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ABSTRACT

Proton exchange membrane fuel cell (PEMFC) is widely used as alternative
mobile and stationary power sources. The proton exchange membrane (PEM) is the key
component in a proton exchange membrane fuel cell that can be sandwiched between
catalytic composite electrodes to construct PEMFC. The great effort has been done for
the development of novel proton exchange membranes. In this context, polymer
nanocomposite membranes containing inorganic moieties have attracted great attention
because of their dual nature stemming from the flexibility of the organic polymer
backbone and the thermal and chemical stability of the inorganic additive.

In this thesis, proton conducting nanocomposite electrolytes containing
poly(vinylphosphonic acid) (PVPA) and SiO, were prepared by two different methods.
In the anhydrous state, the proton conductivity of PVPA(10)SiO, (in situ) was found to
be 0,009 (Scm™) at 120°C. The proton conductivity of PVPA(10)SiO; increased to 0.08
(Scm™) at 50 % relative humidity. The SiO, nanoparticles in the composite membranes
improved the thermal properties and increased the proton conductivity. proton
conducting nanocomposite electrolytes containing Poly(vinylphosphonic acid) (PVPA)
and TiO, have been prepared and characterized. In the nanocomposite materials, the
TiO, content was varied from 5 to 20 percentage (w/w) to improve mechanical strength
and stability. The thermal, proton conducting as well as morphology of the electrolytes
were investigated. The results suggest that proton conduction is occurred between
surface of the nano-titania particles with the aid of sulfonic acid and phosphonic acid
units of PVPA.



The materials were prepared via two different approaches where in the first, a
binary system was produced by mixing of poly(1-vinyl 1,24-triazole)
(P(VTri))/sulfated nanotitania (TS) and poly(vinylphosphonic acid) (P(VPA))/ sulfated
nanotitania (TS) composites. In the second, ternary nano composite membranes
including P(VTri)/TS/P(VPA) were produced at several compositions to get P(VTri)-
TS-P(VPA) where x designates the molar ratio of the polymer repeating units and
sulfated nanotitania ratio. The conductivity of is P(VTri)-TS-P(VPA), found to be 0.003
(Scm™) at 150°C. Proton conducting nano-composite membranes included binary and
ternary mixtures of sulfated nano-titania (TS), poly(vinyl alcohol) (PVA) and
nitrilotri(methyl phosphonic acid) (NMPA) are discussed. The maximum proton
conductivity has been measured for PVA-TS-(NMPA); as 0.003 Scm™ at 150 °C Proton
conducting nano-composite membranes were prepared via ternary mixtures comprising
sulfated nanotitania (TS), sulfonated polysulfone (SPSU) and nitrilotri(methyl
phosphonic acid) (NMPA).The maximum proton conductivity of SPSU-TS-NMPA is
0.002 Scm™ at 150 °C.

In another approach, azole functional PGMA grafted hollow silica sphere
nanoparticles as a proton conducting bio-inspired membranes. For the preparation of
hollow silica particles (HSS), a two-step method based on the sol-gel process was used
in this study. HSS grafted with Poly(glycidyl methacrylate) (PGMA) by free radical
polymerization of (glycidyl methacrylate) (GMA) and HSPGMA (Poly(glycidyl
methacrylate) (PGMA) grafted hallow silica spheres) modified with 5-aminotetrazole
(ATet), 3-amino-1,2,4-triazole (ATri) and 1H-1,2 4-triazole (Tri) in order to obtain
1,2,4-triazole functional PGMA grafted hallow silica spheres (HSPGMA-Tri), 5-
aminotetrazole functional PGMA grafted hallow silica spheres (HSPGMA-Tet) and 5-
Amino-Triazole functional PGMA grafted hallow silica spheres (HSPGMA-ATTi)
molecules via ring opening of the epoxide ring. The proton conductivitiy of the
composite membranes are approximately 102 Scm™ at 150 °C. As another type azol
functional nanoparticles azol functional SiO, were synthesized and chracterizated.

In this thesis the functional nanoparticles were synthesized and the nanocomposite
membranes were obtained. The characterization results indicated that the functional
nanoparticles in the composite membranes improved the thermal and mechanical
stability and enhanced the proton conductivity.

Keywords: Proton Exchange Membran Fuel Cell (PEMFC), Proton Conducting
Nanocomposite Membranes, Functional Nano Particles, PVPA, SPSU, PVTri, PGMA,
Hallow silica, SiO,, TiO,
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Proton iletken membran yakit hiicreleri tasinabilir alternatif enerji depolama
sistemleri olmasi, cevre duyarliligi gibi sebepler goéz Oniinde bulunduruldugunda
enerjikaynagi olarak biiyiik bir dneme sahiptir. Proton iletken yakit hiicresinde protonun
anottan katota gecisini saglayan membran, yakit hiicresinin en O6nemli boliimiinii
olusturmaktadir. Bu sebeple kimyasal ve termal kararlilig1 yliksek maliyeti diisiik yeni
membranlarin iiretilmesi anlaminda ¢ok fazla ¢aligma yapilmaktadir. Bu kapsamda,
organik ve inorganik yapilarin avantajlarmi bir araya getiren polimer nanokompozit
membranlar alternetif membranlar goriilmektedir.

Bu tez c¢alismasi kapsaminda, ilk olarak SiO, nano pargaciklart ve
poli(vinilfosfonik asit) (PVPA) polimeri kullanilarak PVPA(X)SiO, nanokompozit
membranlar sentezlendi. Membranlar mekanik karigtirma ve in situ yontemleri
kullanilarak degisen oranlarda sentezlendi. Her membran igin karakterizasyon
caligmalar1 yapildi. PVPA(10)SiO; (in situ) membranina ait proton iletkenlik degeri
nemsiz ortamda 120°C’de 0,009 (Scm™) ve %50 nem iceren PVPA(10)SiO,
membranina ait iletkenlik degeri 100 °C’ de 0.08 (Sem™) olarak 6¢iildii. TiO, nano
pargaciklar1 ve poli(vinilfosfonik asit) (PVPA) polimeri kullanilarak mekanik karistirma
ve in situ yontemleri ile degisen oranlarda PVPA(X)TiO, nanokompozit membranlar
sentezlendi. Her membran i¢in karakterizasyon calismalar1t yapildi. Yapilan
karakterizasyon ¢aligmalar1 sonucunda TiO; nanoparcaciklarinin yiizeyi ile fosfonik asit
gruplar1 arasindaki etkilesim tespit edildi ve bu etkilesime bagh olarak PVPA(X)TiO
nanokompozit mebranlarinin proton iletken ve termal 6zelliklerinin nano partikiiller
sayesinde arttig1 belirlendi.



Vi

Poli(1-vinil 1,2,4-triazol) (P(VTri))/sulfonlanmig  titanyum(TS) and
poli(vinilfosfonik asit) (P(VPA))/ sulfonlanmig titanyum (TS) kompozitleri iki ve ii¢
bilesenli olarak P(VTri)-TS-P(VPA), sentezlendi. Sentezlenen herbir nanokompozit
polimer membran igin karakterizasyon testleri yapildi. Uclii sistemlere bir diger &rnek
olarak  siilfonlanmis  nanotitanyum  (TS), poli(vinil alkol) (PVA) ve
nitrilotri(metiltrifosfonik asit) (NMPA) PVA-TS-(NMPA) nanokompozit membanlari
sentezlendi ve karakterizaston testleri yapildi. Ayrica siilfonlanmis polisiilfone (SPSU),
stilfonlanmis nanotitanyum (TS) ve nitrilotri(metiltrifosfonik asit) (NMPA)
nanokompozit membanlar1 sentezlendi ve karakterizaston testleri yapildi. Yapilan
karakterizasyon sonuglarina gore sulfonik asit gruplarmin proton iletkenligi artirdigi
belirlendi.

Diger bir c¢aligmada, kiiresel silika (HSS) yapilart Poli(glisidil metakrilat)
(PGMA) polimeri ile dallanmis hale getirldi. PGMA ile modifiye edilmis olan HSS
daha sonra azol gruplar1 (5-aminotetrazoe (ATet), 3-amino-1,2,4-triazol (ATri) and 1H-
1,2,4-triazol (Tri)) ile PGMA {izerindeki epoksi gruplarinin halka agilma reaksiyonu ile
acilarak fonksiyonel hale getirildi. Fonksiyonel hale getirilen HSS yapilar1 daha sonra
fosforik asit (H3PO,4) ile dop edilerek proton iletken nanokompozit membranlar
sentezlendi.

Anahtar Kelimeler: Proton iletken Yakit Hiicreleri (PEMFC), Proton Iletken
Nanokompozit Membran, Fonksiyonel Nano Partikiiller, PVPA, SPSU, PVTri, PGMA,
Hallow Silika, SiO,, TiO,.
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CHAPTER 1

INTRODUCTION

1.1 INTRODUCTION

Proton exchange membrane fuel cell (PEMFC) is widely used as alternative mobile
and stationary power sources. Fuel cells have become an important energy conversion
technology because of their high electrical efficiency, low emissions, and easy operations
this technology experienced several cycles of intense research activity (Barbir and Gomez
1996, Li, Zhou et al. 2005, Aslan, Celik et al. 2009, Celik, Bozkurt et al. 2012). The
significant requirement in attaining optimum performance from PEMFCs is to achieve
effective humidification of the ionomeric structure of the membrane. Great improvements
have been made to the preparation and modification of polymer electrolyte membranes
(PEMs) in the past decades (Bao, Ouyang et al. 2006, Hagihara, Uchida et al. 2006).

The proton exchange membrane (PEM) is the key component in a proton exchange
membrane fuel cell which has a capability to transport protons from anodic to cathodic side
(Barbir and Gomez 1996, Bozkurt, Meyer et al. 2003).The best known example of PEMs is
DuPont’s perfluorosulfonic acid type membrane (Nafion) which is most widely used both
in fuel cell research and industry. In addition, the materials which have non-perfluorinated

backbone chains were also developed a alternative materials to Nafion.

The great effort has gone into the development of proton exchange membranes which

are more stable than commercial Nafion. As a consequence, polymeric/inorganic composite



membranes were identified and achieved by many research groups. The polymer nano
composite membranes have a lot of advantages because of their dual functionality like
specific chemical reactivity and flexibility of the organic polymer backbone, as well as the
mechanical properties and thermal stability of the inorganic backbone. As well known,
Polysulfones (PS) are commonly used materials, because of their mechanical properties,
low cost, ease of processing thermal and chemical stability. Producing proton conducting
materials these aromatic polymers have been sulfonated by treatment with various

sulfonating methods.

Highly stable PEMs are developed by optimizing the degree of functionalization,
interactions between two segments (organic—organic and organic—inorganic), controlled
cross-linking and chemical or surface modifications. In this context, polymer composite
membranes containing inorganic moieties have attracted great attention because of their
dual nature stemming from the flexibility of the organic polymer backbone, and the thermal
and chemical stability of the inorganic additive (Aslan and Bozkurt 2009, Celik, Bozkurt et
al. 2012).

Polymer nanocomposites are promising materials which include inorganic nanoscale
particles providing the advantages of rigidity, thermal stability and organic polymers
supplying the flexibility, dielectric, ductility, and processibility (Krishnamoorti and Vaia
2007). The interest toward organic—inorganic composite materials increased due to their
extraordinary properties arising from the relation between the organic moiety and the
inorganic moiety(Mauritz and Jones 1990, Wen and Mark 1995, Ahmad, Sarwar et al.
1997, Ahmad, Sarwar et al. 1998). However, proton conductivity usually decreases with an
increase in filler content due to the rather low proton conductivity of the fillers themselves
(Suryani and Liu 2009). In addition, the conductivity may also be affected by interaction

between the additive with proton-exchange groups in the original polymer matrix.

Inorganic units provide high mechanical and thermal stability as well as electrical and
magnetic activity, while organic domains provide flexibility, multi-functional reactivity,
and facilitate machining at low temperature. Additional novel properties can be introduced

using nanocomposite materials. Even at low loadings this interfacial area creates a



significant volume fraction of interfacial polymer with properties different from the bulk
polymer (Balazs, Emrick et al. 2006, Caseri 2006, Krishnamoorti and Vaia 2007, Schadler,
Kumar et al. 2007). The structural and physicochemical properties of organic—inorganic
composites depend on their composition, the size of the inorganic particles/filler, interfacial

interactions, etc. (Schaefer and Justice 2007).

The increasing attention is presently being devoted to polymer nanocomposites due to
the possibility of production of homogeneous membranes that can be applied in PEMFCs.
In earlier studies inorganic fillers such as TiO, and SiO, have been frequently used where
these fillers are indeed effective in improving mechanical properties of the composite
membranes (Watanabe, Uchida et al. 1996, Yang, Srinivasan et al. 2001, Uchida, Ueno et
al. 2003, Baglio, Arico et al. 2005, Chalkova, Pague et al. 2005, Jalani, Dunn et al. 2005,
Chuang, Hsu et al. 2007). The ionic conductivity of polymer membranes including metal
oxides, i.e., TiOy, increases for a large temperature range.

Modifying inorganic fillers by inorganic sulphonic or phosphoric acid has become a
promising way to enhance proton conductivity of membranes under intermediate
temperature and low relative humidity or even anhydrous conditions (Hogarth, da Costa et
al. 2005, Jin, Qiao et al. 2007, Rusanov, Kostoglodov et al. 2008, Wang, McDermid et al.
2008). Titania is usually used in the form of nanoparticles with high surface area, activity
and excellent chemical stability(Yang, Chiu et al. 2008, Santiago, Isidoro et al. 2009).
Moreover, acid-modified oxides such as sulfated titania and zirconia have been proposed as
super acids where ionic conductive groups exist on its solid surface(Hino and Arata 1979,
Hino and Arata 1980). Acid modified nanoparticles have better performance to improve the
proton conductivity than unmodified filler. Super acids such as acid-modified oxides titania
and zirconia have been preferred as filler for conducting membranes because of conductive
groups exist on its solid surface (Baglio, Arico et al. 2005, Chalkova, Pague et al. 2005).
Embedding acid-functionalized fillers can potentially enhance or preserve proton
conductivity. Also as a new type of polymer nanocomposite membrane, acid modified
nanoparticles have been introduced into polymers improving the proton conductivity.
Previously, Munakata et al. have reported sulfuric acid-modified porous silica (Munakata,

Chiba et al. 2005), and Wu et al. have reported a titania-based material (Wu, Hou et al.



2010). The sulfated nanoparticles are expected to show the highest proton conductivity
when they dispersed in a suitable polymer matrices(Hino and Arata 1980).

As an organic moiety, Poly(vinyl alcohol) (PVA), one of the most commonly used
matrices, has extensively been investigated with different kinds of nanofillers (Godovsky
2000, Kumar, Elgamiel et al. 2001, Qian, Yin et al. 2001). These studies showed that the
introduction of nanosized particles into PVA altered its physicochemical properties. For
example, incorporation of magnetite nanoparticles, synthesized by a sonochemical method,
into PVA (Baglio, Arico et al. 2005) was found to reduce the glass transition temperature of
PVA by 15 °C and the thermal stability by 28 °C. However, in the presence of
montmorillonite (MMT) nanofiller, glass transition increased by 25 °C and the thermal
degradation was unaffected up to 50 % of initial weight loss (Strawhecker and Manias
2000, Yu, Lin et al. 2003). More recently, PVA-based nanocomposites have been
developed to improve the properties of the polymer for use in a variety of applications
(Nakane, Yamashita et al. 1999, Cendoya, Lopez et al. 2001, Lin, Watanabe et al. 2003).

The phosphate-functional polymers and their derivatives have attracted considerable
attention for fuel cell applications. Vinylphosphonic acid monomer can be polymerized
with high yield by free radical polymerization in the absence of oligomeric by-products.
The polymer matrix PVPA has interesting properties due to their acidic phosphate
group(Pu, Pan et al. 2010). Both, PVPA homopolymer and its composite membranes
exhibited high proton conductivity, moderate swelling property and ion exchange
capacity(Aslan and Bozkurt 2009, Aslan and Bozkurt 2011). Functional polymers based on
vinylphosphonic acid and derivatives have been recognized as promising materials in
energy conversion. Poly(vinylphosphonic acid) (PVPA) is the simplest polymer in which
one phosphonic acid group is tethered to each repeat unit of a macromolecule.
Poly(vinylphosphonic acid) is an appropriate alternative for H3PO, because it is the
polymer with the highest concentration of immobilized phosphonic acid used in order to
prevent self-condensation of acid groups up to 150 °C. Phosphonic acid functional
polymers are commonly used for preparation of proton conductive membranes such as
phosphonated siloxane matrices (Tripathi, Saxena et al. 2008), polyphosphazanes (Smitha,
Sridhar et al. 2005) and polysulfone (Abu-Thabit, Ali et al. 2010). Among them



poly(vinylphosphonic acid) (P(VPA)) has emerged as an interesting candidate because of
its extremely high concentration of phosphonic acid which is directly attached to a flexible
polymer chain(Schuster, Rager et al. 2005, Gubler, Kramer et al. 2007, Steininger, Schuster
et al. 2007). The conducting properties of novel polymer complex electrolytes consisting of
poly(vinylphosphonic acid) and different polymers were studied different research groups
(Schuster and Meyer 2003). As a polymer electrolyte vinyl phosphonic acid and 1-vinyl-
1,2,4-triazole copolymer was synthesized and a proton conductivity of 10 Scm™ at 120
°C was reported(Aslan, Celik et al. 2009). Additionaly, Kreuer confirmed the presence of

Grotthuss proton transport mechanism in poly(vinyl phosphonic acid)(Kreuer 1996).

Amoung the azole-containing electrolyte systems, P(VTri) has greating interest due
to its thermal stability and proton conducting capability. In the polymer/polymer and
polymer/acid system P(VTri) commonly used (Celik, Bozkurt et al. 2012). Previously, the
proton conductivity of Nafion—P(VTri) blend membranes was 5.3 x 10 Scm™ (at 220 <C)
in anhydrous state. The conductivity of blend increased at least three orders of magnitude
upon hydration and exceeded 10 S cm™ (at ambient temperature) with RH = 50% (Kim,
Mori et al. 2007). In similar work, Ozden et al. developed polymer electrolyte membranes
based on P(VTri), doping it with p-toluenesulfonic acid, the conductivity rises to 2 x 10
Scm™ (at 110 =C) (Ozden, Celik et al. 2010).

In this study, inorganic-organic nanocomposite membranes were produced via
embedding of nanoparticles into polymer and functionalization of nanoparticles surface
with polymer or phosphonic and sulfonic acid units. In addition novel nanocomposite
membranes were synthesized using 1,2,4-triazole, 5-amino-tetrazol and 5-amino-1,2,4-
triazol by ring opening reaction of epoxide on the surface of Silica. Hallow silica
nanoparticles were grafted with poly(glycidyl methacrylate) (PGMA) and were doped with

phosphoric acid to facilitate the proton transport.

The samples were characterized with NMR, FT-IR and elemental analysis. The
thermal properties of the samples were analyzed with TGA and DSC. Morphology of
nanocomposite membranes was investigated with SEM, AFM and TEM. The proton

conductivity of the membranes was studied using impedance spectrometer.



1.2 FUEL CELLS

A fuel cell is a device that converts the chemical energy from a fuel into electricity
through a chemical reaction with oxygen or another oxidizing agent. A fuel cell is like a
battery in that it generates electricity from an electrochemical reaction but fuel cells are
different from batteries in that the fuel cells, use an external supply of chemical energy and
can run indefinitely, as long as it is supplied with a source of hydrogen and a source of
oxygen (usually air).According to the nature of the electrolyte, fuel cells are classified each

type requiring particular materials and fuel.

There are several different types of fuel cell but they are all based around a central
design. A fuel cell unit consists of a stack, which has two electrodes, one positive and one
negative, called the cathode and the anode. The electricity is produced via reactions that
take place at the electrodes. The solid or a liquid electrolyte is the key component in the

fuel cell which has a capability to transport ions from anodic to cathodic side.

The concept of a fuel cell had effectively been demonstrated in the early nineteenth
century by Humphry Davy. Physicist William Grove developed the first crude fuel cells in
1839. The term fuel cell was first used in 1889 by Charles Langer and Ludwig Mond, who
researched fuel cells using coal gas as a fuel.


http://en.wikipedia.org/wiki/Battery_(electricity)
http://en.wikipedia.org/wiki/William_Robert_Grove
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NASA and industrial partners, began developing fuel cell generators for manned
space missions at the end of the 1950s then, the first fuel cell have been developed with
Willard Thomas Grubb at General Electric (GE) in cooperation with NASA, and was used
in the Gemini space programme of the mid-1960s in many other applications. Also in the
1980s, substantial technical and commercial development continued into the use of fuel
cells for transport applications. In the 1990s, PEMFC and SOFC technology were promoted
by governments to clean transport also helped drive the development of PEMFC for
automotive and small stationary applications. The fuel cells was characterised by increasing
concerns on the part of governments, business and consumers over energy security, energy
efficiency, and carbon dioxide (CO2) emissions. Fuel cells began to become commercial in
a variety of applications in 2007. Fuel cells are used for primary and backup power for
commercial, industrial and residential buildings and in remote or inaccessible areas. They
are used to power fuel cell vehicles, including automobiles, buses, forklifts, airplanes,

boats, motorcycles and submarines.
1.2.1 Polymer Electrolyte Membrane Fuel Cell (PEMFC)

PEMFC is the most useful type for transportation applications (Starz et al., 1999).
The PEMFC has very high power density and a relatively low operating temperature (20 -
100 °C). Therefore PEMFC is self-starting without the need of external warm up and
readily generating electricity which makes it particularly promising. A hydrogen-powered
PEMFC consists of two electrodes and a separator polymer membrane as shown in Figure
1.2.


http://en.wikipedia.org/wiki/Fuel_cell_vehicle
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Figure 1.2 Schematic illustration of an individual fuel cell (fuel cell today, 2012).

Hydrogen is supplied to the anode and air is channeled to the cathode. At the anode,
a platinum catalyst causes the hydrogen to split into positive hydrogen ions (protons) and
negatively charged electrons. The polymer electrolyte membrane (PEM) permits only the
transfer of proton to the cathode. The electrons travel along an external circuit to the
cathode and create an electrical current. At the cathode, the electrons and protons combine

with oxygen to form water which is the only waste product of hydrogen fueled PEMFCs.
1.2.2 Solid Oxide Fuel Cell (SOFC)

Solid oxide fuel cells are considered as the best useful fuel cell for stationary power
generators that could provide electricity and heat for houses, factories or towns (Singhal,
2008). The operation temperature is very high (700-1000 °C) for this type of fuel cell.
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1.2.3 Alkaline Fuel Cell (AFC)

Alkaline fuel cell is one of the oldest designs for fuel cells; use an aqueous solution of
potassium hydroxide in a porous stabilized matrix as an electrolyte. The operating
temperature ranges from 65 to 200 °C (Van den Broeck, 1993). It is also very expensive, so
this type of fuel cell is unlikely to be commercialized, but research has revisited this type of

fuel cells recently again (Jiang , 2009).
1.2.4 Molten-Carbonate Fuel Cell (MCFC)

Like the SOFC, molten-carbonate fuel cells are also useful for large stationary power
generators (Bischoff, 2006). The fuel cells use molten alkaline carbonate (e.g., sodium
bicarbonate NaHCO3) as electrolyte. The operating temperature is 600 °C.

1.2.5 Phosphoric-Acid Fuel Cell (PAFC)

The phosphoric-acid fuel cell has its potential use in small stationary power-
generation systems (Kumura, 2004). Molten phosphoric acid (H3PO4) is used as

electrolyte.. Therefore, it is not possible to use them in cars.
1.2.6 Direct-Methanol Fuel Cell (DMFC)

Methanol fuel cells are comparable to a PEMFC in regards to its operating
temperature (90-120 °C), but yet are not as efficient (Bolufer, 2008). They use a polymer

membrane as electrolyte. (Jiang, 2009).

1.3 POLYMER ELECTROLYTE MEMBRANE (PEM) FOR FUEL CELLS
1.3.1 SiO, Nanocomposite Membranes

The name silica comprises a large family of products with general formula SiO: or
SiO2xH:0. It is a naturally occurring material found in minerals, such as quartz and flints.

But silica used in chemical applications has a synthetic origin. There are two form of silica,
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crystalline and amorphous. The crystalline form involves a high degree of ordering. The
active surface, which may participate in any chemical or physical interaction, is limited to
the external surface of the crystalline particles. Amorphous silica occurs in various forms
likes fibers, sheets, sols, gels and powders. fabricated according to the application.Amain
feature of interest is the porosity of the amorphous silica forms. Porosity introduces a large
surface area inside the silica particles. As interphase processes require a large surface/mass
ratio. So, amorphous silica is far more interesting for chemical and physical applications
than their crystalline counterparts. It is commonly used in modifying the properties of the
ionic polymers. The silica has an extremely large surface area and smooth nonporous
surface, which could promote strong physical contact between the filler and the polymer

matrix.

Hydrophilic silica nanoparticles improved hydrophilicity, methanol barrier and
proton conductivity, while hydrophobic silica nanoparticles compensated against excessive
water swelling (Macarie and Ilia 2010). The size of dispersed particles plays a significant
role in controlling the physical and electrochemical properties of nanocomposite materials.
In addition the dispersion of small fraction of filler inorganic particles in polymer
nanocomposites can increase the ionic conductivity by 1-2 orders of magnitude and may
substantially increase the mechanical stability (Pandey, Hashmi et al. 2008). Nafion-SiO,
composite membrane were synthesized by self-assembly process that showed high water
retention and durability. It was reported that SiO, nanoparticle content and hydrolysis
conditions influenced the nanoparticle distribution and phase segregation yielding highest
proton conductivity of 0.090Scm ™' (Kumar, Elgamiel et al. 2001).

The addition of inorganic oxides MO, (M = Si, Ti, Zr) into polymer matrices has been
reported in previous studies as an effective method to enhance the water retention
capability of membranes, such as Nafion (Weston and Steele 1982, Croce, Appetecchi et al.
1998, Yang, Srinivasan et al. 2001, Moskwiak, Giska et al. 2006). Studies on Nafion/SiO,
composite membranes have attracted the attention of many research groups. Their results
show that the morphological properties of the filler play a major role in the performance of
the composite membranes at a high operating temperature (Hagihara, Uchida et al. 2006,
Pandey, Hashmi et al. 2008, Pu, Pan et al. 2010).
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1.3.2 TiO; Nanocomposite Membranes

TiO, is believed to be the most promising material at the present because of its
powerful oxidation strength, high photostability, and nontoxicity (Chalkova, Pague et al.
2005, Liu, Guo et al. 2006). TiO, has been demonstrated as appropriate inorganic filler for
developing composite proton exchange membrane because of its significant behavior in
composites (Chen, Han et al. 2007, Carbone, Sacca et al. 2008). Studies on Nafion/TiO,
composite membranes have attracted the attention of many research groups. Their results
show that the morphological properties of the filler play a major role in the performance of
the composite membranes at a high operating temperature (Baglio, Arico et al. 2005, Sacca,
Carbone et al. 2005, Trakanprapai, Esposito et al. 2005, Chen, Han et al. 2007). Santiago et
al. (Santiago, Isidoro et al. 2009) incorporated TiO; into Nafion by sol-gel method to form

a composite membrane that showed an improved cell performance at 130 °C.

In previous studies about SPSU/TiO, composite membranes for high operating
temperature showed that the filler has a major role in the morphological performance of the
composite membranes (Kobayashi, Rikukawa et al. 1998, Devrim, Erkan et al. 2009, Jun,
Zarrin et al. 2011). The increase in the nano particles content in the polymer matrix, results
in the decrease in proton conductivity the reason can be attributed to low proton
conductivity of the fillers which may also blocks the diffusion of the H+ ions themselves.
Embedding acid-functionalized fillers can potentially enhance or preserve proton
conductivity, reduce methanol permeability and optimize the interfacial compatibility of the
polymer electrolyte membranes (Ren, Sun et al. 2006, Jin, Qiao et al. 2007, Wu, Zheng et
al. 2007, Gosalawit, Chirachanchai et al. 2008, McKeen, Yan et al. 2008, Wang,
McDermid et al. 2008, Suryani and Liu 2009, Wang, Zhang et al. 2009). In this context, as
a new type of polymer nanocomposite membrane, acid modified nanoparticles have been
introduced into polymers improving the proton conductivity. Acid-modified oxides such as
sulfated titania and zirconia have been proposed as super acids where ionic conductive
groups exist on its solid surface (Hino and Arata 1979). Previously, Kanamura et al. have
reported sulfuric acid-modified porous silica, and Miyayama et al. have reported a zirconia-
based material (Munakata, Chiba et al. 2005). These sulfated nanoparticles are expected to

show the highest proton conductivity when they dispersed in the membranes.
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The inorganic additive, TiO,, is believed to be the most promising material at present
due to its powerful oxidation strength, high photostability, and nontoxicity(Chen, Han et al.
2007, Carbone, Sacca et al. 2008). However, upon embedding TiO; into polymer matrices,
proton conductivity usually decreases with an increase in filler content due to the rather low
proton conductivity of the fillers themselves and their considerable dilution effect on the
proton-exchange groups in the original polymer matrix. To overcome this problem,
modified nanoparticles possessing different functional groups were employed. Bifunctional
nanoparticles, having been embedded into polymers, play a role in the construction of novel
nanocomposite membranes with enhanced proton conductivities(Nogami, Matsushita et al.
2000, Wang, Holmberg et al. 2002, Munakata, Chiba et al. 2005). In the previous work, we
proved that the presence of acidic functional units enhanced the proton conductivity of
polymer membranes and according to the XRD results the size of sulfated titania
nanoparticles was 10-15 nm (Aslan and Bozkurt 2012, Aslan, Golcuk et al. 2012).

In addition, inclusion of TiO; filler into PVA matrix has effectively reduced the
swelling ratio of the composite polymer membrane (Yang and Lin 2002, Tuncer, Sauers et
al. 2007, Venckatesh, Balachandaran et al. 2012) Furthermore, Yang synthesized a
crosslinked PVA composite polymer membrane to be applied in alkaline DMFCs (Gasa,
Boob et al. 2006, Boroglu, Celik et al. 2011). Their results showed that the morphological
properties of the filler played a major role in the performance of the composite membranes

at higher operating temperatures.

Proton conducting membranes including functional nano-titania have been reported
(Smitha, Sridhar et al. 2004, Li, Zhou et al. 2005) .High concentration of phosphonic acid
groups, which were bonded by oxygen bridges with acid modified nano-titania, increased
the proton conductivity and thermal stability of the nanocomposite membranes.

1.3.3  Functional Nanocomposite Membranes

The modification of the particles with functional polymer is a creative method to
synthesize alternative polymer composite. The importance of this system is connected to its
multifunctionality, where the same macromolecule has functional groups reactive with the

nanoparticle and functional groups available for further chemical reactions(Taniguchi,
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Shirai et al. 2005, Marini, Pourabbas et al. 2008, Sakai, Kajitani et al. 2010, Liu, Li et al.
2013). The developed strategy allows the functionalization of the nanoparticles by a
polymer carrying functional groups capable of reacting with the nanoparticle surface and

various molecules such as azole compounds(Alahmadi, Mohamad et al. 2012).

In this context, Hah et al. demonstrated a two-step method to prepare monodisperse
hollow silica particles. Pu et al reported the functionalizating of HSS and developed
composite membrane as proton conducting systems (Hah, Kim et al. 2003, Pu, Pan et al.
2010). Additionally, Tsyalkovsky et al. have reported the grafting of surface of
nanoparticles with PGMA (Tsyalkovsky, Klep et al. 2007).

The special structure in the spheres and functional groups may hold more locked
water and reduce the loading of the inorganic components, which may be beneficial for the
water retention and improvement on the proton conductivity of the membranes. Due to
advantages of functionalization as a new azole functional polymer composite, the azole
based membranes was developed which have dramatically increased due to their
fundamental properties of chemical energy conversion in industrial devices such as proton
exchange membrane fuel cells (PEMFC)(Chuang, Hsu et al. 2007, Celik, Aslan et al. 2008,
Aslan and Bozkurt 2012, Celik, Bozkurt et al. 2012). An interesting approach can be the
proton solvent comprising functional polymers that are thermally stable and having proton
transport pathway. From this point of view, polymer grafting HSS composite membranes
including azole units would be interesting where azole units and H3;PO, these can be used

as the proton charge carriers in the membrane under anhydrous condition.

1.3.4 Mechanisms of Proton Transport

The mechanism of proton transport in water molecules has been studied extensively
(Eigen, 1964; Agmon, 1995; Agmon, 1996). The proton transport based on the “Grotthuss
mechanism" (also called the “hopping mechanism”, “chain mechanism” or “structure
diffusion”) comprises rapid intermolecular proton transfers (hopping) down a chain of
hydrogen bonds, for which the transfer events are assumed to be highly correlated, with
reorientation of water dipoles to produce a configuration which allows for the next hopping
event (Grotthuss, 1806; Kreuer, 1997). The latter avoids strong solvent effects that tend to
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suppress proton transfer reactions (Kreuer, 1996; Kreuer, 1997). However, this mechanism
cannot explain all abnormal proton conductive systems. Based on NMR spectra and self-
diffusion coefficients, Kreuer et al. proposed a “Vehicle mechanism”, also called molecular
diffusion, for the interpretation of the conductivity of fast proton conductors, such as
zeolites, Nafion etc (Kreuer et al., 1982). According to this model the proton does not
migrate as H* but as H3O", NH,", etc., bonded to a “ vehicle” such as H,O, NHjs, etc. The
unloaded vehicles move in the opposite direction. Sequential hydrogen bonds are not

necessary for proton transport with this model.



CHAPTER 2

EXPERIMENTAL

2.1 SYNTHESIS OF PVPA-SIO, NANOCOMPOSITE MEMBRANES

Vinylphosphonic acid (> 97%, Aldrich) DMF, (> 99%, Fluka) SiO, nanoparticles
(10-20 nm, 99,5%, Aldrich ) and o — o’- Azodiisobutyramidine dihydrochloridine (98%,
Fluka) were used as received. PVPA was synthesized by free radical polymerization of
vinyl phosphonic acid (Lee et al. 2007). Two different approaches were used for the
preparation of nanocomposite materials. In the first approach, PVPA (see Figure 2.1.) and
SiO, nanoparticles were mixed at several ratios to obtain PVPA(X)SiO, composite
membranes where x was the percent (w/w) ratio of SiO, nanoparticles in the polymer
ranging from 5 to 20. Then the mixture was further stirred under nitrogen atmosphere at 80
°C for 24 h, i.e., until getting a homogeneous milky solutions. The polymer films were cast
onto polished poly(tetrafluoroethylene) (PTFE) plates and dried under vacuum at 50 °C and
then stored in a glove box. Hygroscopic and free standing PVPA(x)SiO, films were

obtained (see Figure2.1.).

In the second approach, the composites were synthesized by in situ polymerization of
VPA with a — a- azodiisobutyramidine dihydrochloride as the initiator in the existence of
SiO2 nanoparticles with various weight ratios. The reaction mixtures were further stirred
under nitrogen atmosphere at 85 oC for 24 h, until the mixtures became homogeneous
white gels. The polymer gels were cast onto polished PTFE then stored in a glove box.

16
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Hygroscopic materials were obtained and denoted as PVPA(x)SiO2 (in situ). The

polymeric nanocomposite films were stored in a glove box prior to all measurements

%

m

HO—P—/—O

OH

Figure 2.1 The Structure of PVPA.

Figure 2.2 Free standing film of PVPASIO, composite membranes.
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2.2 SYNTHESIS OF PVPA-TIO; NANOCOMPOSITE MEMBRANES

Vinylphosphonic acid (> 95%, Fluka) DMF, (> 99%, Fluka) TiO, nano particles
(10-50nm- 99,5%, Aldrich ) and o — a’- Azodiisobutyramidine dihydrochloridine (98%,

Fluka) were used as received.

PVPA was synthesized by free radical polymerization of vinyl phosphonic acid
according to previous work PVPA (Bingol, Meyer et al. 2006) (see Figure 2.3.) and TiO,
nanoparticles were admixed at various percentage ratios to obtain PVPA(X)TiO, composite
membranes x = 5,10,15,20) where x is the percentage (w/w) ratio of TiO, nanoparticles in
PVPA matrix. Then the mixture was further stirred under nitrogen atmosphere at 80 °C for
24 h, i.e., until getting a homogeneous milky solutions. The polymer films were cast onto
polished poly(tetrafluoroethylene) (PTFE) plates and dried under vacuum at 50 °C and then
stored in a glove box.

In the second approach, the composites were synthesized by in situ polymerization of
VPA with o — o’- Azodiisobutyramidine dihydrochloride as the initiator in the presence of
TiO, nanoparticles. The reaction mixtures were further stirred under nitrogen atmosphere at
85 °C for 24 h, until the mixtures became homogeneous white viskos mixture. The
polymers were cast onto polished PTFE plates, dried under vacuum at 50 °C and then
stored in a glove box. Hygroscopic and free standing films were denoted as PVPA(X)TiO;

(in situ). Prior to all measurements, polymer films were stored in a glove box.



19

HO—P——0

OH PVPA

Figure 2.3 Structure of PVPA and picture of composite membrane.

2.3 SYNTHESIS OF PVPA-TI10,SO3H NANOCOMPOSITE MEMBRANES

Vinylphosphonic acid (> 95%, Fluka) DMF, (> 99%, Fluka) and o-o’-
Azodiisobutyramidine dihydrochloridine (98%, Fluka) were used as received. PVPA was
synthesized by free radical polymerization of vinyl phosphonic acid (Sevil and Bozkurt,
2004).

Sulfated nano-titania was prepared according to following procedure have reported

by Sakai et al (Sakai, Kajitani et al. 2010). First, 5 g of titanyl sulfate (TiOSO4-nH20,

n=1-2) was dissolved into 200 mL of water and stirred continuously for 40 min. The
solution was then heated under continuous stirring, resulting in a white precipitate at
around 70 °C. The white precipitate was collected by suction filtration, washed several
times with distilled water, the resultant powder was stored in glove box (Sakai, Kajitani et
al. 2010). The amount of sulfate groups in the sample powder was to be about 1x10~ molg’
! from the acid—base titration.

PVPA and sulfated nano-titania were mixed at various concentrations to get
PVPATS, (see Figure 2.4) where x designates the molar ratio of the polymer repeating unit
to sulfate units and varied from 1 to 4. Then the mixture was further stirred under nitrogen
atmosphere at 50 °C for 24 h, i.e., until getting a homogeneous milky solutions. The

polymer films were cast onto polished PTFE plates, dried under vacuum at 50 °C and then
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stored in a glove box. Hygroscopic and free standing films were obtained and the materials
and were denoted as PVPATS,. Prior to all measurements, polymer films were stored in a

glove box.

HO—P—=0
| SOzH
OH HOS I _SOsH
PVPA TiO,
HO,S \soau
OH OH
OH 0 0
0\ HO,S , 2 \P/ \PL 0. HOsS

O
AN \ SO-H \\/OH
HO;S— TiOz/ ’ X

Figure 2.4 The model structure of PVPA/TS nanocomposites membranes.
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2.4 SYNTHESIS OF NAFION-TS NANOCOMPOSITE MEMBRANES

DMF, (> 99%, Fluka) and o — o’- Azodiisobutyramidine dihydrochloridine (98%,
Fluka) were used as received. PVPA was synthesized by free radical polymerization of

vinyl phosphonic acid (Sevil and Bozkurt 2004).

Sulfated nano-titania was prepared according to following procedure have reported

by Sakai et al (Sakai, Kajitani et al. 2010). First, 5 g of titanyl sulfate (TiOSO4-nH20,

n=1-2) was dissolved into 200 mL of water and stirred continuously for 40 min. The
solution was then heated under continuous stirring, resulting in a white precipitate at
around 70 °C. The white precipitate was collected by suction filtration, washed several
times with distilled water, the resultant powder was stored in glove box (Sakai, Kajitani et
al. 2010). The amount of sulfate groups in the sample powder was to be about 1x10 molg’

! from the acid—base titration.

Nafion and sulfated nano-titania were mixed at various concentrations to get
Nafion-TS (see Figure 2.5) where x designates the % ratio of the weight of the Nafion and
varied from 5 to15. Then the mixture was further stirred under nitrogen atmosphere at 50
°C for 24 h, i.e., until getting a homogeneous milky solutions. The polymer films were cast
onto polished PTFE plates, dried under vacuum at 50 °C and then stored in a glove box.
Hygroscopic and free standing films were obtained and the materials and were denoted as

Nafion-TSy. Prior to all measurements, polymer films were stored in a glove box.

TogH
HO3S SO4H o
~N 3 O—CF o. F
Tioz/ [ 2 F% .\"CF/C 2\5//
z 2 '\\
N T /o
HO3S SO;H CF o

Figure 2.5 The structure of TS and Nafion.
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2.5 SYNTHESIS OF PVTRI-TS-PVPA NANOCOMPOSITE MEMBRANES

1-Vinyl-1,2 4-triazole, VTri (> 97%, Fluka), Vinylphosphonic acid, VPA (> 95%,
Fluka) and DMF (> 99%, Fluka) were used as received. Azobisisobutyronitrile (AIBN;
Merck) was recrystallized from THF. The P(VTri), was successfully produced via free-
radical polymerization in toluene with a high yield (> 85%). Poly(vinyl phosphonic acid)
was produced by free radical polymerization of vinyl phosphonic acid (Bingol, Meyer et al.
2006).

Sulfated nano-titania was prepared according to the procedure reported by Sakai et

al. (Sakai, Kim et al. 2012) 5 g of titanyl sulfate (TiOSO4-nH20, n=1-2) was dissolved

into 200 ml of water and stirred continuously for 40 min. The solution was then heated
under continuous stirring, resulting in a white precipitate at around 70 °C. The white
precipitate was collected by suction filtration, washed several times with distilled water, the

resultant powder was stored in glove box (Sakai, Kim et al. 2012).

The membrane materials were produced by two different approaches. According to
previous studies, at higher contents (10-20%) of additive materials (TS), the proton
conductivity decreased because of their blocking effect as well as interactions between host
guest systems and additive materials. For P(VTri)-TS-P(VPA), composite membranes 5%
(w/w) is the optimum composition. In the first, P(VTri) /TS membrane was prepared by
dissolving 5% w/w sulfated titania into P(VTri) host polymer (see Figure 2.7.) and also
P(VPA)/TS membrane was prepared by dissolving 5% (w/w) sulfated titania into P(VPA)
host polymer. Then the solutions were stirred under nitrogen atmosphere for 24 h, i.e., until
getting a homogeneous milky solutions. The films were cast onto polished
poly(tetrafluoroethylene), PTFE plates and dried under vacuum at 50 °C and then stored in

a glove box.
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Figure 2.6 The model structure of PVTri-TS composite membranes.

In the second approach stoichiometric amounts of P(VPA) were added into first
solution system to get P(VTri)-TS-P(VPA)x . x=1,2,4) where X is the molar ratio of the
corresponding monomers. The complex polymer electrolytes were isolated in the solution
as white gel. Then the solutions were further stirred under nitrogen atmosphere for 24 h,
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i.e., until getting a homogeneous milky solutions. The films were cast onto polished
Poly(tetrafluoroethylene) PTFE plates and dried under vacuum at 50 °C .Then the films
were stored in a glove box. Transparent, hygroscopic and free standing films were
obtained and the samples denoted as P(VTri)-TS-P(VPA)y .

2.6 SYNTHESIS OF PVA-TS-NMPA NANOCOMPOSITE MEMBRANES

The solvents, methanol (Sigma-Aldrich), and dimethylformamide (DMF; Merck)

were used as received.

Sulfated nano-titania was produced according to a previously reported procedure

(Aslan and Bozkurt, 2012). Firstly, 5 g of titanyl sulfate (TiOSO4-nH,0, n=1-2) was

dissolved in 200 mL of water and stirred for about 50 min. The solution temperature was
slowly increased up to 70 °C and the white precipitate was collected by suction filtration,
and washed several times with distilled water. The obtained powder was carefully dried and
stored in a glove box. In the powder sample, the amount of sulfate groups was calculated

by acid-base titration, which was about 1x10> mol/g.

Binary and ternary proton conductive polymer nanocomposite membranes were
produced using two different procedures. According to previous studies, at higher contents
(10-20%) of additive materials (TS), the proton conductivity decreased because of their
blocking effect as well as interactions between host guest systems and additive materials.
The former membranes were prepared by mechanical mixing of sulfated nano-titania (TS)
(5% (w/w)) and poly(vinyl alcohol) in DMF, while the latter ones were obtained by
addition of the dopant nitrilotri(methyl triphosphonic acid) (NMPA) (see Figure 2.8.) into
PVA/TS system at several stoichiometric ratios. The homogeneous solutions were stirred
overnight at ambient temperature. The membranes were prepared by casting of the solution
on a polished poly(tetrafluoro ethylene), and the solvent was slowly evaporated at 80 °C for
24 h. To ensure complete solvent removal, the membranes were placed under vacuum at 80

°C for 48 h. Homogeneous and yellowish free standing films were obtained.
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Figure 2.7 Structure of PVA and NMPA.

2.7 SYNTHESIS OF SPSU-TS-NMPA NANOCOMPOSITE MEMBRANES

The commercial polysulfone (PSU; Aldrich),1,2-dichloroethane (DCE; Merck),
methanol (Sigma-Aldrich), and dimethylformamide (DMF; Merck) were used as received.

Acid modified TiO, was synthesized by hydrolysis and precipitation of TiOSO,
(Sakai et al., 2010). The amount of sulfate groups of the resultant powder was found to be
about 1x107° molg™ from the acid—base titration.

Sulfonated polysulfone (SPSU) (see Figure 2.8.) was prepared according to literature
(Gustian et al., 2012). The polysulfone sulfonation degree (DS) of was measured by acid-
base titrimetric method. The sulfonation ratio of sulfonated polysulfone was calculated as
104 % (mol SO3H/repeat unit) x100).

The preparation of proton conductive composite membranes includes two steps which
are as follows. Firstly, mechanical mixing of sulfated nanotitania (5wt%) and sulfonated
polysulfone were prepared in DMF. Then the dopant nitrilotri(methyl triphosphonic acid)
(NMPA) was added of at several stoichiometric ratios in DMF, i.e., SPSU:dopant; 1:1,
1:2, 1:3, 1:4. The homogeneous solutions were stirred overnight with mechanical stirring at

80 °C. Solvent was evaporated in vacuum oven at 60 °C. To ensure complete solvent
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removal, the membranes were placed in glove box at 50 °C. The thicknesses of the films

were measured as 250-500 pum.
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Figure 2.8 The structure of the SPSU and NMPA.

2.8 SYNTHESIS OF AZOL GROUPS FUNCTIONAL PGMA GRAFTED HALLOW
SILICA SPHERES NANOCOMPOSITE MEMBRANES

Glycidyl methacrylate (>97%), were supplied from SigmaAldrich Chemical
Company. Ortho-Phosphoric acid (>99%), Diethlyether (>99.5%) and DMF (>99.5%) were
purchased from Merck. Azobisisobutyronitrile (AIBN; Merck) was recrystallized from

THF prior to use.

It is well known that the sol-gel process has been commonly used to prepare silica
and other metal oxide particles (Marini et al. 2008; Taniguchi et al., 2005). In this study,
hollow silica particles were prepared by sol—-gel process via two-step method. Firstly, HSS
particles were prepared according to following procedure have reported by Hah et al (Hah
et al., 2003). Then the hydrolysis of phenyltrimethoxysilane (PTMS) was performed under
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acidic conditions. Hydrolysis time plays an important role in the formation of hollow
particles. In the second step the condensation of the silane progressed under basic
conditions. The resultant particles were collected with a membrane filter and washed with

water and ethanol several times.

HSS was dissolved in DMF and Poly(glycidyl methacrylate) was grafted by free
radical polymerization of glycidyl methacrylate (Aslan and Bozkurt, 2010; Celik and
Bozkurt, 2008) using 1% AIBN. The temperature was set to 85 °C (see Figure 2.10.). The
HSPGMA were obtained after precipitation with THF and washed with water several times.

Then, it was filtered and dried at 70 °C under vacuum and white and rigid polymers were

obtained.
OH
TCHS HO H
Si——OCH; ——— e HO —
‘ Hydrolysis OH
OCH,
HO OH
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Phenyltrimethoxysilane HSS
OH
HO H
HO —QOH
HO OH
OH
HSS
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Figure 2.9 Synthesis of the PGMA grafted HSS.
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In order to prepare 1,2,4-Triazole functional HSPGMA, the HSPGMA was dissolved
in DMF and stoichiometric amounts of 1,2,4-Triazole were added to the solution. The
temperature was set to 80 °C and the mixture was stirred under nitrogen atmosphere for 24
hours. The resulting solid mixture was filtered and dialyzed against water to remove excess
1,2,4-Triazole.

The 1,2,4-Triazole functional PGMA grafted HSS (HSPGMA-TTi) (see Figure 2.10.)
were dried at 80 °C under vacuum.The azole functional polymer was dissolved in hot
DMSO and phosphoric acid at different ratios, x=1, 2 (i.e. x is the number of moles of acid
per moles of azole unit in the polymer). The polymer films were cast onto polished PTFE
plates, dried under vacuum at 80 °C and then stored in a glove box. Light yellow and free
standing films were obtained and prior to all measurements, polymer films were stored in a

glove box.

1H-1,2,4-Triazole

DMF at 80 °C

HSPGMA HSPGMA-Tri

Figure 2.10 Synthesis of the 1,2,4-Triazole functional PGMA grafted hallow silica
spheres (HSPGMA-Tri).

In order to prepare 5-Amino-Triazole functional HSPGMA, the HSPGMA was
dissolved in DMF and stoichiometric amounts of 5-Amino-1,2,4-Triazole were added to the

solution. The temperature was set to 80 °C and the mixture was stirred under nitrogen
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atmosphere for 24 hours. The resulting solid mixture was filtered and dialyzed against

water to remove excess 5-Amino-1,2,4-Triazole.

The 5-Amino-Triazole functional PGMA grafted HSS (HSPGMA-ATTi) (see Figure
2.11.) were dried at 80 °C under vacuum. The 5-Amino-Triazole functional polymer was
dissolved in hot DMSO and phosphoric acid at different ratios, x=1, 2 (i.e. X is the number
of moles of acid per moles of azole unit in the polymer). The polymer films were cast onto
polished PTFE plates, dried under vacuum at 80 °C and then stored in a glove box. Light
yellow and free standing films were obtained and prior to all measurements, polymer films

were stored in a glove box.

3-Amino-1,2,4-Triazole

DMF at 80 °C

HSPGMA HSPGMA-ATTi

Figure 2.11 Synthesis of the 5-Amino-1,2,4-Triazole functional PGMA grafted
hallow silica spheres (HSPGMA-ATTi).

In order to prepare 5-Aminotetrazole functional HSPGMA, the HSPGMA was
dissolved in DMF and stoichiometric amounts of 5-Aminotetrazole were added to the
solution. The temperature was set to 80 °C and the mixture was stirred under nitrogen
atmosphere for 24 hours. The resulting solid mixture was filtered and dialyzed against

water to remove excess 5-Amino-Triazole.
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The 5-Aminotetrazole functional PGMA grafted HSS (HSPGMA-ATet) (see Figure
2.12.) were dried at 80 °C under vacuum. The 5-Aminotetrazole functional polymer was
dissolved in hot DMSO and phosphoric acid at different ratios, x=1, 2 (i.e. X is the number
of moles of acid per moles of azole unit in the polymer). The polymer films were cast onto
polished PTFE plates, dried under vacuum at 80 °C and then stored in a glove box. Light
yellow and free standing films were obtained and prior to all measurements, polymer films

were stored in a glove box.
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Figure 2.12 Synthesis of the 5-Aminotetrazole functional PGMA grafted hallow silica
spheres (HSPGMA-Tet).

29 SYNTHESIS OF AZOL FUNCTIONAL SIO; NANOCOMPOSITE
MEMBRANES

The intention of the present work was to develop a one-pot method for the synthesis
of modified silica nanoparticles starting from fundamental molecules instead of using
already synthesized silica nanoparticles. For this purpose, TEOS which has been the
starting molecule for the synthesis of silica nanoparticles in Stober reaction (Stober, Fink et

al. 1968, Rao, El-Hami et al. 2005, Rahman, Vejayakumaran et al. 2007).The resultant
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particles were collected with a membrane filter and washed with water and ethanol several

times.

OH Cl J>
oA\ C/
HO OH DME/80 °C
OH X

Figure 2.13 Synthesis of the epichlorohydrin modified SiO, nanoparticles.

SiO, was dissolved in THF and epichlorohydrin was added to solution. When the
reaction occurred between epiclhorohydrin and surface of silica, the HCI was bubbled to
NaOH solution to measure using epichlorohydrin. The temperature was set to 85 °C (see
Figure 2.14.). The modified silica nanoparticles were obtained after precipitation and
washed with water/methanol solution several times. Then, it was filtered and dried at 70 °C

under vacuum.

In order to prepare 1,2,4-Triazole functional SiO, (see Figure 2.14), the modified
silica was dissolved in DMF and stoichiometric amounts of 1,2,4-Triazole were added to
the solution. The temperature was set to 100 °C and the mixture was stirred under nitrogen
atmosphere for 24 hours. The resulting solid mixture was filtered and dialyzed against

water to remove excess 1,2,4-Triazole.
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Figure 2.14 Synthesis of the 1,2,4-Triazole functional SiO, nanoparticles (Tri- SiO5).

In order to prepare 5-Amino-1,2,4-Triazole functional SiO, (see Figure 2.15), the
modified silica was dissolved in DMF and stoichiometric amounts of 5-Amino-1,2,4-
Triazole were added to the solution. The temperature was set to 100 °C and the mixture was
stirred under nitrogen atmosphere for 24 hours. The resulting solid mixture was filtered and

dialyzed against water to remove excess 5-Amino-1,2,4-Triazole.
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Figure 2.15 Synthesis of the 5-Amino-1,2,4-Triazole functional SiO, nanoparticles
(ATri- SiOy).

In order to prepare 5-Amino-Tetrazol functional SiO, (see Figure 2.16), the
modified silica was dissolved in DMF and stoichiometric amounts of 5-Amino-Tetrazol
were added to the solution. The temperature was set to 100 °C and the mixture was stirred
under nitrogen atmosphere for 24 hours. The resulting solid mixture was filtered and

dialyzed against water to remove excess 5-Amino-Tetrazol.
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Figure 2.16 Synthesis of the 5-Amino-Tetrazol functional SiO, nanoparticles (Tet- SiO,).

2.10 CHARACTERIZATIONS

Fourier-Transform IR (FTIR) is most useful for identifying chemicals that are either
organic or inorganic. It can be utilized to quantitate some components of an unknown
mixture. It can be applied to the analysis of solids, liquids, and gasses. The term Fourier
Transform Infrared Spectroscopy (FTIR) refers to a fairly recent development in the
manner in which the data is collected and converted from an interference pattern to a
spectrum. FTIR can be used to identify chemicals from spills, paints, polymers, coatings,
drugs, and contaminants. FTIR is perhaps the most powerful tool for identifying types of
chemical bonds (functional groups). The wavelength of light absorbed is characteristic of
the chemical bond as can be seen in this annotated spectrum. FT-IR spectra were recorded
on a Bruker Alpha-P in ATR in range of 4000 cm *-400 cm ™.

The content of carbon, hydrogen, and nitrogen in the polymers was determined by

elemental analysis using a LECO CHNS-932 instrument.
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Thermogravimetry analysis (TGA) is based on the measurement of the weight loss of
the material as a function of temperature, or isothermally as a function of time, in an
atmosphere of nitrogen, helium, air, other gas, or in vacuum. TGA curve provides
information concerning the thermal stability of the initial sample, intermediate compounds
that may be formed and of the residue if any. In addition to thermal stability, the weight
losses observed in TGA can be quantified to predict the pathway of degradation or to obtain
compositional information. The ability to vary atmosphere during the TGA evaluation,
particularly from an inert to a reactive gas, provides additional information about a material
composition and its stability. The experimental data offer more sophisticated understanding
of reactions occurring at materials heating. Thermal stabilities of the polymer electrolytes
were examined by a Perkin Elmer STA 6000 Thermal Analyzer. The samples (~10 mg)
were heated from room temperature to 750 °C under N, atmosphere at a scanning rate of 10

°C/min.

DSC measures the temperatures and heat flow associated with transitions in materials
as a function of time and temperature. It determines transition temperatures, melting and
crystallization, and heat capacity. In heat flux instruments, the sample and reference are
heated from the same source and the temperature difference is measured. In amorphous
polymers DSC shows the glass transition temperature (Tg) and presence of single Tg
verifies the homogeneity of the polymer. DSC measurements were carried out on a Perkin
Elmer Jade DSC under N, atmosphere and heating-cooling curves were recorded at a rate
of 10 °C/min. The second heating curves were evaluated.

A scanning electron microscope (SEM) is a type of electron microscope that images a
sample by scanning it with a beam of electrons in a raster scan pattern. The electrons
interact with the atoms that make up the sample producing signals that contain information
about the sample's surface topography, composition, and other properties such as electrical
conductivity. For conventional imaging in the SEM, specimens must be electrically
conductive, at least at the surface, and electrically grounded to prevent the accumulation of
electrostatic charge at the surface. Nonconductive materials are therefore usually coated
with an ultrathin coating of electrically conducting material (e.g. gold), deposited on the

sample either by low-vacuum sputter coating or by high-vacuum evaporation. The
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morphology of the membranes was observed by scanning electron microscopy (SEM) type
JEOL 7001 FESEM. The samples were previously coated with gold in a sputtering device.

The tapping mode AFM images of the membranes were acquired using a Park AFM
(XE-100, Park AFM, Korea), supported on a Minus-K (25BM-6, Minus-K, Inglewood,
CA) vibration isolation base. The AFM parameters to obtain the images were carefully set
to minimize the pressure of tip on the membranes. A commercial Si tip was used with the
nominal radius <10 nm, resonant frequency nominal of 330 kHz, a nominal spring constant
of 42N/m (PPP-NCHR, Nanosensors, Switzerland). 20 x 20 [Jm images were acquired at a
resolution of 512x512 points within the range of 0.5-0.8 Hz scan rate and were subjected to
first-order flattening. Surface roughness was calculated by using the Root Mean Square
(RMYS), that is, the standard deviation of the Z values within a given area, defined by Eq.
2.1

N
S (Z.-2..)°
RMS = \/ 2 IN we) (2.1)

Where Z, is the average, Z; is the current Z value, and N is the number of points
within the analyzed area. It was noted that the surface roughness depends on the curvature
and size of the AFM tip and on the image processing (Sedin and Rowlen 2001) therefore
we applied the same procedure for each image. The RMS mean values and the standard

deviations were obtained by analyzing at AFM images.

Methanol permeability was measured using our homemade diaphragm diffusion cell
with a volume of 4 ml. The cell was filled with a pure methanol. Methanol vapor in
equilibrium with the liquid diffused along the concentration gradient through the
membrane, which was clamped between the mouth of glass and the cap. The cap has a hole
with a 0.82cm diameter so that the methanol diffused through the membrane could escape.
The weight loss is recorded as a function of time and the data were used for permeability

calculations.



37

Water uptake (WU) measurement was determined by the weight difference between
the fully hydrated membranes and dried membranes. The dried membranes (Wqy) were
weighed and then wetted until the weight remained constant. The wet or saturated weights
of the membranes (Wwet) were measured quickly after removing or wiping out any
remaining surface water with a paper. . The water uptake was calculated according to the
equation (2.2):

. Wwet _Wdry
Water uptake WU) = —— x100% (2.2)

dry

The oxidative stability of the membranes was tested by immersing the films into
Fenton’s reagent ( 3% H,0, aqueous solution containing 2 ppm FeSQO,). The dissolved time

of the membranes into the reagent were used to evaluate their oxidative stability.

The proton conductivity studies of the samples were performed using a Novocontrol
dielectric-impedance analyzer. The films were sandwiched between platinum blocking
electrodes and the conductivities were measured in the frequency range 1 Hz-3 MHz at 10
°C intervals. The temperature was controlled with a Novocontrol cryosystem using liquid

nitrogen, which is applicable between -150 and 250 °C.

The frequency-dependent AC conductivities, cac (®), of the polymer blends were

calculated using Eq 2.3:
6 (0) = 62 (©) = € () ® & (2.3)

where o' () is the real part of conductivity, = 2xf is the angular frequency, &, is
the vacuum permittivity (e, = 8.852 x 10™ F/cm), and ¢'is the imaginary part of complex

dielectric permittivity ().



CHAPTER 3

RESULTS AND DISCUSSION

3.1 CAHARACTERIZATION OF PVPA-SI0O; NANOCOMPOSITE MEMBRANES
3.1.1 FTIR Studies

The homopolymer of PVPA was prepared by free-radical polymerization of
vinylphosphonic acid. Figure 3.1 shows the FTIR spectra of PVPASIO, nanocomposite
membranes. The FTIR spectrum of PVPA shows strong bands between 1040-910 cm™ due
to asymmetric stretching vibrations of the P-OH group. The peak at 1150 cm™ corresponds
to P=0O stretching(Celik, Aslan et al. 2008, Goktepe, Celik et al. 2008). The P-O-H
vibration at 930 cm™ decreases as the PVPA ratio increases, indicating the existence of
excess acidic protons. Additionally, phosphonic acid units give rise to broad bands with
medium intensity between 1700-1590 cm™ and 2850-2750 cm™ region. The band at 918
cm™ is ascribed to vibration of terminal SiOH groups. The broad and strong peak at about
1136 cm™ is attributed to the overlapping of the combined results of the Si-O band
vibrations and/or stretching in SiO, particles(Ou and Seddon 1997, Parler, Ritter et al.
2001). Typical absorption peaks of SiO; (1100 and 466 cm™) did not only overlap by those
of PVPA but also shifted to 972 and 440 cm™, respectively. This may also indicate that the
PVPA matrix and SiO, nanoparticles are not simply mixed, but complexation interactions
exist. The broad band between 3500 cm™ - 2500 cm™ is the hydrogen bonding network
which is necessary for proton conduction(Celik, Akbey et al. 2008).

38
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Figure 3.1 FT-IR spectra of the PVPASIO, composite membranes.

312 AFM

The selected AFM images of membranes are shown in Figure 3.2. The mean values
of surface roughness of membranes are listed together with SiO, content membranes in
Table 3.1.

Table 3.1 The mean RMS roughness values with the standard deviations and the DC
conductivity of membranes.

Membranes Roughness (hm) SiO; content (weight %)
PVPA 24+61 e

PVPA(5)SIO, 198+6.4 %5

PVPA(10)SiO, 283.2+14.7 %10

PVPA(15)SiO, 173.8 £13.21 %15

PVPA(20)SiO; 48.4+12.3 %20
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The RMS roughness drastically increased from 19.8 nm to 283.2 nm when the SiO;
content was increased from 5 % to 10 %. However, addition of more SiO; did not cause to
increase RMS roughness. Bigger granular domains are clearly seen on the surface of
PVPA(10)SiO, (see Figure 3.2b). Cho et al. modified the surface of Nafion by ion beam
bombardment to improve the fuel cell performance (Cho, Cho et al. 2006). They found that
the increase in the effective surface area resulted in higher proton conductivity of Nafion.
We surprisingly observed in this study that the RMS roughness of membranes followed the
same trend with the DC conductivity values. Hydrophobic surface can be preferential for
fuel cell applications because water should be properly removed from the electrode catalyst
layer (Wagner, Manhart et al. 2009). The higher RMS roughness value might be attributed
to the production of bigger of hydrophobic granules on the surface (Aslan, Golciik et
al.2012).

Figure 3.2 AFM images of the PVPA and PVPA(20)SiO, composite membranes.
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Figure 3.3 AFM images of the PVPA and PVPA(10)SiO, composite membranes.

Figure 3.4 AFM images of the PVPA and PVPA(5)SiO, composite membranes.
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Figure 3.5 AFM images of the PVPA membranes.

313 TEM

Figure 3.6 shows a typical TEM image of the PVPA(10)SiO, nanocomposite
membrane The additive SiO; particles were uniformly distributed in the membrane. There
IS no obvious SiO, aggregation in the P\VPA matrix, and the SiO; particles, ranging from 20
to 50 nm, are distributed in PVPA matrices uniformly (Aslan, Golciik et al. 2012).
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Figure 3.6 The TEM pictures of PVPA(10)SiO, composite membranes.

3.1.4 Thermal analysis

Table 3.2 |lists the glass transition temperatures of the PVPA(x)SiO;
nanocomposites. PVPA exhibits a glass transition at around -23°C (Celik, Akbey et al.
2008) and the PVPA(X)SiO, nanocomposite membranes have definite glass transition
temperatures between 84°C and 100°C. The DSC results indicate that the glass transition
temperatures of the samples shift to higher temperatures as the quantity of SiO, increases.
This shift can be due to complexation interaction between host polymer and nanoparticles.
The glass transition temperatures of PVPA(X)SiO, (in situ) composite membranes are
ranging from 57 °C to 93 °C. The lower glass transition temperature values can be due to
the low molecular weight of the host polymer (Aslan, Golciik et al. 2012).
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Table 3.2 Max. Proton conductivity and Tg (°C) values for the all membranes.

Sample Name SiO, Relative | Tg Max. Proton
content | Humidity | (°C) Conductivity (Scm™)
(%)
(wiw%)
PVPA(5)SiO, 5 % 100°C | 7,2 x10° (Scm™at
120°C
PVPA(10)SiO, 10 % 96°C | 1,1x107(ScmM)at
120°C
PVPA(15)SiO, 15 % 87°C | 8,5x10° (Scm™at
120°C
PVPA(20)SiO, 20 % 84°C | 8,2x10° (Scm™at
120°C
PVPA(5)SiO; 5 % 50 0,0034 (Scm™at 100°C
PVPA(10)SiO, 10% 50 0,08 (Scm™)at 100°C
PVPA(15)SiO, 15% 50 0,007 (Scm™)at 100°C
PVPA(20)SiO, 20% 50 0,003 (Scm™)at 100°C
PVPA(5)SIO; (insitu) | 5% 93°C | 0,001 (Scm™)at 120°C
PVPA(10)SiO, (in situ) | 10% 61°C | 0,009 (Scm™at 120°C
PVPA(15)SiO, (in situ) | 15% 57°C | 0,003 (Scm™)at 120°C

The thermogravimetry (TG) results of the PVPA(X)SiO; are illustrated in Figure 3.7.
The TG curves showed that the materials have no weight loss up to 140 °C. The slightly
weight change at about 180 °C can be attributed to anhydride formation for dry
PVPA(10)SiO, and PVPA(20)SiO, membranes(Celik, Akbey et al. 2008). Clearly, the

dried materials are thermally stable up to 200 °C and then they decompose.
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Figure 3.7 TG thermograms of PVPA(X)SIiO, composite membranes recorded at a
heating °C/min under a nitrogen atmosphere.

Similarly, Figure 3.8. shows the thermogravimetry (TG) results of the PVPA(X)SiO,
(in situ). The PVPA(X)SiO; (in situ) membranes have no weight change up to 100 °C. The
thermograms of PVPA(10)SiO; (in situ) and PVPA(20)SiO; (in situ) are showed that the
materials are thermally stable up to 180 °C.
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Figure 3.8 TG thermograms of triazole functional materials recorded at a heating rate
of 10 °C/min under a nitrogen atmosphere.

3.1.5 Methanol Permeability

Methanol crossover is still a problem in direct methanol fuel cells, especially for
portable applications where the current densities are relatively low. Fuel crossover at high
methanol concentrations from anode side to the cathode side causes polarization losses. In
this study, methanol permeability of the blend membranes was measured by simple
homemade diaphragm diffusion cell similar to the study of (Munakata, Chiba et al. 2005,
Gasa, Boob et al. 2006). The cell is filled with a pure methanol and the mass flow is
recorded as a function of time (see Figure 3.9.). Molar methanolflux (J) through
PVPA(10)SiO, blend was calculated using Eq. (3.1). Nafion112 with known permeability is
used as reference for blend membranes. Methanol permeability of blend membranes may
be calculated using molar flux (J) shown in Egs. (3.1) and 3.2) (Boroglu et al., 2006,
(Aslan, Golciik et al. 2012).).
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J— W (3.1)
M,, < Axt

JlL _ R 52

N PP P, .

where J: flux, MW:molecular weight,W: weight loss (g), P: permeability, I: thickness
(cm), A: area (cm?), t: time (s).

Thickness of the films was taken into account leading the cancellation of the
thickness values (l) in Eq. (3.2). Therefore, permeability is directly proportional to the
molar flux. The measure methanol permeability PVPA(10)SiO, was 2,4x107 cm? s ?,
respectively. It is clearly seen that the methanol crossover in the blended membrane is

lower than commercial Nafion 112. Our results are comparable with the literature(Lin,
Wycisk et al. 2007, Lin, Wu et al. 2008,).
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Figure 3.9 Methanole permeability of PVPA(10)SiO, composite membrane.



48

3.1.6 Proton conductivity

Figure 3.10. shows the AC conductivity of the sample versus frequency at several
temperatures. The o4 Versus frequency curves change with the frequency where in the low
frequency region, the reduction in the conductivity is due to polarization of the blocking
electrodes. The proton conductivity increases as temperature increases. The DC
conductivity (oqc) of the samples was derived from the plateaus of log o, versus log F by

linear fitting of the data.
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Figure 3.10 AC conductivity of PVPA(10)SiO, composite membrane.

The AC conductivities, o, (®) of the polymers were measured at several
temperatures using impedance analyzer. The frequency dependent AC conductivities (cac

(w)) were calculated using Eqg. (3.3);
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6(0) = 0x (0) =& (0) O & (3.3)

where o (o) is the real part of conductivity, o = 2xf is the angular frequency, &, is the
vacuum permittivity and € is the imaginary part of complex dielectric permittivity (¢*). The
proton conductivities of PVPA(x)SiO, anhydrous nanocomposite polymer electrolytes were
measured from 20°C to 120°C.

The proton conductivities of all anhydrous samples were compared in Figure 3.11.
The DC conductivity strongly depends on increment of temperature and ratio of PVPA in

the composite membranes.

Previously, solid-state NMR was studied to elucidate the structure and the local
proton diffusion of the PVPA (Wagner et al., 2009). The results were demonstrated that the
proton migration through host polymer was mediated by acidic protons through hydrogen
bonding network(Celik, Akbey et al. 2008, Wagner, Manhart et al. 2009).
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Figure 3.11 DC conductivity of PVPA(x)SiO; (in situ) composite membrane.



50

Clearly, proton conductivities of these samples increase with PVPA content (see
Figure 3.12.). The maximum proton conductivity was measured for PVPA(10)SiO; (in situ)
and found to be 0,009 (Scm™) at 120°C in the dry state. The proton conductivity of
PVPA(10)SiO, (in situ) is almost identical to PVPA(15)SiO; (in situ) except with a slight
deviation at higher temperatures. The material with x=10 was considered to be the optimum
composition as the complex polymer electrolyte. Conductivity results showed that the
PVPA content was highly effective on the proton conductivity of PVPA(10)SiO, (in situ)
systems. Although the major part of proton transport is provided over phosphonic acid units
coordinated with SiO,,the decrease in conductivity for samples with higher nanoparticle
content can be attributed to threshold composition of SiO; (Aslan, Golciik et al. 2012).

3.1.7 Effect of Humidity on Conductivity

Previously, Kaltbeitzel et al. reported that maximum proton conductivity of 107
Scm™ was reached under a pressure of 1 bar and in H,O atmosphere (Kaltbeitzel, Schauff et
al. 2007).
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Figure 3.12 AC conductivity of PVPA(15)SiO, composite membranes (RH=50%)
versus reciprocal temperature.
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Figure 3.13 DC conductivity of PVPASIO, composite membranes (RH=50%) versus
reciprocal temperature.

Similarly, the proton conductivity of Nafion 117 depends on temperature as well as
humidity levels. When the membrane was fully humidified, the proton conductivity of
Nafion 117 membrane was increased to 0.11 Scm™ at room temperature and to 0.20 Scm™
at elevated temperatures (Takimoto, Wu et al. 2009). The proton conductivity of Nafion
117 at 50 % relative humidity was approximately 0.03 Scm™ at 40°C (Casciola, Alberti et
al. 2006). As seen in Figure 3.13. the proton conductivity of the nanocomposite polymer
electrolyte PVPA(x)SiO, membranes strongly depends upon the humidity. As shown in
Figure 3.13., the proton conductivity of the humidified nanocomposite polymer electrolyte
PVPA(X)SiO, membranes slightly changes with the temperature. The proton conductivity
of hydrated PVPA(10)SiO, was measured to be 0.08 Scm™ at 100 °C. The hydrated and
anhydrous form of PVPA(10)SiO, have slightly higher proton conductivity than the other
samples. Compared to pristine PVPA, the composite membranes with SiO, nanoparticles
show higher proton conductivity at all temperatures. However, the proton conductivity of
the composite membrane with higher SiO, content increases distinctively at higher

temperatures. At lower temperatures the proton conductivity of the composite membranes
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mainly depends upon water content of the membranes. As the temperature increases, the
free water in the membranes begins to evaporate and the contribution of the water absorbed
in SiO, becomes more important (Aslan, G6lciik et al. 2012).. From these results it can be

concluded that PVPA(10)SiO, is the optimum composition.

3.2 CHARACTERIZATION OF PVPA-TIO, NANOCOMPOSITE MEMBRANES
3.2.1 FTIR studies

The homopolymer of PVPA was prepared by free-radical polymerization of
vinylphosphonic acid. Figure 3.14. shows the FTIR spectra of PVPATIO, nanocomposite
membranes. The FTIR spectrum of PVPA shows strong bands between 1040-910 cm™ that
belong to asymmetric stretching vibrations of the P-OH group. The P-O-H vibration at 930
cm™ decreases as the PVPA ratio increases, indicating the existence of excess acidic
protons (Sevil and Bozkurt 2004). Additionally, phosphonic acid units give rise to broad
bands with medium intensity between 1700-1590 cm™ and 2850-2750 cm™ region(Bozkurt,
Meyer et al. 2003, Celik, Akbey et al. 2008). The intensities of these peaks increase as the
concentration of TiO, particles increases. The broad and strong peak at about 600 cm™ is
attributed to the overlapping of the combined results of the Ti-O band vibrations and/or
stretching in TiO, particles (Mallakpour and Barati 2011). The new bands at 1075 and 1140
cm™! can be attributed to the P-O—Ti and P O stretching vibrations, respectively. The bands
at 1330 and 1427 cm ' can be attributed to the weak phosphoryl (P O) frequency and P—-C
stretching vibrations(Wu, Hou et al. 2010). It could be deduced from these results that
PVPA had formed chemical bonds with the Ti atom at the titania surface via phosphonate
groups. Both the characteristic peaks of PVPA and TiO, can be clearly seen in all these
composite spectra. The broad band between 3500 cm™ - 2500 cm™ is the hydrogen bonding

network which is necessary for proton conduction.
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Figure 3.14 FT-IR spectra of PVPA(X)TiO; (in situ) composite membranes.

3.22 SEM

In order to examine the microstructures and nano filler distribution within the
nanocomposites, SEM analysis was conducted. Typical surface SEM photographs of
PVPATIO, nanocomposite were illustrated in Figure 3.15. From Figure 3.15, it was
observed that TiO, were homogenously dispersed in the PVPA matrix. Moreover, from
these figures, it can be seen that PVPA and TiO, being well distributed throughout the
matrix. This result is also consistent with the DSC curves of blend membranes that no

separate Ty transition of impregnated PVPA was observed (Aslan and Bozkurt 2012).
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a) b)

Figure 3.15 SEM micrographs of the surface of PVPATiIO, composite membranes
(@) 50 um (b) 200 um.

3.2.3 Thermal analysis

Table 3.3 lists the glass transition temperatures of the PVPA(X)TiO;
nanocomposites. The PVPA(x) TiO, nanocomposite polymer membranes have definite glass
transition temperatures between 126 °C and 85 °C (Table 3.3.). The results indicate that the
glass transition temperatures of the samples shift to lower temperatures as the quantity of

TiO, increases.
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Table 3.3 Max. Proton conductivity and Tg (°C) values for the PVPA(X)TiO;
composite membranes

Sample Name TiO,content | Tg Max. Proton Conductivity
(°C)

(wiw %) (Scm™) at 120°C
PVPA(5)TIO; 5 96 2 x10” (Scm™) at 120°C
PVPA(10)TiO; 10 123 1,2 x10” (Scm™) at 120°C
PVPA(20)TiO, 20 130 0,004 (Scm™)at 120°C
PVPA(5)TiO; (in situ) 5 103 0,002 (Scm™) at 120°C
PVPA(10)TiO (in situ) 10 120 0,004 (Scm™) at 120°C
PVPA(20)TiO (in situ) 20 126 0,002 (Scm™) at 120°C

The PVPA(X)TiO, (in situ) composite membranes have glass transition temperatures
between 103 °C and 125 °C. The reason can be attributed to inhibition of intra and inter
chain condensation. This increase of Tg suggests improved thermal stability and hence
provides potential advantages during the PEM fuel cell operation at high temperatures. The
reason of such increment in Tg can be expressed by the free volume theory
(Peighambardoust and Pourabbas 2007). Based on this theory, thermal expansion of free
volumes, the space that is not occupied by polymer chains, occurs above glass transition
temperature, and chains begin to fill the free volumes as a result of enhanced thermally
motivated segmental motions of the chains. Incorporation of TiO, particles in polymer
matrix would fill these free volumes and would cause need to more energy for starting

segmental motions, which would make Tg to increase (Aslan and Bozkurt 2012).

Figure 3.16. shows the thermogravimetry (TG) results of the PVPA(X)TiO,. Both
PVPA(10)TiO, and PVPA(20)TiO, have no weight change up to approximately 150 °C.
Then an elusive weight loss up to 180 °C can be attributed to anhydride formation. Clearly,
the dried materials are thermally stable up to 200 °C, then they decompose (Aslan and
Bozkurt 2012).
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Figure 3.16 TG thermograms of PVPATIO, composite membranes recorded at a
heating rate of 10 °C/min under nitrogen atmosphere.

Figure 3.17. shows the thermogravimetry (TG) results of the PVPA(X)TiO; (in situ).
Both PVPA(10)TiO; (in situ) and PVPA(20)TiO, (in situ) have no weight change up to
approximately 150 °C. The TG graphs show an elusive weight loss up to 150 °C which can
be attributed to anhydride formation. It is clear that the dried polymers are thermally stable
up to 200 °C, then they decompose. The TiO, nano particles improved the thermal stability

of the PVPA nano composite membranes.
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Figure 3.17 TG thermograms of PVPATIO, (in situ) composite membranes recorded
at a heating rate of 10 °C/min under nitrogen atmosphere.

3.2.3 Proton conductivity

The proton conductivities of PVPA(x)TiO, anhydrous nanocomposite polymer
electrolytes were measured from 20 °C to 120 °C. The AC conductivity of PVPA(5)TiO;
and PVPA(20)TiO, composite membranes are shown in Figure 3.18 and Figure 3.19.
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Figure 3.18. AC Conductivity of PVPA(5)TiO, composite membranes.
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Figure 3.19. AC Conductivity of PVPA(20)TiO, composite membranes.
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The proton conductivities of PVPA(x)TiO,composite membranes were compared in
Figure 3.20. The conductivity isotherm illustrates that the DC conductivity strongly

depends on temperature as well as the ratio of TiO,.
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Figure 3.20 DC Conductivity Measurements of PVPATIO, composite membranes
versus reciprocal temperature.

The AC conductivity of PVPA(10)TiO; (in situ) and PVPA(20)TiO; (in situ)
composite membranes are shown in Figure 3.21. and Figure 3.22. The maximum proton
conductivity was measured for PVPA(10)TiO, (in situ) and found to be 0,004 (Scm™) at
120 °C in the dry state in Figure 3.23. The material with x=10 was considered to be the

optimum composition as the complex polymer electrolyte.
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Figure 3.21 AC Conductivity Measurements of PVPA(10)TiO, (in situ) composite
membranes versus reciprocal temperature.
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membranes versus reciprocal temperature.
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Figure 3.23 DC Conductivity Measurements of PVPATIO, (in situ) composite
membranes versus reciprocal temperature.

Conductivity results showed that the PVPA composition is highly effective on the
proton conductivity of the samples in the PVPA(10)TiO; (in situ) systems. Although the
major part of proton transport is provided over both phosphonic acid coordinated with TiO,
in Figure 3.24. The increasing of the conductivity of nanocomposite polymer membrane
was explained that the nano particle fillers in the polymer matrix. Nonconducting TiO;
particles which remain embeded in the channels connecting the diffusion of protons
(Eikerling, Kornyshev et al. 2001). Moreover, the interactions between phosphonic units of
PVPA and nanoparticles improve the protons transport. The decrease in conductivity for
samples with higher TiO, content can be attributed to segmental relaxation inhibited by
complexation (Aslan and Bozkurt 2012).. Previously work, Wu et al. explained the
interaction, between the nanoparticle and phosphonic acid units, improved the proton
conductivity(Wu, Hou et al. 2010). Another earlier work showed the nanoparticle content is
an important factor on proton conductivity and thermal stability of nanocomposite

membranes (Devrim, Erkan et al. 2009).
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Figure 3.24 Model structure of PVPATIO, composite membranes.

3.3 CHARACTERIZATION OF PVPA-TI10,SOsH NANOCOMPOSITE
MEMBRANES

3.3.1 FTIR studies

Figure 3.25 shows the FTIR spectra of PVPATS, nanocomposite membranes. The
FTIR spectrum of PVPA shows strong bands between 1040-910 cm™ that belong to
asymmetric stretching vibrations of the P-OH group. The peak at 1150 cm™ corresponds to
P=0 stretching. Additionally, phosphonic acid units give rise to broad bands with medium
intensity between 1700-1590 cm™ and 2850-2750 cm™ region. FT-IR spectra of sulfuric
acid modified nano-titania shows charateristic peaks around 1650cm-1 and at 980-1250 cm’
! The peaks at 980 - 1250 cm™ was attributed to bidentate sulfate coordination on the
titania surface (980-990, 1040, 1130-1150 and 1210-1230 cm™) (Arata and Hino 1990,
Jiang, Herricks et al. 2003, Wu, Hou et al. 2010) These peaks are overlapped with the
corresponding peaks of phosphonic acid units of host matrix and became more intense
(Aslan and Bozkurt 2012). The S=O vibration at 1393 cm™, can be clearly observed from
the sample sulfated nano-titania (Navarrete et al. 1996). The broad band between 3500 cm’
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1.2500 cm™ is the hydrogen bonding network which is necessary for proton conduction
(Celik, Akbey et al. 2008).
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Figure 3.25 FT-IR spectra of the PVPA and PVPATS composite membranes.

3.3.2 XRD

Phase investigation of the crystallized product was performed by XRD and the
diffraction pattern is presented in Fig. 3.26. The XRD pattern indicates that the product is
sulfated nano-titania, and the diffraction peaks are broadened owing to very small
crystallite size (Aslan and Bozkurt 2012).. According to Scherrer’s equation was
approximately 10-15 nm. The similar results reported in previous articles(Sakai, Kajitani et
al. 2010).



65

@ Anatase
[ ]
400 -
300 4
[72)
o
O
=
‘@ 200 4
S ‘ o ®
£
o
100 0 ¢
0 T T T T T T T T T T T T 1
20 30 40 50 60 70 80
20 (Degree)
Figure 3.26 XRD pattern of the TiO,SO3H nanoparticles.
3.3.3 SEM

In order to examine the microstructures and nanofiller distribution within the
nanocomposites, SEM analysis was conducted. Typical surface SEM photographs of
PVPATS nanocomposite were illustrated in see Figure 3.27 a) and b). From Figure 3.27, it
was observed that sulfated nano-titania were homogenously dispersed and embedded in the
PVPA matrix. Moreover, from these figures, it can be seen that PVPA beads and sulfated
nano-titania being well distributed throughout the matrix (Aslan and Bozkurt 2012). This

result is also consistent with the DSC curves of the impregnated membranes that has no

separate Ty transition.
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b)

Figure 3.27 The SEM pictures of PVPATS composite membranes.

3.3.4 Thermal analysis

Table 3.4 lists the glass transition temperatures of the PVPATS, nanocomposites.
PVPA exhibits a glass transition at around -23 ° (Celik, Akbey et al. 2008). PVPATS,
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nanocomposite polymer membranes have definite glass transition temperatures between 84
°C and 100 °C. The results indicate that the glass transition temperatures of the samples
shift to higher temperatures as the quantity of sulfated nano-titania increases. The reason

can be attributed to inhibition of segmental relaxations due to complexation.

Table 3.4 Max. Proton conductivity and Tg (°C) values for the all membranes.

Sample Name PVPA:TS Tg (°C) Max. Proton Conductivity
(Sem™)
(molar ratio)
PVPATS 1:1 78°C 0,03 (Scm™) at 150°C
PVPATS; 1:2 82°C 5 x10°(Scm™) at 150°C
PVPATS, 1:4 94°C 0,01 (Scm™) at 150°C

Figure 3.28 shows the thermogravimetry (TG) results of the composite membranes
under inert conditions. The TG graphs show an elusive weight loss up to 150 °C which can
be attributed to anhydride formation (Celik, Akbey et al. 2008). It is clear that the dried
polymers are thermally stable up to 200 °C, then they decompose. As the nanoparticle
content increases, the degradation temperature slightly shifts to higher temperature which

may be due to inhibition of anhydride formation (Aslan and Bozkurt 2012)..
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Figure 3.28 TG thermograms of PVPATS composite membranes recorded at a
heating rate of 10 °C/min under a nitrogen atmosphere.

3.3.5 Proton conductivity

The proton conductivities of PVPATSx anhydrous nanocomposite polymer
electrolytes were measured between 20-150 °C. The AC conductivity of PVPATS,

composite membrane is shown in Figure 3.29, 3.30 and 3.31.
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Figure 3.29 AC Conductivity of PVPATS composite membrane.
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Figure 3.30 AC Conductivity of PVPATS composite membranes.
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Figure 3.31 AC Conductivity of PVPATS, composite membrane.

Figure 3.32 AC Conductivity of PVPATS, composite membrane.
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The proton conductivities of all anhydrous samples were compared in Figure 3.33.
The conductivity isotherm illustrates that the DC conductivity strongly depends on
temperature as well as the ratio of PVPA (Aslan and Bozkurt 2012)..
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Figure 3.33 DC Conductivity of PVPATS composite membrane.

The relation between self-condensation and proton conductivity of PVPA was
investigated by Kaltbeitzel et al (Kaltbeitzel, Schauff et al. 2007). Maximum proton
conductivity for pristine PVPA was reached under 1 bar H,O atmosphere. The proton
conductivities of Nafion 117 membrane were ranged form 0.11 Scm™ at room temperature
to 0.20 Scm™ at elevated temperatures when the membrane was fully hydrated. The proton
conductivity of Nafion117 at 50 % relative humidity was approximately 0.03 Scm™ at 40
°C (Kreuer 2001, Casciola, Alberti et al. 2006, Takimoto, Wu et al. 2009).

Previously, Wu et al. have reported organophosphorylated titania and chitosan

composite membranes which exhibit an increased proton conductivity to an acceptable
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level of 001 S cm™® (RH= 80 %) for DMFC (Wu, Hou et al. 2010). These
organophosphorylated titania nanoparticles were enhanced the proton conductivity when

they dispersed in the membranes at low temperatures in humidified conditions .

The proton conductivities of these samples increase with PVPA content and
increasing temperature. The maximum proton conductivity was measured for PVPATSy
and found to be 0.03 (Scm™) at 150 °C in the dry state. The material with x=1 was
considered to be the optimum composition as the complex polymer electrolyte.
Conductivity results showed that the P\VPA composition is highly effective on the proton
conductivity of the samples in the PVPATS, systems. The major part of proton transport is
provided over both phosphonic acid coordinated with sulfated nano-titania (Aslan and
Bozkurt 2012).. Previously, the structure and the local proton transport of the host matrix,
PVPA were studied by solid-state NMR (Lee, Bingoel et al. 2007).

In the current system, proton transfer can be facilitated by the additional sulfated
groups on titania fillers. From the FT-IR, composite membranes as well as conductivity
data, it can be concluded that a Grotthuss mechanism (structural diffusion) is the possible
pathway for the total proton diffusion. This continuous pathway may convey proton
mobility over the -POH groups and sulfate groups may reduce the energy barrier for proton
transport (see Figure 3.34). The proton could travel along the ionic bonds from one

functional group to another (Smitha, Sridhar et al. 2004, Ramirez-Salgado 2007).
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Figure 3.34 Proton transfer mechanism in PVPATS composite membranes.

3.4 CHARACTERIZATION OF NAFION-TS NANOCOMPOSITE MEMBRANES
3.4.1 FTIR studies

Figure 3.35. shows the FTIR spectra of Nafion-TS nanocomposite membranes. The
Additionally, Sulfonic acid units give rise to broad bands with medium intensity between
1700-1590 cm™ and 2850-2750 cm™ region (Bozkurt et al., 2003: Celik et al., 2008). The
intensities of these peaks increase as the concentration of TS particles increases. The broad
and strong peak at about 600 cm™ is attributed to the overlapping of the combined results of
the Ti-O band vibrations and/or stretching in TS particles (Mallakpour and Barati, 2011).
The new bands at 1075 and 1140 cm™' can be attributed to the S—O—Ti and S O stretching
vibrations, respectively. (Wu et al., 2010). It could be deduced from these results that
nafion matrix had formed chemical bonds with the Ti atom at the titania surface via
phosphonate groups. Both the characteristic peaks of Nafion and TS can be clearly seen in
all these composite spectra. The broad band between 3500 cm™ - 2500 cm™ is the hydrogen

bonding network which is necessary for proton conduction (Aslan and Bozkurt 2012)..
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Figure 3.35 FT-IR spectra of the TS and Nafion-TS, composite membranes.

342 SEM

In order to examine the microstructures and nano filler distribution within the
nanocomposites, SEM analysis was conducted. Typical surface SEM photographs of
Nafion-TS nanocomposite were illustrated in Figure 3.36. From Figure 3.36., it was
observed that TiO, were homogenously dispersed in the Nafion matrix. Moreover, from
these figures, it can be seen that Nafion and TS being well distributed throughout the

matrix.
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Figure 3.36 SEM micrographs of the surface of Nafion-TS composite membranes
() 50 OUm [(b) 200 Om.

3.4.3 Thermal analysis

Table 3.5 lists the glass transition temperatures of the Nafion-TSx nanocomposites.
Nafion-TSx nanocomposite polymer membranes have definite glass transition temperatures
between 126 °C and 85 °C. The results indicate that the glass transition temperatures of the
samples shift to lower temperatures as the quantity of TS increases.
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Table 3.5 Max. Proton conductivity and Tg (°C) values for the Nafion-TS composite

membranes.

Sample Name TS content Tg (°C) | Max. Proton Conductivity
(wiw %) (Scm™) at 120°C

Nafion-TSs 5 96 2 x10” (Scm™) at 120°C

Nafion-TS; 7 123 1,2 x10° (Scm™) at 120°C

Nafion-TSyo 10 130 0,004 (Scm™)at 120°C

Nafion-TSys 15 103 0,002 (Scm™) at 120°C

The Nafion-TS, composite membranes have glass transition temperatures between

103 °C and 125 °C. The reason can be attributed to inhibition of intra and inter chain

condensation. This increase of Tg suggests improved thermal stability and hence provides

potential advantages during the PEM fuel cell operation at high temperatures. The reason of

such increment in Tg can be expressed by the free volume theory (Peighambardoust and

Pourabbas, 2007). Incorporation of TiO, particles in polymer matrix would fill these free

volumes and would cause need to more energy for starting segmental motions, which

would make Tg to increase.

Figure 3.37. shows the thermogravimetry (TG) results of the Nafion-TSx. An

elusive weight loss up to 180 °C can be attributed to anhydride formation. Clearly, the dried

materials are thermally stable up to 300 °C, then they decompose.
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Figure 3.37 TG thermograms of Nafion-TS composite membranes recorded at a
heating rate of 10 °C/min under a nitrogen atmosphere.

3.4.5 Water/Methanol Uptake

The water/methanol uptake of the membranes is a major parameter influencing
proton conductivity, mechanical property and stability. Solution uptakes of the Nafion-TS
samples are shown in Figure 3.38. As can be seen, water/methanol uptake increase with
increasing TS content. The sample has the highest water uptake value (250 %). This result
showed that the increasing swelling character with TS content it may be attributed to water

retention behaviour of sulfonic acid units in the nanocomposite membranes.
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Figure 3.38 Water/Methanol uptake of Nafion-TS nanocomposite membranes.

3.4.6 Proton conductivity

The proton conductivities of Nafion-TSx anhydrous nanocomposite polymer
electrolytes were measured from 20 °C to 120 °C. The AC conductivity of Nafion-TS; and
Nafion-TS;5 composite membranes are shown in Figure 3.39 and Figure 3.40.
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Figure 3.39 AC Conductivity of Nafion-TS;, composite membranes.
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Figure 3.40 AC Conductivity of Nafion-TS;5 composite membranes.
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The proton conductivities of Nafion-TSy composite membranes were compared in
Figure 3.41. The conductivity isotherm illustrates that the DC conductivity strongly

depends on temperature as well as the ratio of TiO,SO3H.
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Figure 3.41 DC Conductivity Measurements of Nafion-TS composite membranes
versus reciprocal temperature.

In the current system, proton transfer can be facilitated by the additional sulfated
groups on titania fillers. From the FT-IR, composite membranes as well as conductivity
data, it can be concluded that a Grotthuss mechanism (structural diffusion) is the possible
pathway for the total proton diffusion. This continuous pathway may convey proton
mobility over the -POH groups and sulfate groups may reduce the energy barrier for proton
transport. The proton could travel along the ionic bonds from one functional group to

another (Aslan and Bozkurt 2012)..
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3.5 CHARACTERIZATION OF PVTRI-TIO;SO3H-PVPA NANOCOMPOSITE
MEMBRANES

3.5.1 FTIR studies

Figure 3.42. shows the FT-IR spectra of P(VTri)-TS, P(VTri)-TS nanocomposite
polymer electrolytes. In P(VTri)-TS, the triazole units show several medium or strong
peaks in the 1430-1650 cm™ range due to ring stretching (C-N, C=N) vibrations. The peak
at 1270 cm™ is due to the ring N-N stretching. The IR spectrum of P(VPA) shows strong
bands at 1040-910 cm™ that belong to asymmetric stretching vibrations of the P-OH group
and at 1150 cm™ that corresponds to P=O stretching (Nagarale, Shin et al. 2010).
Additionally, phosphonic acid units give rise to broad bands with medium intensity at
1700-1590 cm™ and 2850-2750 cm™. FT-IR spectra of sulfuric acid modified nano-titania
shows characteristic peaks around 1650 cm™ and at 980-1250 cm™. The peaks at 980 -
1250 cm™ were attributed to bidentate sulfate coordination on the titania surface (980-990,
1040, 1130-1150 and 1210-1230 cm™) (Arata and Hino 1990, Jiang, Herricks et al. 2003,
Wu, Hou et al. 2010). These peaks are overlapped with the corresponding peaks of
phosphonic acid units of host matrix and became more intense. The S=0O vibration at 1393
cm™, can be clearly observed from the sample sulfated nano-titania (Sakai, Kim et al.
2012). The new sharp bands at 1075 and 1140 cm™' can be attributed to the P—-O-Ti and P
O stretching vibrations, respectively. The bands at 1330 and 1427 cm ' can be attributed to
the weak phosphoryl (P O) frequency and P—C stretching vibrations, respectively (Baglio,
Arico et al. 2005). It could be deduced from these results that P(VPA) had replaced the
original bidentate position of SO3H and formed chemical bond interaction with the Ti atom

at the titania surface via phosphonate groups (Aslan and Bozkurt 2012).
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Figure 3.42 FT-IR spectra of the TS, PVTri-TS and PVPA-TS nanocomposite membranes.

Figure 3.43 is the FT-IR results of P(VTri)-TS-P(VPA), nanocomposite electrolytes.
At higher P(VPA\) ratio the P-O—H vibration at 930 cm™ becomes stronger, indicating the
existence of excess acidic protons (Aslan and Bozkurt 2014). The broad bands are shown at

between 800-1000 cm™ this broading may also attributed to interaction of SOsH groups and
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phosphonic acid units of P(VPA) (Aslan and Bozkurt 2012). Additionally the broad bands
with medium intensity at 1700-1500 cm™ and 2850-2750 cm™ increased in parallel with the
concentration of P(VPA). The broad band between 3500 cm™-2500 cm™ is the hydrogen

bonding network which is necessary for proton conduction (Aslan and Bozkurt 2009).

104 P(VTri)-TS- F’(VPA) W )
’ — i I A A AN
AR VAR WA
= T POVTNTS-P(VPA), — o
= 08 - (\ e ~ )// AVAYAN L““f'/ Ay
8 o~ \ Voo
S T N 71
8 \N/Trl )-TS- P(V\PA/ \\ / “"‘I
% 0,6 Y I“' ‘lrﬂ
= \ I‘ [ " I‘ﬂ
£ \“f" (1
7] ‘I ‘
[ 0,4 - | |
o \ ]
- |l
\o | |‘I |l
°* 024 o
|
l‘Ln Iﬁl‘l
0,05 T T T T T T J
4000 3000 2000 1000

Wavenumber (cm'1)

Figure 3.43 FT-IR spectra of the P(VTri)-TS-P(VPA) nanocomposite membranes.

352 XRD

The XRD patterns of hydrous sulfated nano-titania and b) P(VTri)/sulfated
nanotitania composite are shown in Figure 3.44 and the diffraction peaks are broadened
owing to small crystallite size. The mean size of the crystallites was estimated from the
diffraction pattern by line profile fitting method using the equation given by Pielaszek et al.
(Pielaszek 2004, Wejrzanowski, Pielaszek et al. 2006).
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The line profile, shown in Figure 3.43a was fitted for observed 7 peaks with the
following miller indices: (101), (004), (200), (211), (204), (116), (203) and (215) which are
in accordance with the anatase structure of TiO; (Zhang, Li et al. 2008, Aslan and Bozkurt
2012). The average crystallite, size, D and o, was obtained as 7 =3 nm as a result of this
line profile fitting. When P(VTri)-sulfated nano-titania prepared as mechanical mixing, the
intense diffraction peak at 20 = 25° was significantly weakened as seen at Figure 3.44b.
When 5% nanoparticles were incorporated into P(VTri), the peak at 25° becomes more
shaper because of the superimposition of peaks of P(VTri) and nanoparticles(Deng, Ding et
al. 2002). The XRD data of the composite indicate that the sulfated TiO, nanoparticles
embedded in P(\VTri) are in the anatase structure. Because the diffraction peak at around

25° for anatase is overlapped with that for the sulfated TiO, doped P(VTri) (Aslan and
Bozkurt 2012)..
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Figure 3.44 XRD pattern of hydrous a) sulfated nano-titania (TS) b) PV Tri-sulfated

nano-titania composite (PVTri-TS)
353 SEM

Surface morphology of P(VTri)-TS-P(VPA) nanocomposite polymer membrane was
investigated by scanning electron microscopy (see Figure 3.45a and Figure 3.45b). Due to
strong interaction between of phosphonic acid groups of P(VPA) and the triazole units of
P(VTri), no phase separation occurred during solvent evaporation, hence homogeneous and
transparent films formed. It was observed that sulfated nano-titania were quite well
dispersed and embedded in the polymer matrix. This result is also consistent with the DSC
results of blend membranes that no separate Ty transition of impregnated polymer was
observed (Kickelbick 2003).

Figure 3.45 SEM pictures of P(VTri)-TS-P(VPA) nanocomposite membranes.
a) 20um b) 50um
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3.5.4 Thermal analysis

The glass transition temperature of the P(VTri) was reported at around 160 °C.
P(VPA) exhibits a glass transition at around -23°C(Sevil and Bozkurt 2004). In the P(VPA)
and P(VTri) homopolymers, no melting transition can be detected, probably because the
investigated samples are rather amorphous. Ty of P(VTri)-TS and P(VPA)-TS membranes
were measured at 130 °C and 67 °C, respectively. The T4 values of the nano composite

membranes are shown in Table 3.6.

Table 3.6 Maximum proton conductivity and T, values of the nanocomposite
membranes.

Sample Name P(VTri)-TS- Tg (°C) Max. Proton
P(VPA) ratio Conductivity (Scm™)
P(VTri)-TS 1-%5 130°C | 8,5x10°Scm™ at 150°C
P(VPA)-TS 1-%5 67 °C |3,1x 10°Scm™ at 150°C
P(VTri)-TS-P(VPA) 1-%5-1 121°C | 2,5x10°Scm™ at 150°C
P(VTri)-TS-P(VPA), | 1-%5-2 106 °C | 2,6x10* Scm™ at 150°C
P(VTri)-TS-P(VPA); | 1-%5-4 86°C | 0,003 Scm™ at 150°C

The complex polymer electrolytes have definite glass transition temperatures at
121°C for x=1, 106 °C for x=2 and 86°C for x=4. PVPA has lower Tg and may have
showed softening effect in the matrix. The results demonstrated that as the quantity of
P(VPA) increased, the glass transition temperature of the samples shifted to lower

temperatures.
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Thermal stability of the nanocomposite membrane samples could be inferred from
their TGA thermograms in Figure 3.46. P(VTri)-TS has a considerable thermal stability
under inert conditions. Above 250 °C, a remarkable weight loss derives from the thermal
decomposition of triazole groups and the polymer main chain. The P(VPA)-TS curves
illustrated that the composite membrane is thermally stable up to approximately 180 °C,
then the composite decomposes. The dried nanocomposite P(VTri)-TS-P(VPA), materials
are thermally stable up to approximately 300 °C. In addition, P(VTri)-TS-P(VPA)
nanocomposite membranes possess better thermal stability than P(VTri)-P(VPA) polymer
electrolyte membranes(Baglio, Arico et al. 2005), this may also be attributed to the
presence of sulfated titania in the membrane matrices inhibited the condensation of
phosphonic acid units up to 300 °C(Wagner, Manhart et al. 2009).
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Figure 3.46 TG thermograms of P(VTri)-TS-P(VPA) P(VTri)-TS and P(VPA)-TS

composite membranes recorded at a heating rate of 10 °C/min under a nitrogen
atmosphere.
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3.5.6 Proton conductivity

The AC conductivities, o (®) of the polymers were measured at several
temperatures using impedance spectroscopy. The AC conductivity of P(VTri)-TS-P(VPA)
and P(VTri)-TS-P(VPA), is shown in Figure 3.47. and 3.48. Frequency dependent AC

conductivities (o, ()) were measured using Eq. (3.5);
6 (0) = o2 (©) = € () ® & (3.5)

where o' (w) is the real part of conductivity, = 2xf is the angular frequency, ¢, is
the vacuum permittivity (e, = 8.852 x 10™* F/cm), and ¢ is the imaginary part of complex
dielectric permittivity (¢'). The proton conductivities of anhydrous nanocomposite polymer

electrolytes were measured from 20 °C to 150 °C.
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Figure 3.47 AC Conductivity of P(VTri)-TS-P(VPA) composite membranes.
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Figure 3.48 AC Conductivity of P(VTri)-TS-P(VPA), composite membranes.

The proton conductivity of the P(VTri)-TS depends on the increasing temperature.
In the anhydrous conditions, the proton conductivity of P(VTri)-TS was measured as 5,9
x10* S cm™ at 20°C and 8,5x10°® Scm™ at 150 °C. Low conductivity can be attributed to

low concentration of functional nanoparticles which was 5% (w/w).

The proton conductivity of all anhydrous P(VTri)-TS-P(VPA)x samples were
compared in Figure 3.49. The conductivity results illustrate that the DC conductivity
strongly depends on temperature as well as the ratio of P(VPA). As seen, the proton
conductivity of these samples is improved with P(VPA) content and maximum proton
conductivity was measured for P(VTri)-TS-P(VPA), and found to 0.003 at 150 °C. The
material with x=4 is the optimized composition in terms of conductivity as well as thin film
formation. Conductivity results showed that in the P(VTri)-TS-P(VPA) systems, the
P(VPA) composition and sulfated nano titania are highly effective on the proton

conductivity of the samples. The previously work, it was reported that for P(VPA)/P(VTri)
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blends, P(VTri)P(VPA), was the optimum composition and showed a proton conductivity
of 2.5x 10™ S/cm at 180 °C in the anhydrous state (Aslan and Bozkurt 2009). This results
verified the sulfated nano titania increased P(VPA) content as well as enhanced the proton
conductivity and thermal stability of the nanocomposite membrane. Moreover, Wang et al.
(Wang, McDermid et al. 2008) and Li et al.(Li, Sun et al. 2006) confirmed that the
modified nanoparticles more increased the proton conductivity than unmodified

nanoparticles via their functional groups (Aslan and Bozkurt 2012).
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Figure 3.49 DC Conductivity Measurements of P(VTri)-TS-P(VPA) composite
membranes versus reciprocal temperature .

From the FT-IR as well as conductivity data, it can be concluded that a major part of
proton transport can be provided over both phosphonic acid and sulphonic acid units that
are coordinated with azoles. Grotthuss mechanism (structural diffusion) can be the possible
pathway for the total proton diffusion. This continuous pathway may convey proton

mobility over the —-POH groups and sulfate groups that may reduce the energy barrier for
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proton transport (see Figure 3.50.). The proton could travel between the phosphonic acid
units of P(VPA) and SO3H groups of sulfated titania ionic bonds from one functional group
to another (Smitha, Sridhar et al. 2004, Ramirez-Salgado 2007, Macarie and Ilia 2010).

Ho.s  SOH Tig H
O HO3S " 803H
-- /1 *~S0H

Figure 3.50 DC Conductivity Measurements of P(VTri)-TS-P(VPA) composite
membranes versus reciprocal temperature .

3.6 CHARACTERIZATION OF PVA-TS-NMPA NANOCOMPOSITE
MEMBRANES

3.6.1 FTIR studies

Figure 3.51 shows the FT-IR spectra of PVA-TS and sulfated nano-titania (TS). FT-
IR spectrum of sulfated titanina poly(vinylalcohol) showed a very strong and broad peak
centered at 3300 cm * attributed to the hydroxyl (—-OH) group and a peak at 2900 cm™* that
correspond to the CH,asymmetric stretching (Daniliuc, Dekesel et al. 1992) . FT-IR

spectra of sulfated nano-titania showed characteristic peaks around 1650 cm™ and at 980-
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1250 cm™. The peaks at 980 - 1250 cm™ were attributed to bidentate sulfate coordination
on the titania surface (980-990, 1040, 1130-1150 and 1210-1230 cm™) (Aslan and Bozkurt
2013). The S=0 vibration at 1393 cm™, can be clearly observed from the sample sulfated
nano-titania (Arata and Hino 1990, Navarrete, Lopez et al. 1996, Jiang, Herricks et al.
2003, Celik, Akbey et al. 2008, Sakai, Kajitani et al. 2010).
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Figure 3.51 FT-IR spectra of the TS and PVA-TS composite membranes.

Figure 3.52 is the FT-IR of the ternary system where the peak at 1150 cm™
corresponds to P=0 stretching of NMPA. As can be seen in the PVA-TS-NMPA spectrum
the weak peak between 910- 1100 can be attributed to the P-O-Ti and P-O stretching
vibrations. The bands at 1330 and 1427 cm ' can be attributed to the weak phosphoryl
(PO) frequency and P—C stretching vibrations, respectively (Wu, Hou et al. 2010). It could
be deduced from these results that NMPA had replaced the original bidentate position of
SO3H and formed chemical bonds with the Ti atom at the titania surface via phosphonate

groups. NMPA shows strong bands at 950 cm™ that belong to asymmetric stretching
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vibrations of the P-OH group, at 1150 cm™ that corresponds to P=0 stretching, and a weak
peak around 3500 cm™ was attributed to O-H stretching(Chen, Han et al. 2007). The
characteristic peaks of sulfated nano-titania at 980-990, 1040, 1130-1150 and 1210-1230
cm™ are overlapped with the corresponding peaks of phosphonic acid units of host matrix
and became more intense. Between 3500 and 2000 cm™ a broadening of the band can be
related to hydrogen bonding network formation. Within 1500 - 800 cm™ region, the peaks
near 1150 cm™ and 960 cm™ are attributed to characteristic absorptions in the formation of
anion NMPA as a consequence of interaction of SO3H interaction(Ma, Zhang et al. 2008).
These results confirm successful embedding of bifunctional nano-titania in PVA host
matrix (Aslan and Bozkurt 2013)..
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Figure 3.52 FT-IR spectra of the PVA-TS-NMPA composite membranes.
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3.6.2 SEM

The micro topography of PVA-TS and PVA-TS-NMPA composite membranes was
studied by scanning electron microscopy (SEM) as shown in Figure 3.53 and 3.54. In
Figure 3.53, it was observed that sulfated nano-titania were homogenously dispersed and
embedded in the PVA matrix.

The SEM micrograph indicates that there was no obvious agglomeration of TS
nanoparticles. In comparison with the pure PVA (Peng, Kong et al. 2005) the surface of the
PVA-TS-NMPA nanocomposite was smoother (see Figure 3.54). Additionally, due to
strong interactions between sulfonic acid groups of sulfated titania and phosponic acid units
of NMPA, whereas no phase separation was observed during solvent evaporation. Although
micro-domain formation regarding PVA-TS-NMPA complex might have been expected in
the final dry membrane such domains did not appear in the SEM micrographs. Figure 3.55.
indicates a very good compatibility between PVA and NMPA.Consequently, the

micrographs showed that homogeneous films were successfully produced.

Figure 3.53 SEM micrographs of the PVA-TS surface of composite membranes.
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S um

Figure 3.54 SEM micrographs of the PVA-TS-NMPA surface of composite
membranes.

3.6.3 Thermal analysis

Table 3.7 lists the glass transition temperatures of the PVA-TS-NMPA, composite
membranes. PVA exhibits a glass transition located at around 72 °C(Peng, Kong et al.
2005). In the presence of sulfated nano-titania the Tg of PVA shifts to 150 °C which
indicated that sulfated nano-titania prevented segmental motion of the PVA (Aslan and
Bozkurt 2013).. The membrane materials PVA-TS-NMPA PVA-TS-NMPA, and PVA-TS-
NMPA; have definite obvious glass transition temperatures of 118°C, 100 °C and 92 °C,
respectively (see Figure 3.55.). Clearly, the results indicated that the glass transition
temperatures of the samples shift to lower temperatures as the quantity of NMPA increases.
This behavior can be described by the softening effect of NMPA.
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Figure 3.55 DSC curves of PVA-TS-NMPA composite membranes under nitrogen
atmosphere at a heating rate of 10 °C min™.

Table 3.7 Max. Proton conductivity and Tg (°C) values for the composite membranes.

Sample name Molar Ratio Tg°C Max. proton cond.
(PVA/NMPA)
(Scm™)
PVA-TS - 151 °C 2 x10° at 150 °C
PVA-TS-NMPA 1:1 118°C 8.5x10%at 150 °C
PVA-TS-NMPA; 1:2 100°C 3.1x10™at 150 °C
PVA-TS-NMPA;3 1:3 92°C 0.003 at 150 °C
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Figure 3.56. shows the thermogravimetry (TG) results of the composite membranes
recorded under N, atmosphere. The TG graphs show an elusive weight loss up to 150 °C,
which can be attributed to anhydride formation (Park, Shin et al. 2005). It is clear that the
dried polymers are thermally stable up to approximately 250 °C, after which, they
decompose. The PVA-TS thermograms indicated that the sulfated titania nanoparticles
enhanced the thermal stability of the composite membranes. The degradation temperature
of PVA-TS-NMPA nanocomposite polymer membranes is approximately 200 °C, i.e.,
slightly lower than that of PVA-TS.
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Figure 3.56 TG thermograms of PVPATIO, (in situ) composite membranes recorded
at a heating rate of 10 °C/min under a nitrogen atmosphere.

3.6.4 Water/Methanol Uptake

The water/methanol uptake of the membranes is a major parameter influencing
proton conductivity, mechanical property and stability. Solution uptakes of the PVA-TS-
NMPA samples are shown in Figure 3.57. As can be seen, water uptake decrease with
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increasing NMPA content. The sample PVA-TS has the highest water uptake value (70 %).
This result showed that the decreasing swelling character with NMPA content enhanced the
mechanical strength, and almost no NMPA dissolved in the solution. The result indicated
that the complexation of PVA-TS with NMPA prevented the loss of guest polymer (PVA)

to the solution.

Solution Uptake (%)
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Figure 3.57 Water / Methanole uptake of PVA-TS-NMPA composite membranes.

3.6.5 Proton conductivity

The proton conductivities of PVA-TS and PVA-TS-NMPA anhydrous
nanocomposite polymer electrolytes were measured between 20-150 oC. The AC
conductivity of PVA-TS-NMPA2 composite membrane is shown in Figure 3.58. The graph
includes several regions which are typical for ion conducting polymers. The irregularities
between 80-150 oC at the low frequency side correspond to polarization blocking the
electrode-electrolyte interface and the conductivity increase at high temperature and high
frequencies results from the regular dispersion in polymer electrolytes(Acar, Sen et al.
2009).
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Figure 3.58 AC Conductivity of PVA-TS-NMPA, composite membranes.
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The DC conductivities of anhydrous samples were derived from the plateau regions

which are compared in Figure 3.59. Clearly, the proton conductivity of PVA-TS system

increases linearly (Arrhenius behavior) with increasing temperature. Max conductivity of
PVA with 5% TS is 2 x10° at 150 °C
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Figure 3.59 DC Conductivity of PVA-TS-NMPA composite membranes.

Previously, it was reported that organophosphorylated titania and chitosan composite
membranes exhibit an increased proton conductivity to an acceptable level of 0.01 S cm—1
(RH= 80 %) for DMFC (Wu, Hou et al. 2010). These organophosphorylated titania
nanoparticles enhanced the proton conductivity when they were dispersed in the
membranes at low temperatures in humidified conditions. In this study, we combined the
advantages of phosphonic acid units and sulfonic acid units on the titania surface, which

enhanced the proton diffusion under anhydrous conditions.

The conductivity isotherm of PVA-TS-NMPA composite membranes strongly
depends on temperature as well as the ratio of NMPA. The proton conductivity of PVA-TS
nanocomposite membrane is lower than that of composite membranes with NMPA. The
DC conductivity illustrated that the NMPA content increases the conductivity for PVA-TS-
NMPA composite membranes. The maximum proton conductivity was measured for PVA-
TS-NMPA; and found to be 0.003 (Scm™) at 150 °C, in the dry state. The material with x=3

was considered to be the optimum composition for these series of composite membranes.
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Conductivity results showed that the NMPA composition is highly effective on the proton
conductivity of the samples in the PVA-TS-NMPA systems.

Figure 3.60 Proton transport mechanism of the PVA-TS-NMPA composite membranes.

In the current system, proton transfer can be facilitated by the additional phosphonic
acid groups on NMPA. From the FT-IR of composite membranes as well as the
conductivity data, it can be concluded that a Grotthuss mechanism (structural diffusion) is
the possible pathway for the total proton diffusion (Aslan and Bozkurt 2013). This
continuous pathway may convey proton mobility over the —P-OH and sulfonic acid groups
may reduce the energy barrier for proton transport (see Figure 3.60). The protons could
travel through the ionic functional groups(Smitha, Sridhar et al. 2004, Ramirez-Salgado
2007).
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3.7 CHARACTERIZATION OF SPSU-TS-NMPA NANOCOMPOSITE
MEMBRANES

3.7.1 FTIR studies

Figure 3.61 and Figure 3.62 are the FTIR spectra of nanocomposite membranes.
Fig.ure 3.60 shows the FT-IR spectra of sulfated nanotitania (TS), sulfonated polysulfone
(SPSU) and SPSU-TS composite membranes. The signals belonging to SPSU are seen at
690 cm™, 1041 cm™, 1103 cm™, 1149 cm™, 1238 cm™, 1485 cm™, 2950 cm™, 3110 cm™,
3500 cm™(Alberti, Casciola et al. 2005, Chuang, Hsu et al. 2007). In FTIR of SPSU, the
presence of -OH peaks at 3500 cm™ and O=S=0 stretching vibration of -SO3 groups near
1041 cm™ confirm the sulphonation of PSU. The FT-IR spectrum of sulfated nano-titania
shows characteristic peaks around 1650cm™ and at 980-1250 cm™. The peaks at 980 - 1250
cm™ were attributed to bidentate sulfate coordination on the titania surface (980-990, 1040,
1130-1150 and 1210-1230 cm™) (Aslan and Bozkurt 2014). These peaks The S=O vibration
at 1393 cm™, can be clearly observed from the sample sulfated nanotitania (Arata and Hino
1990, Navarrete, Lopez et al. 1996, Jiang, Herricks et al. 2003, Celik, Akbey et al. 2008,
Sakai, Kajitani et al. 2010).
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Figure 3.61 FT-IR spectra of the SPSU, TS and SPSU-TS composite membranes.

In Figure 3.61 P=0O stretching band is observed at 1150 cm™. P-O-Ti and P O

stretching vibrations are seen at 1075 and 1140 cm™

, respectively (Aslan and Bozkurt
2012). NMPA has strong bands at 1020 - 890 cm™ it can be attributed to asymmetric
stretching vibrations of the P-OH group (Aslan and Bozkurt 2014).. These results prove
that the existing of original bidentate position of SO3H and formed chemical bonds with
titania surface via phosphonate groups of NMPA. The weak peak around 3500 cm™ was

attributed to O-H stretching(Chen, Han et al. 2007).

The characteristic peaks of sulfated nanotitania at 980-990, 1040, 1130-1150 and
1210-1230 cm™ are overlapped with the corresponding peaks of phosphonic acid units of
host matrix and became more intense (Aslan and Bozkurt 2014). The peaks at 1150 cm™,
960 cm™ and between 1500 - 800 cm™ demonstrated the formation anion NMPA as a

consequence of interaction of SO3zH (Ma, Zhang et al. 2008).
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Figure 3.62 FT-IR spectra of the SPSU-TS-NMPA composite membranes.

3.7.2 SEM

The microtopography of SPSU-TS and SPSU-TS-NMPA composite membranes was
studied by scanning electron microscopy (SEM) as shown in Figure 3.63. From Figure
3.62a, it was observed that sulfated nano-titania were homogenously dispersed and
embedded in the SPSU matrix.

Due to strong interactions between sulfonic acid groups of sulfated titania and
phosphonic acid units of NMPA, no phase separation observed during solvent evaporation.
In fact, extensive phase separation was prevented by interactions between SPSU and
NMPA. Therefore, homogeneous films were produced. Figure 3.63b indicates a very good
compatibility between SPSU and NMPA. This result is also consistent with the DSC curves

of the impregnated membranes that have no separate T transition.
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b)

Figure 3.63 SEM micrographs of the surface of composite membranes
(a) SPSU-TS[(b) SPSU-TS-NMPA

3.7.4 Thermal analysis

Table 3.8 lists the glass transition temperatures of the SPSU-TS-NMPA composite
membranes. SPSU exhibits a glass transition at around 193 °C(Lufrano, Baglio et al. 2008).
In the presence of sulfated nanotitania Tg of SPSU to 180 °C. The reason can be attributed
to softer effect of SO3H units in the sulfated nanotitania (Aslan and Bozkurt 2014). The T,
of SPSU-TS-NMPA nanocomposite polymer membranes were measured between 86 °C

and 100 °C. According to the glass transition temperatures of the nanocomposites
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membranes, NMPA has softener effect. The Ty shifted to lower temperatures while the

quantity of phosphonic acid groups increases.

Table 3.8 Max. Proton conductivity and Tg (°C) values for the all membranes.

Sample name Molar Ratio Tg°C Max. proton cond.
(SPSU/NMPA)
(Sem™)
SPSU-TS - 180 2 x10™ at 150 °C
SPSU-NMPA 1:1 110 2x10™ at 150 °C
SPSU-TS-NMPA 1:1 98 0,002 at 150 °C
SPSU-TS-NMPA; 1:2 95 3x10™ at 150 °C
SPSU-TS-NMPA3 1:3 86 4x10™ at 150 °C

The TGA results were showed in Fiure 3.64. Due to the anhydride formation the TG

thermograms have a subtle weight loss up to 150 °C (Park, Shin et al. 2005). As seen in the

TG graphs the nanocomposites membranes thermally stable up to 270 °C, then they

decompose. The thermal stability of the composite membranes decreased after the

embedding NMPA into SPSU-TS. This can be attributed to intermolecular condensation of

phosphonic acid units as well as titania surface at high temperatures.
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Figure 3.64 Thermogravimetry (Tg) Analysis of SPSU-TS-NMPA composite
membranes under nitrogen atmosphere at a heating rate of 10 °C min™.

3.7.5 Water Uptake

The water uptake of the membranes is a major parameter influencing proton
conductivity, mechanical property and stability. Water uptakes of the SPSU-TS-NMPA
samples are shown in Figure 3.65. As can be seen, water uptake increased with decreasing
NMPA content due to interaction between phosphonic acid units of NMPA and nanotitania
surface. The sample with (1:1) composition has the highest water uptake value (130 %).
Although the mechanical strength of the swelled membrane decreased to a certain extent,
almost no NMPA dissolved in the solution (Aslan and Bozkurt 2014). The result showed

that the complexation of SPSU with NMPA prevented the loss of guest polymer (SPSU) to
the solution.
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Figure 3.65 Water / Methanole uptake of SPSU-TS-NMPA composite membranes.

3.7.6  Methanol Permeability

Methanol crossover is an important problem for portable methanol fuel cell. In this
study, simple homemade diaphragm diffusion cell was used to measure methanol
permeability of the composite membranes (Munakata, Chiba et al. 2005, Gasa, Boob et al.
2006). The cell is filled with a pure methanol and the mass flow is recorded as a function of
time (see Figure 3.66). Molar methanolflux(J) through SPSU-TS AND SPSU-TS-NMPA
blends was calculated according to literature (Boroglu, Celik et al. 2011).

The measured methanol permeability through SPSU-TS and SPSU-TS-NMPA were
1.75x107 cm? st and 2x10® cm? s7?, respectively. In previously work, Li et al. reported

that methanol permability of the Nafion® 117 membrane was measured as ~10° cm? s *(Li,
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Sun et al. 2006). Furthermore, the SPSU-TS-NMPA composite membranes have showed
lower methanol crossover than commercial Nafion 112 showed lower methanol crossover
than commercial Nafion 112 (Lin, Wycisk et al. 2007, Lin, Wu et al. 2008).
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Figure 3.66 Methanole permeability of SPSU-TS-NMPA composite membrane.

3.7.7 Mechanical Analysis

Figure 3.67 shows the results of the dynamic mechanical analysis of SPSU-TS as a
function of temperature. At lower temperature, the rigidity of the films is relatively high
with a B’ plateau in the 10° (Pa) regime, which correspond to glass material. When the
glass transition is reached, a severe drop in both the E’ and E”’ values is observed until

values are reached which are typical for a highly viscous melt (Aslan and Bozkurt 2014).
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Above 225 °C, E’ becomes lager than E’’ that may be due to onset of rubber elastic
plateau (Bozkurt, Ise et al. 1999, Deimede, Fragou et al. 2000).
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Figure 3.67 Temperature dependence of DMA results for SPSU-TS.

3.7.8 Oxidative Stability

The oxidative stability of the SPSU-TS-NMPA nanocomposite membranes were
evaluated in Fenton’s reagent ( 3% H>O; aqueous solution containing 2 ppm FeSQO,) (Aslan
and Bozkurt 2010). SPSU-TS-NMPA and SPSU-TS-NMPA; membranes were not soluble
in Fenton’s reagent, whereas the SPSU-TS-NMPA; and SPSU-TS-NMPA,; membranes
partially dissolved in Fenton’s reagent within 24h. The composite membranes which
including lower NMPA content have better oxidative stability against Fenton’s reagent

compared to including high NMPA containing membranes (Aslan and Bozkurt 2014).
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3.7.6  Proton conductivity

The AC conductivities, o, (@) of the polymers were measured by using an

impedance analyzer.

conductivities of SPSU-TS and SPSU-TS-NMPA anhydrous
nanocomposite polymer electrolytes were measured between 20-150 °C. The AC

The proton

conductivity of SPSU-TS-NMPA, composite membrane is shown in Figure 3.68, Figure
3.68 and Figure 3.609.
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Figure 3.68 AC Conductivity of SPSU-TS-NMPA composite membrane.
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Figure 3.70 AC Conductivity of SPSU-TS-NMPA3; composite membrane.

10

10°

10"

10°

10°

10*

_oNMLKJTH

_gRQ
o a7el

20198 H‘Hmlll

— ,xx%**
A 6&%;—*{5

v
30

lnﬂ

»

GFEDCB/

514131211109 8765432 ‘

X
309325
O

A

1

x
3

peed

T=150°C
1 T=140°C
T=130°C
- T=120°C
T=110°C
< T=100°C
+ T=90°C
e T=80°C
T=70°C
* T=60°C
T=50°C
» T=40°C
T=30°C
T=20°C

* A

10° 10’ 10° 10’ 10* 10° 10°
Log F(Hz)

LB L L B S A R SR S N R L) N R LLL B AL R R L R R |

10’

] AGARRARBRAZ TSRQPONM LK
L GHMALARRATTT g76543

1 ARG 73635343@231333923272325242322120191317151514131211109

__ it S L —-;(;* T=150°C

E T T T T T K T=140°C

E — HHHER s XX

] — ’_***X*xx%x*xxx*xxxxxx*xxxxxxx**ii Xxxf Hr T=130°C

] *x%ixxxx><><><><><><><><><><><><><><x><><><x><><x><><><i++ +++; 2099 |- T=120 :c

] >;(<><><><+++++++++++++++++-¢—+++++-¢—+++++;0 299 . * I;;lgg“g

_ ++ Q * =

: *+oaoooooaoooooo000000000000000“ T=90°C

E =

] @9 ***** » s T=80°C

] el T=70°C

e talad >

1 **ﬂ**ﬂﬁ*ﬁ*w**ﬂﬂ* »P * T=60°C
p”> o . T=50°C

E a4 » T=40°C

] »»»»»’»» «o0* <« | < T30

] N s oe® )

: “‘41 ..Q + T=20C

T OPPPPPPPPRRRRRRTLL L LRIV o4

E BE0660000400¢

10° 10° 10’ 10° 10° 10°* 10° 10° 107

Log F(Hz)

112



113

The proton conductivities of all anhydrous samples were compared in Figur 3.71. The
proton conductivity of SPSU increased in the presence of sulfated nanotitania and
increasing temperature. There are several studies about the proton conductivity property of
SPSU but most of them are in humidified conditions(Lufrano, Baglio et al. 2006, Lufrano,
Baglio et al. 2008). For anhydrous proton conductivity sulfonated polysulfone-
nitrilotri(methyl triphosphonic acid) composite membrane was measured as 2x10™ Scm™
at 150 °C. Previous works have reported modified titania and polymer composite
membranes have an acceptable proton conductivity level for PEMFC application(Aslan and
Bozkurt 2012). At low temperatures, these organophosphorylated titania increased the

proton conductivity when they embedded in the membranes for humidified conditions.
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Figure 3.71 DC Conductivity Measurements of SPSU-TS-NMPA composite
membranes versus reciprocal temperature.
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The conductivity isotherm illustrates that the DC conductivities of SPSU-TS-NMPA
composite membranes strongly depends on temperature as well as the ratio of NMPA.
However the DC conductivity illustrates that the NMPA content increases the conductivity
for SPSU-TS-NMPA and SPSU-TS-NMPA, composite membrane decreases the
conductivity for SPSU-TS-NMPA3;. One possible explanation is that complexation may
occur between phosphonic acid units of NMPA and SO3H groups of sulfated nanotitania at
high ratio of NMPA. Additional reason can be the partial reaction of TS with phosphonic
acid units of NMPA resulting in loss of proton sources. Thus, at high NMPA ratio the
proton conductivity decreased due to loss of proton by condensation (Aslan and Bozkurt
2014).

The maximum proton conductivity of SPSU-TS-NMPA was measured as 0.002
(Scm™) at 150 °C in the dry state. The SPSU-TS-NMPA (x =1) is the optimum composition
as the complex polymer electrolyte. When the NMPA composition increased the proton
conductivity also increased. The major part of proton transport is provided over both
phosphonic acid coordinated with SOsH groups of sulfated titania and sulfonated

polysulphone.
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Figure 3.72 The postulate of proton transfer mechanism in SPSU-TS-NMPA
composite membranes.

In the SPSU-TS-NMPA membranes, proton transfer can be facilitated by the
additional phosphonic acid groups on NMPA. The FTIR result supported that it can be
concluded that a Grotthuss mechanism (structural diffusion) is the possible pathway for the
total proton diffusion as well as conductivity data. The proton transported via the —-POH
groups and sulfate groups (see Figure 3.72) (Smitha, Sridhar et al. 2004, Ramirez-Salgado
2007).

3.7.8 Selectivity

Figure 3.73 shows the selectivity parameters of membranes as a function of
temperature. The selectivity parameters (®) are calculated by using data of proton

conductivity and methanol permeability,
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(3.8)

D (Ss Cm_3) = 6/Pwmethanol

Where o is the proton conductivity (S cm '1), and Pyethanot IS the methanol permeability

(in cm? s™) through the membrane.

The selectivity for the SPSU-TS-NMPA membrane was 150000 at 150 °C. It is
clearly seen that the SPSU-TS-NMPA show a higher selectivity than Nafion 117 film
(which is ca. 50,000) (Vargas, Vargas et al. 1999, Won, Cho et al. 2009).
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Figure 3.73 Selectivity parameter of SPSU-TS-NMPA composite membrane.
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3.8 CHARACTERIZATION OF AZOL GROUPS FUNCTIONAL PGMA
GRAFTED HALLOW SILICA SPHERES NANOCOMPOSITE MEMBRANES

3.8.1 Characterizations

In this study azole functional HSS-g-PGMA was produced and immobilization of
azole which was verified by elemental analysis. Nitrogen contents of the samples were used
to calculate azole ratio of the functional polymers. As illustrated from elemental analysis,
more than 80 % of the epoxide rings were opened by azole units.

3.8.2 FT-IR analysis

FT-IR spectra of HSPGMA and azole functional HSPGMA are represented in
Figure 3.74. The absorption peaks at 1132 cm™* and 1045 cm ™ attributed to Si—O-Si
asymmetric stretching (Pu, Pan et al. 2010, Celik, Bozkurt et al. 2012). The peak at 3435
cm ! belonged to Si—OH stretching vibration. A distinctive C=C stretching was displayed at
about 1603 cm™’. In the medium and lower energy region, 1700-450 cm™*, small
vibrational modes at 1639 and 1386 cm ™ are related to C—H stretching characteristic of
CH2/CHa3, indicating the presence of remaining methoxy groups. The following bands are
well established to specific molecular motions that can be taken as the silica fingerprint
(Cao and Fischer 1999, Won, Cho et al. 2009, Ma, Lee et al. 2010). The signals at 1220 and
1083 cm* belong to Si—O stretching. The band centered at 954 cm ™ is associated with the
stretching mode of non-bridging oxide bands as Si—OH and Si—O—. The band around at 795
cm ' is assigned to the symmetric stretching of the Si—-O-Si mode. The lowest frequency
modes (550 and 470 cm ) are associated with the rocking motions perpendicular to the Si—
O-Si plane, of the oxygen bridging two adjacent Si atoms that formed the tetra or
trisiloxane rings (Chuang, Hsu et al. 2007, Ma, Lee et al. 2010).
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Figure 3.74 FT-IR spectra ofHSS-graft-PGMA(HSPGMA), Triazole functional HSS-
graft-PGMA (HSPGMA-Tri), Amino-tetrazole functional HSS-graft-PGMA
(HSPGMA-Tet) and 5-Amino-Triazole functional HSS-graft-PGMA (HSPGMA-
ATri).

In PGMA the carbonyl group gives a strong peak at 1720 cm™ and the strong peaks
at 1140 cm™ and 1260 cm™ are attributed to C-O stretching of the ester group(Hirose,
Hatakeyama et al. 2002). The absorption at 900 cm™ is assigned to stretching vibration of
the epoxy group which disappeared up on azole functionalization (Nanjundan, Unnithan et
al. 2005). In the high energy region from 4000 up to 1800 cm’, the appearance of
absorption bands correspond to stretching vibrations of OH, NH and CH, groups (Aslan
and Bozkurt 2010). The signals at 3328 and 3174 cm ™" are assigned to NH and OH modes
from the ring and the amino groups. Several small bands between 2900 and 2600 cm™
together with 1926 cm ™, belong to aromatic and aliphatic CH modes. The broad band
between 2700 and 2300 cm* has been assigned to an associated N—H mode, intermolecular
hydrogen bonded in the form of N-H---N hydrogen bonds. Azole functional HSPGMA
exhibited a medium absorption at 1577 cm™ and 1450 cm™ due to C=N and C-N stretching
of the triazole ring (Angell 1961). The bands below 1800 cm* are attributed to chains and
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ring skeletal vibrations of H-C—H, C O, H-N-H, C-N. The strong signal at 1630cm " is
related to an in-plane deformation mode of NH, group, and the ones at 1604 and 1571 cm™*
to N-H vibration inplane and C O stretching. The series of five fairly strong absorptions
between 1500 and 1300 cm* assigned to ring vibrations C-N single and double bonds, and
also to a deformation mode of CH groups. Additionally except a new absorption at 1640

cm™ coming from amine bending vibration.
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Figure 3.75 H3PO,4 doped HSS-graft-PGMA (HSPGMA-Tri-H3PO,4) membranes.
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Figure 3.76 H3PO, doped HSS-graft-PGMA (HSPGMA-ATri-H3PO,4) composite
membranes.
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Figure 3.77 H3PO, doped HSS-graft-PGMA (HSPGMA-Tet -H3PO,4) composite
membranes.
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After doping Azole functional HSPGMA with phosphoric acid the intensity of the
peak at 1577 cm™ decreases and the intensity of the peaks at 1510 cm™ and 1450 cm™
increase which may show the protonation of the triazole ring. Additionally, the peak which
appears at 3100 cm™ shows the N-H absorption. Doping of HSPGMA-Tri with HsPO,, two
strong peaks appear near 500 cm™ and 1000 cm™ which are attributed to PO, bending
vibration of (H,P0,%) and P-O symmetric stretching of HsPO,. The carbonyl stretching
band at 1725 cm™ decreases and broadens due to protonation of C=0 bond. In addition, the
disappearance of the azole ring stretching at 1550 cm™ (C=N) as well as the formation of a
broad band at 1940-1960 cm™ may indicate proton exchange reactions (Aslan and Bozkurt
2010).

3.8.3 Surface Morphology

The selected AFM images of membranes are shown in Figure 3.78 and Figure 3.79.
When comparing unmodified grafted HSPGMA, bigger granular domains are clearly seen
on the surface of azole functional HSPGMA (see Figure 3.78.). Diameter and level of
aggregation of the silica particles were determined from AFM images after their grafting
with PGMA the surface of HSS (see Figure 3.79.). The average vertical distance
(diameter) of original particles was about 350 nm. Determination of average diameter was
performed by measuring the cross-section of at least 60 single particles. AFM imaging
indicates that no significant aggregation occurred (beside the lateral aggregation caused by
capillary forces during drying) when the particles were transferred in DMF from the water

medium.
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Figure 3.78 AFM micrographs of the surface of HSS-graft-PGMA (HSPGMA)
composite membrane.

Figure 3.79 AFM micrographs of the surface of Amino-tetrazole functional HSS-
graft-PGMA (HSPGMA-Tet) composite membrane.
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After grafting of PGMA from the silica nanoparticles, TEM images such as that in
Figure 3.80 show the formation of polymer layer on the 350 nm diameter HSS particles.
The 100 nm increase in diameter after polymerization suggests that the polymer layer is
100 nm thick. The particle diameter in TEM images is ~50 nm after modification with
azole units, indicating a ~100 nm thick polymer layer on the HSS core (see Figure 3.75.).

As seen in the Figure 3.74 the particles are not aggregated after the modification.

Figure 3.80 TEM pictures of HSS-graft-PGMA(HSPGMA) composite membrane.
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Figure 3.81 TEM pictures of Amino-tetrazole functional HSS-graft-PGMA
(HSPGMA-Tet) composite membrane.

Surface morphologies of HSS (see Figure 3.82), HSPGMA (see Figure 3.83),
HSPGMA-Tri (see Figure 3.84.), HSPGMA-ATTi (see Figure 3.85), and HSPGMA-Tet
(see Figure 3.86), materials were investigated by scanning electron microscopy. The
grafting on the surface of HSS is clearly seen in Figure 3.76. Here a pronounced difference
is seen when comparing the native and the polymer modified particles. It is clearly seen
that the polymer covers the particle surface, although growth has also occurred, as seen in
the occurrence of some irregularly shaped particles. At higher grafting levels, these
particles attach to polymer forming larger porous agglomerates (>100 pwm) composed of
hallow silica particles (3.5 um) held together by a weblike polymer structure with micron
sized interstitial pores. After azole modification, azole units reduced the interaction of
between the polymer chains so HSS particles diverged. Furthermore, no phase separation

occurred during solvent evaporation, hence homogeneous films formed.
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Figure 3.82 SEM pictures of Hallow silica spheres (HSS).
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Figure 3.83 SEM pictures of HSS-graft-PGMA composite membrane.
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Figure 3.84 SEM pictures of Triazole functional HSS-graft-PGMA (HSPGMA-Tri)
composite membrane.

— »loum JEOL
15.0kV SEI SEM

Figure 3.85 SEM pictures of 5-Amino-Triazole functional HSS-graft-PGMA
(HSPGMA-ATTi) composite membrane.
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10.0kV SEI SEM

Figure 3.86 SEM pictures of Amino-tetrazole functional HSS-graft-PGMA
(HSPGMA-Tet) composite membrane.

3.8.4 Thermal analysis

The glass transition temperature, T4 of the homopolymer PGMA and HSS-g-PGMA
were measured as 47 °C and 80 °C. Incorporation of grafting HSS particles with polymer
matrix would fill the free volumes and would cause need to more energy for starting
segmental motions, which would make Tg to increase. Table 3.9 shows the DSC curves of
Tri, ATri and Atet functional samples under inert atmosphere at a scan rate of 10 °C/min.
The second curves were evaluated. The melting points of pure Tri and ATri composites are
120 and 157 °C, respectively. The Tg of triazole functional HSS-graft-PGMA (HSPGMA-
Tri) is around 87°C, Tg of 5-Amino-Triazole functional HSS-graft-PGMA (HSPGMA.-
ATri) is around 92 °C and Tg of Amino-tetrazole functional HSS-graft-PGMA (HSPGMA.-
Tet) is 105 °C. After functionalization with azolic units the Tg of the samples shifted to
higher temperatures (Sinirlioglu, Celik et al. 2013).
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Table 3.9 Max. Proton conductivity and Tg (°C) values for the all membranes.

Sample name HsPO4 | Tg°C Nitrogen Max. proton cond.
Molar functionalization
(Sem™)
Ratio (%)

HSPGMA - 80 - -
HSPGMA-Tri - 87 94 -
HSPGMA-Tri- (1:1) 78 - 0.003 Scm™ at 150
(H3POy) °C
HSPGMA-Tri- (1:2) 67 - 0.004 Scm™ at 150
(H3POy)2 °Cc
HSPGMA-ATTi - 92 86
HSPGMA-ATri- (1:1) 85 - 0.001 Scm™ at 150
(H3POy) °C
HSPGMA-ATri- (1:2) 70 - 0.006 Scm™ at 150
(HsPO,), °c
HSPGMA-Tet - 105 90 -
HSPGMA-Tet- (1:1) 87 - 0.004Scm™ at 150
(H3POy) °C
HSPGMA-Tet- (1:2) 74 - 0.008 Scm™ at 150
(H3POy)2 °Cc
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Figure 3.87 Thermogravimetry (Tg) Analysis of HSS, PGMA and HSS-graft-PGMA
(HSPGMA) membranes under nitrogen atmosphere at a heating rate of 10 °C/min.

The weight loss in PGMA occurs in two steps within 200-400 °C. Figure 3.87
shows the thermograms of HSS, PGMA and PGMA grafting HSS. TGA plots of weight
loss versus temperature provide an estimate of the quantity of polymer grown from the
nanoparticles. The coated particles consist of both thermally stable compounds that remain
in the residue (silica bound to the polymer) and decomposable polymer brushes and
initiators that contribute to weight loss. After growth of PGMA from the particle, TGA
shows a total weight loss of 90%, which corresponds to a PGMA thickness of ~100 nm.
This thickness value agrees reasonably well with the TEM. Reaction of PGMA leads to a
total weight loss of 90%, which is consistent with essentially complete reaction between
PGMA and HSS. Clearly, PGMA graft HSS is thermally stable up to at least 380 °C. After
250°C a remarkable weight loss derives from the thermal decomposition of the polymer
main chain. The grafting enhanced thermal stability of PGMA.



130

100

40 —
| | —— HSPGMA-TTi
204 | HSPGMA-ATTi o
_ - HSPGMA-ATet TS
0 T T T T T T T T T T T T T T T 1
0 100 200 300 400 500 600 700 800

Temperature (°C)

Figure 3.88 Thermogravimetry (Tg) Analysis of Triazole functional HSS-graft-
PGMA (HSPGMA-Tri), 5-Amino-Triazole functional HSS-graft-PGMA (HSPGMA-
ATri) and Amino-tetrazole functional HSS-graft-PGMA (HSPGMA-Tet) composite
membranes under nitrogen atmosphere at a heating rate of 10 °C/min.

The TG thermograms of azole functional HSSPGMA showed in Figure 3.88. The
thermogram of azole functional HSPGMA showed two step decomposition. The weight
loss at 200 °C due to decomposition of azole functional polymer chain after 350 °C, HSS
particles decomposed. The thermal stability of the composite materials decreased with
azole functionalization Sinirlioglu, Aslan et al.2013). This also may be attributed to enlarge

the grafting nano particle size thus the HSS particles diverged.
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Figure 3.89 TG thermograms of Triazole functional HSS-graft-PGMA (HSPGMA-
Tri) recorded at a heating rate of 10 °C/min under a nitrogen atmosphere.

In Figure 3.88, TG profiles of H3PO,4 doped triazole functional HSPGMA illustrate
no weight change up to approximately 200 °C. After 200 °C, can be attributed to water
liberation due to the self-condensation of the phosphoric acid and also decomposition the
polymer main chain contributes to further weight loss. Clearly, HSPGMA-Tri-(H3PO4)x the

materials are thermally stable up to 200 °C and then they decompose.
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Figure 3.90 Thermogravimetry (Tg) Analysis of .5-Amino-Triazole functional HSS-
graft-PGMA (HSPGMA-ATri) membranes under nitrogen atmosphere at a heating
rate of 10 °C/min

In Figure 3.90, TG profiles of HsPO, doped amino-triazole functional HSPGMA
illustrate no weight change up to approximately 250 °C. After 250 °C, can be attributed to
water liberation due to the self-condensation of the phosphoric acid and also decomposition
the polymer main chain contributes to further weight loss (Aslan and Bozkurt 2010).
Clearly, HSPGMA-ATri-(HsPO4)x the materials are thermally stable up to 250 °C and then

they decompose.
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Figure 3.91 Thermogravimetry (Tg) Analysis of Amino-tetrazole functional HSS-
graft-PGMA (HSPGMA-Tet) membranes under nitrogen atmosphere at a heating
rate of 10 °C/min.

In Figure 3.91, TG profiles of H3PO,4 doped amino-tetrazole functional HSPGMA
illustrate no weight change up to approximately 250 °C. After 250 °C, can be attributed to
water liberation due to the self-condensation of the phosphoric acid and also decomposition
the polymer main chain contributes to further weight loss. Clearly, HSPGMA-ATet-
(H3POy)x the materials are thermally stable up to 250 °C and then they decompose.

The doped samples exhibit an insignificant weight change until 200 °C. The
stepwise decomposition above this temperature can be attributed to water liberation due to
the self-condensation of the phosphoric acid as well as the decomposition of the

polymer(Aslan and Bozkurt 2010).
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3.8.5 Proton conductivity

The alternating current (AC) conductivities, o4 () of the polymers were measured
at several temperatures using impedance spectroscopy. The proton conductivities of

anhydrous samples were measured from 20 °C to 150 °C.
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Figure 3.92 AC measurements of H3PO, doped HSS-graft-PGMA HSPGMA-Tri-
(H3PO4), composite membranes versus reciprocal temperature.



135

107
o-g '-,,.,.
.
107 e
L
.‘o
—o_
~— 10" e o
£ —=— HSPGMA-Tri-(H,PO,)
o
N 10° ® HSPGMA-Tri-(H,PO,),
S
b
107
107
| ! I ' | ! I ! I ! I ! I
2.2 2,4 2,6 2,8 3,0 3,2 3,4

1000/T (1000/K)

Figure 3.93 DC measurements of H3;PO, doped HSS-graft-PGMA (HSPGMA-Tri-
H3PO,) composite membranes versus reciprocal temperature.

Among phosphoric acid doped HSPGMA-Tri samples HSPGMA-Tri-(H3PO,).
showed the highest proton conductivity of 0.006 Scm™ at 150 °C in the anhydrous state in
Figure 3.93. In the phosphoric acid doped triazole functional HSPGMA systems, the
doping ratio is highly effective on the proton conductivity of sample which indicates that
major part of proton transport is provided over the HsPO,4 as well as over azole units.
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Figure 3.94 AC measurements of H3PO, doped HSS-graft-PGMA (HSPGMA-ATTi-
H3PO,) composite membranes versus reciprocal temperature.
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Figure 3.95 DC measurements of H3PO,4 doped HSS-graft-PGMA (HSPGMA-ATTi-
H3;PO,4) composite membranes versus reciprocal temperature.
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As clearly seen in Figure 3.95 proton conductivity of HSPGMA-ATTi-(H3PO4), was
measured as 0.004 Scm™ at 150 °C under anhydrous conditions. The phosphoric doping
ratio of 5-Amino-Triazole functional HSPGMA is not impressed on proton conductivity,
for HSPGMA-ATri-(HsPO4) proton conductivity was measured as 0.001 Scm™ at 150 °C
under anhydrous conditions.
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Figure 3.96 AC measurements of H3PO, doped HSS-graft-PGMA (HSPGMA-ATet-
H3PO,) composite membranes versus reciprocal temperature.
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Figure 3.97 DC measurements of H3PO, doped HSS-graft-PGMA (HSPGMA-ATet-
H3PO,) composite membranes versus reciprocal temperature.

The proton conductivity of HSPGMA-Tet-(H3PO,4)x composite membranes was
compared in Figure 3.97. Among the phosphoric acid doped Amino-tetrazole functional
HSS-graft-PGMA samples HSPGMA-Tet-(HsPO,4), showed the highest proton
conductivityof 0.008 at 150 °C under anhydrous conditions.

Normally, there are two different transport mechanisms that contribute to the proton
conductivity in phosphoric acid-doped polymer systems. The first is the structural diffusion
(Grotthuss mechanism) in which the conductivity is mainly controlled by proton transport
through phosphate ions, i.e. HsPO,", H,PO, (Grotthuss proton transport). The second is the
vehicle mechanism where the protons travel through the material on a neutral or charged
“vehicle”. Several studies were reported about the contribution of these mechanisms on the
proton conductivity of pure phosphoric acid and it was indicated that the former is much
more predominant and the conduction mechanism is mainly controlled by the structural

diffusion rather than vehicle mechanism. In the current system, the presence of HPO,* and
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H.PO,4 anions implies that the proton diffusion can also occur throughout these ionized
species (Dippel, Kreuer et al. 1993).

It seems that the proton hopping from one N-H site to a free nitrogen may
contribute to the conductivity of HSPGMA-Azole-(H3sPO,)x systems as in the case of
imidazole where the long range proton transfer occurs throughout the protonic defects, i.e.,
protons transport between protonated and unprotonated heterocyclic units (Kreuer 1996,
Kreuer, Fuchs et al. 1998, Yan, Yu et al. 2009, Lin, Cheng et al. 2010). In addition, proton

hopping from one N—H site to phosphate ions may also contribute to the conductivity.

In azole functional HSS-garft-PGMA systems, the doping of the phosphoric acid is
highly effective on the proton conductivity of sample which indicates that major part of
proton transport is provided over the H3PO, as well as over azole units.

From the conductivity and FTIR results, it can be concluded that the host matrix,
azole functional HSPGMA includes excess phosphoric acid without significant change in
the mechanical properties and conductivity occur throughout the material predominantly by

Grotthuss mechanism.

3.9 CHARACTERIZATION OF AZOL FUNCTIONAL SIO, NANOCOMPOSITE
MEMBRANES

3.9.1 FTIR studies

FT-IR spectra of azole functional SiO, are represented in Fig. 3.98. The absorption
peaks at 1132 cm ™ and 1045 cm ™! attributed to Si-O-Si asymmetric stretching . The peak
at 3435 cm* belonged to Si—OH stretching vibration. A distinctive C=C stretching was
displayed at about 1603 cm™. The following bands are well established to specific
molecular motions that can be taken as the silica fingerprint (Cao and Fischer 1999, Won,
Cho et al. 2009, Ma, Lee et al. 2010). The signals at 1220 and 1083 cm™* belong to Si-O
stretching. The band centered at 954 cm ™ is associated with the stretching mode of non-
bridging oxide bands as Si—-OH and Si—O. The band around at 795 cm * is assigned to the
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symmetric stretching of the Si—-O-Si mode. The lowest frequency modes (550 and 470
cm %) are associated with the rocking motions perpendicular to the Si—O-Si plane, of the
oxygen bridging two adjacent Si atoms that formed the tetra or trisiloxane rings (Chuang,
Hsu et al. 2007, Ma, Lee et al. 2010).
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Figure 3.98 FT-IR spectra of the Tri-SiO,, Tet-SiO, and Atri- SiO, composite membranes.

The absorption at 900 cm™ is assigned to stretching vibration of the epoxy group
which moved out on azole functionalization (Nanjundan, Unnithan et al. 2005). In the high
energy region from 4000 up to 1800 cm %, the appearance of absorption bands correspond
to stretching vibrations of OH, NH and CH, groups. The signals at 3328 and 3174 cm * are
assigned to NH and OH modes from the ring and the amino groups. Several small bands
between 2900 and 2600 cm* together with 1926 cm ™, belong to aromatic and aliphatic CH

modes. The broad band between 2700 and 2300 cm * has been assigned to an associated N—
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H mode, intermolecular hydrogen bonded in the form of N-H---N hydrogen bonds. Azole
functional SiO, exhibited a medium absorption at 1577 cm™ and 1450 cm™ due to C=N and
C-N stretching of the triazole ring (Angell 1961). The bands below 1800 cm* are attributed
to chains and ring skeletal vibrations of H-C—H, C O, H-N-H, C-N. The strong signal at
1630cm* is related to an in-plane deformation mode of NH, group, and the ones at 1604
and 1571 cm* to N—H vibration inplane and C O stretching. The series of five fairly strong
absorptions between 1500 and 1300 cm™* assigned to ring vibrations C-N single and double
bonds, and also to a deformation mode of CH groups. Additionally except a new absorption

at 1640 cm™ coming from amine bending vibration.

The FTIR spectrum of azole functional SiO,-PVPA composites show strong bands
between 1040-910 cm™ due to asymmetric stretching vibrations of the P-OH group. The
peak at 1150 cm™ corresponds to P=O stretching (Celik et al., 2008: Goktepe et al. 2008).
The P—O-H vibration at 930 cm™ decreases as the PVPA ratio increases, indicating the
existence of excess acidic protons. Additionally, phosphonic acid units give rise to broad
bands with medium intensity between 1700-1590 cm™ and 2850-2750 cm™ region. The
band at 918 cm™ is ascribed to vibration of terminal SiOH groups. The broad and strong
peak at about 1136 cm™ is attributed to the overlapping of the combined results of the Si-O
band vibrations and/or stretching in SiO, particles (Ou et al., 1997: Parler et al., 2001).
Typical absorption peaks of SiO, (1100 and 466 cm™) did not only overlap by those of
PVPA but also shifted to 972 and 440 cm™, respectively.
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Figure 3.99 FT-IR spectra of the Azol Functional SiO,-PVPA composite membranes.

3.9.2 SEM

In order to examine the microstructures and nanofiller distribution within the
nanocomposites, SEM analysis was conducted. Typical surface SEM photographs of azole
functional SiO,-PVPA nanocomposite membranes were illustrated in Figure 3.98, Figure
3.100 and Figure 3.101. From Figure 3.100 it was observed that azole functional silica were
homogenously dispersed and embedded in the PVPA matrix. Moreover, from these figures,
it can be seen that PVPA beads and azole functional silica being well distributed
throughout the matrix. This result is also consistent with the DSC curves of the

impregnated membranes that has no separate T transition.
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Figure 3.100 The SEM pictures of Tri-SiO,, composite membranes.

Figure 3.101 The SEM pictures of ATri-SiO, composite membranes.
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Figure 3.102 The SEM pictures of Tet-SiO, composite membranes.

3.9.4 Thermal analysis

The glass transition temperature, T4 of the Tri-SiO,, Tet-SiO, and Atri- SiO;
composite membranes were measured. Incorporation of Tri-SiO,, Tet-SiO, and Atri- SiO;
with pure Atri, TRi and Tet would fill the free volumes and would cause need to more
energy for starting segmental motions, which would make Tg to increase. Table 3.10 shows
the DSC curves of Tri, ATri and Atet functional samples under inert atmosphere at a scan
rate of 10 °C/min. The melting points of pure Tri and ATri comopounds are 120 and 157
°C, respectively. The Tg of triazole functional SiO, (Tri-SiO,) is around 122°C, Tg of 5-
Amino-Triazole functional SiO, (ATri-SiO, )is around 137 °C and Tg of Amino-tetrazole
functional SiO, (Tet-SiO5) is 162 °C. After functionalization on SiO, surface the Tg of the

azolic units shifted to higher temperatures.



Table 3.10 Max. Proton conductivity and Tg (°C) values for the all membranes.

145

Sample Name Molar Ratio | Tg °C Max Conductivity
(mol/mol) (Scm™)

Tri-SiO, - 122 |2.1x10” (Scm™) at 150 °C
Atri- SiO, - 137 | 2.4x10™ (Scm™) at 150 °C
Tet-SiO; - 162 | 1.3x10™(Scm™) at 150 °C
Tri-SiO,-PVPA 1-1 103 | 1.9x 10 (Scm™) at 150 °C
Tri-SiO,-PVPA, 1-2 90 |8.7x10”(Scm™) at 150 °C
Atri- SiO»-PVPA 1-1 80 |1.1x10"(Scm™)at150°C
Atri- SiO-PVPA, 1-2 63 | 0.007 (Sem™) at 150 °C
Tet-SiO,-PVPA 1-1 88 |1.3x10”(Scm™) at 150 °C
Tet-SiO,-PVPA; 1-2 76 | 0.003 (Scm™) at 150 °C

Figure 3.103 shows the thermograms of Tri-SiO,, Tet-SiO, and Atri- SiO, TGA plots

of weight loss versus temperature provide an estimate of the quantity of azol units from the

nanoparticles. The functional particles consist of both thermally stable compounds that

remain in the residue (silica bound to the azol units) and decomposable brushes and

initiators that contribute to weight loss. After functionalization from the particle, TGA

shows a total weight loss of 90%, which corresponds to azol units thickness of ~100 nm.

This thickness value agrees reasonably well with the TEM. Reaction of azol

functionalization leads to a total weight loss of approximately 90%, which is consistent

with essentially complete functionalization between azolic units and silica nano particles.

After 250°C a remarkable weight loss derives from the thermal decomposition of the azolic

units.
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Figure 3.103 TG thermograms of Azol functional SiO, recorded at a heating rate of
10 °C/min under a nitrogen atmosphere.

3.9.7 Proton conductivity

The alternating current (AC) conductivities, o, (®) of the polymers were measured at
several temperatures using impedance spectroscopy. The proton conductivities of
anhydrous samples were measured from 20 °C to 150 °C.
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Figure 3.104 AC conductivity of 5-Amino-1,2,4-Triazol functional SiO, (ATri-SiOy)
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Figure 3.105 AC conductivity of 5-Amino Tetrazol functional SiO; (Tet-SiO,-PVPA)
composite membranes.
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The AC proton conductivity of composite membranes were showed in Figure 3.104
and Figure 3.105. Among the azol functional SiO,-PVPA composite membranes showed

the highest proton conductivityof 0.008 at 150 °C under anhydrous conditions.

Normally, there are two different transport mechanisms that contribute to the proton
conductivity in phosphoric acid-doped polymer systems. The first is the structural diffusion
(Grotthuss mechanism) in which the conductivity is mainly controlled by proton transport
through phosphate ions (Grotthuss proton transport). The second is the vehicle mechanism
where the protons travel through the material on a neutral or charged “vehicle”. Several
studies were reported about the contribution of these mechanisms on the proton
conductivity of pure phosphoric acid and it was indicated that the former is much more
predominant and the conduction mechanism is mainly controlled by the structural diffusion

rather than vehicle mechanism.

It seems that the proton hopping from one N-H site to a free nitrogen may
contribute to the conductivity of Azol-SiO,-PVPA systems as in the case of imidazole
where the long range proton transfer occurs throughout the protonic defects, i.e., protons
transport between protonated and unprotonated heterocyclic units (Kreuer 1996, Kreuer,
Fuchs et al. 1998, Yan, Yu et al. 2009, Lin, Cheng et al. 2010). In addition, proton hopping

from one N-H site to phosphate ions may also contribute to the conductivity.

In azole functional Azol-SiO, systems, the PVPA ratio highly effective on the
proton conductivity of sample which indicates that major part of proton transport is

provided over the phosphonic acid units as well as over azole units.

From the conductivity and FTIR results, it can be concluded that the host matrix,
azole functional Azol-SiO,-PVPA composites include excess phosphonic acid without
significant change in the mechanical properties and conductivity occur throughout the
material predominantly by Grotthuss mechanism



CHAPTER 4

CONCLUSIONS

The composite membranes of SiO, nanoparticles and PVPA were produced by
free radical polymerization. FTIR spectroscopy confirmed that the interaction existed
between PVPA and SiO,. TG analysis showed that the samples are thermally stable up to
approximately 200 °C. DSC results illustrated that the Tg of the materials shifted to lower
temperatures with increasing SiO, content. The AFM study suggests that bigger granules
increases RMS roughness, hence it causes to increase effective area of the surface of the
membranes. In the anhydrous state, the proton conductivity of PVPA(10)SiO, (in situ) was
found to be 0.009 Scm™ at 120°C. The proton conductivity of PVPA(x)SiO, was increased
at 50 % relative humidity and reached to 0.08 (Scm™) for x=10 and 0.007 (Scm™) for x=15
at 100 °C. The proton conductivity of PVPA(10)SiO, approached to that of humidified
Nafion117 membrane at 40 °C and at the same humidification level. In dried samples, the
proton diffusion is expected to occur by the transport of the protons through phosphonic
acid units up to certain threshold composition of PVPA. After humidification, the
synthesized nanocomposite polymers can be suggested for application in proton exchange
membrane fuel cells (PEMFC).

The composite membranes of TiO, nanoparticles and PVPA were produced. by free
radical polymerization. FTIR spectroscopy confirmed that the interaction existed between
PVPA and TiO,. TG analysis showed that the samples are thermally stable up to
approximately 200 °C. DSC results illustrated that the Tg of the materials shifted to higher
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temperatures with increasing TiO; content. In the anhydrous state, the proton conductivity
of PVPA(10)TiO, (in situ) was found to be 0,004 Scm™ at 120°C. The proton conductivity
of is approached to PVPA(10)TiO, that of humidified Nafion117 membrane at 40 °C and at
the humidified conditions. In this system, the proton diffusion is expected to occur by the
transport of the protons through phosphonic acid units up to certain threshold composition
of PVPA. The synthesized nano composite polymers can be suggested for application in

polymer electrolyte membrane fuel cells (PEMFC).

The composite membranes from sulfated nano-titania and PVPA were produced.
FTIR spectroscopy confirmed the existence of complexation between the modified
inorganic nanoparticle and host polymer matrix. TG analysis showed that sulfated nano-
titania inhibited anhydride formation increasing the thermal stability up to approximately
200 °C. DSC results illustrated that the Ty of the materials shifted to higher temperatures
with increasing sulfated nano-titania ratio due to complexation. In the anhydrous state, the
proton conductivity of PVPATS, was found to be 0.03 Scm™ at 150°C. In dried samples,
the proton diffusion is expected to occur by the transport of the protons through phosphonic
acid units up to certain threshold composition of PVPA. The synthesized nanocomposite
polymers can be suggested for application in polymer electrolyte membrane fuel cells
(PEMFC).

The composite membranes from sulfated nano-titania and Nafion were produced.
FTIR spectroscopy confirmed the existence of complexation between the modified
inorganic nanoparticle and host matrix. TG analysis showed that sulfated nano-titania
inhibited anhydride formation increasing the thermal stability up to approximately 300 °C.
DSC results illustrated that the Ty of the materials shifted to higher temperatures with
increasing sulfated nano-titania ratio due to complexation. In the anhydrous state, the
proton conductivity of Nafion-TS, was found to be 0.03 Scm™ at 150°C. In dried samples,
the proton diffusion is expected to occur by the transport of the protons through sulfonic
acid units up to certain threshold composition of Nafion. The synthesized nanocomposite
polymers can be suggested for application in polymer electrolyte membrane fuel cells
(PEMFC).



151

The P(VTri)-TS-P(VPA)x nanocomposite membranes were produced and their
physical properties discussed. The host polymers, Poly(1-vinyl-1,2,4-triazole), P(VTri) and
poly(vinyl phosphonic acid), P(VPA) were produced by free radical polymerization of the
corresponding monomers. Sulfated nanotitania is more effective for proton conductivity
than unmodified nano-titania so that polymer/sulfated nano-titania composite membranes
were prepared. The thin films were produced by mixing of P(VPA) with P(VTri)-TS at
various concentrations to get P(VTri)-TS-P(VPA)x. FT-IR analysis confirmed the
interaction between sulfonic acid units of TS and phosphonic acid units of P(VPA).
According to XRD results the crystallite size of the sulfated nano-titania, embeded in
P(VTri), was around 10 nm. TG analysis of the nanocomposite membranes showed that the
presence of TS inhibited the anhydride formation and shifted the thermally stability up to at
approximately 300°C. DSC and SEM results illustrated the homogeneity of the
nanocomposite materials. In the anhydrous state, the proton conductivity of P(VTri)-TS-
P(VPA), was 0.003 at 150 °C. The nanocomposite membranes could be suggested for

application in proton exchange membrane fuel cells (PEMFC).

The composite membranes of PVA and bifunctional nanotitania were produced. FT-
IR data confirmed the formation of super acid and the strong interaction between the
modified inorganic nanoparticle and host polymer matrix. Water uptake study showed that
water uptake increased with decreasing NMPA content. The TGA results verified that the
presence of sulfated nano-titania in the composite membranes enhanced thermal stability up
to approximately 250 °C. DSC results illustrated that the Ty of the materials shifted to
lower temperatures with increasing NMPA content. In the anhydrous state, the proton
conductivity of PVA-TS-NMPA was found to be 0.003 Scm™ at 150°C. In dried samples,
the proton diffusion is expected to occur by the transport of the protons through phosphonic
acid units up to a certain threshold composition of NMPA. The synthesized composite
materials have ability to form free standing films with improved mechanical strengths, and
therefore, can be suggested for use in proton exchange membrane fuel cell (PEMFC)

applications.

The nanocomposite membrane materials were prepared by mechanical mixing of

SPSU and NMPA. FTIR spectroscopy confirmed the existence of complexation between
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the modified inorganic nanoparticle and host polymer matrix. Water uptake study showed
that water uptake increased with decreasing NMPA content due to interaction between
phosphonic acid units of NMPA and nanotitania surface. The TG results proved that the
nanocomposites membranes thermally stable up to 270°C. DSC results showed that NMPA
has softening effect in the membrane materials. In the anhydrous state, the proton
conductivity of SPSU-TS-NMPA was found to be 0.002 Scm™ at 150°C. . These composite
membranes better physicochemical properties can be suggested for application in polymer
electrolyte membrane fuel cells (PEMFC).

The azole functional hollow silica spheres graft poly(glycidyl methacrylate)
polymers have been synthesized via two-step methods. HSS was synthesized with
hydrolysis of phenyltrimethoxysilane and grafting of Poly(glycidyl methacrylate) on HSS
surface was produced by free radical polymerization of GMA. Azole units were
immobilized by ring opening of the epoxide ring. Elemental analysis verified azole
immobilization about 80 %. The structures of the azole functional PGMA-g-HSS were
proved by FT-IR. DSC and SEM results illustrated the homogeneity of the materials.
Anhydrous proton conducting properties and thermal properties functional and phosphoric
acid doped HSPGMA were investigated. The proton conductivity of the materials increased
with phosphoric acid and the temperature. Phosphoric acid doped polymers showed lower
Tg values. HSPGMA-Tri-(HsPO4),, HSPGMA-ATri-(H3PO,),, and HSPGMA-Tet-
(H3POy),, showed a maximum water-free proton conductivity of approximately 0.004 Scm’
! at 150 °C, 0.006 Scm™ and 0.008 Scm™ at 150 °C. Azole functional HSS-g-PGMA
membranes can be suggested for application in high temperature polymer electrolyte
membrane fuel cells (PEMFC).

The azole functional silica nanoparticles have been synthesized via two-step methods.
Silica was synthesized with Scthober method of TEOS and funcionalized with azol units on
silica surface was produced. Azole units were immobilized by ring opening of the epoxide
ring. The back titration method was used o determined functionalization. The structures of
the azole functional silica were proved by FT-IR. DSC and SEM results illustrated the
homogeneity of the materials. Anhydrous proton conducting properties and thermal

properties functional materials and PVPA composites were investigated. The proton
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conductivity of the Tri-SiO,-PVPA, Tet-SiO,-PVPA and Atri-SiO,-PVPA composite
membranes increased with phosphonic acid and the temperature. Azol functional SiO,-
PVPA composites showed lower Tg values. Tri-SiO,-PVPA, Tet-SiO,PVPA and Atri-
SiO,-PVPA composite membranes showed a maximum water-free proton conductivity of
approximately 0.004 Scm™ at 150 °C, 0.006 Scm™ and 0.008 Scm™ at 150 °C. Azole
functional SiO,-PVPA membranes can be suggested for application in high temperature

polymer electrolyte membrane fuel cells (PEMFC).

In this thesis proton conductive nnanocomposite membranes were synthesized
with sol-gel and free radical polymerization methods. As expected high proton
conductivities were obtained in these studies. The proton transport is explained with
Grotthuss mechanism and presence of functional nano particles also contributes the proton
conduction which was clearly observed in polymer/nano particles systems. Although pure
nano particles have low proton conductivity, it increases with functionalization of
nanoparticles due to the increase interaction between functional groups of nanoparticles and
polymers. Membrane formability and mechanical stability is very important in fuel cell
application and we faced shrinkage problem when we used thin membranes. Therefore
these matrices should be converted into thin and nonporous films with more efficient

methods.
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