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ABSTRACT 

The demand of energy is always increasing with continued growth of the human 

population. As mankind reli es on oil as the main source of energy, which is fini te and yet 

produces toxic by-products. The importance of alternative green energy sources cannot 

be underestimated. Fuel cells are an alternative source of green energy due to its high 

efficiency, without compromising the environment. In particular, polymer electrolyte 

membrane fuel cells (PEMFCs) are one of the most highly sought-after fuel cells as a 

resul t of their application in the automobile industry reduce exhaust emissions. 

However, the life span and performance of PEMFCs are currently hampered by 

polymer degradation and high operating temperatures. In order to overcome these 

problems, various inorganic materials have been selected to be incorporated into the 

polymer electrol yte membrane. Nafion® is the polymer electrolyte investigated in thi s 

thesis. 

This thesis documents the work involved in two separate projects with the 

common goals of enhancing overall Nafion performance: 1) doping of Nafion with Cel 

Mn oxides in order to improve Nafi on durabili ty and lifetime and 2) doping of Nafion 

with PW A to improve Nafion conductivity. Solid state NMR is the main technique used 

throughout the investigation of these studies . 
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Chapter 1 

Introduction 

This chapter is a briefsurvey of fuel cells, as well as the progress and development of 

the proton exchange membrane (PEM). This chapter concludes with a description of the 

goals for this thesis and the significance of the work to extend the lifetime of proton 

exchange membranes and maintain sufficient proton conductivity under anhydrous filel 

cell operational environment. 

1.1 Fuel Cells 

Today, the global environment and shortage of fossil fuels are of great concern. 

Establi shing cost effective green energy sources is becoming a more significant challenge 

for humankind. Hydrogen fuel cells are considered to be a prospective source of green 

energy because they are able to generate electricity with high efficiency, no pollutants, 

quiet operation and reliability. 

The fuel cell is an electrochemical device, which turns chemical energy of the fue l to 

electricity. The principl es of fuel cell were discovered in 1839 by Sir William Grove [1]. 

However, it took nearl y a century to create the first practical fuel cell which was developed 

by Francis T, Bacon in the 1950 ' s at Cambridge University. The US space program 

provided an opportunity to app ly the first fuel cell s. The fuel cell was install ed in the 

1 
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Apollo spacecraft to provide both electricity and drinking water for the astronauts during 

their mission. After the 1960' s, fuel cells were introduced into the automobile industry by 

General Motors and Ballard Power Systems [1]. 

porous porous 
Cathode Electrolyte Anode 

Figure I-I. Schematic detailing the operating process of hydrogen fuel cell [2] 

The difference between traditional chemical batteries and fuel cells is that the fuel and 

oxidant is not stored in the fuel cell itself. The continuous supply of hydrogen and oxygen 

from the external container is necessary. For instance, polymer electrolyte membrane fuel 

cells (PEMFCs) use hydrogen as the fuel at the anode and oxygen as the oxidizing reagent 

at the cathode to generate power, with water and heat. When hydrogen diffuses to the anode 

catalyst, the hydrogen is oxidized. The result of this reaction causes hydrogen to lose two 

electrons, thereby becoming 2 H+. 

This oxidation half-cell reaction is represented as: 

2 
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(Eq. 1-1) 

The protons will pass through the ion-exchange membrane to the cathode, whi le the 

electrons will travel through the external circuit, thus providing electricity. After the 

electrons reach the cathode catalyst, the electrons react with protons (2 H+) and the supplied 

oxygen to form water. This reduction half-cell reaction is represented as: 

CEq. 1-2) 

Water is the only product of fuel cell operation. However, traditional combustion 

engines produce different types of exhaust including nitrous oxide (N20), carbon oxide 

(C02) and hydrocarbons (C)-Iy). These gases are of environmental concern. Although 

replacing internal combustion engines with fuel cells will reduce total poisonous emiss ions 

from vehicles, finding sources of energy to create and store H2 still remains a problem . 

Nowadays, the internal combustion engines dominate the automobile engine market. 

Compared to internal combustion engines, fuel ce lls convert chemical energy to electricity 

directly with higher energy conversion efficiency. The theoretical fuel cell efficiency is 

83 %. However, it is impossible to achieve 83% fuel cell efficiency due to electrolyte 

resistance, reduction of [I-h ] and [02] , fuel (hydrogen) crossover and activation loss [1]. 

The theoretical potential of fuel cell is calcul ated as l.23 V at 25°C, according to Eq. 1-3, 

where ~G is the Gibbs free energy with a value of 237.34 J/mol, n is number of electrons 

with a value of 2 and F is Faraday's constant, with a value of 96485 Coulombs/ 

electron-mol. 

3 
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-!:J.G 
E = --= 1. 23 Volts 

nF 
(Eq. 1-3) 

1.2 Types of Fuel Cells 

In general, fuel cell s are classified into six different types, which are based on the type 

of e lectro lyte that is being used: Alkaline Fuel Cell (AFC), Polymer Electrolyte membrane 

Fuel Ce ll (PEMFC), Phosphoric Acid Fuel Cell (PAFC), Molten Carbonate Fuel Cell 

(MCFC), Direct Methanol Fuel Cell (DMFC) and Solid Oxide Fuel Cell (SOFC). Their 

features are listed in Table 1-1 and Figure 1-2. 

Table 1-1. Compari son of different types of fuel cells [3, 4] 

MCFC SOFC PEMFC DMFC PAFC AFC 

Electro lyte LiKfLiNa Ceramic(Zr02, Polymer Polymer Liquid Liquid 

carbonate Ce02) membrane membrane H3P04 KOH 

Charge carrier C03--
0 -- H+ I-t H+ OR 

Catalyst N ickel Perovshites Platinum Platinum P latinum Platinum 

Operating 600-800 °C 600- 1000 °C 60- 120 °C 60-120 °C 200 °C 60-220 °C 

Temperature 

Fuel H2, CH4 H2, CH4,CO H2 CH30H H2 H2 

PEMFC may be the most studied and investigated fuel cell system because of its 

versatility in different applications (eg. transportation and energy storage systems). It has a 

high power to weight ratio and ShOl1 start-up time, which satisfies the requirements for 
4 
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automotive applications. In 1993 , Energy Partners developed the fi rst passenger car, which 

was run by PEMFC [5]. 

Due to the afo rementi oned advantages, the focus of this thesis is the membrane of 

PEMFCs. The proton exchange membrane plays a critical role as the electrolyte in these 

particular fuel cells and thus warrants detailed characterization. Polystyrene sulfonate 

(PSS) was used as a membrane electrolyte for PEMFCs in the Gemini space program. 

However, thi s type of electrol yte is not stable and membrane degradation is known to occur, 

thereby contaminating the drinking water supply of the spacecraft and limiting the lifetime 

of the fuel cell s to a few hundred hours. For thi s reason, the PEMFCs were substi tuted by 

AFCs until the chemi cal company, Dupont, invented the Nafion® membrane 

(Perfluorosulfonic Acid) in the 1970 's, bringing PEMFCs back to the fu el cell industry [2]. 

Owing to the great success of Nafi on applications, other companies such as Dow, Gore, 

Asahi Chemical s and Asahi Glass have developed other perfluorocarbon sulfonic 

membranes (Dow®, Gore-select®, Flemion® and ACiplex®, respectively) [6], with the main 

di fference between them being the length of the side chain. Thi s thesis will foc us on 

Nafi on® in palticular and its optimization. 

5 
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unconverted combustion Load 
and reaction gasses 

... C02~ 
SOFe HP~ Nitrogen, 

900 - 1000 ' C CO ... ~ 
~O2 unconverted 

CO H2--.... 
Oz-

2K-! oxygen 

HP~ 
600 - 650 ' C CO ... 

H~ 
I 

60 - 120 'c 
H20 L 

H2~ 

I 
160 · 220 ·C H2-.... 20 - 120 ' C 

I 
160 - 220 ' C 
20 - 120 ' C Hz~ 

Nitrogen, 
Fuel ... unconverted 

Anode 
oxygen 

Cathode 

Figure 1-2. Different types of fuel cells [7] . 

1.3 Polymer electrolyte 

Nafion®, the most prevalent ion exchange membrane, has been studied extensively by 

many authors since its discovery in the 1970s. It was initially made as a membrane for 

chlor-alkali cells [8]. More recently, it has been adapted as an electrolyte membrane for 

hydrogen fuel cells. 

The rigid perfluorinated backbone of Nation® imparts the thelmal, physical and 

chemical stability to the Nafion®, while the proton at the sulfonic acid group (S03H) 

6 
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contributes to high proton conductivity (0.1 Scm-1
). This is achieved by the protons moving 

through the abundant sulfonic acid groups along the main chain under high levels of 

hydration at a temperature range of 30-90°C. The backbone (CF2-CF-CF2) is strongly 

hydrophobic while the sulfonic acid (S03 -) found at the end of the side chain is hydrophilic. 

Figure 1-3 shows the structure ofNafion®. 

Figure 1-3. Structure ofNafion® 

Due to the morphology of the hydrophilic region, large amounts of water can be 

absorbed into the hydrated Nafion® by the S03H cluster. The water content (A) in the 

membrane is usuall y expressed as the number of water molecules per sulfonic acid group: 

A= # of H20 molecules /# of S03H molecules (£q .1- 4) 

A Nafion® membrane saturated by liquid water can absorb 22 water molecules per 

sulfonate group, while a Nafion® membrane saturated by water vapor absorbs only 14 

water molecules. The water uptake of membrane dramatically decreases when Nation® is 

dried at 105 °C, compared to drying under room temperature conditions. In a fully hydrated 

membrane (A > 14), water channels are formed automatically in the pores of Nafion®. 

7 
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Hydronium ions can then migrate freely in the built-in water channels in Figure 1-4. This 

fonn of proton migration, via the movement of hydronium ions, occurs through what is 

referred to as the vehicle mechanism [9]. Therefore, the proton mobility of a fully hydrated 

membrane is one order of magnitude lower than that of sulfuric acid solution. When A is 

equal to 22, the conductivity is 0.1 Scm-I. But when A drops to 14, the conductivity 

decreases to 0.06 Scm-1 [1]. 

Figure I -4. Schematic of water channels present in Nafion [1] 

This demostrates that the proton conductivity is proportional to the amount of water 

uptake ofNafion®, which is also seen in the data in Figure 1-5. 
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Fig ] -5 The influence of water content on the conductivity of Nafion [2] 

1.4 Nafion® Degradation 

Fuel cells are not yet full y commercialized due to obstacles of durability, temperature/ 

relative humanity dependence and cost. For example, the durability of Nafion® currently 

imposes a strong restriction on the maximum working hours of the fuel cell. The durability 

of Nafion® is compromised by hydrogen peroxide, which is formed during fuel cell 

operation [10-12] . Secondly, proton conductivity of Nafion® is strongly dependent on 

Nafion® water uptake. Hydrated Nafion® obtains high conductivity (ie. 0.1 S/ cm) while 

that of anhydrous Nafion® dramatically drops to Ix 10-6 S/cm [13]. 

Aside from Nafion® being an electrolyte, it functions as a gas separator. A gas 

separator helps to keep H2 at the anode and O2 at the cathode. However, it is not 100% 

effective. Fuel (H2) crossover can occur which leads to loss of the fuel without electrons 
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being released, thereby decreasing the efficiency of the fuel cell. Hydrogen crossover 

means hydrogen gas traverses the membrane wi thout being oxidized at the anode . 

The loss of perfonnance in PEMFCs during extended operation is attributed to thennal , 

mechanical and chemical degradation of Nafi on®. It is beli eved that this chemical 

degradation is mainly caused by the formation of hydrogen peroxide within the PEMFC, 

motivating a search for means to remove thi s reactive species. 

1.4.1 Sources of Chemical Degradation 

Formation of hydrogen peroxide has been detected in an operating fue l cell and in the 

outlet stream [11 ,14]. Due to the degree of permeability ofNafion® to H2, there is hydrogen 

crossover within the cell. For example, hydrogen gas across membrane electrode 

Asssemble (MEA) with Nafion® 111 is 1.6 1 x 10-8mol (cm2sr l. When molecular hydrogen 

gas from the anode crosses over and reacts with the platinum catalyst at the cathode, two 

protons are produced at the cathode: 

H2 (Pt catalyst)-t 2 H+ (Eq. I-5) 

Secondly, upon incomplete reduction of oxygen at the cathode, hydrogen peroxide 

is produced as a side product: 

(Eq. 1-6) 
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Hydrogen peroxide then decomposes into the hydroxyl (HOe) and peroxyl (HOOe) 

radical species . This decomposition of hydrogen peroxide is catal yzed by the existence of 

certain metal ions (iron, copper and titanium), as demonstrated by T. Kinumoto and L. 

Merlo [15, 16]. Of these catalytic ions, iron ions have been di scovered on the fuel cell end 

plate [l7]. 

The formation of free radicals inevitably leads to the decomposition of the Nafion® 

membrane. The reactive oxygen species (ROS) include both the hydroxyl (HOe) and 

hydroperoxyl (HOOe) radicals, and H20 2. All ROS induce damage to Nafion® but at 

different levels of degradation. The hydroxyl radical has a very short lifetime as it also 

reacts with H20 2, thereby converting it to the less destructive hydroperoxyl radical 

(3.3 x 107 M-'s- '). Moreover, the reduction potential for the hydroxyl half cell reaction, 

Erecl=2.59 Y (Eq.I-7) 

is the highest of the three ROS at 2.59 Y, and therefore, it is the most likely to react in the 

Nafion® side chain and backbone upon formation of the hydroxyl radical [18] . 

Another radical is peroxyl radical, which is less aggressive than the hydroxyl radical, 

because its reduction potential for the half cell reaction 

(Eq. 1-8) 

is only 1.48 Y. Nafion® degradation can also be triggered by existence ofI-b02 itself, since 

H20 2 has a strong oxidation ability [19]: 

11 
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(Eq. 1-9) 

Since the hydroxyl radical is the most aggressive oxidant out of the three ROS and is the 

primary cause of Nafion® degradation, the present work aims to mitigate Nafion® 

degradation from hydroxyl radical attack. 

1.4.2 Mechanism of Chemical Degradation 

Nafion® degradation may be detelmined by different techniques, including X-ray 

di ffraction (XRD), X -Ray Photoelectron Spectroscopy (XPS) [20] , Fourier Transform 

Infrared Spectroscopy (FTIR) [15 , 21 , 22], ion chromatograohy [21 , 23] , Electron Spin 

Resonance (ESR) [23], and fluoride ion selective electrode [24] . So far, three different 

mechanisms of degradation have been proposed and are described below. 

1.4.2.1 Unzipping Reaction 

The unzipping reaction [25] is considered to be the mam Nafion® degradation 

mechanism. It starts at the end group (carboxylic group) of the backbone. This type of end 

group is formed during the polymer manufacturing process. Hydroxyl radicals are very 

powerful radicals so the rate of hydrogen atom abstraction by hydroxyl radical from the 

carboxylic group is very rapid. In the process of Nafion® degradation, RCOOH is formed 

as a by-product. 
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RCF2• + HO· --+ RCF20H--+ RCOF+ HF (Eq. 1-11) 

R-COF + H20--+ RCOOH (by-product) + HF (Eq.l-12) 

In 2006, Healy and Zhoug confim1ed the structure of the by-product (F ig. 1-6) using 19F 

so lution state NMR and mass spectrometry [17]. Unzipping from the carboxylic acid end 

group is more than 500 times faster than both the degradation mechanisms resulting 

CF3 

I F2 

~C~ ~C~ ~sa3H 
Haac a c 

F2 

Fig 1-6. By-product of Nafion degradation 

from free radical cleavage at ether groups and the scission of main chains [26]. This had 

motivated Dupont to manufacture a new NatIon polymer, in which COOH is replaced by 

CF3 [25]. Unfortunately, this material is yet more costly than the original Nafion itself. 

1.4.2.2 Free rad ical cleavage at ether groups and scission of main chains 127] 

Solid state NMR has been introduced to study Nafion® structure before and after fuel 

cell durability tests [28]. 19F and DC spectra ofNafion® have been assigned based on the 

results of Chen and Schmidt [29]. Each resonance from the 19F spectrum represents a 
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different fluorine environment. For example, the 19F NMR resonance at -144 ppm was 

assigned to the side chain R-OCF3CECF3-(CF2)2-S03H and the resonance at -138 ppm 

was assigned to the main chain CF2-CE(CF2-CF2)65 - OCs0 2FIOS03H. Ghassemzadeh 

et al.[28 ] found that the intensities of the side chain resonances in both 19F and l3C 

spectra decrease following durability tests. The resonance intensity at -144 ppm (side 

chain) reduces while that at -138 ppm (main chain) remains at the same level after 

durability tests. This indicates that degradation takes place at the side chains and is clear 

evidence that free radical cleavage at the ether groups occur. The degradation ofNafion® 

may also occur when the radical species attack the C-C bond (CF2-CF2) at the backbone 

[21 ]. 

Ultimately, the consequence ofNafion® degradation is the failure of the fuel cell. The 

membrane from the cathode becomes thinner after degradation, as shown by scanning 

electron microscopy (SEM) [30] and confirmed in our own work in Figure 1-7 and 

Figure 1-8. In some serious cases, pinholes are fonned, as can be seen in Fig. 1-8. The 

presence of pinholes accelerates the H2 and O2 crossover rate, and exacerbates Nafion® 

degradation. Thus, it is crucial to investigate methods that may help in slowing down or 

inhibiting Nafion® degradation. 
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Fig 1-7. A scanning electron 

micrograph (SEM) of fresh Nafion 

(500x magnification) 

McMaster - Department of Chemistry 

Fig 1-8. SEM ofNafion following 3-day free 

radical attack (1000x magnification) 

1.4.3 Solution to Nafion® Degradation 

More than 6000 hours for operation time in vehicle applications is needed. In order to 

enhance the stability and durability of Nafion® and to further commercialize PEMFC, the 

issue of radical attack on the Nafion® needs to be resolved. There are several patents 

[31-33] that suggest that additives (eg. manganese oxide, cerium oxide and platinum metal) 

may be radical scavengers that work by reducing the amount of free radicals as well as the 

hydrogen peroxide decomposition catalyst. In cases where fOl1l1ation ofI-h02 is inevitable, 

an additional transition metal is used to deactivate the radical. Danilczuk et at. [34] have 

shown that a Nafion® based membrane electrode assembly (MEA), neutralized by 10% 

Ce3
+, has good stabilization. In their research, electron sp in resonance (ESR) was llsed to 

detect different types of radical fragments (hydroxyl (HO-), hydroperoxy l (HOO-) and 

carbon centered radical (-CCR)) responsible for Nafion® degradation. The hydroxyl 

radicals were generated by UV irradiation of hydrogen peroxide solution and were 
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subsequently trapped by 5,5-dimenthyl-pyrroline-N-oxide (DMPO) to form DPMO/OH 

adducts, which were detected by ESR. The absence ofHO- and -CCR and the presence of 

HOO- prove that Ce3
+ from the processed Nafion® react with HO- to fo rm less aggressive 

HOO-. The HOO- is not able to degrade Nafi on® to generate -CCR [35]. Trogdas et al. 

reported that Nafion®ceri a composite membrane possesses better durability than pure 

Nafion® by Fluoride emiss ion rate (FER) measurements [36]. The fonner membrane can 

mitigate the degradation rate by more than an order of magnitude. The Mn02 is al so found 

to be a qualified hydrogen peroxide scavenger by Zhao et al [37] . These and other studies 

to date, have shown promising results, but with minimal detail regarding mechanism, and 

optimization strategies [36]. 

1.5 Operation Fuel Cell Under Low-Humidity Conditions 

Another main challenge preventing the comm ercialization of fuel cell s is the high 

operating temperature requirement of fuel cells, which results in poor performance of the 

electro lyte conductor. The reason to operate fuel cells at high temperature is to avoid CO 

poisoning. When fuel cell s run at low temperatures, the use of high-purity hydrogen is 

essential, since low amounts (20 ppm) of CO present as trace impurities is suffic ient to 

cause deactivation of the Pt catalyst [38]. In thi s case, greater than 100 °C is considered 

high temperature. However, due to the loss of humidity at high temperatures, proton 

conductivity of the polymer membrane drops dramatically. In anhydrous condit ions, 

16 



M.Sc. Th es is - Chuan-Yu Ma McMaster - Department of Ch emi stry 

proton transport In the membrane is based on the Grotthuss mechanism [39], which 

involves the simultaneous formation and cleavage of hydrogen bonds between water 

molecules and hydronium ions [40, 41]. 

The water channels in the hydrated membrane di sappear due to the evaporation of 

water. Furthermore, there is no molecular vehicle to diffuse the protons in the anhydrous 

membrane. Instead, protons have to hop to the nearest site to contribute proton 

conductivity. Additionally, the sizes of the water clusters shrink causing the gap to enlarge 

between adj oining clusters, thereby making the proton-hopping between adj acent sites 

more diffi cult. Thus, higher activation energies are required to complete the proton 

transp0l1ation while the vehicular mechanism needs relatively low activation energies. The 

activation energy of the Grotthuss mechanism mainly depends on the di stance between 

sites and the number of protonic carriers. 

The two common methods to maintain high conductivity for Nation are explained as 

below. Metal oxides such as Si02 , Ti02. Zr02, and W03 have been used to form 

membrane composites to retain water in Nafi on at over 100 °C [42-44]. Due to the 

existence of water in the Nation, protons can move freely to achieve high conductivity at 

high temperatures. Another common strategy to maintain desired conductiv ity at high 

temperatures is using inorganic membrane composites to replace pure Nafion® in fuel cell s 

[44, 45]. Heteropolyacids includes phosphotungstic (PWA), silicotungstic acid (S iWA) 

and phosphomolybdic acid (PMA), which have been used to prepare Nafion compos ites to 
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enhance Nafion conductivity [46-48]. The selected inorganic materials in this research are 

si li ca and heteropolyacids (HPA). 

1.5.1 Heteropolyacids 

Heteropoloyacids (HPA) are a class of inorganic proton conducting materials, 

possessing high proton conductivity at room temperature. Heteropolyacids, such as 

12-tungstophosphoric (PW A) and 12-tungstosilicic acid (SiW A), are strong Bronsted acids 

and have been widely used in acid-catalyzed reactions. Recently, there is much emphasis 

on utilizing heteropoly acids as catalysts in fuel cell applications. HPAs have been 

considered as candidate particle electrolytes in high temperature fuel cells due to their 

thermal stability and high proton conductivity [49]. Furthermore, HPAs possess multiple 

proton sites that act as good proton donors. For instance, PWA and SiWA possess 3 and 4 

protons, respectively. 

HPAs possess super acid properties, meaning that their protons are easily dissociated . 

These delocalized protons stay on the surface of PWA particl es, linking with bridge or 

terminal oxygen, which is the reason why HPAs provide good proton conductivity [50]. 

The most common heteropoly acids used in fue l cells are silicotungstic acid (SiWA), and 

phosphotungstic acid (H3 W I20 4'XI-bO, PWA) - the latter which will be the main focus of 

this thesis work. PWA has high protonic conductivity at room temperature (0 .02-0.1 S/cm) 

and possesses electrochromic and photochromic properti es [51]. In addition, Staiti et al 
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found out that Phosphotungstic acid-base Nafion® membrane exhibits better proton 

conductivity than silicotungstic (H4SiW I20 4o), acid-base Nafion® membrane and pure 

Nafion® [46, 48], even though silicotungstic provides an additional proton. Based on these 

results, the focus ofthis thesis is on PW A-Nafion® composites. 

PWA is the strongest acid out of all Keggin-type HPAs, whether in solution-state or 

solid-state [52]. Keggin-type HPAs refer to those HPAs whose structure consists of a 

central X0 4 tetrahedron (X= P or Si) surrounded by 12 M06 (M= M06+ or W6+) groups 

linked together through oxygen atoms. There are four different types of oxygen atoms 

present in Keggin ions. The central oxygen is located between X-Oc-M. The edge-sharing 

oxygen atom bridges two tungsten of the same set M-Ob-M. The corner-sharing oxygen 

atom bridges two tungsten of the different set M-OcM. The terminal oxygen atom is 

associated with only one tungsten atom M=O. The last three types of oxygen are located on 

the surface of the structure. In solution, the bridging oxygen atoms have higher electron 

density than the terminal oxygen atoms. Therefore , these oxygen atoms have a greater 

affinity for protons and water, thus forming hydrates . The HsO/ is created when the I-t is 

associated with two water molecules between two Keggin units [53]. One advantage 

stemming from this property is the ability ofHPAs to absorb large quantities of water. The 

level of hydration is a dominant factor in influencing HPA conductivity. Fully hydrated 

HPAs (with 29 - 30 H20 / Keggin structure unit) can even provide excellent conductivity 

up to 0.17 S/cm [54]. Furthermore, these structures are capable of being stabl e at 

temperatures up to 400 °C [51] . 
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A host material is necessary to hold an HPA electrolyte and prevent its complete 

di sso lution in water. Without a host material, the high solubility of HPAs in polar solution 

becomes a limitation in fuel cell operation [55]. Electrochemically produced water will 

tend to dissolve HPAs and, which will then leak out through the gas outl et lowering the 

li fetime of HPA fue l cell s. Several papers have been published which discuss thi s issue 

[56]. A key point to overcome this drawback is using an adequately supported matrix. 

However, choice of an appropriate host material must be made with caution. For exampl e, 

some inorganic material s such as Ab03 and MgO decompose the heteropoly acids [57]. 

Acidic and neutral host materials are most suitable. For example, silica and active carbon 

are generall y good host materials that are compatible with heteropoly acids [57]. 

The interaction between PW A and the OH group from the Si02 surface has been 

detected at low loading level by IH NMR [59] . The interaction between the Keggin units 

and the supported material occurs through the hydrogen atom. Staiti et al. [48] have shown 

that the Keggin unit of PW A interacts with silica most likely through the bridge-shared 

oxygen (M-Ob-M) - a finding that has been supported by quantum chemical calculations 

[59] and NMR analysis [60]. This interaction suggests that HPAs can be incorporated with 

inorganic material to prevent its di ssolution in aq ueous media. The stability of this 

compound incorporated into supported matrix (si li ca) is crucial to preserve its 

multi functional properti es in the membrane. Furthermore, StangaI' el al [51] discovered 

that using isocyanatopropyl-triethoxysilane-poly(propylene glycol) -(ICS-PPG) as a host 
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matrix is able to increase PW AI SiW A uptake to 70 wt % as a result of electrostatic 

interactions between positively and negatively charged Keggin ions [51, 59]. 

The focus of this research is to use heteropoly acids as proton donors to bridge S03H 

groups of Nafion® in order to increase Nafion®'s proton conductivity under relatively low 

humidity fuel cell operation environments. Characterization of the structure and dynamic 

features of this composite will be accomplished using solid state NMR. 

Fig 1-9 Keggin structure of PW A. [61] 

1.6 Goals of Thesis 

To summarize, the main goals of the first project in this thesis are to use NMR to 

understand the local proton mobility at the molecular level and detennine the level of 

protection that metal oxide additives can provide to the Nafion composite as radical 

scavengers. As the additives are not good ionic conductors, the amount of additives in the 

Nafion composite are kept at low levels in order to maintain the excellent proton 
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conductivity of Nafion. These Nafion composites are studi ed by variable temperature lH 

NMR experiments which provide dynamic inf0ll11ation and allow for the investigation of 

local proton environments before and after exposure to free radicals. However, since this 

pi ece of information is usually absent in the literature, this thesis documents a first-time 

investigation of the dynamics of proton transport following exposure to free radicals, which 

is highl y sign ificant since proton dynamics are known to be strongly correlated to overall 

fuel cell performance. Moreover, solution-state 19F NMR is used to identi fy and quantify 

Nafion® degradation by-products as a function of preparative method, parti cle size, 

protective agent, oxidation state and Nafion® morphology, in order to allow for the 

screening of potential radical scavengers. The combination of information obtained from 

both variable temperature IH MAS NMR and solution-state 19F NMR experiments reveal 

which additives function as the best radical scavenger, while having minimal negative 

impact on Nafion proton conductivity. 

The main goals of the second project In this thesis are to introduce PWA, a 

multiple-proton donor, into Nafion to increase the proton conductivity. IH MAS NMR is 

subsequently used to understand the local proton environment and proton mobility, as well 

as to determine the proton exchange mechanism. This is the first time that the proton 

exchange mechanism is studied fo r PWA-Nafion composites. Mul tiple mobile protons 

sites are expected to be present in Nafion-PWA composites. 2D-Exchange Spectroscopy 

(EXSY) is used to study the proton exchange. FurthenTIore, solution-state and so lid-state 

3 1p NMR is used to identi fy the amount ofPWA leaching out from Nafion® composites, as 
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a function of preparation method, which has proven the inabi lity of PWA to reside 

pennanently in Nation. Fourier Transform Infi'ared Spectroscopy is used as an alternate 

confIrmatory technique to measure changes in the amount of PW A in the Nafion 

composites pre- and post- Nafion-purification procedures. 
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Chapter 2 

Experimental Technique 

This section describes the basic principles of the experimental methods used to 

investigate the polymer electrolyte membrane composites, which include NMR, SEM-EDS, 

FTiR and conductivity tests. In particular, the background relevant to the solid-state NMR 

experiments used in this thesis will be provided. 

2.1 Application of solid-state nuclear magnetic resonance on materials 

Structural information and proton dynamics are of significance when studying 

polymer electrolyte membrane composites. Small -angle X-ray scattering (SAXS) and 

wide-angle x-ray diffraction had been used to investigate the morphology ofNafion in the 

1980' s by Gierke and co-workers, who had proposed the cluster network model to explain 

the morphology of hydrated Nafion [1 -3]. Thus, these techniques provide useful structural 

information on these materi als. However, as these materials do not crystallize, detection by 

by conventional X-ray or neutron scattering is made more difficult. In addition, proton 

dynamics cannot be probed by XRD studies or interpreted by morphological information. 

Therefore, alternative techniques to acquire the structural information and proton dynamics 

of the polymer electrolyte are needed. 

Solid state nuclear magnetic resonance (SSNMR) has been executed to probe local 

structures and determine proton dynamics. Use of so lid state NMR in materials chemistry 
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is growing as result of improving technical capabi lities. Studies of organic-inorganic 

hybrid materials [4], proton conductor [5] , polymer [6] and H bond of systems have 

become readily avai lable. This thesis focuses on influences of paramagnetic centers on IH 

spectra of composites materials as well as on studies of proton dynamics in such 

composites. 

2.2 Brief theory of NMR [7, 8] 

There are four fundamental properties of a nucleus: mass, charge, magnetism and spin. 

The nuclei with spin possess spin angular momentum. The spin angular momentum is 

quantized using the quantum number, 1. The value of spin quantum number depends on the 

particular nucleus and it can be zero, whole integer or multiple of half-integer. The nucleus 

with zero spin quantum number does not have a magnetic moment and is therefore not 

observable by NMR spectroscopy. Nuclei whose spin quantum number is not equal to zero 

are considered to be NMR-active nuclei. The nuclear spin is not perfectly aligned with the 

external magnetic field but resonates in a conical motion around the direction of external 

magnetic field and generates a magnetic fi eld by its magnetic moment. The magnetic 

moment of a nucleus is proportional to the spin through the gyromagnetic ratio, 'Y, which 

has a unique value to every NMR active isotope. The total number of sp in states for an 

isolated nuclear spin in a magnetic fi eld can be calculated by 21 + 1. The orientation of the 

spin is random and the energy is identical in the absence of external magnetic fie ld . In the 

external magnetic field (Bo), the hydrogen nucleus (1=1/2) will have 2 states (2(1 /2)+1)). 
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Two energy states are created corresponding to the two different orientations of nuclear 

magnetic moments. One magnetic moment is parallel to the direction of Bo and is 

considered as the low energy spin state; while another magnetic moment anti-parallel to the 

direction ofBo is considered as the higher spin energy spin state. The energy fo r the lower 

energy spin state is given by: 

The energy for the higher energy spin state is given by: 

jh 
E =--B 

·1 /2 41l' 0 

The energy di fference between the two states is: 

I1E = ~B 
21l' 0 

Eq.2-1 

Eq.2-2 

Eq.2-3 

The Planck relationship is applied to simpli fy Eq. 2-3, which yields the following 

equation: 

V (Hz ) == L B 
o 21C 0 

Eq.2-4 

Where YEo = OJ(rad S-I) Eq. 2-5 

Vo is a frequency of electromagnetic radiation, CD is the rate of precession, y is the 

gyromagnetic ratio, and Bo is the strength of the external magnetic fie ld in Tesla (T) . 

The magnetic ti eld strength of an NMR is commonl y 11 .74 T, which is used in thi s 

project. The Larmor frequency of a proton in this fi eld is calculated to 500.1 2 Hz according 

to Eq 2-4. Therefore, the radio frequency radiation of 500.12 MHz is applied in order to 
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change the alignment of the magnetic moment of proton from the lower energy spin state to 

the higher energy spin state. 

2.2.1 Solid state NMR 

Although solution state NMR is by far the more popular NMR tool in the broad 

chemistry community, solid-state NMR is a powerful technique for the study of ordered 

and disordered materi als in the solid state, as it can provide not only structural but also 

dynamic infOlmation. For example, using solid state NMR, the structure of Nafion itself 

has been elucidated by 2D 19F _13C by Chen et al. [9] , and proton environment and 

dynamics have been investigated in several papers [10, 11]. Meanwhile, the by-products of 

Nafion deterioration have been identifi ed by 19F so lution NMR [1 2]. Thus, NMR has been 

selected fo r the work in thi s thesis as the principal technique. 

In solution state NMR, rapid molecular tumbling is capable of averaging anisotropic 

interactions to acquire well-resolved NMR spectra. In static solid state NMR spectra, broad 

line shapes are attributed to the fu ll effects of anisotropic or orientation-dependent 

interactions. In this thesis, the anisotropic interaction mainly refers to dipole-dipole 

coupling among the protons in the solid-state. The difference between solution-state and 

solid-state NMR is that the weak sca lar J coupling is not revealed in solid state NMR. 

Instead the dipole-dipole coupling through the space is the dominant interaction in the 

so lid- state NMR [13] . 

The heteronuclear Hami ltonian for a dipo lar coupling is shown in Equation 2-6. 
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The higher the gyromagnetic ratio of the pair of nuclei, the larger the dipolar coupling 

interaction between them. Hydrogen has high natural abundance and a high gyromagnetic 

ratio, which causes strong dipolar interaction. In solid state IH NMR, line broadening is 

contributed by strong dipolar interactions, which is due to gyromagnetic ratio and high 

natural abundance of hydrogen. 

Eq.2-6 

Due to anisotropic interactions, the acquisition of well-resolved solid-state NMR 

spectra is a challenge. Magic angle spinning (MAS) is required in solid state NMR in order 

to average anisotropic interactions. The dipolar coupling constant contains the (3cos28-1) 

term (Eq. 2-6) [14] . 8 is the angle between the vector connecting the spins and the magnetic 

field. The axis of the sample rotor is positioned at the magic angle (54.74°) with respect to 

Bo When applying MAS to the sample, the 3cos28-1 term equals to zero [15]. The 

dipole-dipole coupling interaction is decoupl ed and the presence of narrow resonance is 

achieved. The quality of the resolution is prop0l1ional to the spinning speed, and 

dependent on the complexity of the sample (namely, the number of unique protons, and 

their couplings). 

All the solid state NMR experiments were perfol111ed under high magic angle spinning 

rate (25 kHz) in this thesis. The nature of the additives (Manganese oxide) which is the 

unpaired electron causes the poor resolution of the IH MAS spectra. Due to the 

paramagnetic effect, the peak in the spectra becomes relatively wide. 
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2.2.2 Paramagnetic effect 

It is not as simple to acquire Manganese oxide/ Nafion composite spectra using IH solid 

state NMR as for other Nafi on composites. The reason for this is due to the paramagneti c 

effect, which is caused by the existence of unpaired electrons, leading to broader peak 

widths - an obstacle to achieving high resolution of NMR spectra [13]. The paramagnetic 

effect is propOliional to the magnetic fi eld, the number of unpaired electrons and the 

gyromagneti c ratio . For example, LiMn20 4 contains Mn3+ and Mn4+ ions, which possess 4 

and 3 unpaired d electrons, respectively. The gyromagneti c ratio of those unpaired 

electrons is roughly 642 times that of a proton, thereby leading to strong dipolar coupling 

with protons. The wide peaks at the same time increase the degree of diffi culty in 

analyzing peaks. 

In addition to changes in line width, the presence of unpaired electron spin density also 

influences the spin lattice relaxation times (T 1) [8]. The spin lattice re laxation times for 

pure Nafion are on the order of seconds, but those of Nafi on composites are expected to be 

on the order of 10-6 seconds, which limits the length of the pulse sequences. 

E lectron-Nuclear relaxation becomes more effi cient because of the strong magnetic 

moment of the electrons. Even at very low concentrations of the paramagneti c 0.5 Wt% 

LiMn20 4, the influence of unpaired electrons on relaxation time is able to be detected. 

Further details are explained in Chapter 3. Inversion-Recovery pulse sequences are used to 

measure spin latti ce relaxation times [1 3]. The relaxation times to be observed in LiMn204 
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or K054Mn204 Nafion composites are expected to show a dramatic decrease in the time 

scale from seconds to milli seconds, compared to those of pure Nafion. 

2.3 Measurement of Proton Dynamics 

2.3.1 I-D proton Variable Temperature Experiments 

Proton dynamics can be evaluated using 'H NMR variable temperature experiments in 

fast exchange. Line widths (FWHM - Full Width at Half Maximum) change with 

temperature, as a result of protons becoming more mobile at higher temperatures. As 

shown by Eq. 2-7, full width at halfmaximum CFWHM) is equal to l lnT2* [13]. T2* is the 

spin-spin relaxation time, which is influenced by homogeneous and inhomogeneous 

1 
L1V FWHM = -T' 

n 2 

(Eq.2-7) 

1 

T ' 
2 

1 ~B 0 

--+ y---
T 2 2 _1 "'" T = T ex{ - Ea J T' c oo. RT 

2 

(Eq. 2-8) (Eq . 2-9) 

contributions CEq. 2-8). 6 Bo is the inhomogeneity. Proton conductivity is proportional to 

proton mobility and the number of protons. Proton mobility can be observed through 

variable temperature experiments. Eq. 2-9 offers important infol111ation activation energy 

for proton transport. The line width trends of the protons can be detennined using the 

Arrhenius equation. From Eq. 2-7, the change ofl ine width is proportional inversely to T2*. 

Eq. 2-8 shows how to ca lculate Ea from change of line width. The activation energy value 

is not only helpfu l to estimate the conductivity of proton but also to show evidence that 
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Nafion is under protection, by comparing to pristine Nafion sample, as wi ll be seen in 

Chapter 3. 

2.3.2 IH 2D Exchange Spectroscopy (EXSY) NMR and ID Selective 

Inversion 

Another method to investigate proton dynamics is achieved using 2D EXSY because the 

correlation time of the proton motion can be measured. The EXSY pulse sequence is 

shown in Figure 2-1. After the first 90° pulse excitation, the magnetization along Z axis 

tums to transverse magnetization and magnetization evolves under its characteristic 

frequency during the evolution period, t1. The evolution period is incremented to produce 

the indirectly detected time domain. At end of the evolution period, a second 90° pulse is 

applied. The transverse magneti zation then is convelted to z axis. During the mixing 

period, the z magnetization of a spin can be transferred to another spin due to site exchange. 

The transfer of information between spins is accomplished during thi s period . Owing to the 

site exchange, the frequency of the spins changes in the mixing time which creates cross 

peaks (shown in the Figure 2-2) in EXSY spectra. The intensity of cross peaks is 

proportional to the amount of exchange. The cross peaks will not appear in the spectra if 

there is no exchange during the mixing time. The magnetization is returned to observable 

transverse magnetization after the third 90° pul se and is recorded as free induction decay 

(FID). The variable-temperature EXSY experiments can provide the value of activation 
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energy from the hopping protons by build-up curves of relative normalized cross peak 

intensity as function of mixing time at different temperatures. 

Mixing 

tim e 

Figure 2-1 The EXSY pulse sequence 

• , , 

• 

Figure.2-2 An example of2D EXSY spectroscopy. The green circles represent 

cross peaks whi le those in purple represent diagonal peaks. 
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The variable mixing time allows the magnetization between multiple sites to exchange. 

However, the value of the mixing time is limited by the T 1 of exchanged resonances [16]. 

If the mixing time is longer than the T1, the magnetization is full y relaxed and the intensity 

ofthe cross peak decreases. In this case, the complete relaxation of magnetization results in 

changes in the cross peak intensities. Thus, the proton exchange mechanism is not the only 

factor that can lead to intensity changes in the cross peaks. As such, the data acquired in 

thi s case are not able to provide an accurate value of cOlTelation time of proton exchange. 

Therefore, a l D selectively-invelted experiment was performed. 

The pulse sequence of a ID selectively-inverted experiment is described in Figure 2-3. 

The transmitter is placed on the peak which aims to be inverted and t1 is equal to Yz(L\V). 

The L\V is the frequency di fference between two di fferent exchanging sites which is shown 

in Figure 2-4. 

Mixing 

tim E' 

Figure 2-3 Selective Inversion experiment pulse sequence 
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Figure 2-4 Identification of 11 V 

The magnetization of two resonances converts to the xy-plane with the first 90° pulse, 

which allows the magnetization to evolve during the t[ , which is set as the value of 11211 V. 

The second 90 ° pulse reconverts the magnetization back to the Z axis which is shown in 

Figure 2-5 (d). The di fferen t values of mixing time are provided to allow the exchanging 

interaction between two proton sites which is shown in Figure 2-5 (e). At the end, the 

magnetizations of the two resonances are brought to observable xy plane and recorded as 

FID signal. 

(a) 

90 pulse 
) 

(b) 

) 

(c) 

90 pu lse 
) 

(cI ) 

mixing time f m 

) 

(e) 

Figure 2-5 Vector representation of pulse for selectively inverted experiment of two 

resonances. 
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2.3.3 Dipolar Recoupling Using Double Quantum Filter 

Solid-state nuclear magnetic resonance (SS-NMR) can provide infol111ation of proton 

mobility from polymer conductors due to its abil ity to probe local proton environment. In 

SS-NMR, Magic Angle Spinning (MAS) is applied in order to reach high spectral 

reso lution of the solid-state sample. In solid-state samples, such as powder samples, the 

random orientations of molecular and strong homonuclear dipolar couplings contribute to 

broad peaks, impairing the resolution of solid-state NMR spectra. Executing MAS in 

solid-state samples can average the dipolar coupling and narrow the line width of broad 

peaks. The high resolution solid state NMR is achieved with loss of important dynamic 

information inherent to the dipolar coupling. The dipolar coupling interaction between 

protons, which carries valuable information of the relative proton mobility, is removed by 

MAS at same time. Having a method to retrieve information of dipolar coupling in order to 

understand the mobility of protons is significant [17]. The double quantum filtering pulse 

sequence has been used to refocus the homonuclear dipolar coupling to obtain the proton 

dynamic based infol111ation such as DRAMA and C7. The dipolar coupling is recoupled by 

using a back to back (BaBa) [18-20] pulse sequence in this thesis and the pulse sequence is 

shown in the Figure 2-6. During the excitation period in the BaBa pulse sequence, a double 

quantum coherence (DQc) is excited by flipping the two spins with parallel spin states (ii 

and U) simultaneously. The transition is from M= l and M= -1 , which creates double 

quantum coherence. The DQC evolves during tl , before it is reconverted into zero quantum 

coherence. Following that, the DQC is transferred to observable single quantum coherence 

(SQC) by a 90° pulse to enable its detection during the acquisition time (t2). The transition 
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between MJ = 1/2 and M = -1/2 is referred to as single quantum coherence. The coherence 

transfer pathway diagram for the BaBa pulse sequence is shown in Figure 2-6. The phase 

cycles is employed during the tl to suppress the higher order coherence. In this case, double 

quantum coherences remains. 

x 

[I 

Figure 2-6 Back to Back (BaBa) pulse sequence and coherence transfer pathway diagram 
for a IH DQ MAS experiment. 

BaBa recouples resonances which have a strong dipolar coupling on the timescale of 

the rotor period. The intensity of the double quantum coherence is proportional to the 

strength of the dipolar coupling, excitation time and distance between spins for an 

individual pair of spins. The immobile protons have relatively strong dipolar coupling 

interactions compared to mobile protons, which show weak or no dipolar coupling 

interaction. It means that in the DQF NMR spectra, the resonance of the immobile protons 

should be revealed in the short excitation time while the resonances of mobile protons are 

absent. The method to acquire the weak dipolar coupling is by expanding the excitation 

time. The longer excitation time is able to excite weak dipolar interaction more efficiently 

than shorter excitation times. Therefore, comparison of MAS NMR with DQF MAS NMR 
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provides the opportunity to distinguish between the relative proton motilities at the 

molecular level. 

2.4 Electron Microscopy 

2.4.1 Morphology analysis [21, 22] 

Scanning electron microscope (SEM) was used in this proj ect to measure the size and 

detennine the elemental composition of particles and Nafion composites. SEM is a 

powerful technique that also provides information on the morphology of samples. Due to 

simple SEM sample preparation, high resolution and wide range of depth of focus, SEM is 

the most prominent analytical technique in determining morphology. 

In this project, the electron gun used to generate an electron beam was a fi eld-emission 

(FE) electron gun. The diameter of the electron beam from an FE electron gun is limited to 

5-10 run , resulting in high resolution SEM images. Condenser lens and obj ective lens are 

able to adjust escaped electrons are then detected. Therefore, it has been seen that the 

topography of a sample is correlated closely with the amount of secondary electrons 

detected. From thi s, morphological information of the specimen can be obtained. The 

SEM in this thesis is utili zed to determine the size of the additives and the di stribution of 

additives in the Nafion composite and the morphology of Nafi on following the chemical 

degradation. the diameter of the incident electron beam. After the interacti on between 

primary electrons of the electron beam and the specimen, secondary electrons (less than 
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50 eV) are excited. Since secondary electrons are relatively weak in energy, those 

secondary electrons which are in the deep regions of the specimen (> 500 A) are not able to 

escape from the bulk of the specimen. Instead they are absorbed by the specimen. On the 

other hand, those secondary electrons located at the specimen's surface (within 50-500 A) 

escape from the spec imen's surface after being bombarded by high-energy electrons. The 

2.4.2 Chemical analysis (23) 

In SEM, primary electrons from the incident electron beam may interact with the 

specimen to produce X-ray. An electron in an inner atomic shell is emitted from the sample 

due to interaction with a high energy incident electron. The ejected electron is in an excited 

state. Another electron from outer shell drops down to fill the vacant orbits at lower energy 

level to replace the ejected electron and emits X-rays . Each drop leads to the loss of a 

specific amount of energy which is corresponding to the energy difference between the 

outer and inner shells. The X-rays are called characteristic X- rays because the energy of 

the X-rays can be used to identi fy the element. Therefore, it is used for chemical analysis. 

If an ej ected electron is from the K shell and the filling electron is from an adjacent 

lower-energy K shell , the X-ray is called Kline (Ka and K~) X-ray. Ka X-rays usuall y have 

the highest energy. On the other hand, if the ejected electrons are from Land M shells, the 

X-rays are referred to as the Land M lines, respectively. Energy-dispers ive X-ray 
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spectroscopy (EDS) is one common X-ray detection technique that allows for identifying 

chemical composition by detecting the energies of the X-rays. 

2.5 Fourier Transform Infrared Radiation [24] 

Infrared spectroscopy is typically used to identify the presence of different classes of 

functional groups by observing different types of vibrations in the characteri stic group 

frequency region (4000-1300 cm- I
) . However, in thi s proj ect, the focus is on the fingerprint 

region (1300-600 cm-I
). The energy of infrared photons is not high enough to trigger 

electronic transitions, but is able to cause bonds in a molecule possessing a net dipole 

moment to vibrate. Bonds in the molecules absorb certain wavelengths and frequencies 

from infrared radiation. The operating wavelength region of infrared radiation sits between 

the visible light and microwave regions, ranging from] 0-5 and] 0-2 cm. In addi tion, some 

molecules do not absorb infrared radiation because of the absence of a net dipole moment 

in the bond. Bonds capable of absorbing infrared radiation are IR active [25 , 26]. The 

heteropolyacid (H3PW I20 4o) Nafion composite is chosen to be characterized by FTIR in 

thi s work in order to confirm the presence of low concentrations of heteropolyacid in 

Nafion composite. By looking for stretching vibrations of P-O and W=O bonds in the 

fingerprint region of FTIR, the existence of heteropolyac id can be proven [27]. 
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2.6 Conductivity Test 

An insightful technique to determined membrane's conductivity is impedance 

spectroscopy, which is a technique regularly applied to fuel cell membranes [28, 29]. 

Idea ll y, Ohms law applies and shows that voltage (v) is equal to current (I) times resistance 

(R). 

IR= V (Eq 2- 10) 

However, the system is not ideal and the Ohm's law is applied into electrochemical 

impedance spectroscopy. The ratio revealed in Eq. 2- 11 is called impedance of the system 

which depends on the frequency of the signal. Therefore, the impedance of an electrolyte 

as a function of frequency can be acquired by varying the frequency. Basically, the known 

amplitude (current or voltage) and chosen range of frequency of an AC sinusoidal 

excitation signal is sent to the cell and the phase change of amplitude (current or voltage, 

correspondingly) is recorded. The Bode plot (Figure 2-7) is a very clear method to present 

the impedance data. The absolute value of impedance (loglZI) is recorded while the phase 

difference is zero. At low frequency range, the phase is close to zero and the impedance of 

the sample shows the independence on frequency change. In thi s case, the impedance 

(logIZI) is given in the bode plot. 

Z(m) = . Vexp(iUJt) 
1 exp(imt - iB) 

(Eq 2-11 ) 
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The conductivity of the membrane can be calculated by Eq. 2-12 [30]. d is the distance 

that the ions travel between the two inner electrodes, R is the real component of the 

impedance, I is the width of the membrane, and h is the thickness ofthe membrane and 0" is 

ionic conductivity. 

O"=d/ R I· h CEq 2-1 2) 

d 
( ) 

h 

Inner electrodes 

Figure 2-8 Membrane geometry in the 4 probe conductivity cell. 
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The connections consist of four different electrodes (a counter electrode, a working 

electrode and two reference electrodes). Two outer electrodes (the counter and working 

electrodes) are used to apply a constant current across the sample while two inner 

electrodes (the reference electrodes) are used to record the voltage. The four probe method 

was selected to measure the proton conductivity of Nafion and the composites presented in 

this thesis. This method is useful to avoid the internal resistance, which is contributed by 

the electrodes, because this method is insensitive to the contact impedance of electrode. 

Therefore, the resistance acqui red from the four probe method is mainly contributed by 

ionic conductance. The advantage of using four-probe method is to measure low 

impedance devices. The geometry of the four-probe method is shown in Figure 2-8. 

2.7 References 

1. W. Y. Hsu, T.D.G., Ion transport and clustering in nafion perfluorinated 
membranes Journal of Membrane Science, 1983. 13: p. 307. 

2. T.D. Gierke, G.E.M., F.e. Wilson, 1. Polym. Sci. Polym. Phys, 1981. 19: p. 1687. 

3. W. Y. Hsu, T.D.G., Macromolecules, 1982. 15: p. 101. 

4. S. M. De Paul, 1.W.Z., R. U lrich, U. Wiesner, and H. W. Spiess, Structure, Mobility, 
and Interface Characterization of Self-Organized Organic-Inorganic Hybrid 
Materials by Solid-State NMR Journal of the American Chemical Society, 1999. 
121: p. 5727. 

5. G. R. Goward, M.F.H.S. , Daniel Sebastiani, lngo Schnell , and Hans Wolfgang 
Spiess, High-Resolution Solid-State NMR Studies ofImidazole-Based Proton 
Conductors: Structure Motifs and hemical Exchange from 'H NMR Journal of 
Physical Chemistry B, 2002 . 106: p. 9322. 

47 



M.Sc. Thesis - Chuan-Yu Ma McMaster - Department of Chemistry 

6. Umit Akbey, RG. , Yuan G. Peng, Peter P. Chu, Hans W. Spiess, Solid-State NMR 
investigations of anhydrous proton-conducting acid- base poly(acrylic acid)
poly(4-vinyl pyridine) polymer blend system: A study of hydrogen bonding and 
proton conduction. J of polymer science B, 2009. 47: p. 138. 

7. PJ. Hore, in Nuclear Magnetic Resonance] 995, Oxford Science Publications: New 
York. 

8. R.K. HaITis, in Nuclear Magnetic Resoance Spectroscopy. ] 983, Potman 
Publishing Inc. p. 68,81. 

9. Q. Chen, and K. Schmidt-Rohr, F-19 and C-13 NMR signal assignment and 
analysis in a perfluorinated ionomer (Nafion) by two-dimensional solid-state NMR. 
Macromolecules, 2004. 37(16): p. 5995. 

10. G. Ye, C.A. Hayden, and G.R Goward, Proton dynamics ofnafion and 
Nafion/Si02 composites by solid state NMR and pulse field gradient NMR. 
Macromolecules, 2007. 40(5): p. 1529-] 537. 

II. G. Ye, N. Janzen, and G.R Goward, Solid-state NMR study of two classic proton 
conducting polymers: Nafion and sulfonated poly(ether ether ketone)s. 
Macromolecules, 2006.39(9): p. 3283. 

12. 1. Healy, et aI. , Aspects of the chemical degradation ofPFSA ionomers used in 
PEM fuel cells. Fuel Cells, 2005. 5(2): p. 302. 

13 . E.D. Becker, in High resolution NMR: Theory and chemical applications 2000, 
Acdemic Press. p. 32-39,184, 220-222. 

14. M. 1. Deur, Solid State NMR Spectroscopy: Principles and App lications. 2002: 
Blackwell Science. 

] 5. R.S . Macomber, A Complete Introduction to Modern NMR Spectroscopy. 1997: A 
Wiley Interscience Publication. 284-285. 

16. A.D Bain, e.a., Nucl magn Reson. Spectrosc, 2003. 43: p. 63 . 

17. S.P. Brpwn, H.W.S. , Chemical Reviews 2001. 101 : p. 4125. 

18. M. Feike, J Magn Reson A, 1996. 122: p. 214. 

19. I. Schnell , J Magn Reson A, 2001. 151 : p. 153. 

20. S.P. Brown, prog Nucl Magn Reson Spectrosc 2007. 50: p. 199. 

48 



l'v1.Sc. Thesis - Chuan-Yll Ma McMaster - Department of Chemistry 

21. IW.S. I-karle, IT.S., P.M. Cross, in The Use of the Scanning E lectron Mjcroscope. 
1972, Pergamon Press Ltd: Oxford . 

22. B.L.Gabriel, in SEM: A User's Manual for Materials Science. 1985, American 
Scoiety For Metals. 

23. Bell, AIG.-R.D.C. , in Energy-Dispersive X Ray Analysis in the E lectron 
Mcroscope. 2003 , BIOS Scientific Publishers: Oxford. 

24 . D.A Skoog, F.IH., T.A Nieman, in Principles of Instrumental Analysis. 1998. p. 
381. 

25. P.R Griffiths and I A de Haseth, Fourier Transform Infrared Spectrometry . 1986, 
New York: John Wiley. 

26. L.G. Wade, I , Organic Chemistry . 1999, Uppers Saddle River: Pentice Hall 
Intemati onal . 

27. C. Rochlccioli-Deltcheff, M.F. , R. Frank, R. Thouvmoc, Inorg. Chem, 1983.22: p. 
207. 

28 . lR. Selman, Y.P.L. , Electrochimica Acta, 1993. 38: p. 2063. 

29 . Y Sone, P.Ekdunge, D. Simonsson, Proton Conductivity' ofNafion as Measured By 
a Four-Electrode AC Impedance Method . J of Electrochemical Society, 1996. 143: 
p. 1254. 

30. A K. Jonscher, Nature, 1977. 267: p. 673. 

49 



M.Sc. Thesis - Chuan-Yu Ma McMaster - Department of Chemistry 

Chapter 3 

Understanding of the Degradation Mechanism of Nafionl Manganese 

and Cerium Oxide Composite Attacked by Hydroxyl Radical 

This chapter describes sample preparation of potential metal oxide scavenger and 

Nafion composites as well as data acquisition procedures including NMR, SEM and XRD. 

Firstly the elemental composition of the metal oxide is characterized by XRD and SEM

EDS The concentration of by-products from Nafion degradation of different Nafion 

composites was studied using 19F solution state NMR. Proton dynamic information 'was 

determined by high resolution solid state NMRfrom the Nafion composites. 

3.1 Introduction 

Nafion is a well known Polymer Electrolyte Membrane (PEM) for fuel cell 

applications. However, the membrane is susceptible to attack by hydroxyl radicals 

generated during fuel cell operation. This causes a thinning of the Nafion membrane and a 

loss of efficiency in the device. Nanoparticles of manganese oxide and cerium oxide are 

considered as free radical scavengers and may offer protection to the membrane from free 

radical attack. In Table 3-1 and Table 3-2, the reaction rate between the radica l scavenger 

candidates (Mn2+ and Ce2+) and a free radical (eOH) is faster than the degradation rate 

between Nafion and hydroxyl radical. It indicates that the presence of the radical 

scavenger candidates in the Nafion can diminish the free radical attack by deactivation 
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the free radical before attacking Nafion. Here, Fenton's test is used to simulate the 

conditions of Nafion under attack by radical species and also accelerates the degradation 

rate. 19F solution state NMR is used to assess the level of protection by providing 

information on both the identity and quantify the abundance of Nafion's degradation 

products. LiMn204 and K054Mn204 at 0.5 weight percent loading in Nafion composites 

both show excellent levels of protection. Solid state lH NMR is used to detelmine proton 

dynamics within the Nafion composites. lH MAS NMR spectra show changes in line 

width during variable temperature experiments that are comparable to similar experiments 

on Nafion that has not been exposed to free radicals . This data demonstrates that the 

activation energy for proton transp011 is unchanged before and after exposure to -OH, 

thus strongly suggesting that the Nafion is protected by the additives used. This protection 

is attributed to delocalized electrons reacting with the free radicals before damage can 

take place. As well, the reduction in the number of available unpaired electrons (H+ + 

Mn3+ + -OH ---+H20+ Mn4+) causes the lH NMR line width to narrow following Fenton ' s 

test. Despite the challenges posed by the paramagnetic ions, solid state NMR provides 

definitive evidence of the quantity and role of the free radical scavengers as a function of 

-OH exposure. 

Table 3-1 Degradation mechanism and degradation rate of non-chemical 

stable Nafion membrane under a free radical attack 

Degradation Mechanism Degradation rate 

-CF2C02H + -OH ---+ -CF2C02- + H2O k < 1.0 X lQo M-'s-' 

-CF2H + -OH ---+ -CF2- + H2O k < 1.0 X 10 ' M-'s-' 
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Table 3-2 Protection mechanism and protection rate of 

potential radical scavenger react with a free radical. 

Protection mechanism Protection rate 

Ce-'+ + ·OH + H+ ---+ Ce4+ + H2O k = 3 X 1011 M-'s- ' 

MnL+ + ·OH + H+ ---+ MnJ+ + H2O k = 4 X 10 ' M-1s-1 

Mn-'+ + H20 2 ---+ Mn2+ + ·OOH + H+ k = 7 X 104 M-1 s- 1 

3.2 Experimental 

3.2.1 Sample Preparation 

The methods use to synthesize cerium ox ide, manganese oxide and K054Mn20 4 

are described in this section. 

3.2.1.1 Preparation of Cerium Oxide 

Cerium (III) Nitrate 6H20 was mixed with solution of cetyl trimethyl ammonium 

brom ide (CTAB), 1-butanol and n-octane. This was followed by addition of NaOH [1]. 

After magnetic stirring for one hour, yellow Ce02 nanocrystals formed. Tripli cate 

methanol washes and centrifuging steps were applj ed to ensure purity ofthe samples. 
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3.2.1.2 Preparation of Manganese Oxide 

KMn04 was di ssolved into de-ionized CDI) water along with fumaric acid in a 

mole ratio of 3: 1. The solution was first stirred for an hour and then was vacuum 

degassed for another hour in order to remove the CO2 and obtain a homogeneous solution. 

After stirring for 24 hours, 3 M H2S04 was added drop wise unti l the pH of the solution 

reached. This was then followed by another 24 hours of stirring. To obtain powdered 

manganese oxide, several rinses with DI water followed by centrifugation was necessary. 

The powder was oven-dried at 70 °C for two hours. In addition, two types of manganese 

oxides are used in thi s experiment. They are Mn20 3 and Mn02, which were purchased 

from Wako and Aldrich . Synthesized manganese oxide powder was heated up to 300 °C, 

400 DC, 500 °C, 600 DC, 700 °C and 800 °C at a rate of 5 °C Imin under Ar gas for 5 

hours before cooling at room temperature [2]. 

3.2.1.3 Preparation of Ko.54Mn~.o4 

A mixed solution containing 3% I-h02 and KOH was added to 0.3 M Mn(N03). 

The reaction occurred immediately at room temperature. After aging for one hour, the 

product was washed with water, fi ltered, and dried [3]. 

53 



M.Sc. Th es is - Chuan-Yu Ma McMas ter - Department of Chemistry 

3.2.1.4 Casting Nafion Membrane 

Manganese/cerium oxide powders were mixed with a Nafi on solution in a 

supersonic bath for several hours until suspension of the powder occurred. The solution 

was poured into a petri di sh whi ch stabilized at room temperature leading to the formation 

of the Nation-composite film . 

3.2.2 Durability Test of Nation 

Fenton 's test is the most common and simple method to test Nafi on durability 

[4, 5]. Fenton's test [6] is used to accelerate the level of Nafion degradation by 

immersing Nafion into a Fenton solution (containing mainly l-lz0 2 with M2
+ ions). 

Fenton' s test simulates the conditions of an operating fuel cell where the different kinds 

of harmful radicals known to attack Nafion are generated (Equation 3-1, 3-2 and 3-3). In 

this study, Nafion membranes were immersed in 15 ml of a Fenton solution comprised of 

30 % H20 2, 50 ilL ofFeCh solution (to achieve [Fe2+] of ~ 9 ppm). After pl acing a given 

mass of the Nafi on membrane into the solution, the solution was stored in a High-density 

polyethylene (HDPE) wide mouth bottle which was then heated to 88 °C fo r 24 hours to 

facilitate the Nafi on degradation in relati vely short time. Fenton' s test solution is 

unstable over long term storage therefore; fresh Fenton' s so lution is required fo r each 

heat treatment. 
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l.H20 2 + Fe2+ ~ HO- + OH- + Fe3+ 

2. H20 2 + HO- ~ H02 - + H20 

3.Fe3+ + H02- ~ Fe2+ + H+ + O2 

3.2.3 NMR Spectroscopy 

McMaster - Department of Chemistry 

Initiation 

Chain propagation 

CEq 3-1) 

CEq 3-2) 

Termination and Catalyst regeneration (Eq3- 3) 

All NMR experiments were performed at Larmor frequencies of 500.13 MHz for 

'H NMR and 475 MHz for ' 9F NMR. 'H NMR spectra were acquired under MAS 

conditions C25 kHz) using a 2.5 mm HX probe. 

3.2.3.1 IH NMR 

'H solid state NMR experiments were performed on a Bruker A V500 

spectrometer at a 'H Larmor frequency of 500.13 MHz. A 2.5 mm diameter rotor was 

used for Nafion samples and was spun at 25 kHz. A recycle delay of 3 s and a pre-scan 

delay of 4.5 fls were used. The spectra were referenced to adamantane (1.63 ppm for 'H). 

Solid state 'H NMR spectra were acquired with a 90° pulse length of 2.5 fls. 'H NMR 

variable temperature experiments were carried out on the same Bruker 2.5 mm MAS 

probe over a temperature range of 300 K to 360 K 
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3.2.3.2 19F NMR 

19F solution state NMR experiments were perfOimed on a Bruker A V 500 

spectrometer at a 19F Larmor frequency of 475 MHz. The 19F NMR spectra were acquired 

with a 90° pulse length of 3.5 Ils, and referenced to CFCh (0 ppm for 19F NMR). The 

spectra were collected with 5] 2 scans. The sweep width is ] 00000 Hz and recycle delay 

is 1 s. 

3.2.4 Regeneration Acid form Nation 

Nation is well known as an ion exchange membrane; therefore, after treatment in 

ionic solution the protonated form must be regenerated. In the Fenton' s test bath, ferric 

and ferrous ions exist, which leads to cation-exchange between the Nation protons and 

iron ions. This is problematic for the materials, as the proton conductivity is diminished 

by the loss of H+ but also fo r IH MAS NMR experiments as the poor proton intensity of 

was revealed. Furthermore, iron ions possessing unpaired electrons leads to broad NMR 

lineshapes thus also increasing the difficulty for NMR analysis. In order to have a H+ 

conducting membrane as well as viable NMR spectra, a H2S04 wash is used to restore the 

Nation protons. 
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3.2.5 X-ray powder diffraction 

Powder x-ray diffraction experiments were performed on a Bruker D8 powder 

di ffractometer. The step was 0.04° Is . 28 =10-60°. 

3.2.6 Scanning Electron Microscope 

Scanning electron images were taken using (lEOL 7000F) with working voltage 

at range of 5-15 Kv. Samples were place on carbon tape which attached to Cu sample 

holder. A thin layer of Au (Au particles' diameter are around 5nm) was sputtered over the 

sample to improve the electrical conductivity to reduce the sample charging. 

3.3 Result and Discussion 

3.3.1 Ce02 Composite in Nation [7] 

Figure 3-1 shows a 19F solution state NMR spectrum of Nafion doped with 

different weight percentages (5 %, 1 % and 0.5 %) of Ce02. The product from Nafion 

degradation is shown in the Figure 1-6 which was completely assigned to 19F solution 

state NMR [4] . The intensity of three main characteristic peaks at -82, -118 and -126 ppm 

is used to quantity the amount of the product of Nation degradation. Thi s is determined 

from the relative intensity of characteristic peaks from 19F solution state NMR for 

degradation product where the best protection is indicated by an absence of peaks. These 
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results show that Nafion with a high loading weight percent (5 %) of Ce02 exhibits less 

intensity than a low weight percent sample (0.5 %), which is consistent with the observed 

increase in protection from radical attack. 

I 0.5 Wt% 
.1 .1 

1 Wt% 
1 

1 

5Wt% 

Pure Nafion 

II. .1 
· 90 ·100 ·110 [ppm] 

Figure 3-1 19F NMR of Nafion membranes protected by variable loading Wt% ofCe02, 

ns=500, pulse length= 8.5 Ils, power level= -4 dB and delay time=1 s 
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Table 3-3 Relative intensity of -82 ppm signal for different loading % of Ce02 in the 
Nafion membrane 
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The unzipping reaction is considered to be the main Nafion degradation mechani sm. 

The rate of the unzipping reaction is 100 times slower than the protection rate meaning 

that aggressive hydroxyl radicals are consumed by Ce3+ before Nafion degradation can 

occur. The Ce3+ ions are present in Ce02 act as radical scavengers. 

• Ce" ions 

0 2- ions 

( l 

Figure 3-2 Bulk ceria crystal structure 

[8] 

(d) 

() Ce 31 io ns 

Figure 3-3 Nano ceria crystal structure 
[8] 

However, Ce3+ is unstable in nature, which is easily oxidized and prefers to stay as 

Ce4+ state (Ce02)' Small amounts of Ce3+ are present in Ce02 means that higher weight 

percentages of loading are needed to afford membrane protection. One way of generating 

higher Ce3+/Ce4+ ratios is through use nano particles . Desphande and Zhang [8 , 9] report 

that there is an increase in the Ce02 lattice parameter with decreasing particle size. The 

lattice parameter is 0.5401 nm in 5 1.un Ce02 particles (Figure 3-2) but then increases to 
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0.5433 nm in 6 nm Ce02 particles (Figure 3-3). Zhang [9] shows that the increase in 

lattice parameter is due to oxygen vacancies resulting in the formation of Ce3
+ ions. Using 

the oxygen vacancy as well as the higher ionic radius of Ce3
+ (which is 0.1143 nm as 

compared to Ce4
+ ions 0.092 nm) the increase in the lattice parameter of the 6 nm Ce02 

particles, 0.5433 run is found. It is consist with results from XRD calculations. Therefore, 

Ce02 nanoparticles are preferred. 

i I I 

20 
i I I 

15 
iii 

10 
Iii iii I I , i i 
5 o [ppm) 

Figure 3-4 'H MAS NMR of 5 Wt% dried Ce02/ Nafion (top) and pure Nafion 

(bottom) before free radical attack, MAS= 25 khz, ns=32, pulse length= 8.5 IlS , power 

level= -4 dB and delay time=1 s 

'H Solid-state NMR 

Figure 3-4 shows the 'H so lid state NMR spectrum of 5 % Ce02/Nafion and pure 

Nation. It is worth noting that the line width of Ce02/Nafion is 650 Hz, which is 

considerably broader than pure Nafion. The Ce3
+ has one unpaired electron which 
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contributes to a wide line width. Because 5 % Ce02 was required to achieve good 

protection, this composite was not further persued. 

Andrews [10] suggests that MnOz is able to reduce the Nafion degradation rate 

when added into Nafion. As such, MnOz may function as a hydrogen peroxide 

decomposition agent (2MnOz +HZ0 2 ~ Mn20 3 +02 +H20). Moreover it also indicates 

performance loss at high loading of Mn02 on Nafion. Therefore, particles added at a low 

weight percent are preferred. Several patents [10-1 2] indicate that added manganese 

compound with divalent and trivalent into Nafion is ab le to maintain fuel cell effic iency 

during long-term operation. The reason is that Mn2+ and Mn3+ react with free radicals and 

are oxidized to Mn3+ and Mn4+, respectively. Therefore, less free radicals are avai lable to 

contribute to damage of the Nafion membrane. 

Table 3- 4. Oxidation state of different Manganese oxide 

Manganese oxide Mn02 Mn20 3 Mn30 4 K0 54Mnz04 

Oxidation state 4+ 3+ 3+ and 2+ 4+ and 3+ 

Mn02, Mn20 3 (A ldrich 325 mesh) and Mn30 4 (Heat treatment from Mn02), are 

chosen as additives in order to compare how differences in the oxidation state of 
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manganese oxide affects the Nafion protection capability. The oxidation state of additives 

is summarized in Table 3-4. Palt icle size of these addi tives also affects the performance 

capabili ties. Overall , higher surface area will offer better protection. The parti cle sizes of 

the different metal oxides are observed by scanning electron microscopy (SEM). 

Figure 3-5 shows the Mn02 particle size being less than 10 run . Figure 3-6 shows 

that after heat treatment (800 DC), Mn02 particles are converted into Mn304 parti cles with 

substantially increased sized particles comprised of two di fferent morphologies (round

shaped and rectangular-shaped particles). The round-shaped particles are approximately 

100 nm in diameter while the rectangular-shaped particles may be up to 1 um in length. 

The parti cle size for Mn20 3 particles is less than 44 /lm . 

McMaster SEI 5.okV X60.000 100MT" WD 6 1111111 

Figure 3-5.SEM im age ofMn02 particles Figure 3-6. SEM image of Mn304 particles 

Each of these parti cle types are combined separately with a Nafi on solution of varying 

weight percentages. The 19F NMR is used to determine the degree of protection offered 

by a given additive after undergoing Fenton's test. Thi s is detennined from the relative 

intensity of characteri sti c peaks where the best protection is indicated by an absence of 
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peaks. The 19F NMR (Figure 3-7 to 3-9) data shows that Nafion with lower weight 

percent «1 %) of Mn02, Mn20 3 and Mn30 4 700 °C particles have similar intensity at -82, 

-118, -126 ppm in spectra as Nafion without any protective additives. These additives 

therefore, are not able to achieve a high level of protection at low loading. In contrast, 

paIiicle loading of greater than 5% in Nafion is able to achieve significant protection. 

However, in Figure 3-10, Nafion with Mn30 4 800 °C at low weight percent «0.5%) 

shows the best protection level. 

O.2Wt% 

l I 

l O.9 Wt 

l 

5Wt% 

I 

Pure Nation 

I 
T 

· 80 · 90 . 100 - 110 . 120 [ppm] 

Figure 3-7. 19F NMR for Nafion 
composite with different weight % (0.2 %, 
0.9 % and 5 %) Mn02 oxide paIiicles 
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Figure 3-9. 19F NMR for Nafion composite 
with different weight % (0.3 % and 1 %) 
Mn304 particle preparation at 700°C 

Figure 3-10. 19F NMR for Nafion composite 
with different weight % (0.5 % 1 % 5 %) 
Mn304 particle preparation at 800°C 

Composites are prepared by using particles treated at different temperatures. These 

composites were therefore fUlther investigated using powder XRD and TEM. Figure 

3 11and 3-12 show XRD result on these particles where the Mn304 under 800°C has a 

more obvious K054Mn204 content than the 700 °C treated sample. This is in agreement 

with the TEM results in Figure 3-13. 
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Figure 3-11. XRD for Nation composite with 
Mn30 4 particle preparation at 700 °C 
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Figure 3-12. XRD for Nation composite with 
Mn30 4 particle preparation at 800 °C 

Figure 3-13 TEM shows the conspicuous bar-shaped particles from Mn304 treated at 

800 °C. TEM-EDX (Figure 3-14) was then used to detect for any possible potassium 

content in this particular morphology. As a result, the bar-shaped particles were 

classified as K054Mn204 

Figure 3-13. TEM for Nation composite 
with Mn304 particle preparation at 800 °C 
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It is noteworthy that the Nafion / Mn composite (700 0c) containing only Mn304 

does not perform well. It can be concluded that better radical scavenger ability is 

attributed to additional K0 54Mn204 found in the 800°C Mn304 powders. It is also 

noteworthy that the observed results show that free radical attack is better prevented by 

the oxide with fewer unpaired electrons, counter to our original hypothesis. Therefore, 

we propose a role for the hopping semiconductor, such as K0 54Mn204 in which the 

K054Mn20 4 may contribute delocalized electrons to react with the free rad icals. A 

method to prove this hypothesis is to prepare composite membranes using K0 54Mn204 

directly or alternatively, LiMn204. LiMn20 4 is mixed valence compound and also well 

known as a hopping semiconductor where the electrons are delocalized over eg orbitals of 

manganese metal centers [13]. This is possible because all Mn ions (regardless of 

oxidation state) are on octahedral sites In contrast, Mn304 is also mixed valence 

compound but there is no electron transfer between Mn3+ and Mn2+ because the different 

Mn oxidation state have different geometries (Mn3+ ions are on octahedral sites and Mn2+ 

ions are on tetrahedral sites) [14]. In order to prove oxidation state change occurs in 

manganese oxide during the free radical attack, a TEM-EELS investigation is proposed 

for future work. 

Figure 3-15 and 3-16 show that LiMn204 and K054Mn20 4 particles are as much as ]06 

times larger than all the aforementioned manganese oxide particles. 

66 



M.Sc. Th es is - Chuan-Yu Ma McM as ter - Department of Ch emis try 

Figure 3-15 SEM image LiMn204 pm1icle Figure 3-16 SEM image K054Mn204 particle 

Figure 3-17 and 3-18 show 19F NMR spectrum of Nafion, doped with 0.5 Wt% of 

LiMn204 and 0.5 Wt% K0 54Mn20 4, fo llowing Fenton's test. Both spectra have relatively 

low intensity peak (approximately ] 5-20% intensity relative to pure Nafion) at 

characteristic positions (-82, -118, -1 26 ppm). This indicates that delocalized electrons 

react with free radical before Nafion degradation occurs. Therefore, there is lower 

concentration ofNafion degradation by-products. 
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Figure 3-18 19F NMR of Nafion Membranes 
Protected by O.S Wt% LiMn20 4 

Figure 3-19 show lH MAS spectra of the respective samples before Fenton's test 

The spectra from LiMn20 4 and KO.S4Mn204 have broad peaks compared to that of pure 

Nafion. This is due to the paramagnetic effect Table 3-S shows the average oxidation 

for Mn ions in KO S4Mn20 4 and LiMn204, which can explain why the linewidth (2600 Hz) 

for the LiMn20 4 doped Nafion, is wider than linewidth (S20 Hz) of the KO.S4Mn204 doped 

Nafion. The Mn oxidation state of LiMn20 4 is 3.S whereas the Mn oxidation state for 

KOS4Mn204 is 3.7S. This means that there is SO% Mn3
+ and SO%Mn4

+ ions in LiMn20 4 

but for KOS4Mn204 only 2S% of the Mn ions are in the 3+ state. Less Mn3
+ ions (having 

4 unpaired electrons) in KosMn204 means there is a weaker paramagnetic effect As a 

result, the line width of (S20 Hz) KOS4Mn204 is nan-ower. 
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Figure 3-19. IH NMR of Nafion Membranes doped with: 0.5% KO.54Mn204 (middle) 

0.5% LiMn204 (top) and pure Nafion (bottom).The peaks at 2 ppm are probe background. 

All the Nafion was Sulphuric acid wash before Fenton ' s test, ns= 32, 

pulse length= 2.5 f.!s, power level= 4.88 dB and delay time=3 s. 

Table 3-5 Average oxidation and line width for K0 54Mn204 and LiMn204. 

Additives Nafion LiMn204 K0 54Mn204 

A verage Oxidation state 0 3.5 3.75 

Line width (Hz) 170 2600 520 
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Figure 3-20.IH MAS NMR of Nafion membranes doped with 0.5% LiMn204 After free 
radical attack, FWHM is 1600 Hz. Before free radical attack, FWHM is 2700 Hz, ns= 32, 
pulse length= 2.5 Ils, power level= 4.93 dB and delay time=3 s. 
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Figure 3-2l. IH MAS NMR of Nafion Membranes doped with 0.5% K0 54Mn204 After 
free radical attack, FWHM is 540 Hz. before free radical attack, FWHM is 760 Hz, 
ns= 32, pulse length= 2.5 Ils, power level= 5.12 dB and delay time=3 s. 
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Figure 3-20 and 3-21 show the spectra before and after Fenton 's test with different 

additives. An obvious trend that is observed is that Nafion, following Fenton's test, has a 

narrower peak. For example, LiMn204 Nafion undergoing Fenton's test obtains ] 600 Hz 

at FWHM. When looking at LiMn204 Nafion without Fenton 's test, the FWHM is 

2700 Hz. A similar trend was observed in the K054Mn204 Nafion composites. This trend 

can be explained by the reduction in the number of unpaired electrons following Fenton ' s 

test. The unpaired electron (Mn3+:[Ar]3d4) reacts with the hydroxyl radical. Less 

unpaired electrons (Mn4+ : [Ar]3d3) exist in Nafion following Fenton 's test. (H+ + Mn3+ + 

·OH ~ H20+ Mn4+) The paramagnetic effect is proportional to the number of unpaired 

electrons. Therefore, the fewer the number of unpaired electrons, the weaker the 

paramagnetic effect. The narrower peak occurs with a weaker paramagnetic effect. 

Figure 3-22 shows the plot ofln(1/T2*) versus inverse temperature energy for three 0.5% 

LiMn204 Nafion composites (one before and two after Fenton ' s test) . Energy barriers 

were determined using an Arrhenius analysis. The activation energy for Nafion 

undergoing free radical attack is 12 ± l kllmo!. This value is consistent with Nafion 

before free radical attack. It shows that proton mobility is not affected by free radical 

attack. 
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Figure 3-22. The activation energy from two dried 0.5% LiMn204 Nafioncomposites (before 
and after Fenton's test) . 

• :0.5% LiMn20 4 Nafion composite before free radical attack, the activation energy is 

12.3±0.5 kllmo!. 

.:Trial-l for 0.5% LiMn20 4 Nafion composite after free radical attack, the activation energy 
is 12± 1 kllmol. 

... :Trial-2 for 0.5% LiMn204 Nafion composite after free radical attack, the activation energy 
is 12± 1 kllmo!. 

3.4 Conductivity test 

From 19F solution NMR studies, LiMn204 is a promising radical scavenger, which 

prevents Nafion from free radical attack. LiMn204 (0.5 Wt%) is so effective such that 

only minimal amounts are sufficient for excellent radical scavenging ability. However, 
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LiMn204 is not a good conductor (10-6 Scm-I) which may reduce the Nafion conductivity. 

It is important to understand how the Nafion conductivity is impacted when the LiMn20 4 

is present in the Nafion composites. Table 3-6 shows the conductivity data of LiMn20 4 

Nafion composites was measured under different temperature when relative humidity was 

95%. Compared with the pure Nafion [15, 16], the conductivity from LiMn204 Nafion 

composites do not drop by more than a magnitude. Therefore, LiMn204 can assume the 

role of radical scavenger and limit the negative impact on proton conductivity at low level 

of loading. 

Table 3-6 Conductivity of LiMn20 4 Nafion 

composites under variable temperature, RH 95% 

0.5 Wt % LiMn204 Nafion Pure Nafion conductivity 

Temp (±2 °C) 
composites Conductivity (10-2 Scm-I) 

(10-2 Scm-I) 

35 4.61± 0.25 6.8 [15) 

45 5.98± 0.86 

55 7.41± 0.03 

65 9.10± 1.08 14.4 [16) 

3.5 Conclusion 

Different free rad icals are produced during the operation of fue l cell s, which 

diminishes the lifetime and impacts efficiency of fue l cell . The goal of introducing 

additives (cerium oxide and manganese oxide) into Nafion is to achieve long operation 
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time of fuel cell by avoiding free radical attack. The Ce02 is able to protect Nafion but a 

high loading amount is necessary. Various manganese oxide nanoparticles do not provide 

good protection except the Nafion! Mn304 pat1icle preparation at 800°C. In contrast, 

Nafion / Mn composite (700 °C) containing only Mn304 does not perform well. It can be 

concluded that better radical scavenger ability is attributed to the presence of the 

K0 54Mn204 phase. The results show that free radical attack is prevented by the oxide 

with fewer unpaired electrons, counter to our original hypothesis from Table 3-2. 

Therefore, we propose a role for the hopping semiconductor, such as K054Mn204 in which 

the K054Mn204 may contribute delocalized electrons to react with free radical. The 

delocalized unpaired electrons pair up with the free radicals before Nafion degradation 

takes place. A method to prove this hypothesis is to prepare composite membrane using 

K054Mn20 4 directly and LiMn20 4. LiMn20 4 is mixed valence compound and also well 

known as a hopping semiconductor which means that the electrons are capable of 

hopping between eg orbital of manganese. The low loading of K054Mn204 or LiMn204 

are selected and presents good protection from free radical attack as characterized by 19F 

NMR. The explanation is that all Mn ions are on octahedral site in LiMn20 4 In contrast, 

Mn30 4 is also mixed valence compound but there is no electron transfer between Mn3+ 

and Mn2+ because the different Manganese (Mn3+ and Mn2+) ions are not on similar sites. 

Mn3+ ions are on octahedral sites and Mn2+ ions are on tetrahedral sites in Figure 3-23 

[14]. Therefore, the average oxidation state of the manganese ions is not the primary 

driving force for good free-radical scavenging. Moreover, this data demonstrates the 

likely role of a surface-reaction at the particle-solvent interface, promoted by the electron-
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transfer within the oxides, rather than a simple dissolution of the metal ions into solution, 

followed by reaction with hydroxyl. These new finding enable us to explain the 

improved performance of the LiMn204 -Nafion composites over the lower oxidation state 

manganese oxides. The linewidth change following free radical attack in lH NMR 

indicates that the number of unpaired electrons decrease, which suggest the Mn3+ reacts 

with hydroxyl and is converted to Mn4+. 

Figure 3-23 Structure of Mn304 [14] 

lH MAS variable temperature NMR experiments for Nafion LiMn20 4 composites 

reveals that the proton activation energy does not change following free radical attack. 

The proton remains the similar level of activation energy proves that the Nafion was 
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protected by LiMn204. In addition, the LiMn204 does not have averse influence on 

Nafion conductivity. 
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Chapter 4 

Studying the Influence of Doping PW AI Si02 Inorganic Materials into 

Nation Using Solid-State NMR 

This chapter describes sample preparation of different PWA SiD2 particles and 

the in-situlex situ Nafion PWA SiD2 composites, and data acquisition procedures by NMR, 

and FTIR. Firstly, the local proton environment of different PWA Nafion composites was 

probed by 1 H MAS NMR. The presence of ph osph 0 tungs tic acid in PWA SiO/ Nafion has 

been studied using 31 P solution state NMR and FTiR. Proton dynamic iriformation is 

determined not only by high resolution solid state NMR under variable temperature 

conditions but also by different pulse sequences - Back-to-Back, EXSY and Selectively 

Inversion experiment for Nafion composites. 

4.1 Introduction 

A proton exchange membrane fuel cell is a prOlTIlSmg, environment friendly 

energy source. The lower operating temperature of fuel cell s however, limits its 

performance. Higher operating temperature is preferred in order to increase electrode 

kinetics and to decrease the CO poisoning on Pt electrode. The presence of carbon 

monoxide reduces the efficiency of fuel cell by deactivation of the Pt catalyst. However, 

the consequence of high operating temperature is that the water uptake of Nafion 

dramatically decreases. The performance of Nafion is impaired under low relative 
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humidity. Adding various hydrolytic inorganic materials is a strategy used to address 

these difficulties. Recently, 12-phosphotungstic acid (PWA), a heteropolyacid, has been 

attracting attention due to its high proton conductivity. In the structural single unit 

(keggin-type), a central P04 is surrounded by 12 edge sharing W06 units. The negative 

charge in the PWA structure is neutralized by three protons. PWAI Si02 particles are used 

as additives in this research. Under anhydrous condition, the Grotthuss mechanism 

dominates the proton transp0l1ation. Even proton conductivity of heteropolyacids is 

dependent on the degree of hydration [1]. The protons from PW A surface may hop 

between PWA and S03H groups [2]. In the PWA-Nafion composites, the movement of 

the protons at the interface between PW A and S03H contributes to high proton 

conductivity at relative low humidity environment. It attributes to the three protons from 

PW A and absorbed water molecular at PW A surface. The PWA with multiple protons is 

introduced into Nafion, which has been shown proved to enhance the Nafion conductivity 

[3]. The transpol1ation between the Nafion proton s and protons from PWA Si02 or 

PWA is probed by solid state NMR. The exchange reaction is observed by 2D EXSY and 

selective-inversion experiments. 

4.2 Experimental 

4.2.1 Sample Preparation 
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The methods to synthesize PWA Si02 Nafion and PWA Si02 Nafion are described in 

this section. 

4.2.1.1 Preparation of Nafion/PWA Composites 

The pretreated Nafion membrane 11 2 was used to prepare PWA Nafion 

composites. The Nafion 112 has the equivalent weight (EW): 1100 glmol and its 

thickness is 0.002 in. The purified Nafion membrane 11 2 were swollen in a 10 ml 

VMeOH :Vwater solution (1: 1) for 24 hrs at 80°C. These swollen Nafion membranes were 

placed in solutions with different 12-Phosphotungstic acid concentration (0.1 M, 0.01 M 

and 0.001 M) to allow PWA to permeate into the Nafion membrane. 

Another Nafion PW A composite was prepared by adding 12-Phosphotungstic acid 

paIticles directly into the Nation solution with weight percentages of either 10 wt%, 

20 wt% or 30 wt %. These PW A Nafion solutions were poured into a petri dish where 

they stabilized at 105°C in the oven for 8 hours. 

4.2.1.2 Preparation of PWA Si02 and NafionlPW A SiOz Composites 

A mixture of 2 ml TEOS, 4.7 ml water and 0.1 M HCl was added into the 1 ml 

PWA solution (TEOS/PW A mole ratio= 40) [4]. The solution was stirred overnight at 

80°C, allowing the PWA Si02 paIticles to fo rm. The PWA Si02 particles were then 

blended with a Nafion solution and were sonicated for several hours until the particles 

were distribute evenly in the Nafion solution. The PW A Si02 Nafion solution was then 
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poured into a petri dish which stabili zed at 105 °C over 8 hours. The Nafion membrane 

composites did not require further purification. 

4.2.1.3 Preparation of in-situ and ex-situ PWA/Si02 Nation Composites 

The ex-situ PW A/Si02 Nafion were prepared by adding the PW A Si02 particles 

from section 4.2.1.2 to the Nafion solution and sonicated for several hours until the 

particles were well distributed in the Nafion solution. The PWA-Nafion solution was 

poured into a petri dish which stabilized at 105°C over an 8 hour period. The formed 

Nafion membrane then went through the Nafion purification process. 

The in-situ PW A Si02 Nafion was prepared by mixing PW A pmticles with a 

TEOS solution. The well stined PWAITEOS solution was mixed with Nafion solution 

and the Nafion solution was poured into a petri dish which stabilized at 105°C in the 

oven for 8 hours to fonn the Nafion membrane composite. The form ed Nafion membrane 

composite was then subjected to Nafion purification. 

4.2.1.4. Nationl PW A SiO£ -Butanol membrane 

A mixture of water (2 .0 mol), I-butanol (0.2 mol) and H3PW I20 40 (5xlO,4 mol) 

was added into Si (OC2Hs)4 (0.2 mol), and stirred at 80 °C for 3 hrs (TEOS/PW A mole 

ratio = 400). The solution was dried at 80 for 48 hours leading to the formation of the 

PW A Si02 particles. A given amount of PW A/Si02 particles were added to the Nafion 
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solution which was then sonicated for several hours until the particles were distributed 

into the Nafion solution. The PWA Nafion solution was then poured into a petri dish 

which stabilized at 105°C in the oven for 8 hours. The newly formed Nafion membrane 

composites are now denoted as Nafion/ PW A Si02 - butanol. 

4.2.1.5 Nafion purification 

The Nafion membrane was first washed in DI water for 1 hour and then washed in 

boiling 3 % hydrogen peroxide solution for 1 hour in order to remove the metals and 

other organic impurities. The Nafion was then washed in water for another hour, during 

which time the water was refreshed three times. Subsequently, the Nafion was washed in 

1 M H2S04 solution. Finally, the acid form Nafion was washed repeatedly in DI water 

until the residual H2S04 was removed. 

4.2.2 NMR Spectroscopy 

All NMR experiments were performed at 500.13 MHz for IH MAS NMR and 

202 MHz for 3 1p solution state NMR. IH MAS NMR spectra were acq uired under MAS 

conditions (25 kHz) with a 2.5 mm HX probe. 
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4.2.2.1 IH MAS NMR 

IH solid state NMR experiments were executed on a Bruker A V SOO spectrometer 

at a IH Larmor frequency of SOO.13 MHz. A 2.S mm diameter Zr02 rotor was used for 

Nafion samples spun at 2S kHz. A recycle delay of 2 s and a pre-scan delay of 4.S IlS 

were used. The spectra were referenced to adamantane (1.63 ppm for IH). Solid state IH 

NMR spectra were acquired with a 90° pulse length of 2.S IlS. IH MAS NMR variable 

temperature experiments were carried out over a temperature range of 300 K to 370 K. 

The rotor-synchronized double quantum filter (DQF) MAS spectra were recorded by 

using Back-Back (BaBa) pulse sequence with 1 equal to one rotor period with the number 

of scans equal to 32. IH 2D EXSY NMR spectra were record by EXSY pulse sequence 

with mixing time range of 1 ms to ISO ms. The selective-inversion experiments (SI) were 

perfonned using a nI2-1-nI2 excitation sequence. The transmitter frequency was placed 

on the resonance of the major sites. The value of 1 is set as the half of the frequency 

difference between two exchange sites l /2(flV AB)' Data were collected within mixing 

time from] ms to 2S 0ms. 

4.2.2.2 31p NMR 

3 1p solution state NMR experiments were performed on a Bruker DRXSOO 

spectrometer at a 31p Larmor frequency of 202.47 MHz. 31p NMR spectra were acquired 

° ' 1 with a 90 pulse length of 4.] Ils, and referenced to 8S% H3P04 (0 ppm for .) P NMR). 

The number of scans used was 128. 
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31p_1H heteronuclear correlation (HECTOR) NMR experiments were perfonned on a 

Bruker A V500 spectrometer to determine the correlation between phosphorus and the 

proton. The number of slices in the indirect dimension was 256 with 32 scans. 

4.2.3. FTIR 

Infrared absorption spectra were recorded on Bio- Rad FTS-40 Fourier transform 

IR spectrometer with a resolution of 4 cm-1 between 4000-400 cm· l
. The powder and 

membrane were ground into fine powder with KBr. 

4.2.4 Impedance Spectroscopy for proton conductivity measurement 

Measurements were taken on an AUTOLAB PGSTAT30 impedance analyzer and 

a BekkTech four-probe conductivity cell with two platinum mesh outer electrodes and 

two platinum wire inner electrodes. The instrument was used in potentiostatic mode with 

AC potential amplitude of 0.0 I V. A frequency range of 10000 Hz to 10Hz is chosen. 

The potential is 0.5 V. The hydrated membranes were placed in to the four- probe 

conductivity cell and then reaching the equilibrium of desired temperature and humidity 

by keeping the cell in a humidity chamber for at least 4 hours. For the dried samples, 

membranes were dried at 105 °C overnight before measuring. The thickness of 

membranes was measured by a micrometer at different level of humidity. 
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4.3 Results and Discussion 

4.3.1 PWANafion membrane 

4.3.1.1PWA Nafion membrane made from Nafion membrane 112 

The pure Nafion 112 membranes were immersed into different concentrations of 

PWA solutions (0.1 M, 0.01 M, and 0.001 M). The local proton environment of the PWA 

Nafion membrane was probed by IH MAS NMR technique. The peak at 7.1 ppm in the 

proton spectrum is the only resonance recorded in Figure 4-1. It implies that only one 

proton environment exists in the PW A Nafion membrane. PW A and Nafion both carry 

protons in different proton environments. Therefore, the single resonance observed can 

be interpreted as a result of the uniform distribution of PW A or fast exchange among 

enviroment in the Nafion membrane. The existence of the Nafion-H2 + state is due to the 

rapid proton exchange between Nafion-H and PWA-H. The spectra from the Nafion in 

different solutions of varying PW A concentrations show a trend of line narrowing with 

increasing PW A concentration. The Nafion with the highest concentration of PW A 

(0.1 M) shows the naITowest line width, which is attributed to weak dipole coupling. This 

result is shown in Figure 4-1 and indicates that the corresponding protons in thi s sample 

are relative more mobile. The trend of narrowing line widths with increasing PWA 

content is evidence of PWA facilitating proton transport. Nafion with low PW A content 

shows comparatively broad lines. 
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Figure 4-1 IH MAS NMR for Nafion 11 2 dried overnight at 105 °C following immersion 
in different concentrations ofPWA solutions, (0.1M, O.OIM and 0.001M), MAS=25 kI-lz, 
ns=32, pulse length=2.5 !ls, power level=6.0 dB and delay time=2 s. 

Information about proton activation energy IS measured using variable 

temperature IH experiments, which are presented in Fig 4-2 . Figure 4-2 (a) shows a 

series IH MAS NMR spectrum recorded from the dried Nafion composite at different 

temperatures. The temperature range is from 300-360 K. High temperature leads to a 

fast proton exchange rate between the sulfonic acid groups or the adjacent water 

molecules and narrower peaks. The same trend was also observed for the Nafion PWA 

composite in Figure 4-2 (b) and Figure 4-2 ( c). 

Figure 4-3 and Table 4-1 shows that the lowest activation energy (3.7 kllmol) 

comes il'om the Nafion immersed in 0.1 M PW A solution while the highest activation 
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energy is acquired from the Nafion immersed in 0.001 M PWA solution. The proton 

dynamic results are consistent with the observation of the change in line width of Nafion 

PW A composites in Figure 4-1. The enhancement of proton mobility with the addition of 

PW A into Nafion is confilmed by 1 H MAS NMR. 

Figure 4-2 Dependence of the T2* on temperature for fitting activation energy of Nafion 

PWA membranes (a) Nafion 112 (O.lM PWA) (b) Nafion 112 (O.OIM) (c) Nafion 112 

(O.OOIM), MAS=25 kHz, ns=32, pulse length=2.5 Ils, power level= 6.0 to 6.4 dB and 

delay time=2s. 
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Fig 4-3 Dependence of T2* on the temperature for fitting activation energy of 
Nafion 1121 PWA composites. The T2* was calculated from the Figure 4-2. From the plot 
of T2* versus temperature, the activation energy of the Nafion-H dynamic is 
3.7 ± 0.6 kJ/mol, 6.4 ± 0.3 kJ/mol and 10.21 ± 1.3 kJ/mol for O.lM, O.OIM and O.OOIM 
respectively. 

Table 4-1 Activation energies of proton transport in Nafion 112/PW A composites 

Nation composite Nation (0.1 M) Nation (0.01 M) Nation (0.001 M) 

Ea (kJ/mol) 3.7 ± 0.6 6.4 ± 0.3 10.8 ± 1.3 

In Table 4-2, the highest conductivity comes from Nafion PW A (0.1 M). The 

conductivity of Nafion can be improved with higher content ofPWA. The conductivity of 

Nafion PWA (0.1 M) is 2-3 times higher than the conductivity of Nafion at relative 

humidity range of 30-90%. 
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Table 4-2 Conductivities of the PW A Nafion composites 

with varying [PW A] under different level of hum idity 

Conductivity ofPWA Nafion Composites (S em-I) 

OMPWA 0.1 MPWA 

Not measured 2.7xlO-4 ± 0.8 xl0-4 

2.4xl 0-3 ±1.0xl0-3 6.0xlo-3 ±0.6 xlO-3 

1.8xlO-2 ±0.3xlO-2 4.3xl0-2 ± l.lxl0-2 

0.6xlO-1 ± 0.Olxl0-I 1.6xl0-I ± 0.2xl0-I 

4.3.1.2 Nafion solution blend with different amount of PW A particles 

Another PW A Nafion membrane is made by blending the Nafion solution into 

different amounts of PW A particles. A similar trend is also observed in the Nafion 

membranes shown in Figure 4-4. The Nafion membrane with the higher amount ofPWA 

shows a nan'ow peak while the Nafion membrane with a lower amount of PW A has a 

broader peak. It is interesting to note that a shoulder appears in the 'H MAS NMR 

spectra ofNafioni PW A 30 %. This may be interpreted as the possible presence of excess 

isolated PWA. 
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Figure 4-4 lH MAS NMR spectra for Nafion /PWA at various PW A composites dri ed at 
105 °C overnight. A shoulder appears from the Nafion with the highest amount of PWA 
may belong to the excess PW A proton, MAS=25 kHz, ns=32, pulse length=2.5 Ils, power 
level= 6.6 dB and delay time=2 s. 

4.3.2 PW A SiO~particles and PW ASiO£ membrane 

4.3.2.1 PW A Si02 particles 

Figures 4-5 and 4-6 show the IH and 31p NMR spectra of PW A/Si02 particles. 

The 'H spectrum shows that there are two proton sites (6.4 ppm and 2.3 ppm) from the 

PWA Si02 particles. The 3 1p spectrum consists of one peak at -14.9 ppm, related to the 

hydrated PWA molecule [5, 6]. The peak at -14.9 ppm also indicates the homogeneous 

di stribution ofPWA in Si02 paliicles and the presence of the Keggin structure. 
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Figure 4-5 IH MAS NMR spectrum under for PWA Si02 particles, MAS=25 kl-Iz, ns=32, 
pulse length=3.5 /-ls, power level=4.8 dB and delay time=2 s. 

Iii I i I I I I 1 I i ' 
40 20 - 20 - 40 [ppm] 

Figure 4-6 3 1p MAS NMR spectrum for PW A SiOz particles, MAS=25 kHz, ns=1 k, pulse 
length=4.1 /-lS, power level=3 .0 dB and delay time=5 s. 

By acquiring dipolar coupling between the two proton sites and the central 

phosphorus in the Keggin structure, useful information is provided. For example, we are 
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able to di stinguish the phosphotungstic protons from the possible OH groups in the Si02 

surface. The 31p _1 H correlation experiment is applied to obtain this information. The 

spectrum is shown in the Figure 4-7. Both proton sites have dipolar coupling with the 

phosphorus nuclei in the PWA. The proton at 6.4 ppm has stronger dipolar coupling 

which indicates the greater proximity to the phosphorus atom. Therefore, the peak is 

assigned to the phosphotungstic acid proton. The proton at 2.3 ppm may represent the 

OH group from the Si02 surface, which is relatively far from the central phosphorus of 

the Keggin structure. The Back- to-Back pulse [7] sequence is used to study the proton 

mobility. Compared to the spectrum from the regular MAS experiment, a clear contrast 

was observed. The peak which represents the phosphotungstic proton di sappears from 

the DQF MAS NMR spectrum in Figure 4-8. The resonances with weak dipolar 

couplings are not observed in DQF MAS NMR spectra. Therefore, phosphotungstic 

proton (6.4 ppm) is relatively mobile. 
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Figure 4-7 3 1p _1 H HECTCOR NMR for PWA/Si02paJticles, MAS=25 kHz, contact time= 
3 ms. 
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Figure 4-8 lH MAS NMR of the PWA/Si02 (a) MAS (b) DQF, MAS=25 kHz, ns=32, 

pulse length=3.5 fls, power level=4.8 dB and delay time=2 s. 

The proton activation energy is evaluated using IH NMR variable temperature 

experiments. The results are shown in Figure 4-9 and Figure 4-10, which are analyzed 
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using the Arrhenius equation. The activation energy of the mobile phosphotungstic acid 

proton is 3.6 ± 0.1 kllmo!. The PWA proton is still mobile after blending with the Si02 

matrix. This is indicative of that PWA proton remains conductive within Si02 framework . 

360K 

± /\. 

A 

f : 
f A 

= 
300K JC 

i I I I I I I I I I I I I I I I i I I 

10 8 6 4 2 0 [ppm] 

Figure 4-9 IH MAS NMR of PWA/Si02 over a variable temperature range of 300 to 
360 K, MAS=25 kHz, ns=32, pulse length=2.5 ~s, power level=5.25 dB, delay time=2 s. 
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Figure 4-10 Dependence of T2* on the temperaturefor fitting activation energy of 
PWA/Si02 particles 

4.3.2.2PW A Si02 Nafion composites 

lH MAS NMR spectrum is shown in Figure 4-] 1 where two proton sites are 

observed. The signal (7.5 ppm) at higher frequency corresponds to sulfonic acid proton 

and the signal (4.8 ppm) at low frequency is related to phosphotungstic acid proton. The 

cross peaks between two acid protons in Figure 4- 12 result from chemical exchange 

between the two proton sites . The exchange of two di fferent protons is observed as cross 

peak in 2D EXSY spectra at a mixing time of 10 ms. Due to the short Tl value of the 

sulfonic acid proton, the evolution of the cross peak intensity as a function of mixing time 

is limited meaning that rate info rm ation cannot be determined through use of EXSY 

experiments. In order to determine the timescales of proton exchange, Selectively-

inversion experiments (SI) were applied. 
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Figure 4-11 lH MAS NMR for PWA Si02 Nafion composites, MAS=25 kHz, ns=32, 
pulse length=2.5 I!S, power level=6.6 dB, delay time=2 s. 
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Figure 4-1 2 lH EXSY NMR for PWA/Si0 2 Nafion Composites, MAS=25 kHz, mixing 
time is 10 ms and 300 K. 

The seri es of results of ID selectively inverted experiment with varying mixing 

time are shown in Figure 4-13. In Figure 4- 13, the proton at high frequency is chosen as 

the site to be selectively inverted whi ch was achieved by placing the transmitter 
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frequency on-resonance to thi s site. The magnetization of the proton can relax back to 

equilibrium through both inherent relaxation properties or by chemical exchange with the 

non-inverted proton resonance at low frequency [8] . 

200 illS ~ 125 illS 

80 illS E 50 illS 

30 illS ~ 
20 inS E: 16 inS 

12 illS 

~ 10 illS 
8 illS 

~~ 
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~ 750 us 
250 us ~ 1 us 

~ 
I I I I I I I I I I I I I I I I I I I I I 

20 15 10 5 0 ·5 [ppm] 

Figure 4-13 Selectively inverted experiment, MAS=25 kHz, ns=32, pulse length=2.5 ~s, 

power level=6.6 dB, delay time=2 sand 300 K. 

If there is direct exchange reaction between two sites, the initial slope of the non-

inverted peak should be considerably steep. This phenomenon is observed in the 

Figure 4-14 at different temperatures, which confim1s the exchange taking place between 
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the two proton resonances presents. However, the unresolved background signal at the 

transient peak prevent determine the exchange rate from CIFIT program [9]. 
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Figure 4-14 Relative intensity of selectively invelied transient peak asfunction of time 
under variable temperatures 

Moreover, combinations of the non-selective-inversion and selective inversion can 

provide the visible view of the proton exchange by comparing the relative intensity 

change as a function of temperature. In Figure 4-15, the non-selective inversion studies 

(regular TJ variable temperature experiments) show that relative intensity of the peak is 

independent of temperature change. In the contrast, the selective inversion studies show 

that relative peak intensity of the inverted resonance is dependent on temperature. This 

difference in the observation from the selective-inversion studies is attributed to the 

thermodynamic proton exchange between sulfonic acid proton and phosphotungstic acid. 
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Fig 4-15 Variable Temperature SI (Selective-Inversion) and NSI (Non Selective 
Inversion). The triangles correspond to SI, and the squares to the NSI. 

4.3.3 Ex-situ and In-situ Nafion membrane (purified) 

A series of IH MAS NMR spectra of ex-situ PWA/Si02 is shown in Figure 4-16. 

The spectrum is taken as a function of temperature between 300-360 K. The low 

frequency proton resonance shown in Figure 4-16 is assigned to the presence of residual 

TEOS, owing to the incomplete hydrolysis reaction [10] . The chemical shift appears to be 

temperature dependent as it moves to lower frequency as the temperature is increased. 

The activation energy for proton dynamics is established by fitting the built-up curve as a 

function of temperature in Figure 4-17. The activation energy of the Nafion proton at 

7.5 ppm is 10.0 ± 0.1 kllmol. However, the activation energy of the Nafion proton from 

the in-situ PW A/Si02 Nafion composites is reduced to 4.8 ± 0.2 kllmol in Figure 4-20 
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and Table 4-3 . The reason for the reduction of activation energy is related to the presence 

of Si-C2Hs from the unfini shed TEOS hydrolysis reaction. 

360K 

-----300K --rTi~l-ri~-rI~rT~I-r~-rITi'-rTl'-rT' ~ir.,,-

10 8 6 4 2 0 [ppm] 

Figure 4 -16 IH MAS NMR spectra for ex situ PWA/Si0 2 Nafion composite under 

various temperatures, MAS=25 kHz, ns=32, pulse length=2.5 fls, power level=5.25 dB, 
delay time=2 s. 
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Figure 4-17 Dependence of T 2* on the temperature for fitting activation energy of ex-situ 
PWA/S i02 Nafion composites 

Table 4- 3 Activation energies of proton transport for in-situ and 

ex-situ PW A Si02/Nafion conposites 

Nafion composites Ex-situ In-situ 

Ea (kllmo\) ]O.]± 0.] 4.8± 0.2 

The presence of the ethyl group hinders proton transport as shown in Figure 4-18 

The pathway of proton movement is spatially blocked by ethyl groups. Therefore, higher 

activation energy is required to carry out proton transport in this case. 
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Figure 4-18 Schematic representation of the structure of PW A Si02/ Nafion composite 
prepared from the ex-situ method [10]. 

Figure 4-19 shows that proton resonance from the Si-C2Hs group is not observed 

at low frequency. This is indicative of the absence of ethyl groups in the in-situ PW A 

Si02 Nafion composites, which is due to TEOS being completely hydrolyzed. All ethyl 

groups from the TEOS reacted with OH during the hydrolysis reaction. Therefore, the 

Si02 particles are bonded to these OH groups. Without the presence of ethyl groups, 

protons are easily transported to other proton sites. The required activation energy of in-

situ is therefore decreased. 
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Figure 4 -19 'H MAS NMR spectra for in-situ PWA/Si02 Nafion composites over a 
vari able temperature range, MAS=25 kHz, ns=32, pulse length=2. 5 ~LS , power 
level=6.3 dB, delay time=2 s. 
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Figure 4-20 Dependence of T2* on temperature for fitting activation energy of ex-situ 
PW A/Si02 Nafi on composites 
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In Figure 4-16 and Figure 4-19, the main proton resonance at high frequency is 

assigned to sulfonic acid from the Nafion. The proton resonance from phosphotungstic 

acid is missing in both spectra. The waste water that was produced from the purification 

and rinsing of ex-situ and in-situ PW ASi02/ Nafion composites was co ll ected to 

investigate the possible leaching of PWA from the Nafion composites. 3 1p so lution state 

NMR was used to analyze the waste water. Pure PWA solution is used as a reference 

standard . The data in Figure 4-21 shows that all of the samples possess a clear phosphorus 

resonance. This suggests that the water solubl e phosphotungstic acid is washed out 

during the purification process in both Nafion composites, with and without Si0 2. This 

observation is consistent with those reported in literature [11 , 12]. 

Ex situ Nation 

~~'~"""~ 
In situ Nafion 

PWA 

·6 . 10 · 16 

I 

T 
(ppm) 

Figure 4-21 3 1p solution state NMR for waste water which is used to purify, in-situ and 

ex-situ Nafion composites and phosphotungstic acid so lution, ns=128, pulse length=12.5 

~s, power level=-O. 5 dB, delay time=2 s. 
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4.3.4 PW A/SiO;rbutanol Particles and Nation Membrane Composites 

4.3.4.1 PWA/Si02-butano) Particles 

Figure 4-22 shows 'H spectra of the PWAI Si02-butanol particles and pure Si02 

dried at 100 °e and 200 oe, respectively. Figure 4-22 (a) and Figure 4-22 (b) reveal an 

identical proton resonance at 4.6 ppm, thus indicating good thermal stabi lity of the proton. 

On the other hand, the 4.6 ppm peak is not observed in the spectra of Figure 4-22( c) and 

(d). This is evidence that the peak is not from physisorbed water from Si02 surface 

because 170 °e removes water from the Si02 surface [13 , 14]. Therefore, the new proton 

environment is in the PWAI Si02-butanol. The thermally stable protons (4.6 ppm) show 

mobility via their absence in the DQF NMR spectrum in Figure 4-23. 

(a) 

(b) 

__ ------~~(_C) ____ _ 
(d) 

i I I I I I I I I I I I I t I , I I I 

4 2 0 [ppm] 

Figure 4-22 'H MAS NMR of PWA/SiOr but Nafion and Si02 dried at 100 °e and 

200 °e, MAS=25 kHz, ns=32, pulse length=2.5 ~s , power level =6.6 dB, delay time=2 s. 
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Figure 4-23 IH MAS NMR and IH MAS DOF NMR spectra of NafionJPWA Si02-

butanol, '( indicate the number of rotor periods of recoupling time, MAS=25 kHz, ns=32, 

pulse length=2.5 )ls, power level=6.6 dB, delay time=2 s. 

4.3.4.2 Nafion/ PW A SiOrbutanol membrane 

Figure 4-24 shows the IH MAS NMR of PWA SiOr butanol powder and the 

Nafi on which contains 50% of this powder before and after the purification process. In 

Figure 4-24, the peak revealed at 4.6 ppm from ex-situ PW A Si0 2-butano l powders is 

attributed to the PWA Si02 particles. After loading this powder into Nafion by mixing 

the powder and Nafion solution directly, two peaks appear in the spectrum of non-

purifi ed sample at 6.8 ppm and 4.6 ppm in Figure 4-24 (b). The former peak belongs to 

Nafion-H while the latter peak is assigned to protons from PW A Si02 particles. In 

compari son, after purification, the two peaks are retained as seen in Figure 4-24 (c) . It is 

indicative of the absence of changes to the proton environment fo llowing puri ficat ion. 
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The proton from PWA Si02 remains after Nafion purification. However, the intensity 

change of the Nafion-H in Figures 4-24 (b) and 4-24 (c) is noticeable. Figure 4-24 (c) 

shows higher intensity of the Nafion proton, which is a result of the conversion of S03-X 

(X= impurities) to S03-H by H2S04 washing. In addition, the ability of the proton from 

PWA Si0 2 particles to retain intensity following polar solution washing suggests that 

PWA particles are stably entrapped within the si lica. 
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Figure 4-24 shows the IH MAS NMR for (a) PWA Si02 powder and the Nafion which 

contain 50% of this powder (b) before and ( c) after the purification process. 

MAS=25 kHz, ns=32, pulse length=2.5 ~s, power level=6.6 dB, delay time=2 s. 
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The investigation of the proton dynamics can be achieved through use of 

2D EXSY. The evolution of the cross peak intensity as a function of mixing time can be 

used to measure the rate of the exchange between the two proton sites . The exchange 

between two types of protons is clearly observed in the Figure 4-25. Correlation times 

were detelmined from the buildup curve of the relative cross peak intensity as a function 

of mixing time between 1 ms and 100 ms. An exampl e buildup curve of cross peak as 

function of mixing time at 300 K is shown in the Figure 4-26. The data was fitted using a 

double exponential function [1 5]. The proton exchange correlation time is between 0.878 

and 0.613 ms over a temperature range of 300 to 330 K. The result is shown in Table 4-4. 
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Figure 4-25 'H EXSY NMR fo r PWA/Si0 2 Nafion-butanol composites . Mixing time is 
30 ms at 300 K, MAS=25 kHz. 
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Figure 4-26 Quantization of lH EXSY data of PWA/S i02 sample: build-up curve of the 
integration volume of the cross peaks as a function of mixing time (lms-IOO ms at 300 K). 

Table 4-4 proton exchange con'elation time constant at temperature 300- 330 K 

Temperature (K) 300 310 320 330 

Correlation time (ms) 0.878 0.781 0.722 0.613 

An activation energy of 9.5 ± 1.0 kllmol was determined for this exchange 

process from Figure 4-27. Other repOlis have also detel111ined the activation energy of 

proton transport for Nafion and Nafion composites using so lid state NMR [10, 15, 16]. 

The activation energy of proton transport between the Nafion and PWA Si0 2 proton is 

lower than the activation energy of dried Nafion (Ea= J6.4 kllmol) and Nafion Si02 

(Ea= J2 .2 kllmol) [J6]. In this case, a new pathway of proton migration is formed in the 
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PW A Si02 Nafion, which requires less energy to achieve the proton migration under dry 

conditions. The movement between PWA-H and Nafion-H can be the main mechani sm 

of proton migration in dry membranes. 
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Figure 4-27. Arrhenius analysis of correlation times as functi on of temperature, activation 

energy for proton mobility by linear fitting to the Arrhenius equation 

4.3.5 FTIR Measurment on the PW A Si06 particles and PW A Si06 

Nation composites 

FTIR is used to confirm the presence of PW A in Nafion. For pure PW A in Figure 

4-28 (a), four bands appear around 1080, 983 , 893 and 809 em-I , which are assigned to 

stretching vibrations of P-O, W=O (terminal sharing), W -0-W (corner sharing) and W -0-

W (edge sharing), respectively [17]. Figure 28 (b) is Nation immersed in the 0.1 M PWA 

solution, which has clear 4 strong bands as a spectra from pure PW A sample. However, 

the intensity of the four characteristic bands deacreases fom the spectrum Figure 28 (c) 
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and (d) where the Nafion was immersed In lower concertration PWA (0.01 M and 

O,OOIM). 
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Figure 4-28 FTIR (a) pure PWA (b) Nafion 112 (O.1M PWA) (c) Nafion 112 (O.OlM 
PWA) (d) Nafion 112 (O.OOlM PWA) 

The existence of PWA in the PWA Si02 or PW A Si02 Nafion can be affinned 

using FTIR. Figure 4-29 represents the FTIR spectra for Si02, pure PWA and ex-situ 

silica supported PWA pmticle with different TEOS/ PWA ratio. In Figure 4-29 (a), the 

extra two bands around 1110 and 806 cm,l represent Si-O vibrations in the silica-

suppOlted PWA particle. For pure PWA in Figure 4-29(b), four bands appear around 

1080, 983 , 893 and 809 cm'l. Figures 4-28 (c, d, e and f) are ex-situ silica suppOlted 

PW A particle with low TEOS/ PW A ratio (40 and 80) before and after the purification 

process. In Figure 4-29 (c and e), all the chm'acteristic peaks appear in the data, which 

can be explained as the successful loading of PWA into the membrane and very weak 
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interactions between silica and PWA. The dramatic decrease in intensity of the P-O band 

accompanying the W=O band shift is observed in Figure 4-29 (d and f). This 

phenomenon is a result of the large amount of PW A particles leaching out from the silica 

particle. This type ofPWA Si02 is not able to trap PWA with Si02 matrix. 
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Figure 4-29 FTIR on (a) Si02 (b) PWA (C) PWA Si02 particles-40 (d) PWA Si02 

particles -40-water wash (e) PWA Si02 particles-80 (f) PWA Si02 particles -80-water 
wash 

In comparison, the FTIR data of ex-situ silica-suppOlted PWA particle with high 

TEOSIPWA ratio (400) before the purification process is shown in Figures 4-30 (c). All 

four characteristic bands of PW A were not observed in the FTIR data. Instead, the two 

bands of Si02 appear. It means that the concentration of PW A is not large enough to be 

detected by FTIR. Therefore, there is no reference for PWA Si02 Nafion composites to 
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confirm the presence of PW A particle after the water wash. Because there is no PWA 

present then no signal can be measured in FTIR. However, the presence of PW A for low 

ratio (TEOS/ PWA) PWA Si02 particles is proved by the four characteristic bands of 

PWA in Figure 4-30 (c). 
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4.4 Conclusion 

Proton mobility and proton conductivity strongly correspond to the amount of 

PWA in the Nafion membrane, which were determined using lH MAS NMR and 

impendence spectroscopy. The FTIR is used here to confirm the presence of PW A in the 
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Nafion and also provide the basic quantitative information ofPWA content. Having high 

amounts of PW A in the Nafion 11 2 yields low activation energy and high conductivity. 

PW A and Nafion have two different proton environments. However, the PW A Nafion 

composites show only one proton resonance which implies fast rate of exchange between 

protons on PWA and those of Nafion itself. 

The issue of PWA leaking from the membrane should be resolved by having a 

Si02 matrix. The PW A-Si02 matrix is made but the proton is able to retain its mobility. 

This is based on the results of IH MAS NMR under variable temperature conditions as 

well as the DQF NMR studies . PW A-Si02 particles were introduced into the Nafion 

membrane. Both 2D EXSY and selective inversion experiments show thermally activated 

chemical exchange is taking place between the two proton sites . The increasing proton 

mobility is due to proton exchange between the PW A and Nafion. 

In ex-situ PWA-Si02 Nafion, the IH MAS NMR shows the resonance from the 

incomplete hydrol ysis of TEOS which gave the higher Ea compared to the in-situ PW A 

Si02 Nafion samples. Thi s result is consistent with literature from the doctoral work of 

Eric Yeo 31p solution state NMR shows the PWA is washed out in both in-situ Nafion and 

ex-situ Nafion samples. 

Previous work has shown that a high TEOS/PW A ratio can help PW A remain 

trapped in Si02 . This information leads to the preparation of another PW A Si02 - butanol 

sample. The presence of PW A in the sample cannot be confirmed by FTJR due to the low 

concentration of PWA. The IH MAS NMR did reveal a new proton environment in thi s 
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new batch PWA Si02-butanol particles. The proton site is thermally stable as it exists 

after 200°C treatment. It also shows mobility as observed from DQF MAS NMR. The 

exchange reaction took place and was observed by 2D EXSY and activation is acquired 

from a series ofEXSY as function of mixing time and temperature. The activation energy 

was determined as 10 kJ/mo!. This result is lower than pure Nafion in dry conditions 

which means that a new potential pathway for protons to migrate under dry conditions has 

been provided. 
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Chapter 5 

Summary and Outlook 

Hydrogen fue l cells have become more relevant because they are environment

friend ly and generate electricity with high efficiency. Unfortunately, two main 

di sadvantages deter the commercialization of the fuel cells. These disadvantages are: 

degradation of the polymer electrolyte membrane and loss of conductivity at high 

operating temperatures. The degradation of the membrane diminishes the lifetime of the 

fu el cell and conductivity loss impairs the fuel cell perfonnance. In order to resolve 

these issues, Nafion composites doped with Ce02, Mn02, Mn203, Mn30 4, LiMn204 and 

PWA-Si02 were prepared respectively. Multiple techniques (XRD, SEM-EDS, FTIR, 

impedance spectroscopy, solution state and solid state NMR) were utilized in this thesis 

to characterize these composites. Solid state nuclear resonance (SSNMR) was mainly 

used in this thesis as a valuable technique to investigate proton mobility in the Nafion! 

metal oxide composites. The molecular dynamics in these samples were probed by 'H 

MAS NMR variable temperature experiments, double quantum filter, and 2D exchange 

spectroscopy. 

In order to deactivate free rad icals, high loading level (> 5 wt %) of additives 

(Ce02 , Mn02, Mn20 3 and Mn30 4) were required. However, it was found that effective 

protection was attained in the Nafion ILiMn204 or KO.54Mn20 4 composites at low loading 

leve ls (0 .5 wt%). This result is due to the reaction between delocalized unpaired e lectrons 

and free radicals. Combining proton conductivity data with NMR data gave an overall 
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view of proton dynamics in the NafioniLiMn204 composite, revealing that LiMn204 does 

not significantly decrease Nafion conductivity. 

As the lifetime of highly effective radical scavengers, such as LiMn204 and 

K0 54Mn204, under free radical environments is currently unknown, future work can 

involve extending the timeframe of free radical attack and subsequently measuring the 

line width of samples in IH MAS NMR in order to gain insight into their lifetimes. 

The second project in this thesis investigated the exchange interaction between 

PWA and Nafion in order to understand and enhance proton conductivity. 2D exchange 

spectroscopy and se lective inversion experiments have shown that proton exchange 

interaction occurs between the sulfonic acid proton (Nafion-S03H) and PWA-H in PWA 

Si02 I Nafion composites (section 4.3.2). Furthermore, it was seen that the proton from 

sulfonic acid hops not only to adjacent sulfonic acid groups, but also to the PWA surface. 

Since the activation energy of proton-hopping to the PWA surface is currently unknown, 

the preferred proton transport pathway is not yet determined. On the other hand, a new 

proton environment was revealed in PWA Si02 Nafion butanol composites (section 4.3.4) 

through IH MAS NMR spectra, which is suggestive of an active proton at the PW ASi02 

surface. Variable temperature EXSY experiments have confirmed that the exchange 

interaction between this new proton and the sulfonic acid proton (Nafion-S03H) occurs 

with a relatively low activation energy requirement of 9.5 kllmo!. This is evidence that a 

new proton transport pathway is created in the composite, leading to greater proton 

conductivity. 
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The enhancement of proton conductivity in anhydrous Nafion can be achieved by 

doping with phosphotungstic acid, however, the high solubility of phosphotungstic acid in 

water leads to its leakage from the fuel cell. Thus, Si02 was used as a matrix to stabilize 

PWA. Yet, a considerable amount ofPWA was still detected by 31p solution NMR in the 

waste water collected from the washing of PW A Si02 particles. Development of a 

suitable matrix to retain PWA continues to be a challenge in maintaining fuel cell 

performance. Also, selective inversion experiments perfonned in this thesis work have 

provided evidence of proton exchange occurring between PW A and Nafion. However, 

further work needs to be carried out to determine activation energies from these data. 

In conclusion, the durability and proton conductivity of Nafion were shown to be 

improved by the addition of manganeselcerium oxide and PW A, respectively. Deeper 

understanding of proton dynamics for these Nafion-metal composites can be gained by 

solid state NMR. Further work to validate Nafion-metal composites will bring PEMFCs 

one step closer to being introduced to the consumer market, as opposed to only R&D 

industries. 
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