8] and chloromethylation [76] etc. and (B) direct copolymerization of phosphonated
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monomers. However, these methods had been less investigated especially in polyimide

membranes.

PI-1.0H,PO,,
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Figure 3-13 FTIR spectra of pure PI and PI-1.0H,PO,[77]

The phosphoric acid doped in polyimide solution and casted into the membrane was a
basic method.The FTIR of the ODPA-DDE polyimide membranes revealed the hydrogen bonding
interaction between —OH group in H,PO, and ~C=O group in polyimide chain as shown in Figure
3-13. It was reported that the hydrogen bond played a major role on proton transportation in this
system, which was different from proton exchange between Bronsted acid (H,PO,) and a
Bronsted base(HP02_4). [75]In addition, the temperature dependence of methanol permeability
was found in this PI-xH,PO, membrane system (E,=10.9-17.7 kJ/mol), however, they were less
sensitive to temperature than Nafion membranes (E,=18.0 kJ/mol).Parcero and co-workers
gathered all effective reactions that applied for introduction of phosphonic acid to monomers or

polymer chains as summarized in Table 3-4. [74]
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Table 3-4 Summary of effective reactions for synthesis of phosphonated polymers

Polymer Reaction or Reactant Reference
L ’ Michaelis—Arbuzov M. Sander (1968)
I . [758]

BT

—— (CF,CF,),CF,CF —

‘ [44]

Copolymerization of
phosphonated

fluorinated vinylethers

S.V.Kotov (1997) [5]

e (‘F?fﬂ I Polymerization of | C.Stone (2000)
phosphonatedvinylstyren | [79]and R. Souzy
POUOLL - e (2005) [80]
; o ) Michaelis—Arbuzov S. Yanagimachi
(2003) [81]
::l:}_ i i
& i Pd catalyst/HP(O)(OEt), | K. Jakoby (2003) [82,
- =
e g ——, s — 831

BuLi/CIP(O)(OEY),

B.Laffite (2005) [8]

It was reported that for phosphonation of polyphynylsulfone, the method like a

Michaelis-Arbuzov reaction was an ineffective whereas an effective one was a system with

presence of Pd catalyst, which yielded 90% phosphonation level of polyphynylsulfone.
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[82,83] Laffite and his co-workers proposed a non-catalytic route for phosphonation of
polysulfone. By direct lithiation of polysulfone with diphenyl or diethyl chlorophosphate, the
biphenyl sulfone segment was functionalized. While the lithiation lead by the bromination can
achieve the phosphonation of the bisphenol A segment in polymer chain. The polysulfone with up
to 50% phosphonation level was obtained from this procedure and the prepared membrane
reached proton conductivity of 0.005 S/cm at 100°C.[8] The high content of phosphonic acid
containing polysulfone are synthesized by the development of post-phosphonation method via
chloromethylation followed by Michaelis-Arbuzov reaction as shown in Scheme 3-4. By this
method, the obtained polysulfone had phosphonation level up to 150% per repeating unit, which
resulted that their membrane had higher water uptake (52%) than other phosphonate polymer
membrane, and reached the maximum proton conductivity of 0.012 S/cm at 100°C under fully
hydrated condition. [76] However, it was about 8 times lower than Nafion 117 as shown in

Figure 3-14.

KOOk

Paraformaldehyde =t
SnCly, (CH3)3SiCl,

Chloroform 56 °C

OO OOk

11y (CPSU)

Heat 140 °C , 8 hours

QP — - —
KOOk
(Et0),(0)PH,C (PPSU-E)

. ¢ reflux in aq. HCI
1OXO OOk

(HO)z(O)PH,C

* NMP, TEP, DEC

(PPSU-A)

Scheme 3-4 Phosphonation of polysulfone via combination of chloromethylation and

Michaelis-Arbuzov reaction [76]
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Figure 3-14 The proton conductivity data of phosphonatedpolydulfone membrane with

various degree of phosphonation and Nafion 117 under 100%RH [76]

The polycondensation of phosphonic acid containing monomers was an alternative way
to produce the phosphonated polymer materials. In general, only few articles can be found.
Miyatake and co-workers functionalized the monomer as described in scheme 3-5 and prepared

the phosphonic acid containing polymers and copolymers from obtained monomers and

bisphenol A.
1. Mg
2. (EtO),PHO Q H,0,
F | F P F —>
ether | CH,Cl,
H
1.K,CO3 aq
9 2. Bul, 16-crown-6 o
F P F F P F
OH CH5CN

OBu

Scheme 3-5 Functionalization of difluoro monomers [14]



49

Poly(arylene ethers) containing phosphonic acid groups were prepared from the bis-
phenol (mixed with bis-phenol A) and 4,4'-diﬂuorodiphenyl sulfone and their structure was

shown in Figure 3-15.
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Figure 3-15 Structure of BPA-based Poly(arylene ethers) containing

phosphonic acid groups [9, 37]

The proton conductivity of phosphonated BPA-based poly(arylene ethers) was
determined about 2.96 x 10" S/cm which magnitude lower than Nafion. Surprisingly, when the
phosphonic acid moiety was larger than 50%, the proton conductivity were not changed or

increased.

From the literature reviews, the sulfonated polyimide has been reported on some
limitations especially in the optimization between the sulfonation level and water stability or
swelling problem. Furthermore, most of polymer membranes have started to lose water above
100°C. These initiated the idea to study the new proton transfer sites like phosphonic acid group
due to its high thermal stability. In addition, it was reported that phosphonic acid could keep more
water than sulfonic acid [84,85]therefore phosphonic acid containing polymer membrane was
expected to retain water and able to transport proton at higher temperature. This motivation leads
to synthesis of new phosphonated polyimide, which shows possible application as proton
exchange membrane in H,/O, or direct methanol fuel cells, and their basic properties will be

discussed in the chapter 5.



CHAPTER IV

EXPERIMENTS

4.1 MATERIALS

The starting materials that used in this study are listed as following;

L] Aniline (Acros Organics)

o n-Butyllithium (1.6 M in Hexane) (Acros Organics)

o Bromine (Br,) (Acros Organics)

o Bromotrimethylsilane (TMSBr) (Acros Organics)

° 3,3’-diaminobenzidine (Acros Organics)

L] 4,4’-diaminodiphenylether (4,4’-ODA) (Acros Organics)
° Diethyl-chlorophosphate (DECP) (Acros Organics)

L] Hydrochloric acid (HC1) (Acros Organics)

L 1.4,5,8-napthlenetetracarboxylic dianhydride (NTDA) (Sigma-Aldrich)
o Sodium Chloride (NaCl) (Acros Organics)

o Sodium Hydroxide (NaOH) (Acros Organics)

L] Triethylamine (Et,N) (Acros Organics)

° Acetone (Fisher Scienctific)

L] Chloroform (Fisher Scienctific)

L] m-cresol (Sigma-Aldrich)

o N,N’-Dimethylacetamide (DMAC) (Merck)
o N,N’-Dimethylformamide (DMF) (Merck)
o Dimethyl sulfoxide (DMSO) (Merck)

L Methanol (Fisher Scienctific)

L] N-Methyl-2-pyrrolidone (NMP) (Merck)
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° 2-Propanol (Acros Organics)

L] Tetrahydrofuran (THF) (Acros Organics)
® 40 wt% Pt/C catalyst (Alfa Aesar)

o Nafion™ solution (Alfa Aesar)

L4 Segracet® Graphite sheet (Ion power)

Most of reagents were used as receive except some solvents such as m-cresol and
tetrahydrofuran (THF), which were purified before use. The m-cresol was pre-dried over
magnesium sulfate (MgSO,) and distilled under vacuum to remove all stabilizers and impurities,

and tetrahydrofuran (THF) was pre-dried over calcium hydride and distilled under inert gas.

4.2 SYNTHESIS METHOD

In this work, the main chain and side chain polyimide were prepared separately and then
both polyimide parts were connected together under basic condition and elevated temperature to

produce graft copolyimide. The synthesis method in each step will be described as follows;

4.2.1 Synthesis of the NTDA -4,4’-ODA-based polyimide main-chain

To a 250 mL three-neck flask, equipped with a Dean-Stark trap and a N, inlet and outlet,
6.01 g (30 mmol) of 4,4-ODA and 100 mL of m-cresol were added. After the 4,4’-ODA
completely dissolved, 8.15 g (30.4 mmol) of NTDA, and 1.46 g (14.4 mmol) of triethylamine
were added and then stirred at 80°C for 4 h, then at 180°C for 16 h and finally at 200°C for 4 h.
The 50 ml of toluene was added during the thermal imidization step. When the reaction was
complete, the reaction mixture was precipitated with 2-propanol, filtered, washed with acetone
and dried at 80°C in a vacuum oven overnight (13.10 g, 92% yield). The polyimide product was

here denoted after as “PI” and its structure was shown in Figure 4-1.
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Figure 4-1 Structure of NTDA-4,4’-ODA-based polyimide — main chain (PI)

where x is number of repeating unit.

4.2.2  Synthesis of the phosphonated polyimides side-chain

The target structure of phosphonated polyimide side-chain was shown in Figure 4-2 and
this side chain was named as “paPI”

@{zzQO@}zz SRt

Figure 4-2 Structure of phosphonated polyimide side-chain (paPI)

o'z "0

where y is number of reperating unit and R, is P=O(OH), unit.

In this step, we studied the two different methods to produce phosphonic acid containing
polyimide or “paPI” by using post-phosphonation method (named as “method A”) and direct
copolymerization of phosphonated monomer method (named as “method B”). Since there are
many reaction steps and intermediate products in this synthesis part, all intermediates were

simply denoted as;

L4 S-A-Series will be used for all intermediate that obtained from post-
phosphonation method.
L4 S-B-Series will be used for all intermediate that obtained from direct

copolymerization of phosphonated monomer method.
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However, the final product that obtained from both methods was expected to have the

same structure as shown in Figure 4-2.

4.2.2.1 Method A — Post-phosphonation method

L Step 1 :Synthesis of intermediate-polyimide 1 (S-A1)

The first step was a polycondensation reaction. To a 125 mL three-neck flask, equipped
with a dean stark trap and a N, inlet and outlet, 2 g (10 mmol) of 4,4'-ODA and 30 mL of m-
cresol were added. After the 4,4'-ODA had completely dissolved, 2.79 g (10.4 mmol) of NTDA,
and 0.88 g (8.6 mol) of triethylamine were added and the solution was stirred at 80°C for 2 h.
Then 0.02 g (0.2 mmol) of aniline was added and the solution was stirred for another 2 h. The
polymer was imidized at high temperature by heating the reaction mixture to 180°C for 16 h and
then 200°C for 4 h. The 30 ml of toluene was added during the thermal imidization step. When
the reaction was complete, the polymer was precipitated with 2-propanol (100 mL), filtered,
washed with acetone and dried overnight at 80°C in a vacuum oven. The polyimide product (S-

A1) was a brown powder (4.53 g, 95% yield) and its structure was shown in Figure 4-3 (A).

L Step 2 : Synthesis of intermediate-polyimide 2 (S-A2)

S-A1 chains were extended by using 3, 3’-diaminobenzidine, which had 4 reactive amine
groups to selectively react with the one group of anhydride end-group of the S-A1l, to produce S-
A2 (Figure 4-3 (B)). The aniline provided the amine non-functional end-group to the S-B1, so
that only a dimer needed to be formed. A stoichiometric molar ratio of 3,3’-diaminobenzidine to
S-A1 and the steric hindrance of S-A1 would restrict the reaction to occur at only 2 amine groups
of the 3,3’-diaminobenzidine. To a 100 mL three-neck flask, equipped with a N, inlet and outlet,
0.04 g (0.18 mmol) 3,3’-diaminobenzidine and 5 mL of m-cresol were added. After the
diaminobenzidine was completely dissolved, 2 g (0.36 mmol) of S-Al in 25 mL m-cresol was

slowly dropped to solution and stirred at 150°C for 6 h. When the reaction was completed, the
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product (S-A2) was precipitated with 2-propanol (100 mL), filtered, washed with acetone and

dried overnight at 80°C in a vacuum oven. S-B2 was a dark brown powder (1.53 g, 75% yield).

L4 Step 3 : Synthesis of intermediate-polyimide 3 (S-A3)

S-A2 was phosphonated by using a 100 mL three-neck flask, equipped with a N, inlet
and outlet. The 1% of suspended S-A2 (1 g, 8.824 llmol) in THF was cooled to -78°C using a dry
ice/2-propanol mixture. Excess amount of n-BuLi was slowly added and stirred for 30 min. Then,
a 200% molar of excess amount of diethylcholophosphate was quickly added and stirred for 3 h.
The reaction was terminated with 2 mL of 2-propanol and the product (S-A3) was precipitated in
2-propanol (100 mL), filtered, washed with acetone and dried overnight at 80°C in a vacuum
oven (0.67 g, 67% yield). The expected structure of S-A3 was presented in Figure 4-3 (C), but
the desired product cannot be obtained. Consequently, it can be summarized that the
phosphonated polyimide cannot be prepared via post-phosphonation method even though all

reagent concentration and reaction time were adjusted.
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Figure 4-3 Structure of all intermediated product that obtained from method A

where y is repeating unit and R, representes -P=O(OEt),
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Figure 4-4 Structure of all intermediated product that obtained from method B

where y is repeating unit and R, representes -P=O(OE(),
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4.2.2.2 Method B — Direct copolymerization of phosphonated monomer

L4 Step 1 : Synthesis of 2,2'-dibromo-4,4'diaminodiphenyl ether monomer

The 2,2'-dibromo-4,4’diaminodiphenyl ether monomer (See Figure 4-4 (A)) was
prepared via bromination of 4,4’-diaminodiphenyl ether (4,4’-ODA). This bromination method
was modified from the procedure reported and Teclechiel and co-workers. [86]Bromine (10 mL,
0.2 mol) was added to 4,4’-diaminodiphenyl ether (10 g, 0.05 mol) in glacial acetic acid (250 mL)
at room temperature. The reaction solution was stirred at 35°C for 5 min and then poured into
cold water (1000 mL). The precipitated product was recovered by filtration and purified by
Soxhlet extraction with an n-hexane/ethyl acetate (6:1) mixture. The product was dried in a

vacuum oven overnight (8.5 g, 85% yield).

L4 Step 2 : Synthesis of intermediate-polyimide 1 (S-B1)

The second step was a polycondensation reaction. To a 125 mL three-neck flask,
equipped with a dean stark trap and a N, inlet and outlet, 2 g (10 mmol) of 2,2'-dibromo-
4,4'diaminodiphenyl ether (from step 1 of method B) and 30 mL of m-cresol were added. After
the 2,2'-dibromo-4,4'diaminodiphenyl ether had completely dissolved, 2.79 g (10.4 mmol) of
NTDA, and 0.88 g (8.6 mol) of triethylamine were added and the solution was stirred at 80°C for
2 h. Then 0.02 g (0.2 mmol) of aniline was added and the solution was stirred for another 2 h. The
polymer was imidized at high temperature by heating the reaction mixture to 180°C for 16 h and
then 200°C for 4 h. The 30 ml of toluene was added during the thermal imidization step. When
the reaction was complete, the polymer was precipitated with 2-propanol (100 mL), filtered,
washed with acetone and dried overnight at 80°C in a vacuum oven. The polyimide product (S-

B1) was a brown powder (4.53 g, 95% yield) and its structure was shown in Figure 4-4 (B).
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L4 Step 3 : Synthesis of intermediate-polyimide 2 (S-B2)

S-B1 chains were extended by using 3, 3’-diaminobenzidine, which has 4 reactive amine
groups to selectively react with the one group of anhydride end-group of the S-B1, to produce S-
B2 (Figure 4-4 (C)). The aniline provided the amine non-functional end-group to the S-B1, so
that only a dimer needed to be formed. A stoichiometric molar ratio of 3,3’-diaminobenzidine to
S-B1 and the steric hindrance of S-B1 would restrict the reaction to occur at only 2 amine groups
of the 3,3’-diaminobenzidine. To a 100 mL three-neck flask, equipped with a N, inlet and outlet,
0.04 g (0.18 mmol) 3,3’-diaminobenzidine and 5 mL of m-cresol were added. After the
diaminobenzidine was completely dissolved, 2 g (0.36 mmol) of S-B1 in 25 mL m-cresol was
slowly dropped and stirred at 150°C for 6 h. When the reaction was completed, the product (S-
B2) was precipitated with 2-propanol (100 mL), filtered, washed with acetone and dried overnight

at 80°C in a vacuum oven. S-B2 was a dark brown powder (1.53 g, 75% yield).

L4 Step 4 : Synthesis of intermediate-polyimide 3 (S-B3)

S-B2 was phosphonated by using a 100 mL three-neck flask, equipped with a N, inlet
and outlet. The 1% solution of S-B2 (1 g, 8.824 [Lmol) in THF was cooled to -78°C using a dry
ice/2-propanol mixture. Desired amount of n-BuLi was slowly added and stirred for 30 min.
Lithiations were expected to occur primarily at the brominated sites located on ortho positions to
the ether linkages, because halogen-lithium exchange is favored over proton-lithium exchange at
low temperature. Then, a 200% molar of excess amount of diethylcholophosphate was quickly
added and stirred for 3 h. The reaction was terminated with 2 mL of 2-propanol and the product
(S-B3) was precipitated in 2-propanol (100 mL), filtered, washed with acetone and dried
overnight at 80°C in a vacuum oven (0.67 g, 67% yield). The structure of S-B3 was presented in

Figure 4-4 (D).
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L Step 5: Synthesis of phosphonated polyimide (final product)

The S-B3 was converted to the phosphonic acid derivative by suspending it in THF (1
2/20 mL), adding a 5% excess of bromotrimethylsilane and then mixing the solution at room
temperature for 24 h. The reaction mixture was then added to a 50% HCI solution in deionized
(DI) water and stirred for 24 h. The hydrolyzed polyimide (S-B4) was then filtered, washed with
DI water and dried at 50°C in a vacuum oven overnight. The structure of final product (paPI) was

presented in Figure 4-2 as mention earlier.

4.2.3  Synthesis of the phosphonated graft copolyimide

To a 250 mL three-neck flask, equipped with a N, inlet and outlet was added an
equimolar amount of PI solution (main-chain) and paPI solution (side-chain) in m-cresol and
stirred at 150°C for 12 h. with the addition of 15 mL of m-cresol to dilute the viscous solution.
The reactions between the two polymers occurred at the two amines that remained after the chain
extension reaction of S-B1. When the reactions were complete, the product was precipitated with
2-propanol (100 mL), filtered, washed with acetone and dried overnight at 80°C in a vacuum
oven. The resulting branched, phosphonated graft copolyimides, denoted as PBPI, were a dark

brown powder with the structure shown in Figure 4-5 .
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Figure 4-5 Structure of phosphonated graft copolyimide (PBPI)
where X, y is repeating unit in main-chain and side-chain respectively

and R, representes -P=O(OH),

The phosphonated graft copolyimide with various phosphonation level and side chain
length were prepared by varying the amount of phosphonic acid unit and degree of
polymerization of paPI. The differences in the amount of phosphonic acid and side chain lengths
of paPI-C were shown in Table 4-1. Consequently, PBPI-1, PBPI-2, PBPI-3, PBPI-4 and PBPI-5

were obtained from paPI-1, paPI-2, paPI-3, paPI-4 and paPI-5 respectively.

Table 4-1 The degree of polymerization (DP) and % phosphonation of phosphonate

polyimide; paPI samples

Polymer Degree of polymerization % phosphonation
(DP)

paPI-1 49 30

paPI-2 99 42

paPI-3 199 55

paPI-4 99 30
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paPI-5 199 30

43 FILM PREPARATION

The blends of PBPI and pure polyimide based on NTDA-ODA with 4:1 w/w was
completely dissolved in m-cresol at 120°C and casted in the clean petri-dishes, and then dried in
oven at 80°C until the films completely dried, yield the fPBPI membranes. Then the films were
peeled from petri dishes by immersing in clean water, the average of 160-180 pum thickness films

were obtained and dried in over at 60°C overnight.

Then, the film surface was hot-pressed at 60°C for 3-5 min to smooth the films with
Carver compression press (Institute of polymer science and polymer engineering in University of

Akron, USA) before use in MEA fabrication step.

Figure 4-6 Carver compression press

44 CHARACTERIZATION AND PROPERTIES

4.4.1 Fourier Transform Infrared

All functional groups in polyimide structure were investigated by using Fourier

transform infrared spectroscopy. The spectra were obtained with a Nicolet 380 FT/IR
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Spectrophotometer using the attenuated total reflectance (ATR) mode and the scanning a spectral

range of 400-4000 cm .

Figure 4-7 Nicolet 380 Fourier transform infrared

4.4.2 Nuclear Magnetic Resonance

The polymer structures were determined by using Nuclear magnetic resonance
techniques. The 'H-NMR and ''P-NMR spectra were recorded by Varion Mercury-300
spectrometers (300 MHz) and Bruker Biospin DPX400 spectrometers (400 MHz). The NMR
deuterated solvents such as deuterated dimethylsulfoxide (DMSO-d,) and chloroform (CDCL,)
were used as reference. The presence of phosphonic acid was confirmed by *P-NMR and %

phosphonation was calculated from '"H-NMR.
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(A) Varion Mercury-300 spectrometers (B) Bruker Biospin DPX400

spectrometers
Figure 4-8 Nuclear Magnetic Resonance Spectrometers

4.4.3 Thermal properties

The thermal properties of all polyimide samples were measured by using
Thermogravimetric analyzer (TA Instruments, TGA 2950) and Differential scanning calorimetry
(TA Instruments, DSC 2920). For TGA, the polymer samples were measured at a temperature
range of 30-800°C under a nitrogen atmosphere with heating rate of 20°C/min to investigate
degradation temperature (T,). For DSC, the polymer were measured at a temperature range of 50—
400°C under a nitrogen atmosphere with various heating rate, starting from 10°C/min to

50°C/min to investigate the glass transition temperature (T g). All samples were dried in a vacuum

oven at 80°C for 24 h before the measurement.

Thermogravimetric analyzer Differential scanning calorimetry

(TA Instruments, TGA 2950) (TA Instruments, DSC 2920)

4.4.4  Solubility
The solubility of all polyimide samples was tested qualitatively by using 10 mg sample in

1 mL of various organic solvents such as m-cresol, NMP, DMSO, DMAC, DMF, Chloroform and
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Acetone. The solubility test was performed at room temperature and elevated temperature

(depending on boiling point of solvents).

4.4.5 Intrinsic Viscosity
Intrinsic viscosity measurements were conducted with a Ubbelohde viscometer at 45°C

in m-cresol

4.4.6 Ion exchange capacity measurement

Ton exchange capacity (IEC) of the phosphonated polymers is determined by back-
titration. The hydrolyzed polymer in the acid form was dried under vacuum at 60°C overnight,
and then a known mass of polymer was neutralized to the sodium salt by soaking it in a saturated
aqueous sodium chloride solution overnight. The neutralization reaction produces H,O+, and the
exchanged solution was then back titrated with a 0.001 N NaOH using phenolphthalein as an
indicator. The IEC was calculated from Eq. 4-1 and reported as the average value from

measurements of three samples.

\'% N .
IEC (meq/g) = ~NaOHTNaOH Equation 4-1
Mpolymer
where vy, and Ny, are the volume and normality of the NaOH solution and

m is the mass of polymer used.

polymer

4.4.7 Water Uptake and Swelling Ratio

Water uptake of the fully hydrated membrane samples was measured by immersing
membrane samples (about 100 mg) into water at room temperature for 3-5 h, and then the
samples were taken out, wiped with tissue paper swiftly, and weighed them. Water uptake (WU)

of the film was calculated from Eq. 4-2:

WU = w x 100% Equation 4-2
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Where W, and W, are the weights of dry and corresponding water-swollen samples,
respectively. The swelling of membranes were measured by the thickness changes, which was

characterized by the following Eq. 4-3.

te = (t:—tg’) X 100% Equation 4-3

S

Where ¢_is the thickness of dry membrane; ¢ refers to thickness of the swollen membrane

in water.

4.4.8 Methanol Permeability

Methanol permeability measurement was carried out using a diffusion cell. Initially one
compartment B of the cell was filled with only deionized water. The other compartment A was
filled with 15 wt.% methanol solution in deionized water. The membrane that had the diffusion
area of 4 cm’ was sandwiched by O-ring shaped Teflon on purpose of sealing and clamped
between the two compartments tightly. This diffusion cell was kept stirring slowly during
experiment. Methanol concentration in compartment A was kept unchanged by feeding from a
reservoir filled with 15 wt.% of methanol solution. The concentration of methanol diffused from
compartment A to B across the membrane was sampling every 10 min for 5 hours. The diffused

methanol in sampling solution was detected using refractive index detector.

4.4.9 Proton conductivity

Proton conductivity was measured using a galvanostatic four-point-probe ac
Electrochemical impedance spectroscopy (EIS) technique, a conductivity cell was made up of two
platinum wires carrying the current and two platinum wires sensing the potential drop, which was
apart 1 cm. The fully hydrated membrane with deionized water during 24 h was cut in 1 cm wide,
4 cm long prior to mounting on the cell. After mounting sample onto two platinum foils on the
lower compartment, upper compartment was covered, and then four bolts and nuts clamped the

upper and lower compartment tightly. The impedance analyzer (PGSTAT, Autolab) was worked
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in galvanostatic mode with ac current amplitude of 0.01 mA over frequency range from 8 MHz to

10 mHz by Nyquist method.

The conductance of the sample was obtained from the alternating-current potential
difference between the two inner electrodes. The conductivity was calculated with the following

equation:
o= I/RS Equation 4-4

Where O is the proton conductivity (S/cm), R is the bulk resistance of the membrane, S
is the cross-sectional area of the membrane (cmz), and 1 is the distance between the counter

electrode and the working electrode (cm).

Figure 4-9 PGSTAT, Autolab

4.5 Fabrication of membrane electrode assembly (MEA) and measurements of Fuel cell

performance

4.5.1 Preparation of Pt/C catalyst /Nafion™ solution (Electrode solution)
The electrode solution was prepared as following steps; Small amount of water was
added to 0.5 g of the 40% (w/w) Pt/C catalyst until catalyst surface was wet to prevent the

catalytic oxidation reaction of methanol. The 6-7 ml of methanol was slowly and carefully
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dropped into catalyst since the combustion reaction possibly occurred in this step. The suspended
Pt/C catalyst solution was sonicated for 45 min and then 2-3 drop of Nafion solution was added

and sonicated again for 45-60 min.

4.5.2 Preparation of Membrane electrode assemblies (MEAs)

Membrane electrode assemblies (MEAs) were prepared as follows; a 40%(w/w) Pt/C
catalyst/Nafion™ solution from Alfa Aersa was used for preparation of the electrodes and
graphite media (Sigracet®) from Ion Power were used for the gas-diffusion layers. The Pt/C
catalyst concentration at the anode and cathode were 0.4 and 0.2 mg Pt/cm’, respectively. The
two 5 cm’ catalysts were air-brushed and then hot-pressed onto the membrane by compression

press at 120°C, 1000 psi for 10 s.

4.5.3 Measurement of proton conductivity

The MEA was kept to controlled condition in a humidifier for 24 h at room temperature
and then the proton conductivities were determined with a Scribner 850e Fuel Cell Station. The
0.2 L/min of H, and air were fed to anode and cathode respectively. Due to short ohmic period in
polarization curve of phosphonated membrane samples, the constant current at 0.2 A was applied
for all membrane samples including Nafion®117. The Impedance spectra were recorded at 10" to
10* Hz in the range between 40 and 100°C and at desired humidity (33%, 54%, 74% and 100%
RH). The proton conductivity was defined as the ratio of thickness to resistance, which

determined from the complex plane or Nyquist plot, and reported in units of S/cm.



Figure 4-10 Scribner 850e Fuel Cell Station
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CHAPTER V

RESULTS AND DISCUSSION

This chapter will discuss on all experimental results starting from characterization of
synthesized polyimide series throughout general properties and especially, investigated and
compare various phosphonated graft copolyimide films’ properties i.e. ion exchange capacity,

water uptake and proton conductivity etc.

51 THE CHARACTERIZATION RESULT OF 2,2°-DIBROMO-4,4’-DIAMINO-

PHENYL ETHER MONOMER

The 2,2’-dibromo-4,4’-diaminophenyl ether monomer was prepared by direct
bromination of 4,4’-diaminophenyl ether in the polar solvent such as glacial acetic acid. The
structure of this monomer was investigated by 'H-NMR technique. There were four different
protons which presented at chemical shift of 0 = 7.264 (d,1.2 Hz, 2H) ppm, 7.082 (d, 1.2 Hz,2H)

ppm, 7.077 (s, 1H), 4.38 (s,4H) ppm and its spectrum was shown in Figure 5-1.
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Figure 5-1 The 'H-NMR spectrum of 2,2°-dibromo-4,4’-diaminophenyl ether in CDCI,

solvent

The bromination of 4,4’-diaminophenyl ether occurred readily in the presence of liquid
bromine. The electrophilic aromatic substitution reaction of the bromination ledthe substitution of
the aromatic ring to the electrophile (bromine) at the ortho- position in order to generate the most
stable carbocation. The carbocation wasstabilized by the resonance structure where the ether
substituent actedas electron donating groups to help the stabilization ofthe intermediate
carbocation. The mono-substitution of bromine on each benzene ring was occurred due to the

controlled molar ratio between 4,4’-diaminophenyl ether and bromine.
52 THE CHARACTERIZATION RESULTS OF OBTAINED POLYIMIDE SAMPLES

Regarding to different synthetic pathways that described in Chapter 4; the direct
copolymerization of phosphonated monomer method (method B) were applied to prepare

phosphonated polyimide side-chain polymer (paPI).
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The preliminary results of "H-NMR showed that the desired phosphonated polyimide
structure was only obtained from method B. The direct lithiation of polyimide with organolithium
reagent i.e. n-BuLi was not succeeded as same as previous reports on introduction of sulfonic acid
to ortho-position of sulfone or ketone group. [6]The self-coupling between lithiated site and other
site in polymer chain was possibly occurred since the intra-molecular reaction is generally more

favor than inter-molecular reaction.

In this study, phosphonated graft copolyimide samples were synthesized via method B as

shown in Scheme 5-1.
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The functional group and structure of polyimide samples, which obtained from
synthesispathway in scheme 5-1 were studied by FTIR and NMR technique respectively and their

results could bedescribed as following;

5.2.1 THE POLYMER STRUCTURE

5.2.1.1 The FTIR Characterization

All polyimide products were purified by acetone soxhlet extraction to remove m-cresol
solvent and impurities. The functional groups of polyimide samples were investigated by using
FTIR technique with ATR mode. In this IR measurement, the band around 2300 —2400 cm-l,

which corresponded to the uncompensated background CO, was not presented. [32]
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1345cm™

(D) PBPI
> (O=)P-OH
2580-2670cm?
(C) paPI
P T
P-O-(C) stretch
( ;gsrin:q —> (P)-O-C stretc
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4 1670cm? C-H stretch .
/ 2980 e (Intermediated PT)
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Wave number (cm™)

Figure 5-2 FTIR spectra of polyimide (A) PI, (B) S-B3 (Intermediated PI), (C) paPI and

(D) PBPI samples

As shown in Figure 5-2, the completion of the imidization step of all polyimide samples
(PI, paPI, PBPI and intermediated S-B3 samples) were confirmed by the absence of carbonyl

peak of anhydride unit in the regions around 1670 cm'and 1740 cm’ and the presence of
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carbonyl absorptions at at 1710 cm’ (asymmetric) and 1780 cm’ (symmetric) in imide unit. In

addition, the C-N-C stretching absorption was observed around 1345 em'.

The S-B3 sample showed three new peaks at 2980 cm ', 1030 cm and 965 cm', which
was attributed to C-H stretching of the ethyl groups, (P)-O-C stretching and P-O-(C) vibration of
phosphonate ester respectively. [14]To avoid ester formation during hydrolysis step, the
bromotrimethylsilane was used under mild condition instead of hydrochloric acid. The
phosphonate ester ((CH,CH,0),-P=0) unit was converted to phosphonic acid ((HO),P=O) unit,
this success could be confirmed by the disappearance of the phosphonate ester absorption band
(2980 cm', 1030 cm and 965 cm ') and the arise of the new bands between 2580-2670 cm’'

which corresponding to —P(O)(OH) unit. [22]

5.2.1.2  The 'H-NMR and "'P-NMR Characterization

Figure 5-3 presented the comparison of "H-NMR spectra of the polyimide (PI), s-B3
(Intermediate polyimide-3), phosphonated polyimide, (paPI), and the phosphonated graft
copolyimide (PBPI). Unluckily, the polyimide samples in this study had poor solubility, which
will be described in more details in next section. Due to their poor solubility in DMSO-d, solvent,
broad peaks with low intensity were observed. In addition, the NMR peaks are broadening
because of the overlapping of same proton groups in various locations of the polymer chain. As a
result, the coupling and splitting of "H-NMR peaks wasnot observed, as generally found in

normal macromolecule or polymer.

However, the formation of naphthalimide was confirmed by the chemical shifts at 8.7-8.8
ppm, which corresponded to the naphthalene protons. To extend the chain length and to add the
free amine group into S-B1 (Intermediate polyimide-1), the 3,3’-diaminobenzidine which has 4
reactive amino groups was used. As mentioned earlier, A stoichiometric molar ratio of 3,3’-
diaminobenzidine to S-B1 and the steric hindrance of S-B1 would restrict the reaction to occur at

only 2 amine groups of the 3,3’-diaminobenzidine, this resulted in the presence of two unreacted
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—-NH, groups in S-B3 (Intermediate polyimide-3) and paPI Samples at 6.5 ppm and the
resonances at 7.4-7.8 ppm was corresponding to the aromatic protons in 3,3’-diaminobenzidine.
In addition, the success in grafting PI-A to paPI-C was confirmed by the disappearance of the —

NH, resonance at 6.5 ppm as shown in PBPI spectra.

Evidence for the complete hydrolysis of S-B3 was also obtained by '"H-NMR. The
chemical shifts of the methyl proton and ethyl proton in phosphonate ester (CH,CH,O-) at 1.29
ppm and 4.1 ppm [87] respectively, were observed in S-B3 spectrum and then disappeared after
hydrolysis reaction, so both peaks were not presented in paPI-C spectrum as shown in Figure 5-3

(B) and Figure 5-3 (C).
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The accomplishment of phosphonation reaction was then confirmed again by *'P-NMR
spectroscopy as shown in Figure 5-4. The phosphonic acid group in the phosphonated graft
copolyimide; PBPI sample were found at -1.57 ppm while the remaining phosphonate ester
groups were found at -13.29 ppm. Typically the organophosphonic acids, C-P(O)(OH), , show a
chemical shift between -5 to 25 ppm, depending on adjacent atom and solvent [88]. According to
*'P-NMR, the hydrolysis conversion, which calculated from the ratio between the peak intensity
at -1.57 ppm and the sum of the peak intensities at -1.57 and -13.29 ppm, was approximately

98%.

1.365
13.295

Figure 5-4 *'P-NMR spectra of phosphoanted graft copolyimide; PBPI samples

To summarize, the charactization results confirmed that novel phosphonated graft
copolyimide based on NTDA and ODA monomer was prepared. While the phosphonated
polyimide side chain was obtained from the series of bromination and lithiation reaction, the graft

structure was achieved by use of 3,3’-diaminobenzidine monomer with 4 reactive amine group.
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5.2.2 THE SOLUBILITY MEASUREMENT

The solubility of polyimide, the phosphonated polyimide and phosphonated graft
copolyimide samples were tested in various solvents such as m-cresol, NMP, DMSO, DMAc,
DMEF, chloroform and acetone etc., and their results were shown in Table 5-1. The measurement
was conducted at both room temperature and elevated temperature, up to 120 °C. It was found
that polyimide samples could be dissolved completely at elevated temperature in m-cresol with
maximum concentration of 30%. Comparing between PI-A, paPI-C and PBPI samples, the paPI-
C samples had better solubility in aprotic solvent than PBPI and PI-A samples due to their higher
polarity of phosphonic acid group.[23] In addition, all polyimide samples were insoluble in

chloroform and acetone.

Table 5-1 Solubility of the polyimide samples

Polymer Solvents®

m-Cresol NMP DMSO DMAc DMF Chloroform Acetone
PI s ps ps ps i i i
paPI-1 (DP=49) s s ps ps ps i i
PBPI-1 s s ps ps ps i i

“s = soluble at elevated temperature, ps = partially soluble at elevated temperature, i = insoluble

5.2.3 THE VISCOSITY MEASUREMENT

To confirm the achievement of grafting process, the molecular weight of polyimide
samples were determined. As described in previous section, because of the poor solubility of the
polymers in any solvent other than m-cresol, the GPC method was not possible to determine their
molecular weight. Due to their different arrangement and flexibility of polymer chain between
standard polystyrene and phosphonated graft polyimide, the viscosity average molecular weights
could not be determined by Mark-Houwink equation. In order to get an idea whether the
phosphonated graft copolyimide, PBPI, successfully was obtained or not, the intrinsic viscosities
of the polymers in m-cresol at 45°C were compared with the theoretical molecular weight

calculated for 100% conversion of the reactions shown in Schemes 5-1.
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Table 5-2 Comparison of intrinsic viscosity and theoretical molecular weights of

the polymides

Sample Degree of polymerization Theoretical M," Intrinsic Viscosity [1]]
(g/mol) (g/dL)

PI 149 33,000 9.30

paPI 49 22,000 8.16

PBPI - 55,000 12.48

“The molecular weight is calculated assuming 100% conversion of monomers

Although the results in Table 5-2 did not identify the exact molecular weight of PBPI, the
viscosity trend could imply their success in grafting process. With increasing of intrinsic viscosity

of PBPI, the results were consistent to their theoretical M results.

5.2.4 THE ION EXCHANGE CAPACITY (IEC)

As described in experimental section, the five difference in preparation side chain
lengthof phosphonated polyimides samples; namely paPI-1 to paPI-5, were synthesized
forstudying the effect of phosphonation level and side chain length. To avoid any confusion,
PBPI-1 samples were obtained from grafting PI-A to paPI-1 sample and PBPI-2 samples were
obtained from grafting PI-A to paPI-2 sample and so on. The degree of polymerization and

phosphonation level of paPI series were designed and shown in Table 4-1.

In this study, the IEC values were obtained from two methods; (A) NMR calculation

(IECy\r) and (B) Titration method (IEC ). The IEC,,,, was calculated from the sum of

Titration
integrated area of protons of ethyl groups at 4.1 ppm and the methyl groups at 1.29 ppm divided
by the integrated area of aromatic proton between 7.1 to 8.7 ppm in "H-NMR spectra of

phosphonate ester derivative polyimide (before hydrolysis). Then the degree of polymerization

wasobtained from Equation 5-1.
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40X

% Phosphonation = ———
24+ 20X Equation (1)

Where X is degree of polymerization.

Table 5-3 shows the IEC values of all synthesized phosphonated polyimide samples. All

IEC values of paPI-C samples were agreeing well with the IEC,,,, value. However, the

Titration
IEC,, of PBPI samples couldnot be determined due to their too poor solubility in DMSO-d,.
Comparing among paPI-1, paPI-4 and paPI-5 samples (with same 30% phosphonation), IEC
values obtained from both methods showed similar trend. These values were not different

although they have different side chain length because the amount of phosphonic acid and degree

of polymerization were stoichiometric controlled during synthesis step.

Table 5-3 Comparison of IEC values between NMR calculation and Titration method

Polymer % Phosphonation IEC,,; (meq/g) IEC,,,..i0n (MEQ/2)
paPI-1 (DP=49) 32 1.48 1.45
paPI-2 (DP=99) 42 2.10 1.98
paPI-3 (DP=199) 55 2.72 2.68
paPI-4 (DP=99) 30 1.50 1.47
paPI-5 (DP=199) 30 1.52 1.48
PBPI-1 7 9 1.02
PBPI-2 - - 1.38
PBPI-3 - - 1.67
PBPI-4 - - 1.05
PBPI-5 - - 1.03

Comparing between paPI and PBPI samples, all phosphonated graft copolyimide (PBPI)
samples had lower IEC than phosphonate polyimide (paPI-C) samples. The decreases in the IEC
of PBPI versus paPI-C were consistent with the dilution of the phosphonic acid groups due to the

grafting of unphosphonated polyimide (PI) to the phosphonated polyimide paPI.
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5.2.5 THERMAL PROPERTIES

A comparison of the thermal stability of PI, paPl and PBPI system can beshown in
Figure 5-5. All polymer samples were stable up to at least 450°C. PI was stable up to ~590°C,
where degradation of the imide bond occurred. For both paPl and PBPI, they showed two
degradation stages, the first mass loss around475°C, was likely due to the degradation of the
phosphonic acid groups, and a second mass loss above 570°C, was due to the degradation of the

polyimide.
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Figure 5-5 The example of TGA results of PI, paPI and PBPI samples

5.3 THE PROPERTIES OF PHOSPONATED GRAFT COPOLYIMIDE MEMBRANES

The fPBPI films were casted from mixture solution of pure polyimide and PBPI samples
with ratio 1:4 (PI:PBPI) in m-cresol at 120°C. The membranes were dried in oven at 80°C for
several days to evaporate the solvent. At this point, the membranes still have some residual m-
cresol, so the membranes were washed in acetone several times to eliminate any remaining
solvent and impurity. Their membranes were named as fPBPI samples, consequently, the fPBPI-1

means this membrane was prepared from PBPI-1 sample and so on.
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5.3.1 THE RELATION BETWEEN ION EXCHANGE CAPACITY, WATER UPTAKE
AND SWELLING PROPERTIES
Table 5-4 showed the properties of phosphonated graft copolyimide membranes and

Nafion®117 membrane. The measurement of IEC water uptake and degree of swelling of

Titration®

polymer membrane were conducted at room temperature.

Table 5-4 Comparison of phosphonate grafted copolyimide membrane and Nafion®117

properties.

Polymer IEC .., (MeQ/g) %Water Uptake % Swelling
fPBPI-1 0.92 15 8
fPBPI-2 1.24 18 10
fPBPI-3 1.43 24 16
fPBPI-4 0.94 17 10
fPBPI-5 0.93 20 13
Nafion®117 0.91 32 18

* All fPBPI membrane were prepared by blending with 20% PI-A in m-cresol

The amount of phosphic acid trends of fPBPI membranes can be estimated from the IEC
values by titration technique; it implied that fPBPI-3 membrane had the highest phosphonic acid
contents among other fPBPI membrane. The IEC value between the phosphonated graft
copolyimide (PBPI) powder (Table 5-2) and their membranes (fPBPI) in (Table 5-3) were
compared and it was shown that the IEC values of all membranes (fPBPI-1 to fPBPI-5) were
lower than the starting PBPI samples. This was due to the dilution of the phosphonic acid by
blending the unphosphonated polyimide during film preparation step and resulted in lower water
uptake and swelling ratio. Contrary to the IEC results, most fPBPI membranes had lower water
uptake and swelling than Nafion. This could be explained by the differences in acidity and
property between sulfonic acid and phosphonic acid. Nafion®117 had extremely high

hydrophilicity of sulfonic acid group while the fPBPI membrane had lower hydrophobicity of
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polyimide backbone and less acidity of phosphonic acid. Moreover, the fPBPI classes were

generated by blending with normal polyimide (PI), which had no conductivity.
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Remark : The degree of polymerization was from phosphonated polyimide (paPI) samples that identified in Table 5-3.

Figure 5-6 The relation between side chain length and water uptake and swelling properties
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Remark : The %phosphonation was from phosphonated polyimide (paPI) samples that identified in Table 5-3.
Figure 5-7 The relation between % phosphonation and water uptake and

swelling properties
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The effect of the side chain length and phosphonation level to water uptake and swelling
ratio were investigated as shown in Figure 5-6 and Figure 5-7 respectively. As shown in Figure 5-
5, the fPBPI-1, -4 and -5 membrane that prepared from 30-32% phosphonation of paPI-C
polymer showed the slightly increasing trend of swelling and water uptake, however, their results
didn’t show much differencesdue to the addition of hydrophobic polyimide during film
preparation process. As previously reported, the branch-like structure coulduptake more water
than the linear structure due to their wider inter-chain spacing [72,89] In addition, the distinct
ionic domain structures possibly found in branched or block copolymers systems may lead a
different relationship between IEC, water content, and proton conductivity, when compared to

their random or linear copolymer. [45]

When comparing between the fPBPI system that prepared from similar side chain length
of paPl samples; the fPBPI-2 and fPBPI-4 samples and the fPBPI-3 and fPBPI-5 samples, the
fPBPI-5 (with 30% phosphonation level) had lower water uptake and swelling than fPBPI-3 (with
55% phosphonation level). However, this situation was not clearly observed in shorter side chain
system. In addition, all membranes had lower water uptake due to the addition of hydrophobic
unphosphonate part and agreed well with swelling results. As expected properties, the fPBPI-3
membrane which obtained from the highest phosphonation level of paPI-3 polymer, showed the

highest of IEC about 1.43 meq/g, with swelling ratio at 16% and water uptake at 24%.

53.2 THE MEASUREMENT OF PEM FUEL CELL PERFORMANCE

In this study, a single polymer electrolyte membrane fuel cell performance with an
effective dimension 5 cm’ was fabricated. The 0.2 Umin of humidified H, and air was fed to
anode and cathode side respectively. Before started the measurement, the equilibrate time were
examined at various operating condition. The fuel cell station was programmed to automatically
terminate, if the voltage output waslower than 0.28 V. As shown in Figure 5-8, the power output

(Integrated area of the curve) was rather similar if the system was left at 15, 30 or 60 minutes.
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Therefore, before each measurement, the system was left running at least 15 minutes in order to

ensure that system was reached its equilibrium.

Polarization Curve: Equilibrate time

Test at 100% RH, 90//90//90
0.9
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Figure 5-8 The polarization curve of fPBPI-1 membrane at 90 °C and 100% RH

under different equilibrate time.

The voltage-current density relationship of membranes were investigated under various
operating condition to find the maximum current load that membranes continually maintained
their performance. The representative polarization curves of phosphonated graft copolyimide
membrane for H,/Air PEM fuel cell under various relative humidity were shown in Figure 5-9
(A) to Figure 5-9 (D). The results showed that PEM fuel cell that used phosphonated graft
polyimide membrane could not maintain their voltage output at relative humidity lower than 33%
RH, so the proton conductivity was conducted at only 3 different relative humidities (100%, 74%

and 54%) in this study.
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Polarization, 100%RH at various temperature
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(A) The polarization curve of fPBPI-3 membrane at 100% RH (effective area is about 5 cmz’

minimum voltage output at 0.28 V)

Polarization, T4%RH at various temperature

E_stack V

0 t } } }
[v] 50 100 150 200 250

Current density (1), mA/scm®

50 C — 60C — 7J0C — 80C T 90 C 100 C

(B) The polarization curve of fPBPI-3 membrane at 74% RH (effective area is about 5 cmz’

minimum voltage output at 0.28 V)

Figure 5-9 The study of suitable relative humidity range for proton conductivity

measurements
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Polarization, 54%RH at various temperature
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(C) The polarization curve of fPBPI-3 membrane at 54% RH (effective area is about 5 cmz’

minimum voltage output at 0.28 V)
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(D) The polarization curve of fPBPI-3 membrane at 33% RH (effective area is about 5 cmz’

minimum voltage output at 0.28 V)

Figure 5-9 (Cont.) The study of suitable relative humidity range for proton conductivity

measurement
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Comparing between Nafion and phosphonated graft polyimide membranes, the Nafion
membrane showed greater power output than phosphonated graft copolyimide membrane. The
obtained maximum current of phosphonated graft copolyimide and nafion membranes were about

0.6 A and 2.5 A respectively.

Phosphonated graft copolyimide membrane

1 M H M H I ' 2 H 2 1 M N H M 1

] 0.1 0.2 0.3 0.4 0.5 0.6

Current, A

Nafion

E Stack, V

0.4

(8] i i T T i i i T
Q 0.5 1 1.5 2 2.5 3 3.5 4 4.5

Current, A

Figure 5-10 Comparison of polarization curve between phosphonated graft copolyimide

(up) and Nafion membrane (down)
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However, the suitable current load was selected from the current value in ohmic period
(middle range). Although Nafion show longer ohmic period than phosphonated graft
copolyimide, only 0.2 A was applied to the samples for comparison reason as shown in Figure 5-
10. This unexpected low current load might cause lower proton conductivity of Nafion membrane
than previous or other studies. Actually, the proton conductivity was affected by many factors
including operating condition i.e. temperature, relative humidity etc. and membrane property
itself. In this study, the effect of phosphonation level, side chain length, operating condition were

investigated and discussed as following;

5.3.2.1 The effect of operating condition on proton conductivity

The proton conductivity of fPBPI membrane were measured at different temperatures
starting from 40 °C to 100 °C, and various relative humidity at 54%, 74% and 100% respectively.
In this experiment, the relative humidity was controlled by setting up the temperature of both
electrodes and cell, example; if operating condition was desired at 80°C and 100%RH, the
temperature would be set at 80//80//80 (Cathode//Cell//Anode). Moreover, the measurement
procedure was importantly noted since it effected to the proton conductivity results. Differences
in the measured proton conductivity value conducted during heating and cooling were observed.
For example, the measured proton conductivity value at 80°C and 100%RH during heating from

40 °C to 80 °C were different from the value during cooling from 100 °C to 80 °C.

The results showed that the proton conductivity of fPBPI membranes was slightly
increased with increasing of temperature as shown in Figure 5-11. Among the fPBPI membranes,
the fPBPI-3 showed the highest proton conductivity at 90°C and 74% RH.For comparison, the
proton conductivity of Nafion®117 were measured at the same conditions. The Nafion®117

membranes were used in this experiment without any treatment.

Comparing to Nafion®117, the proton conductivity of fPBPI membrane was lower than

Nafion throughout temperature range. The proton conductivity of Nafion®117 was reduced
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significantly at high temperature around 100°C and low relative humidity level due to the loss of
water molecule, while fPBPI membranes showed the slightly decrease in proton conductivity at
same condition. Presumably, the bulky structure of fPBPI can force polymer chain apart and
increase inter-chain spacing, which water molecules could be trapped in and would not be easily
evaporated at high temperatures. [72] However, polymer blend technique was used for
preparation of fPBPI films, so if the pure PBPI were made as the membranes instead of blending,
the higher proton conductivity would be attained. The film forming ability could also be adjusted
using longer main chain length, which will increase the tensile and plastic properties beside

blending with nascent polyimide to form a free standing film.

The proton conductivity results at 90°C were selected to investigate the relative humidity
effect since the maximum proton conductivity of fPBPI-3 was obtained at this point. As shown in
Figure 5-12, the proton conductivity of fPBPI membranes at 90°C showed relative humidity-

dependency.
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Figure 5-11 Comparison of proton conductivity between phosphonated graft copolyimide

membrane (blended with 20% PI) and Nafion®117 at 54%, 74% and 100% RH

(Remark: At 100% RH and 100 C, the temperature of fuel cell test system was set at 98//100//98)
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and 100% RH

(Remark: At 100% RH and 100 C, the temperature of fuel cell test system was set at 98//100//98)
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Figure 5-12 Comparison of proton conductivity between phosphonated graft copolyimide

membrane and Nafion®117 at 90°C



96

The trend of proton conductivity between Nafion®117 and fPBPI membranes was
different. With increasing of relative humidity, the proton conductivity of Nafion®117 increased,
while the proton conductivity of fPBPI membrane started to decrease at 100% RH. This probably
affected from hydrophobic structure in fPBPI itself. As previous report, the water management
problem could be occurred at high relative humidity i.e. saturation problem of water channel in
membrane, water breakthrough at membrane surface or gas diffusion layer (GDL). [90] Lu et al.
investigated the water management in PEM fuel cell and they reported capillary model system to

explain how the water molecule emerges from gas diffusion layer as shown in Figure 5-13.

Figure 5-13 A schematic of water drainage process of a model capillary system as water

emerges from GDL surface.[90]

(Noted : 1" water breakthrough at a preferential location; The ‘‘choke-off*” leaves empty pores in GDL and
breaks down the water paths; Spontaneous redistribution of water occurs inside GDL, which may make

breakthrough at 2" location possible.)
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The condensed water molecule at gas diffusion layer (GDL) or membrane surface
possibly caused flooding problem in PEM fuel cell and this could block the gas flow channel and
resulted in the decrease in proton conductivity. This situation was also observed in this study as
well. During experiment, the water was observed at membrane surface and GDL when all part of
membrane electrode assembly cell were taken apart after finish the measurement. Thus it was
expected that fPBPI membrane that had high hydrophobicity could get more impact from this
problem than Nafion®117 especially at high relative humidity. This observation agreed well with
the water uptake results. In addition, this implied that the water transport phenomena in
phosphonated graft copolyimide membranes had affected from many factors and no single

mechanism that could fully describe them generally.

5.3.2.2  The effect of side chain length on proton conductivity

Comparing among the fPBPI membranes that prepared from phosphonated copolyimide
(paPI) having similar phosphonation level of 30-32%; the fPBPI-1, fPBPI-4 and fPBPI-5
membrane, the effect of side chain length on proton conductivity was studied. To clearly
observation, the proton conductivity results at 74% RH were selected to compare as shown in
Figure 5-14. The highest proton conductivity was obtained from fPBPI-5 (prepared from paPI-5
(DP=199)), followed by fPBPI-4 (prepared from paPI-4 (DP=99)), and fPBPI-1 (prepared from
paPI-1 (DP=49)), respectively. This supported our expectation that polymer which had longer
side chain possibly gave higher proton conductivity if the membrane can uptake and retain more
water molecule in their structure. However, the proton conductivity was not significantly different
and started to decrease at higher temperature. The loss of water at high temperature is well known
reason but the other was possibly too such as from polymer chain rearrangement, which
investigated by Holdcroft et al. They studied various block copolymer membrane systems such as
PVC-co-PS, sulfonated polyimide etc. [39,91] It was reported that some blocked copolymers with
the longer side chains possibly gave the lower proton conductivity at high temperature due to

over water absorption, ionic cluster and channel rearrangement [92]
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Figure 5-14 The effect of side chain length on proton conductivity at 74% RH

Remark: fPBPI-1 (prepared from paPI-1 with DP=49), fPBPI-2 (prepared from paPI-2 with DP=99) and fPBPI-

5 (prepared from paPI-5 with DP=199)

5.3.2.3 The effect of phosphonation level on proton conductivity

Comparing among the fPBPI membranes that prepared from phosphonated copolyimide
(paPI) having similar degree of polymerization; the fPBPI-2 and fPBPI-4 membrane system
(prepared from paPI-2 and paPI-4 with DP=99) and the fPBPI-3 and fPBPI-5 membrane system
(prepared from paPI-3 and paPI-5 with DP=199), the effect of phosphonation on proton
conductivity was studied. To clarify theobservation, the proton conductivity results at 74% RH

were selected to compare as shown in Figure 5-15 as well.
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Comparing between fPBPI-3 and fPBPI-5 system, the fPBPI-5 that had lower
phosphonation level, showed the lower proton conductivity than fPBPI-3 regardless of their equal
length. As mentioned before, the phosphonic acid unit played as a major role of proton transport
in the fPBPI membrane in this study. With increasing of number of phosphonic acid, the proton
conductivity was predictably increased. In this study, the amount of phosphonic acid site was
desirably controlled by the 2,2°-dibromo-4,4’-diaminophenyl ether unit. It implied that the
%phosphonation could relate to the distance between phosphonic acid sites. With lower amount
of phosphonic acid, the distance between acid sites should be increased. [72] In my opinion, an
optimal distance for promoting proton mobility in phosphonated graft copolyimide is existed, as
same as what can be found in sulfonic acid containing polymer. This situation was also observed
in proton transport mechanism in Nafion membrane via Grotthuss and vehicular mechanisms, that

optimum distances between sulfonic acid groups will enhance higher proton conductivity. [45]

Moreover, these conductivity situations were also observed in the shorter chain length
systems represented by fPBPI2 and fPBPI4. In addition, the fPBPI4 had lower proton
conductivity than fPBPIS, this was similar to the cases, that the polymer with longer side chain
possibly showed higher proton conductivity [73] However, it was previously suspected that
phosphonic acid containing polymer might have different water absorption mechanisms from
sulfonic acid containing polymer[93], so the optimum length of phosphonated polymer may be

different from sulfonated polymer.

It can be concluded that the optimum distance of proton transfer group is one of major
factor to enhance higher proton conductivity and our synthesis method can easily apply to adjust

the distance of phosphonic acid unit to suit to the optimum length for better proton transportation.
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5.3.3 THE PRELIMINARY STUDY OF PHOSPHONATED GRAFT COPOLYIMIDE
IN DIRECT METHANOL FUEL CELL APPLICATION
In this study, the feasible property of phosphonated graft copolyimide for direct methanol
fuel cell was preliminary investigated, thus only some membranes were sampled to do the
methanol permeability measurement. The methanol permeability and proton conductivityof
phosphonated graft copolyimide membranes and Nafion, which measured by four-points probe
technique, of phosphonated graft copolyimide membranes and Nafion, were summarized in

Table 5-5.

Table 5-5 The methanol permeability and proton conductivity of phosphonate graft

copolyimide membrane; fPBPI and Nafion®117

Sample Methanol permeability Proton conductivity
(cm’/s) (S/em)

fPBPI-1* 8.3 X 10°(4%) 3.42x 10 (4%)

fPBPI-2* 2.6 X 107(12%) 1.08x 10 “(13%)

fPBPI-3* 4.4 % 107(21%) 2.42x 10 *(30%)

Nafion®117 2.1x 10—6(100%) 8.2x% 10_2(100%)

* All membrane were prepared by blending with 20% PI in m-cresol

Methanol permeability was calculated by Equation 5-2;

A DK
Cg = L Ca(t —to) Equation 5-2
B

Where C, and C, are the methanol concentration of permeated and feed side through
the membrane, respectively.
A are the effective area of membrane.
L are the thickness of membrane.

V,, are the volume of permeated compartment.
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D are the methanol diffusivity.
K are the solubility, and

t, are the time lag.

The methanol permeability is specified as the product of diffusivity and solubility. The
value of methanol permeability in this study for Nafion®117 is 2.1x10 ¢ cmz/s, which was
comparable to value measured by Woo et al.[94] The methanol permeability of obtained PBPI
membranes increased from 8.3x10 ° to 4.4x10 ' cm’/s with increasing of phosphonation level. It
was noticed that the IECs of fPBPI membranes were closed to Nafion®117 (see Table 5-3) but
the fPBPI membrane showed the lower methanol permeability by a magnitude. This reduction of
methanol permeability was due to the addition of hydrophobic part during the membrane
preparation and the difference in microstructure between these two polymers as mentioned
before.

However, the Nafion®117 membrane displayed the three times higher proton
conductivity than fPBPI-3 membrane, with regardless to five times higher methanol permeability
than fPBPI-3. The proton conductivity of fPBPI membranes at room temperature and hydrated
condition are investigated. At low phosphonation level of 30%, the fPBPI-1 exhibits poor proton
conductivity only 3.42x10 ' s/em. With increasing of phosphonation level, proton conductivity
of fPBPI increased and reached the maximum at 2.42x10  s/cm. The fPBPI-3 with highest
phosphonation level in this study displayed about one-third lower than Nafion®117 in spite of
much higher IEC value. This different property of phosphonic acid group and sulfonic acid group
should be further studied for understanding the proton transport in membranes. However the
phosphonate graft polyimide displays low proton conductivity, their reduction of methanol

crossover could increase feasibility in DMFC application.



CHAPTER VI

CONCLUSIONS AND RECOMMENDATIONS

6.1 CONCLUSION

The novel phosphonated graft copolyimide based on NTDA and ODA monomer was
synthesized. The phosphonated polyimide side chain, which played as major role of proton
conducting polymer, was obtained from the combination of bromination and lithiation reaction
while the graft structure was achieved by novel use of 3,3’-diaminobenzidine monomer with 4
reactive amine group. This synthesis route leads to relatively simple and easily adjustable of
molecular weight, chain length of backbone (PI) or side chain (paPI) segment as well as
and IEC

phosphonation or sulfonation level, if preferred. The IEC values of obtained

NMR' Titration

phosphoanted polyimide series with range of 30-55% phosphonation were ranged from 1.48 to

2.72 meq/g and 1.45 to 2.68 meq/g respectively.

The phosphonated graft polyimide series (PBPIs) that synthesized in this study had better
thermal property than Nafion®117, however, they had poor solubility and this became a main
problem of this study because it was difficult to determine the exact molecular weight of obtained
polyimide. Only m-cresol could dissolve phosphonated graft copolyimide sample at elevated
temperature. The 160-180 um thickness of fPBPI membrane were prepared by solution casting of

pure polyimide and PBPIs (1:4 w/w) mixture. All fPBPI membrane had lower IEC due to

Titration
addition of hydrophobic pure PI. The effect of phosphonation level and side chain length of
phosphonated polyimide side chain on water uptake and swelling properties were investigated.
With increasing of side chain length, the water uptake and swelling slightly increased as shown in

fPBPI-1, fPBPI-4 and fPBPI-5 membrane. However, the effect of phosphonation level to water

uptake and swelling was not clearly observed especially in the shorter side chain system.
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Based on spray technique using MEAs preparation, all phosphonated polymer
membranes showed slightly lower proton conductivity than Nafion®117 at different temperatures
and relative humidity. Moreover, it was found that the phosphonated graft copolyimide system
with the longest side chain and the highest IEC had the highest proton conductivity while
maintained their thermal and hydrolytic stability. As expected, the microstructure of polymer
membrane should affect fuel cell performance due to different ionic clusters and water channels.
The combination of graft structure and phosphonic acid site could affect the membrane properties
and have some advantages in fuel cell operation especially at high humidity and temperature.
However, their different mechanisms of water absorption and proton transport in phosphonated
graft copolyimide membranes needed the further investigation and optimization. Moreover, it was
found that the fPBPI3 membrane showed comparable proton conductivity with Nafion®117 at
90°C and 74%RH, moreover, this membrane also showed more stable proton conductivity at

operating temperature of 80-100°C than Nafion®117.

In addition, the methanol permeability of fPBPI membrane was investigated. The
Nafion®117 membrane displayed 3 times higher proton conductivity than fPBPI-3 membrane,
with regardless to 5 times higher methanol permeability than fPBPI-3. With increasing of
phosphonation level, proton conductivity of fPBPI increased and reached the maximum at
2.42x10 ' s/em. Therefore, their reduction of methanol crossover could increase feasibility in

DMEFC application.

This novel structure of phosphonated graft copolyimide could increase the proton
conductivity while maintaining the hydrolytic and thermal stability of membrane. Moreover, the
easy adjustments in synthesis of chain length of both main chain and side chains, allowed

flexibility to design the optimum requirement for PEMFC.
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6.2 RECOMMENDATION

6.2.1  While preparing the membrane during fuel cell test period, the existing vacuum
oven was not in fully functional condition, as a result, the pure PBPI films could not be obtained
and the fPBPI films were used instead. The improvement of membrane preparation method can
be done to obtain pure phosphonated graft copolyimide membrane. Without blending with
hydrophobic pure polyimide, the increase in proton conductivity and Nafions comparable

performance is expected.

6.2.2  The study of phosphonated graft copolyimide membrane morphology can help
to understand the arrangement of hydrophilic ionic domain and hydrophobic domain in

membrane with more details explanation of water absorption related to proton conductivity.

6.2.3  The addition of sulfonic acid to phosphonated graft copolyimide would increase

solubility and proton conductivity of graft copolyimide sample.

6.2.4 Optimum in both chain length and main chain length should be investigated.
Together with higher temperature experiment which this copolyimide can rival Nafion with
cheaper cost of preparation and proton conductivity ability, especially with no halogen in

molecules, less toxic when degraded will attain.
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