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CHAPTER 1: INTRODUCTION 

1.1 Fuel Cells Background 

A fuel cell is an electrochemical cell that converts chemical energy from a supplied fuel 

directly to electricity. The types of fuel cells that are currently of most interest are listed 

in Table 1. The main differentiating factors between the technologies are the electrolyte 

used, the fuel consumed, and their operating temperature. 

Table 1 Main types of fuel cells [1-3] 

Fuel Cell Type 
Operating 

Temperature 
Fuel Examples 

Polymer Electrolyte 
Membrane 

60 - 120 °C Hydrogen Mercedes F-Cell 

Direct Alcohol ~90 °C Methanol, Ethanol PolyFuel, Samsung 

Alkaline 60 - 120 °C Hydrogen Space Shuttle 

Phosphoric acid 160 - 220 °C Hydrogen UTC Power 

Molten Carbonate 600 - 700 °C Most hydrocarbons MTU Friedrichshafen 

Solid Oxide 800 - 1000 °C Most hydrocarbons 
Bloom Energy; 

Ceramic Fuel Cells 

 

Fuel cells are a technology of great interest, mainly for their high efficiency and low 

emissions. When combined with heat recovery, system energy conversions rates of up 

to 80% are possible. Ceramic Fuel Cells has published data demonstrating that their 

stationary solid oxide fuel cells can achieve over 50% electrical efficiency from natural 

gas over a period of 18 months while reaching a total energy efficiency of over 80% 

through water heating [4]. Especially hydrogen fuel cells, whose only exhaust product is 
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water, are touted for their clean energy credentials. Hydrogen gas is of great interest as 

a storage medium for intermittent renewable energy resources such as solar and wind 

power. During the daytime and high winds, excess power is used to create hydrogen, 

through electrolysis of water or other methods, which is subsequently converted to 

electricity during periods of low production. This part of the proposed hydrogen 

economy could help alleviate the difficulty of modulating the inevitable powder grid 

fluctuations caused by these renewable energy sources, making them more viable for 

proliferation. 

1.2 Polymer Electrolyte Membrane Fuel Cell Operation 

Polymer electrolyte membrane fuel cells (PEMFCs) have been the recipient of the most 

research attention, due to their operating temperature range, use of hydrogen as a 

fuel, and flexibility in application. This technology has found uses in both stationary and 

portable systems and is the leading alternative to internal combustion engines (ICEs) in 

cars, buses and trucks [2, 5]. 

      ( 1.1 ) 

     ( 1.2 ) 

    ( 1.3 ) 

H2  2 H+ + 2 e- 

½ O2 + 2 e- + 2 H+  H2O 

H2 + ½ O2  H2O           E0 = 1.23 V 
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The reaction of hydrogen with oxygen (Equation 1.3) is well-known and mostly 

associated with very energetic explosions. In a fuel cell, the oxidation (Equation 1.1) 

and reduction reactions (Equation 1.2) are physically separated. Figure 1 shows a 

schematic of a PEMFC, which consists of five layers: the two gas supplies, which often 

involve diffusion media to evenly distribute the reactants to the reaction sites; the two 

electrodes with catalyst; most commonly platinum; and finally the polymer electrolyte 

membrane (PEM), that separates the two gas inlets both physically and electrically, but 

is able to transport protons from the anode to the cathode. 

 

Figure 1 Schematic of a polymer electrolyte membrane fuel cell [6] 
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The splitting of hydrogen into protons, shown in Equation 1.1, occurs at the anode. The 

electrons released from this reaction are conducted via the circuit and provide the 

electrical power to the load (represented in Figure 1 as a light bulb). The protons are 

transported through the PEM to the cathode where they react with oxygen and the 

electrons to form water (Equation 1.2). 

Consequently, membranes for PEMFCs need to exhibit the following properties: 

 Impermeable to gases 

 Mechanically stable towards compression and differential pressures 

 Proton conducting 

 Electrically insulating 

 Thermally stable 

The materials that have shown the best combination of these properties will be 

discussed in the following section. 
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1.3 Perfluorosulfonic Acid Membranes 

1.3.1 Molecular Structure and Morphology 

Perfluorosulfonic acid (PFSA) polymers, such as DuPont’s Nafion®, 3M’s Acquivion®, 

Asahi Glass’ Flemion® or Dow’s polymer [7], are the polymer class of choice for PEMFC. 

Of these, Nafion®, whose molecular structure is given in Figure 2, is the most heavily 

researched and the material against which all other PEMs are judged [8]. Though the 

listed polymers vary slightly, they all have the same basic structure: a main chain or 

backbone, consisting of polytetrafluoroethylene, and a side-chain ending in a sulfonate 

group. They are manufactured by the radical copolymerization of tetrafluoroethylene 

and a perfluorinated vinyl ether monomer that contains a sulfonyl fluoride functional 

group that is converted to the sulfonate group as part of the synthesis [7, 8]. As the 

sulfonate group is ionically bound to a proton, making it a sulfonic acid, these materials 

are referred to as ionomers.  

 

Figure 2 Molecular structure of Nafion® 
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Determining the molecular weight of these polymers is difficult and they are generally 

classified by their equivalent weight (EW) or ion exchange capacity (IEC). The 

equivalent weight (g eq-1) is the measure of polymer mass per equivalent (or molar 

concentration) of the sulfonic acid. It is calculated using Equation 1.4. 

     ( 1.4 ) 

The IEC (Units: meq g-1) is the inverse of the equivalent weight. EWs of 1100 g eq-1 

(IEC of 0.91 meq g-1) are typical for PEMs used in fuel cells and were also employed in 

this study. For such equivalent weights, the value of x in Figure 2 would be 

approximately seven, though it must be noted that due to the random nature of the 

polymerization reaction, the frequency of side-chains is irregular and the EW must be 

viewed as an average bulk value. 

One of the defining features of Nafion®’s physical structure is the presence of both 

highly hydrophobic (backbone) and the highly hydrophilic (side-chain) domains. The 

main chain aligns to form crystalline regions that give the material its mechanical 

strength. At the same time, clusters of sulfonic acid groups in hydrated membranes 

yield interconnected hydrophilic domains which provide the pathways that allow proton 

conduction. The physical structure of Nafion® is still not completely resolved and is 

outside the scope of this work [8], though some important aspects will be touched on in 

the following sections. 
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1.3.2 Proton Conductivity 

The clustering of the ionic side-chains is one of the important features of PFSAs, 

providing the ability to transport ions, which in the case of hydrogen fuel cells are 

protons. The first morphological structure proposed for such proton-conduction 

pathways was the cluster-network by Gierke et al. [9]. Though other models have been 

suggested since its inception 30 years ago, its basic approach still gives an adequate 

understanding of the way Nafion® works [8]. This model, illustrated in Figure 3, shows 

how side-chain clusters, under humidified conditions, result in the formation of a 

sulfonate group-lined pathway. The transport of protons occurs via two mechanisms: 

 Grotthus mechanism: protons “hop” from one sulfonic acid group to sulfonic acid 

group through the membrane 

 Water transport: protons, as H3O
+ or H2O5

+ molecules diffuse through the 

membrane (considered to be about 20% of the overall proton mobility [10]) 

 

Figure 3 Cluster-network model of Nafion® (blue circle is water) (Reprinted with permission 

from [9] Copyright (2012) American Chemical Society) 
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    ( 1.5 ) 

      ( 1.6 ) 

     ( 1.7 ) 

     ( 1.8 ) 

It has been proposed that H2O2 is formed at the cathode via a 2-electron reduction of 

oxygen (Equation 1.5) or at the anode in a three step reaction (Equations 1.6, 1.7 and 

1.8), involving hydrogen adsorbed on platinum and crossover oxygen. The peroxide 

then diffuses into the membrane where it reacts with Pt particles or other metal ion 

impurities to form radicals that degrade the membrane (Equation 1.9) [26, 36]. 

Hydrogen peroxide has been measured in fuel cell effluents and estimates suggest that 

during operation a consistent concentration of ~10 ppm is present [26, 37], making it a 

reasonable culprit for involvement in degradation process. However, other studies have 

cast doubt on its influence on the chemical decomposition of membranes. Mittal et al. 

demonstrated that using H2O2 as a reactant gas in place of hydrogen and oxygen, 

reduced the emission of fluoride by 25-30 times in OCV hold tests [34]. They also 

showed that the concentration of peroxide was independent of hydrogen crossover, 

while the emission of fluoride was not. Related work indicated that both hydrogen and 

oxygen, and not just one of the reagents, is required for significant degradation to 

O2 + 2 e- + 2 H+ → H2O2 

H2 → 2 HPt ads 

HPt ads + O2 → HOOPt ads 

HOOPt ads + HPt ads → H2O2 
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occur [24]. They, and others, have suggested the direct formation of radical species 

from reactions between H2, O2 and Pt at the electrodes or in the membrane though no 

specific mechanism was offered [36]. 

Regardless of the debate over the precise mechanism of ROS formation, there is 

consensus that such radicals are largely responsible for the degradation observed in 

PFSA-based fuel cells. 

1.3.6 Degradation Mechanisms 

In spite of its perfluorinated nature, Nafion® is susceptible to degradation under fuel 

cell conditions. The main points of attack that have been suggested are illustrated in 

Figure 5. 

1. Carboxylic acid (COOH) end groups [25] 

2. Sulfonic acid (SO3H) end groups [26] 

3. Ether-adjacent carbons atoms on the side-chain [38] 

4. Abstraction of primary fluorine [26] 
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Figure 5 Radical attack points on PFSAs 

The first recognized mechanism that is still considered to be the main source of 

degradation is the hydrogen abstraction from carboxylic acid end groups [25]. These 

groups are unavoidable impurities resulting from the polymerization process. The 

mechanism of degradation is shown in Figure 6. 
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Figure 6 Main chain unzipping (redrawn from [26]) 

The COOH hydrogen atom is abstracted by a hydroxyl radical. The resultant radical 

decarboxylates forming a fluorocarbon radical. For the next step, Curtin et al. [25] 

originally proposed the reaction of this species with another hydroxyl radical. However, 

Coms [26] cognizantly argued that it was unlikely that two radicals, that are present at 

such low concentrations in the membrane, would react. Alternatively, he proposed three 

reactions, two of which are reversible. In the first reversible reaction, the fluorocarbon 
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radical abstracts a hydrogen atom from the crossover H2 abundantly present during fuel 

cell operation. This results in the formation of a hydrogen radical that causes further 

damage, as will be shown later. In a similar reaction, hydrogen is abstracted from the 

consistently present hydrogen peroxide, which results in the formation of the 

hydroperoxyl radical. The end groups that form in these two reactions still contain a 

vulnerable hydrogen atom which is again subject to abstraction to form the original 

fluorocarbon radical. 

The irreversible reaction, which was originally proposed to occur with another HO·, is a 

reaction of the fluorocarbon radical with H2O2 to form an alcohol with the release of a 

hydroxyl radical. Accompanied by the loss of HF, the alcohol rearranges to an acid 

fluoride, which itself is hydrolyzed, releasing another hydrogen fluoride molecule and 

re-forming the carboxylic acid group. The reaction is summarized in Figure 7. Through 

the attack of a radical, a CF2 unit is lost with the re-formation of the carboxylic acid. 

The whole process is repeated, effectively unzipping the backbone. 

 

Figure 7 Main chain unzipping summary 
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The amount of fluoride released due to this, and other reactions, can be quantified in 

effluent water and is a strong indication of degradation. A rate can be calculated, which 

will be referred to as the fluoride emission rate (FER). 

Another degradation mechanism is attack on the sulfonic acid, as shown in Figure 8. At 

low RH (<40%), a significant number of protons reside on the sulfonate group which 

can be abstracted by hydroxyl radicals. The resultant sulfonyl radical dissociates, with 

the release of sulfuric acid, forming a fluorocarbon radical. The side-chain undergoes a 

process similar to the main chain unzipping, which results in the formation of two new 

carboxylic acid end groups, which themselves are susceptible to radical attack. This 

reaction explains the observation that fluoride emission rates increase with time [30, 

39, 40]. 

Coms also proposed the formation of sulfonyl radicals due to the hydrogen peroxide-

induced cross-linking of sulfonic acid groups, which degrade in the same manner [26]. 
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Figure 8 Sulfonate group attack (redrawn from [26]) 



19 

The third degradation route was proposed by Chen and Fuller [38]. In this mechanism, 

shown in Figure 9, a hydroxyl radical attacks an ether-adjacent carbon, splitting off a 

side-chain fragment. The fluorocarbon radical degrades following the unzipping 

mechanism, again resulting in the formation of two COOH end groups. The side-chain 

fragment rearranges with the loss of HF, followed by hydrolysis to form trifluoroacetic 

acid (TFA) and 1,1,2,2-tetrafluoro-2-hydroxy-ethanesulfonic acid, both compounds that 

are susceptible to further degradation. 
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Figure 9 Ether-adjacent carbon attack (redrawn from [38]) 
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One further reaction, that should be noted and is illustrated in Figure 10, is that during 

the main chain unzipping reaction, every so often a carboxylic acid adjacent to a side-

chain linkage will be consumed. The backbone continues its degradation pathway but a 

polymer fragment, containing a carboxylic and a sulfonic acid group is split off. This 

fragment is susceptible to degradation again forming TFA, and 2,2-difluoro-2-sulfo-

acetic acid, two compounds that can be degraded further unless removed from the 

system [41]. 
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Figure 10 Secondary unzipping reaction (redrawn from [41]) 

The hydrogen radical formed from the abstraction of a hydrogen atom from H2, has 

been proposed to attack the fluorine bonded to the carbon connected to the side-chain. 

This abstraction results in another pathway that leads to backbone splitting and 

therefore an increase in vulnerable groups [26]. 
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From the literature review it can be concluded that the degradation of membranes is a 

complex mix of reactions that are dependent on conditions such as temperature, 

relative humidity, gas types, flow rates and pressures, membrane thickness and 

chemical structure, contaminants, etc. The precise origin of the reactive species has not 

been fully elucidated, though the consensus is that reactive oxygen radicals, mainly 

HO·, are the main aggressors in the degradation of PFSA polymers. This results in 

membrane thinning, which increases gas crossover with the possibility of shorting a cell 

due to direct anode-cathode contact. The loss of sulfonate groups causes a decrease in 

proton conductivity; all of which adds up to a loss in cell performance and efficiency. 

The final result of these processes is the formation of pinholes or other defects in the 

membrane, which ultimately lead to the catastrophic failure of the fuel cell. 

1.3.7 Fenton Testing 

Given the long time scales involved in determining membrane lifetime from real-world 

fuel cell testing (thousands of hours), accelerated test protocols have been developed 

to reduce the time and cost of experiments and increase the turnover rate of 

membrane improvements. 

One simple and fast ex-situ test, that has been used as an accelerated durability test for 

fuel cell membranes, is the Fenton test. It involves the Fenton reaction, alluded to 

earlier and given in Equation 1.9. Hydrogen peroxide, in the presence of catalytic 

amounts of Fe2+ in acidic conditions forms hydroxyl radicals. The reformation of Fe2+ 
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can occur by a number of mechanisms, the main one being a reaction with H2O2 to 

form hydroperoxyl radicals, which is shown in Equation 1.10. 

    ( 1.9 ) 

                ( 1.10 ) 

For durability testing, membranes are exposed to hydrogen peroxide in the presence of 

Fe2+ that has either been added to the solution or incorporated in the membranes by 

ion-exchange. The radicals formed in this reaction attack the membrane as described 

above. Degradation has been measured by membrane mass loss, FTIR and the 

emission of fluoride [26, 29, 34, 42-50]. 

1.3.8 OCV Hold Testing 

A useful in-situ test method for specifically targeting membrane degradation is the 

open-circuit voltage (OCV) hold test. A fuel cell is exposed to hydrogen and air (or 

oxygen) gas flows (sometimes under pressure) at low relative humidity (<50% RH) and 

held at OCV. At OCV, insignificant amounts of the reactants are consumed and the gas 

crossover is maximized, leading to the maximum amount of radical formation [51]. 

Though the low relative humidity lowers the gas crossover by decreasing membrane 

swelling and shrinking the pathways, it exacerbates the degradation by providing more 

radical attack sites on the polymer side-chain [26, 38]. This method is very specific in 

Fe2+ + H2O2 + H+ → Fe3+ + H2O + HO· 

Fe3+ + H2O2 → Fe2+ + HOO· + H+ 
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promoting chemical attack on the membrane while avoiding degradation due to 

mechanical fatigue. 

1.3.9 Degradation Mitigation 

Several approaches have been taken in order to improve the chemical durability of 

PFSAs. 

1. Chemical stabilization of membranes by removing COOH end group impurities 

left over from polymerization by exposure to fluorine gas under high pressure [7, 

25, 39, 40] 

2. Fabrication of reinforced membranes by incorporation of a mechanical support 

such as a polytetrafluoroethylene layer [16, 19] or networks of interconnected 

inorganic materials [12, 17, 18, 20-22] to reduce gas crossover and improve 

mechanical stability [15, 17, 18, 52] 

3. Use of different electrode materials, such as Pt with Cr, Co, MnO2, TiO2 or WO3 

to reduce the production of hydrogen peroxide [53-55] 

4. Incorporation of hydrogen peroxide decomposition materials such as 

heteropolyacids and zirconia [19, 47, 56-58] 

5. Incorporation of radical scavenging materials [20, 47, 58-69] 

The latter method was investigated in this work and will be reviewed here. 
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1.3.10 Radical Scavenging Materials 

Numerous materials, such as platinum, palladium, gold, silver, titania, silica, cerium 

oxide and manganese oxide nanoparticles, as well as heteropolyacids and cations, such 

as Ce3+ and Mn2+ are capable of mitigating the effect of radicals and many have been 

tested in hydrogen fuel cells. Of these, the most researched is the Ce3+/Ce4+ redox 

couple. 

Cerium is a member of the lanthanides that is notable for its ability to facilely switch 

back and forth between its +3 and +4 oxidation states. This functionality enables it to 

react with radicals through an easy exchange of electrons [20, 70-76]. 

PFSA membranes have been ion-exchanged with low levels of cerium ions and open 

circuit voltage hold tests have shown a decrease in the fluoride emission rate by up to 

three orders of magnitude over a period of 200 h versus a baseline [71]. However, the 

exchange of some of the protons on the sulfonate groups by Ce3+ ions leads to a 

reduction in proton conductivity and performance. Furthermore, there have been 

indications that ions leach from the membrane, making them inadequate for long-term 

use. As an alternative approach to ion exchange, addition of Ce in the form of cerium 

oxide (ceria) has been explored [20, 69]. As ceria, cerium retains its ability to switch 

oxidation states without a loss of its lattice structure [73, 74, 76, 77]. In one instance, it 

has been reported that PFSA membranes containing ceria nanoparticles showed a ten-

fold reduction in the emission of fluoride during 24 hour OCV hold tests with no 
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significant impact on either performance or proton conductivity. For the given time 

frame, this observation was proven to be independent of ceria formulation and particle 

size and concentration [20]. In similar work, the OCV decay of one ceria-containing 

membrane was found to be small (0.1 mV h-1) with little degradation over 150 h [69]. 

Cerium oxide, when acting as a support for a heteropolyacid hydrogen peroxide 

decomposition catalyst, showed improved durability enhancement. It was postulated 

that the H2O2 was first decomposed to radicals by the heteropolyacids which 

subsequently were scavenged by the attached cerium oxide [47]. 

1.4 Rationale and Objective of this Study 

Some literature data are available on the behavior of ceria as a radical scavenger in 

accelerated durability tests. However, the majority of these experiments were short 

(24 hours) and limited in the parameters that were measured, yielding proof-of-concept 

but little information about the long-term behavior of the material. Furthermore, the 

chemistry of ceria in fuel cell membranes has not been elucidated. For example, it is 

known that ceria dissolves in concentrated sulfuric acid [78, 79] but there are no known 

publications on how the highly acidic environment of PFSA membranes affects this 

radical scavenger. The limited fuel cell data for cerium oxide as a degradation mitigation 

agent available in the open literature, as well as the lack of understanding of the 

chemical behavior of ceria in fuel cell environment, has been the driving force of this 

research. In this document, certain aspects of ceria chemistry and its effects on 
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membrane degradation using ex-situ, liquid and gas Fenton, and in-situ accelerated 

durability tests are presented. 
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CHAPTER 2: EXPERIMENTAL 

2.1 Synthesis of Nanoparticulate Cerium Oxide 

Nanoparticulate ceria was prepared by thermal hydrolysis. Ammonium hydroxide, 

0.50 ml (Fisher Scientific; 29.04%), was added to 50 ml of a boiling solution of 0.02 M 

ammonium cerium(IV) nitrate (Acros Organics; 99.5% for analysis) in ethanol (Decon 

Labs; 200 proof) which, after the addition, was left to cool overnight under constant 

stirring. The yellow precipitate of cerium oxide that formed was centrifuged, washed 

five times with 5 ml of ethanol and then dried at 100 °C under vacuum, yielding ca. 

0.17 g of product (90 – 95% yield). 

2.2 Preparation of Ceria Dispersions 

The synthesized ceria was dispersed in ethanol in a Branson 2510 ultrasound bath using 

sonication at 40 kHz to give 7 mM colloidal dispersions in ethanol. Using the same 

technique, 7 mM dispersions of a commercial cerium oxide powder (Alfa Aesar; 99.9% 

min (REO)) in ethanol were also prepared. 

2.3 Membrane Casting 

PFSA membranes were cast in a humidity controlled environment (<30% RH) onto a 

porous PTFE support (Donaldson Filtration Solution; Tetratex® membrane; 7 µm) from 

mixtures of 5% 1100 EW PFSA dispersions in alcohols (Ion Power, Inc.), ethanol and 
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dimethylformamide (Acros Organics; 99.5% for HPLC) in a 5.8 : 4.0 : 1.0 volume ratio. 

Ceria was incorporated by replacing some of the ethanol with appropriate amounts of 

the ceria dispersions to yield membranes with 0.5, 1.0 and 2.0 weight percent of cerium 

oxide relative to the polymer mass. Membranes without ceria were also cast as 

baselines. After room temperature drying, membranes were heated at 150 °C for three 

hours under vacuum after purging three times with nitrogen gas (Airgas; UHP) to 

remove residual solvent. 

2.4 Membrane Electrode Assembly Fabrication 

Membranes were coated with a catalyst by a spraying method. 

2.4.1 Catalyst Ink Preparation 

The catalyst ink was prepared by mixing 720 ± 1 mg of Pt on carbon catalyst (Tanaka; 

46.7% Pt on C) with 3.158 ± 0.1 g of water, 20 ± 0.3 g of methanol (Acros Organics; 

99.9% for HPLC) and 6.78 ± 0.08 g of 5% 1100 EW Nafion® dispersion. This mixture 

was homogenized with an Omni International GLH-01 homogenizer at 18800 rpm for 

6 ± 0.5 hours in an ice-bath. The suspension was then weighed, stored under 

continuous stirring at 750 rpm and used within one week. 



37 

2.4.2 Catalyst Spraying 

The setup for the catalyst spraying is shown in Figure 11. Two membranes were taped 

side by side between two polypropylene die-cut sheets and mounted on a metal frame. 

Two smaller metal frames were screwed onto either side of the membranes to hold 

them in place. The whole setup was mounted in a nitrogen ventilated enclosure in front 

of a 100 °C heated plate. The catalyst was applied using a nitrogen gas flow-controlled 

Badger Model 150 artist’s spray gun mounted on a computer-controlled track. The 

membrane was covered with a 25 cm2 area of catalyst in an A-B-A-B pattern and 

loadings were kept at gravimetrically determined 0.375 ± 0.025 gPt cm-2. The resulting 

product is referred to as a catalyst coated membrane (CCM). 

 

Figure 11 Catalyst coated membrane spraying setup 
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mitigation. Ceria can act catalytically by returning to its Ce(III) oxidation state through 

reaction with hydrogen peroxide, as shown in Equation 3.2 followed by quenching of 

the resulting hydroperoxyl radical to form oxygen, as shown in Equation 3.3 [7, 8]. 

     ( 3.1 ) 

     ( 3.2 ) 

     ( 3.3 ) 

3.2 Ceria Characterization 

In order to better understand the cerium oxide used, the synthesized and commercial 

powders and ceria-containing membranes were studied by a variety of analytical 

techniques. 

3.2.1 Diffraction 

The XRD spectra of the synthesized and commercial ceria are shown in Figures 18 and 

19, respectively. These spectra confirm the crystalline nature of both ceria formulations 

by the presence of typical cerium oxide 2θ peaks at 29, 33, 48 and 56, 77 and 79° [8]. 

The peaks for the synthesized ceria are less well defined compared to the peaks from 

the commercial material, an observation attributed to their very small particle size. 

Ce3+ + HO· + H+  Ce4+ + H2O 

Ce4+ + H2O2  Ce3+ + HOO· + H+ 

 
Ce4+ + HOO·  Ce3+ + O2 + H+ 
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Figure 18 XRD spectrum of synthesized ceria 
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of the cerium oxide is occurring, resulting in a solution of Ce3+ and Ce4+ ions. Once 

again, the main difference between the two ceria formulations was the kinetics. Upon 

addition of iron sulfate, the synthesized ceria dissolved instantaneously, while the same 

reaction took approximately one day for the commercial material. 

With the exception of the dissolution in acid, which did not occur for the commercial 

ceria on the time scale measured, both ceria formulations showed very similar chemical 

behavior, with the main difference being the rates of the reactions. This difference in 

kinetics is thought to be due to the greater than one order of magnitude larger particle 

size of the commercial ceria. [11]. 

3.2.5 Proton Conductivity 

One important metric of an ionomer’s suitability as a membrane for PEM fuel cells is its 

ability to conduct protons. PFSA ionomers used in fuel cells are able to transport 

protons by either diffusion through absorbed water or by the Grotthus mechanism 

where protons hop from one sulfonic acid group to the next via conducting channels 

[12] (see section “1.3.2: Proton Conductivity”. For either mechanism, the level of 

conduction is dependent on the level of hydration and, hence, the relative humidity to 

which the membrane is exposed. Though some research groups have used zirconium-

based reagents to improve humidification, and thereby conductivity [13, 14], 

incorporation of additives into PFSA membranes can have a detrimental effect on 

proton conduction if the particles inhibit either of these two mechanisms [15-18]. 
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To determine the effect of added ceria, attempts were made to measure the in-plane 

proton conductivity at various relative humidities. The method of measurement involved 

holding membranes at each relative humidity level and allowing enough time for the 

membrane to reach a steady-state condition. However, for ceria-containing membranes, 

the conductivity was found to slowly but continually decrease over time, with a 

concurrent decrease in membrane opacity. To determine the cause of this 

phenomenon, the proton conductivity was measured while holding the membranes at 

80 °C and 70% RH for up to ~90 h.

 

Figure 28 In-plane proton conductivity of various membranes held at 80 °C and 70% RH 
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Figure 28 shows no significant change in the conductivity of the baseline material, even 

over 30 hours of measurement, yielding a typical value for PFSAs of 35 mS cm-1 [8]. 

Both ceria-containing membranes, on the other hand, showed a greater than three-fold 

decrease in proton conductivity, which did not reach a minimum even after 18 and 

90 hours for the synthesized and commercial ceria, respectively (the increase in 

conductivity for the synthesized material at ~18 hours is discussed further below). 

In order to gain a better understanding of the loss in membrane opacity and decrease 

in proton conductivity, further tests were conducted. Figures 29a and b show SEM 

images of the cross-sections of the synthesized ceria-containing membrane before and 

after 18 hours of measurements at 80 °C and 70% RH, respectively. Before testing, the 

agglomeration of ceria around the PTFE support was clearly visible in the form of a 

intermittent band of white nanoparticles. These particles were no longer observable 

after conductivity testing. 

However, EDS mapping of a six hour tested membrane, shown in Figure 29c, clearly 

demonstrates the presence of cerium, as seen by the intense band highlighted by the 

white rectangle. The ceria particles, after being exposed to conductivity measurement 

conditions, were distributed over a much larger region, indicating the dispersal of the 

ceria agglomerates, which was considered as one of the causes leading to the decrease 

in opacity. 



77 

 

Figure 29 SEM images of cross-sections of a 2.0 wt% synthesized ceria-containing 

membrane a) before proton conductivity testing, b) after 18 h of proton 

conductivity testing and c) after six hours of proton conductivity testing with an 

EDS cerium map overlay (intense cerium band highlighted by white rectangle) 
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To probe any changes in the chemical nature of the ceria and further understand the 

complete loss of opacity, UV/Vis spectroscopy measurements were performed. As 

mentioned Ce(III) and Ce(IV) absorb strongly in the ultraviolet spectrum; ~265 nm and 

~315 nm for ionic solutions, respectively. Figure 30 shows the UV/Vis spectra of various 

membranes, some of which had been exposed to proton conductivity measurements. 

Prior to testing, both synthesized and commercial ceria membranes showed a broad 

absorbance from 225 to 400 nm. After conductivity measurements, a noticeable change 

in the spectrum was observed with a strong peak having developed 255 nm. The 

UV/Vis spectrum of a baseline membrane ion-exchanged with Ce3+ is also plotted which 

shows very similar absorbance to the tested membranes, strongly indicating the 

conversion of cerium oxide to Ce3+ ions. 



79 

 

Figure 30 UV/Vis spectra of various membranes before and after conductivity measurements 

Um et al. [11] had previously shown that in highly concentrated solutions (>8 M) of 

sulfuric acid at high temperatures (>80 °C), cerium oxide will dissolve and react to form 

Ce(III) ions, as shown in Equation 3.4: 

   ( 3.4 ) 

Given that PFSAs are classified as superacids and are significantly more acidic than 

H2SO4 (pKa of -6 and -3 respectively) [19], it is here postulated that during the 

4 CeO2 + 12 H+  4 Ce3+ + 6 H2O + O2 
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humidification process and exposure to flowing gases, the cerium oxide moves 

throughout the membrane, and is reduced to Ce3+ following the reaction given in 

Equation 3.4. The ions bind to the sulfonate groups resulting in decreased proton 

conductivity. This conclusion was further confirmed upon reprotonation. After 18 hours 

of testing the synthesized ceria membrane was immersed in 0.5 M sulfuric acid, which 

regenerated the PFSA acid sites by replacing the Ce3+ with H+ ions. This not only 

returned the membrane’s proton conductivity to its original value (Figure 28), but also, 

as shown in Figure 30, the 255 nm peak in the UV/Vis spectrum disappeared, leaving 

an absorbance spectrum that was identical to that of a baseline membrane. 

As with the solution experiments, the noticeable difference in reaction kinetics is a 

consequence of the difference in particle size. The commercial ceria diffused slower, 

due to its large particles, and therefore the kinetics of Ce3+ formation and consequent 

impact on the conductivity were decreased. 

Further experiments showed that this reaction occurred even when the membrane was 

not exposed to cyclic voltammetry or placed in contact with the platinum electrodes, as 

well as when inert gases were used in place of hydrogen, demonstrating that this 

reaction was independent of external influences, such as electrochemical reactions or 

reducing reagents. Similar behavior was observed elsewhere for MnO2 radical 

scavenging material [20]. 
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3.3 Conclusion 

Cerium oxide nanoparticles were synthesized through the thermal hydrolysis of a Ce(IV) 

salt in ethanol. Diffraction and electron microscopy measurements showed that the 

particles were crystalline and had a uniform size distribution of 2-5 nm, which compared 

to a commercial ceria that was also crystalline but had an order of magnitude larger 

particles. From X-ray photoelectron spectroscopy measurements, the concentration of 

Ce3+ was estimated and found to be low and, within error, similar for each formulation. 

Both nanoparticle formulations were incorporated in perfluorosulfonic acid membranes 

and found to agglomerate around the polytetrafluoroethylene backing, but did not 

change their crystal structure or size. 

Solvent experiments showed that both formulations, when suspended in sulfuric acid, 

were susceptible to reaction with hydrogen peroxide, forming solutions of Ce3+ ions. 

The addition of iron sulfate, also a reducing agent, to acidic suspensions, however, 

mainly resulted in an increase in the dissolution kinetics of the ceria, with some 

reduction occurring. The commercial ceria, due to its larger particle size, reacted slower 

than the synthesized material. 

In proton conductivity measurements, the initial conductivity of the membranes was 

found to be unaffected by the presence of ceria. However, prolonged exposure to the 

hot, humid gas-flowing conditions resulted in the diffusion of the ceria throughout the 
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