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ABSTRACT

Na�on T M belongs to a class of ion-conducting polymers known as per
uoro

sulfonic acid (PFSA). Na�onT M is the state-of-the-art polymer electrolyte membrane

(PEM) used in hydrogen-oxygen fuel cells. However, Na�onT M undergoes chemical

degradation over time due to harmful peroxide and hydroxyl radicals formed during

the fuel cell reaction. These radicals attack Na�on's side chains and cause polymer

unzipping thus degrading the membrane's mechanical integrity over time. Protecting

the membrane from such degradation is particularly important in fuel cells for heavy-

duty vehicle applications where life expectancy can exceed 1 million miles. Cerium,

when incorporated within the membrane, has proven to be an e�ective radical scav-

enger owing to its rapid transition between +3 and +4 oxidation states, and its swift

regeneration in the fuel cell environment. However, over time, cerium migrates out

of the membrane due to the electrochemical potential, high water 
ux, and ionic dif-

fusion. To mitigate cerium migration, we investigated a wide class of organic cerium

immobilizers, and measured their e�ectiveness in terms of cerium retention, radical

scavenging activity, and fuel cell performance. We found that ligands with an opti-

mal structure could help retain over 80% of cerium compared to 2% retention for the

baseline membranes without immobilizers, without degrading fuel cell performance,

or reducing cerium radical scavenging activity.

Since crown ether showed promise as a cerium immobilizer, we synthesized an

organometallic complex of cerium with 15-Crown-5 and investigated its e�ectiveness

xxvi



to immobilize cerium. Over 1000% increase in cerium retention and 80% increase in

chemical durability was observed owing to the stabilization e�ect of crown ethers on

cerium. We found that migration under potential gradient could be eliminated while

the complex also contributed to enhancement in cerium radical scavenging activity.

Phosphonic acids, which appeared to be the best class of materials for cerium

immobilization based on an initial screening study were selected for a full investiga-

tion. It was found that phosphonic acids also showed radical scavenging activity com-

parable to cerium but without the migration issue. The ex-situ Fenton test showed

that the 
uoride emission rate (FER) of 
uoroalkyl phosphonic acid-incorporated

Na�on T M membranes ranged from 0.22-0.37� g F cm� 2 hr � 1, lower than that of the

cerium-incorporated Na�onT M membrane's FER of 0.39� g F cm� 2 hr � 1. The in-

situ open circuit voltage hold test con�rmed that the phosphonic acid-incorporated

Na�on T M membrane has a 58% lower FER compared to the cerium-incorporated

membrane. Density functional theory calculations indicated that the activation en-

ergy of the hydroxyl radical scavenging reaction of an alkyl phosphonic acid is only

0.68 eV, suggesting an e�ective radical scavenging pathway.

Since water-soluble cations have a natural tendency to migrate through the

hydrated membrane, alternate water-insoluble organic radical scavengers that could

be as e�ective as cerium were then investigated. Organic radical scavengers could be

better stabilized by their interactions with Na�on's hydrophobic backbone. Potent

organic scavengers could also be chemically bonded to the Na�onT M side chain to

prevent their migration. Tens of potential organic additives were screened and the

most promising candidate was found to be Ellagic acid. Ellagic acid (EA) is an

e�ective organic radical scavenger for PFSAs due to its chemical stability, radical

xxvii



scavenging ability comparable to state-of-the-art antioxidants, and high reversibil-

ity in fuel cell operating conditions. The incorporation of EA increased the chemical

lifetime of Na�on T M by 160% without the use of cerium. When EA was incorporated

in Na�on T M along with cerium, the OCV hold lifetime surpassed 900 hr. after which

the test was discontinued. In comparison, a membrane with just cerium showed a

lifetime of 500 hr. This is the �rst report of such high radical scavenging with an

organic radical scavenger.

This dissertation has investigated strategies to eliminate issues with cerium

as a radical scavenger ranging from immobilizing it to completely replacing it with

alternative materials. While the results from this work are very promising, future

work is needed in this area to further extend the life of fuel cell membranes in heavy-

duty vehicle applications.
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Chapter 1

MOTIVATION AND BACKGROUND

1.1 Introduction

Hydrogen has gained a lot of interest in recent years driven by the need to

decarbonize the economy. Several countries have come together and expressed strong

interest in meeting a percentage of their power demand with hydrogen. US Depart-

ment of Energy (US DOE) announced \Hydrogen Shot" which aims to reduce the

production cost of hydrogen to$1 per 1 kg of hydrogen in 1 decade (\111") [18].

Europe hopes to generate 25% of its power demand by using hydrogen as the fuel

in over a million fuel cell cars on the road [19].H2@scale was developed to quantify

the research and development targets to enable the commercialization of hydrogen

technologies [20] [21]. Germany funded 10.2 billion euros for hydrogen and fuel cell

vehicles. China provided 12.4 billion dollars to support the expansion of fuel cells.

Hydrogen fuel cell technologies are attractive over internal combustion engines

for several reasons. Fuel cell vehicles have higher e�ciencies (> 60%) than internal

combustion engines ( 30%) [22] and can provide a similar driving range and refueling

time. They are particularly attractive over battery vehicles for heavy-duty appli-

cations since the weight of the FC vehicle does not scale with the driving range.

Therefore the incremental mass of energy storage favors fuel cell vehicles over bat-

tery electric vehicles as shown in Figure 1.2. Fuel cells have progressed over the
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past decades and more than 10,000 fuel cell vehicles have been sold or leased in the

United States so far [23]. Their current acceptance is limited by the high initial cost

of vehicle ownership and lack of a proper hydrogen infrastructure.

Figure 1.1: Cost of fuel cell vs. batteries with driving range [2]

Fuel cell vehicles that have reached extensive commercialization so far are de-

signed for light-duty applications. Companies like Hyzon, General Motors, Nikola,

Plug Power, and Ballard are developing fuel-cell trucks, but the market penetration

remains low so far. In an excellent review by Cullen et al. [23], it is mentioned

that over 300 billion miles traveled are contributed by heavy-duty vehicles on US

roads. Of this, 180 billion miles are long-haul trucks. This highlights the potential
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of this market to drive carbon emissions down signi�cantly. The added bene�t of

heavy-duty vehicles is the need for a less intensive hydrogen refueling infrastructure.

The routes for these vehicles are usually predictable as opposed to light-duty vehi-

cles where the travel is mostly in cities. An interesting survey found that HDVs

contribute to 25% of the total annual vehicle fuel use and produce 23% of the total

carbon dioxide emissions in the United States at present [24] [25]. This market is

expected to further expand by 54% by 2050 and therefore represents a huge potential

for reducing carbon emissions.

Heavy-duty vehicles however also require more durable components. The high

power demand for HDVs can be met by combining several stacks. But to meet the

lifetime goals, the durability of the membrane for example needs to be increased

six-fold compared to the light-duty vehicle durability targets [23]. Therefore, for

HDVs, durability rather than vehicle cost is the limiting factor for their widespread

application.

1.2 Overview of Fuel Cells

Polymer electrolyte fuel cells also known as proton exchange membrane fuel

cells (PEMFCs) are electrochemical energy conversion devices that use hydrogen as a

fuel and convert it into electricity and heat. PEMFC contains an anode and cathode

separated by a proton exchange membrane as shown in Figure 1.2.
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Figure 1.2: Operation of a PEM fuel cell [3]

The anode is supplied with hydrogen and the cathode is supplied with air/oxygen

which then reacts over the catalyst surface forming water. Hydrogen is oxidized at

the anode into protons (H + ) and electrons as shown in equation 1.1. These protons

then migrate to the cathode through the cation exchange membrane and combine

with the oxygen at the cathode forming water. The oxygen reduction reaction at the

cathode is shown in equation 1.2. Electrons liberated at the anode transfer to the

cathode through the external circuit generating electricity.

H2 = 2H + + 2e� (1.1)

1=2O2 + 2H + + 2e� = H2O (1.2)
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1.2.1 Components of a Fuel Cell

PEM fuel cells are assembled with several components to provide the requisite

function. Broadly, each fuel cell unit consists of a membrane electrode assembly

(MEA) comprised of a membrane sandwiched between two catalyst layers. The

transport of gases and water through the hardware to the MEA is facilitated by

gas di�usion layers (GDLs). Bipolar plates in addition to delivering the hydrogen

and oxygen or air to the GDLs also ensure the conduction of electrons through the

system to generate power. The MEA is secured by gaskets of appropriate materials

and thickness. In a practical system, several fuel cell units are combined in series

to increase the voltage and power. Apart from these, balance-of-plant components

including pumps, sensors, heat exchangers, compressors, recirculation blowers, and

humidi�ers are required to make the system operational but will not be discussed

here. The reader is referred to the following text for more details [26].

1.2.1.1 Proton exchange membrane

The proton exchange membrane is central to the fuel cell as it separates

the anode and cathode compartments of the fuel cell and makes power generation

possible. Proton exchange membranes are typically per
uorosulfonic acid (PFSA)

membranes or hydrocarbon membranes for low-temperature fuel cells which is the

focus of this thesis. PFSAs like the commercially available Na�onT M have unique

properties because of the phase-segregated morphology their structure o�ers. These

membranes contain a backbone that is per
uorinated and therefore hydrophobic.

The side chains contain ion-conducting groups, typically sulfonic acids, which makes

them hydrophilic. PFSA is typically characterized by its equivalent weight which

is de�ned as the weight of the polymer in grams per mole of sulfonic acid sites.

This phase-segregated structure is also responsible for high crossover, and in turn,
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chemical degradation of these membranes which is discussed in detail in the next

chapter.

1.2.1.2 Catalyst layers

Catalyst layers in PEMs are highly porous random networks that are dispersed

with platinum nanoparticles. These nanoparticles are deposited on carbon substrates

with very high surface areas ( 900m2/g) [27]. This allows for a large amount of

platinum surface to be deposited in a relatively thin catalyst layer minimizing the

transport resistances. Catalyst layers also contain ionomers which act as the internal

proton conduction medium. Carbon acts as the medium to conduct electrons while

the porous network allows for the transport of gases to the platinum surface. The

structure of a typical catalyst layer is shown in Figure 1.3. Typical fuel cells have

platinum catalyst loading ranging from 0.1 to 0.3mg/cm2. The platinum loading in

the catalyst layers usually ranges from 20 wt% to 40 wt%. These typically result

in catalyst layers thinner than 20� m. Since the catalyst network is random and

highly porous, it causes tortuosity in the network which induces proton transport

resistances. Therefore, thinner catalyst layers are ideal both for proton transport and

also for the removal of water from the catalyst minimizing concentration resistances.
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Figure 1.3: Structure of the catalyst layer showing ionomer in blue, catalyst particles in

gray, and carbon support in black [4]

1.2.1.3 Membrane electrode assembly

The membrane electrode assembly is the heart of the fuel cell. This is where

all the electrochemical reactions occur. Each MEA typically contains a membrane

that serves as the electrolyte, an anode and a cathode catalyst layer, and two gas

di�usion layers on either side of the cathode and the anode. The image of typical

fuel cell components and the individual components of an MEA is shown in 1.4.

7



Figure 1.4: Schematic of the membrane electrode assembly and fuel cell operation [5]

These MEAs can be prepared in several ways. Catalyst-coated membranes

(CCM) are fabricated by coating the catalyst layers directly onto the membrane using

rod coating, spray coating, or decal transfer method. Another method of preparing

the MEA is coating the catalyst on the GDL to form gas di�usion electrodes (GDE).

These electrodes are later hot-pressed with the membrane to form the MEA. There

are advantages and disadvantages to both methods. All the accelerated stress testing

in this dissertation was performed with MEAs prepared using the GDE method. All

the fuel cell performance measurements were conducted on MEAs prepared using

the CCM method.

1.2.1.4 Gas di�usion layers

The GDLs are three-dimensional carbonaceous �brous structures that usually

have another microporous layer applied to it. The thickness of commercially avail-

able GDLs usually ranges from 100-500� m [28]. GDLs serve the important function

of distributing reactant gases from the 
ow �elds to catalyst layers and removing

excess water from the catalyst layer to be carried away by the 
owing gases. The

presence of a microporous layer further aids the water removal process since they
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usually are less porous and more hydrophobic. This is essential to prevent mass

transport limitations due to catalyst 
ooding under high current density operations.

Since GDLs are thermally conductive, they help to regulate the fuel cell tempera-

ture by dissipating excess heat produced at the catalyst layers. They also provide

mechanical integrity to the MEAs. GDLs have an average porosity of 70-90% with

an average pore diameter ranging from 5-40� m [29]. The MPL is usually made by

blending carbon and polytetra
uoroethylene solution and has a much lower porosity

of 25-50% and a �ner average pore diameter ranging from 50-200 nm [29].

Throughout this thesis, SIGRACET 22BB GDLs have been used. These

GDLs are prepared from polyacrylonitrile which is spun into �bers using wet spin-

ning. These �bers are then carbonized. The carbonized �bers are further impreg-

nated with a thermosetting resin which is cured and carbonized again. These GDLs

are then coated with an MPL layer composed of PTFE from 20-25%. 22BB has a

thickness of 215� m and an areal weight of 70g/m2 [30]

1.2.1.5 Gaskets

Gaskets are used to ensure the sealing of the MEA with the bipolar plates

and eliminate leakage of reactants and products during operation. Since the MEA

usually has a thickness disparity between the active and inactive areas, a gasket

material of appropriate thickness is crucial for the safe operation of the fuel cell. In

this work, polyurethane gaskets were used. A sub-gasket was used when performing

MEA durability studies to eliminate false failure of the cells due to edge failures.

The sub-gaskets are made of Kapton with a thickness of 7� m.
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1.2.1.6 Bipolar plates

Bipolar plates are a vital component of fuel cells and account for about 80%

of the stack weight and about 45% of the stack cost [31]. It is designed to serve

several functions. It facilitates the distribution of reactant gases to the active area

of the MEA uniformly and the removal of any excess water produced within the

fuel cell. The bipolar plates are constructed with land and channel regions as shown

in Figure 1.5. The relative areas of the land and channel are an important design

parameter for optimizing thermal management and product removal from the fuel

cell. Bipolar plates are made of electrically conductive materials and serve to collect

the current from the cell. It also holds the MEA assembly together and prevents

leakage of reactants and products out of the cell. We used bipolar plates made from

graphite in the current work.

Flow �elds in bipolar plates have a variety of designs catering to the desired

application. The most commonly used design of 
ow �elds is shown in �gure 1.5. All

the AST tests in this thesis used bipolar plates with a serpentine 
ow �eld. All the

performance measurements have been performed using bipolar plates with a straight

parallel 
ow �eld.
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Figure 1.5: Images of parallel serpentine 
ow �eld (left) and triple serpentine 
ow �eld

(right) used in this study

1.2.2 Gaps in Fuel Cell Research

As evident from the previous section, the fuel cell is a complicated system

consisting of a large number of components. Failure of any component can lead to

the failure of the entire system. Among the di�erent components discussed, proton

exchange membranes and catalysts have been the most researched so far. More re-

cently, increasing attention is been paid to the degradation of the bipolar plates and

the gaskets as fuel cell technology is getting increasingly commercialized.

Catalyst layers are complicated by the presence of carbon support, platinum,

and, ionomer, all of which degrade di�erently depending upon the operating condi-

tions of the fuel cell. Wilson et al. [32] discovered thin �lm catalyst layers consisting

of triple phase boundaries which helped to reduce the loading of expensive platinum
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catalyst in the electrode several folds. This was a signi�cant move toward the com-

mercialization of fuel cell vehicles similar to the invention of PFSAs. The catalyst

remains an active research area and a lot of research e�orts have been invested to

enhance its durability for HDV targets. Catalysts degrade by platinum dissolution

which causes an increase in platinum particle size over time causing a loss in elec-

trochemically active surface area[33]. Carbon support is prone to oxidation under

the fuel cell environment causing increasing hydrophilicity in the catalyst layers.

This causes an increase in mass transport losses and rises in oxygen transport re-

sistance, ultimately a�ecting the performance and durability of the catalyst layers

[33]. Ionomer in the catalyst layers can degrade by similar mechanisms as proton

exchange membranes. Platinum alloys have been found to show improved durabil-

ity over pure platinum particles[34]. Carbon corrosion has been mitigated by using

system-level strategies including controlling the operating window of the fuel cells.

However, issues with platinum dissolution and carbon corrosion remain. Ionomer

degradation and its role in the overall performance loss of the catalyst layers remain

understudied due to di�culties in mapping and studying it.

GDLs are prone to degradation due to the oxidation of carbon over time.

Mechanical stresses during assembly and operation, and the 
owing gases through

GDLs degrade them over time[33]. GDL degradation has a more severe impact on

performance than the loss of ECSA of the catalyst layers as per a recent review

[33]. The issue of the performance loss of the fuel cells due to the degradation of

the GDL remains understudied. More research e�orts are needed to investigate the

degradation of the GDL and design strategies to mitigate it.

PFSA degradation has been studied extensively in the past four decades.
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PFSA are important for their role as proton conductors and also for ensuring the

safe operation of the fuel cell. Their durability is desirable since they keep the anode

and cathode sides separate which is pertinent to operate the fuel cell safely. We have

investigated this component of the MEA extensively in this thesis. The existing

literature on PFSAs, their degradation modes, past mitigation strategies, and the

challenges are discussed in the following section.
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1.3 PFSA Durability and Related Work

1.3.1 Structure of PFSA

Na�on T M is the widely used proton exchange membrane for fuel cells and

electrolyzer applications. The structure is a kind of PFSA as shown in �gure 1.6.

Figure 1.6: Structure of a PFSA

\x" represents the number of PTFE units between side chains, \y" represents

the number of side chains per repeat unit, and \z" is the number of ether groups in

the side chain.

Na�on T M consists of a polytetra
uoroethylene (PTFE) backbone with ionic

side chains terminating in the sulfonic acid group. The hydrophobic PTFE back-

bone provides mechanical and chemical strength, while the sulfonic acid side chain

is responsible for Na�onT M 's proton transport properties. This combination of a

hydrophobic backbone with a hydrophilic side chain results in a phase-separated

morphology that is responsible for the unique transport properties of Na�onT M [35].

Other per
uoro sulfonic acid polymers investigated in the literature include Aquiv-

ion, Flemion, Fumion, Aciplex, 3M, and DOW. The general structure of all these

membranes is shown in Figure 1.6, where x, y, and z vary depending on the supplier.

PFSAs are usually characterized in terms of their equivalent weight (EW) and ion
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exchange capacity (IEC). EW is a measure of the concentration of sulfonic acid sites

within the membrane, with higher EW indicating a lower degree of sulfonation. The

presence of water results in the dissociation of sulfonic acid groups in the side chains,

which enables proton transport[35]. Water content in PFSA is usually described in

terms of � which is de�ned as the moles of water per mole of sulfonic acid sites.

Hydration changes the morphology of PFSA as a complex function of� . Under low

water contents and high temperatures, PFSA is practically non-conducting to pro-

tons [35]. Under high RH conditions, the membrane becomes highly conducting to

protons due to the dissociation of the sulfonic acid group.

1.3.2 Mechanical degradation of PFSA

PEM experiences mechanical stress during operation in a fuel cell. During the

operation, PEM experiences temperature and humidity 
uctuations. In an actual

operation, there are start-up and shutdown cycles. As stated in the previous chapter,

MEA is con�ned on both sides by GDLs in the thickness direction and compressed

by the land regions of the bipolar plates. The expansion in the thickness direction is

therefore restricted. Additionally, the plane inactive area of the MEA is sealed with

gaskets. Hence, the expansion in the in-plane direction is also restricted. There-

fore, as the cell operates, MEA experiences cyclic stresses due to the swelling and

shrinkage of MEA con�ned on all sides. Therefore, membranes are susceptible to

mechanical failures due to these fatigue stresses which in turn initiates the formation

of cracks and pinholes in the membranes [36].

Membranes also experience chemical degradation due to the radical attack

over time. These radicals unzip the membranes causing local thinning [37]. This
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membrane thinning further accelerates the failure of the membrane due to the prop-

agation of cracks and pinholes formed. Additionally, catalyst layers on the membrane

cause local heat generation due to the reactions happening at the catalyst surface.

This heat causes local temperature rise which accelerates the radical degradation

reactions further propagating the damage from cracks and pinholes [38].

Several strategies are proposed in the literature to mitigate the failure of

the membranes due to mechanical stresses. The widely used mitigation strategy is

the incorporation of 2D or 3D polymer supports such as expanded PTFE within

PFSA [39]. Other reinforcement strategies include the use of an electrospun network

of polymer �bers [40]. Carbon nanotubes have been used to reinforce Na�onT M

and show to increase the mechanical and chemical durability of PFSA signi�cantly

[41]. Reinforcing materials are usually non-proton conducting in nature and there-

fore their incorporation compromises the properties of PFSA. These reinforcements

are also expensive. Literature has shown high resistance to swelling and shrinkage,

high toughness, and very high mechanical durability for PFSAs incorporated with

these reinforcements [42]. It is important to note that the mechanical and chemical

durability of membranes are coupled and therefore strong mechanical durability is

fundamental to utilizing the full potential of a chemically durable membrane.

Testing the mechanical durability of the membrane usually involves cycling

the membrane between low and high RH conditions repeatedly [43]. The speci�ca-

tions of RH conditions, the time of hold, and the temperature variations between the

groups and the di�erent countries in terms of their protocol but the essential idea is

to cyclically swell and shrink the membrane generating crack and pinhole formation.

The hydrogen crossover is then monitored as a function of time as a surrogate to
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estimate the degree of membrane degradation [43].

Modeling studies and system-level studies have been conducted to understand

the mechanical failures of the membrane in detail and eliminate these failure modes

using control strategies. Modeling studies have shown that the properties of the

membrane in
uence its durability. These include water uptake, membrane tough-

ness, and sti�ness [44]. Operating conditions also a�ect durability signi�cantly. High

temperature and very high current density operations should be avoided [45]. Oper-

ation in low RH regimes and sudden start and stop also induces a lot of mechanical

stress on the membrane due to the spike in power demand causing temperature and

humidity rise [45].

1.3.3 Chemical degradation of PFSA

1.3.4 Mechanisms of radical formation

Since the PEM is not completely nonpermeable to the gases, the hydrogen

and oxygen cross over through the PEM. This results in the formation of hydrogen

peroxide at the catalyst layers. The predominant mechanisms forH2O2 generation

are unclear but it is generally believed that the radical formation is more favorable

at the anode although degradation has also been reported at the cathode [46] [47].

Hydrogen radicals are produced at the anode by Volmer reaction and react with

oxygen that crosses over from the cathode formingH2O2 through the mechanism

shown below [48].

H + O2 �! OOH (1.3)

OOH + H �! H2O2 (1.4)
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H2O2 alone does not react with PFSA. However, these peroxides break down

into hydroxyl radicals. The generation of these radicals is catalyzed by the well-

known Haber Weiss reactions shown in Eq. 1.5 to 1.11 [49] which are predominantly

known as Fenton's reaction. Transition metal impurities present in the fuel cell such

as iron, copper, and titanium trigger peroxide decomposition into harmful radicals.

These may come from the fuel cell hardware including 
ow �elds if they are metallic.

Current collector plates, plumbing, and humidi�ers can all be a source of these

impurities in the system. These Fenton reactions are the source of the design for

Fenton's test widely used in the fuel cell/electrolyzer community.

M 2+ + H2O2 �! M 3+ + OH + OH (1.5)

M 3+ + H2O2 �! M 2+ + OOH + H + (1.6)

M 3+ + OOH �! M 2+ + H + + O2 (1.7)

H2O2 + OH �! OOH + H2O (1.8)

M 3+ + e �! M 2+ (1.9)

M 2+ + OH �! M 3+ + OH (1.10)

M 2+ + H + + OOH �! M 3+ + H2O2 (1.11)
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Apart from these transition metals, there is evidence of these radicals for-

mation at the platinum surface independently through the reaction and subsequent

decomposition of products generated from hydrogen and oxygen reaction [50]. The

location of these radicals is uncertain and depends on a variety of factors. It is how-

ever well established that peroxide and the hydroperoxyl radicals are present at 0.1

to 1.6 mM conc. in the MEAs while the hydrogen and hydroxyl radicals are present

near the platinum sites at< 0.1 � M concentrations [48] [51]. Apart from hydroxyl

radicals, other radicals are also present in the system due to the side reactions. These

radicals include hydrogen radicals (H), and hydroperoxyl radicals (HOO). Hydroxyl

radicals are believed to be the most responsible for the degradation of PFSA. While

hydrogen and peroxyl radical species are less reactive than hydroxyl, they are still

believed to damage PFSAs over time [52].

1.3.4.1 Mechanism of PFSA degradation

PFSA is prone to radical attacks at vulnerable sites by radicals. The sites

include the terminal carboxylic acid groups, ether groups in the side chains, tertiary

carbon atoms, and the sulfonic acid C-S bonds[53]. Usually, a radical attack causes

the polymer chain to fragment referred to as the unzipping reaction. Carboxylic acid

sites are no longer present in the PFSA due to complete 
uorination of the PFSA.

Nevertheless, these carboxylic groups react with hydroxyl radicals formingCO2 and

HF as shown ie equations 1.12 to 1.14. This causes the formation of the terminal

CF2 unit. This unzipping proceeds ultimately reaching a side chain which causes loss

of the overall side chain formingHCOO{ CF(CF3){ O{ CF2CF2{ SO3H [53]. Each

unzipping mechanism for PFSA is henceforth discussed,
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Rf { CF2COOH + HO �! Rf { CF2 + CO2 + H2O (1.12)

Rf { CF2 + HO �! Rf { CF2OH �! Rf { COF + HF (1.13)

Rf { COF + H2O �! Rf { COOH + HF (1.14)

Attack on the side chain C-S is one of the most important mechanisms of

PFSA degradation. Attack of hydroxyl radicals on the terminalRf � CF3 � SO3H

results in the formation ofRf � CF2 radical. This terminal radical then reacts with

the hydroxyl radical forming Rf � CFOH. This reacts with water and results in a

subsequent release of HF causing the formation of -COOH acid groups. Attack on

the ether bonds close to the sulfonic acid is perhaps the dominant mechanism of side

chain degradation followed by the attack on the tertiary carbon atoms. Attack on

ether bond results in the formation of side groupRf � CF2 � O radicals which react

with water liberating HF resulting in carboxylic acid groups. This further unzips

the PFSA chain by the mechanism discussed in equations 3.10 to 3.12. A summary

of all the reactions is shown in the �gure 1.7,

Figure 1.7: Summary of radical attack sites
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1.3.5 Limitations and the proposed solution

1.3.5.1 Cerium as a radical scavenger

Radical-induced PFSA degradation can be mitigated by a variety of tech-

niques. One obvious solution is eliminating the transition metal impurities that

trigger peroxide radical formation. This however has limitations in terms of the

components comprising the fuel cell system. Eliminating gas crossover that causes

forming of hydrogen peroxide is another possible solution. However, the membrane

cannot be made entirely non-permeable and the presence of water fundamental to

proton conduction in the membrane will ensure some degree of gas crossover due to

the water solubility of the gases. A widely used method to tackle radical attacks

is the use of radical scavengers. Cerium, manganese [54], heteropolyacids [55], and

zirconium [56] are some of the radical scavengers explored in the literature. Among

these, cerium is the most widely used radical scavenger because of its stability in

acidic media and its ability to rapidly transition between oxidation states [57]. The

standard electrode potential forCe4+ =Ce3+ = 1.44 V in sulfuric acid solution [58].

Since the pH environment of PFSA is similar to 0.5M acid solution, the redox po-

tential of cerium in PFSA is similar to the acid solution. Because of this high redox

potential, the reaction ofCe3+ with peroxide is thermodynamically non-feasible[58].

Ce3+ reacts with the hydroxyl radicals which is the primary radical scavenging path-

way for cerium. Hydrogen dioxide radicals can regenerateCe3+ via the mechanism

shown below. They can be both oxidizing and reducing in nature and the path-

way it takes depends on the electrode potential (HOÔ/ H2O2) = 1.46 V [58]. The

mechanism of radical scavenging by cerium is shown in Eq. 1.15 to 1.18 [59] [60],

Ce3+ + HO + H + �! Ce4+ + H2O (1.15)

Ce3+ + HOO + H + �! Ce4+ + H2O2 (1.16)
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Ce4+ + H2O2 �! Ce3+ + HOO + H + (1.17)

Ce4+ + HOO �! Ce3+ + O2 + H + (1.18)

These reactions proceed at a rate constant of 3� 108M � 1s� 1 and are the widely

accepted mechanism of radical scavenging by cerium.

Ce can either be incorporated into the membrane by solution casting or cerium

oxide nanoparticles could be dispersed in the membrane. It is shown that the cerium

below 0.06 wt% in the PEM can reduce the voltage degradation by a factor of 20,

and decrease FER emissions by three orders of magnitude [54]. Cerium that is incor-

porated in PEM exchanges with the sulfonic acids site a�ecting proton conductivity.

This in turn a�ects the performance of the MEA. Cerium at 1 wt% loading relative

to the PEM ionomer is found to be the best compromise between performance and

durability of PFSA [61].

Radical scavenging by cerium is also a strong function of size. SinceCe3+

acts as a hydroxyl scavenger, higher conc. ofCe3+ is bene�cial for high radical

scavenging activity. The ratio ofCe3+ / Ce4+ in a cerium oxide particle is found to be

proportional to its size [62]. Cerium particles in the optimum size range are found to

be scavengers wherein lower particle sizes are found to trigger peroxide decomposition

generating radicals. 20-50nm size particles of cerium are found to reduce OCV decay

and reduce FER emission during accelerated stress testing [63]. Particles below 7nm

are found to trigger degradation of PFSA by forming radicals [64].

1.3.5.2 Mobility of Cerium

Cerium is very e�ective as a radical scavenger but PEM is a cation exchange

membrane. Since cerium is also a cation, it has a natural tendency to transport
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through the PEM just like protons. Cerium migration is problematic for several rea-

sons. First, cerium acts as a radical scavenger and therefore its depletion from the

MEA will result in the suboptimal durability performance expected from a cerium-

loaded membrane. If cerium migrates to the catalyst layers and binds with the

ionomer, the proton conductivity of the catalyst layers is compromised. This will

mean compromised ohmic performance of the MEA [65]. Therefore, understanding

and mitigation of this migration are crucial to achieving the full radical scavenging

potential of loaded cerium in the MEA. Much modeling and experimental work has

been done to understand the drivers of cerium migration in the MEA to design strate-

gies to mitigate it. Some of the pertinent literature on the subject is discussed below.

Cerium has been found to migrate due to both concentration and potential

gradients during operation[65]. It is found that cerium migrates both when loaded

in ionic form or as an oxide and the degree of migration is a function of the loading

of cerium [65][66]. Cerium has also been found to wash out from the MEA over time

[66] _The migration of cerium has been studied during OCV hold testing at various

temperatures, hold times, and RH conditions. It is found that Ce moves to the

catalyst layers during the extended OCV tests and is distributed to both the anode

and cathode layers equally after 450 hr. of OCV hold at 800C, 30%RH [66]. About

50% of cerium was found to migrate from active to inactive area of the MEA during

the 900C, 30%RH, OCV hold testing [54]. Interestingly, cerium is not only found to

migrate from PEM to catalyst layers but also vice-versa from the past studies [67].

It is found that about 45% of cerium loading in CLs migrated to PEM during the

1200 hr. of RH cycling[67]. When the AST test concluded, cathode CL contained

only 23% while anode catalyst contained only 7% of the initial loading of cerium in

the catalyst layers [67]. Migration studies from OCV hold test strongly suggest that
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cerium migration is driven by di�usion in these cases resulting from concentration

gradients build between the PEM and the CLs.

The presence of water in the MEA is found to be another signi�cant driver for

cerium migration. Potential cycling was found to decrease the performance for MEAs

loaded with cerium[68]. It was attributed to the migration of cerium to the catalyst

layers which reduced proton conductivity and therefore increased ohmic losses over

cycling. But when the humidity during the potential cycling reduced from 100% to

50% RH, losses were found to be reduced[68]. This suggested that increased humid-

ity accelerated cerium migration to the catalyst layers.

Baker et al. [41][69] investigated the migration of cerium in extensive detail

and found that migration is a strong function of applied potential gradient. For con-

stant charge transport across an MEA, cerium migrated faster in the MEA subjected

to higher potential gradient[70]. Figure 1.8 is an illustration of cerium migration over

time for 4V applied potential gradient at 100% RH and 80oC. Details of the exper-

imental setup are provided in the materials and methods chapter. As the charge

transfer through the membrane increased, cerium migrated to the counter electrode.
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Figure 1.8: Migration of cerium towards the counter electrode at 4V potential gradient

under hydrogen pump testing for various charge transfers[6]

More than the applied potential gradient, total charge transferred through the

membrane was found to be a more signi�cant driver for cerium migration and RH

was found to signi�cantly in
uence the rate of di�usion of cerium [70]. These �ndings

were further corroborated by AST measurements under various RH conditions. It

was found that the redistribution of cerium between PEM and CL was highest when

MEA were subjected to wet/dry cycling conditions followed by 100%RH hold [6].

Interestingly, FER emissions were found to correlate to the cerium conc. in the

MEA. FER was highest for MEA subjected to wet-dry cycle followed by 100% RH

hold [6]. GM designed a highly accelerated stress test (HAST) and found that the

hydrogen crossover current density for a segmented cell, membrane thinning, and
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cerium depletion are perfectly correlated with each other with membrane thickness

being lowest at the outlet where the conc. of cerium is also the lowest as shown in

Figure 1.9. This highlights the importance of cerium migration in terms of durability

and repercussions of cerium depletion in MEA over time [7].

Figure 1.9: Change in cerium conc. and the membrane thinning at various regions of the

membrane after HAST testing [7]
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It is found from modeling that MEA could be deprived of more than 50%

of initial cerium loading after 40,000 hr. of bus operation. If an AST is run for a

similar timeframe, cerium in MEA could be completely exhausted[71]. This result

highlights the importance of cerium migration prevention, especially for heavy-duty

applications where the cost-bene�t advantage of fuel cell vehicles is the highest.

Therefore, strategies to ensure Ce immobilization in the MEA are crucial to realize

the radical scavenging potential of cerium for several thousand hours of real-time

operation. It is also crucial to minimize performance losses due to ohmic resistance

increase over time due to cerium redistribution to the catalyst layers.

This thesis aims to resolve the problems with the migration of cerium and

the associated impacts on performance and durability. Several approaches are used

throughout this thesis to combat this issue. The strategies used can be broadly

characterized into, 1) ways to immobilize cerium and 2) eliminate the use of cerium

from the PFSA. The �rst half of the thesis talks about immobilization strategies and

the second half is devoted to strategies aimed at eliminating the use of cerium from

PFSA. The detailed thesis structure is discussed below.

1.4 Thesis Structure

In Chapter 1, an overview of the fuel cell is provided, the motivation behind

this thesis is discussed and the background work on the topic is mentioned. Chapter

2 discussed the methods, materials, and experimental details. Chapter 3 examines

the literature and explored the commonly used ligands and chelating agents for lan-

thanides. Lanthanide extraction is an attractive �eld for a variety of reasons and

we used this literature to screen the potential classes of immobilizing systems for
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Cerium, which is a commercially used radical scavenger in fuel cells. We then de-

signed tests to study the degree of immobilization achieved by various ligand systems

and screened them down to promising classes in terms of the immobilization achieved

from their incorporation and the e�ect on PFSA structure and properties.

The two classes of ligands which showed promise in our screening study were

then investigated further in detail. We looked into size selective agents, crown ethers,

to hold cerium into their structure much like a key �tting into a lock. We then inves-

tigated the structural e�ects of these immobilizing agents on cerium retention. The

optimized system was used to investigate cerium immobilization under the potential

and water gradients which we discussed as the primary reasons for cerium migration

in an operating system. The e�cacy of immobilization for achieving high chemical

durability was henceforth veri�ed. This is Chapter 4 of this thesis.

The materials with the most potential for cerium ions immobilization as per

our study were phosphonic acids. The immobilization ability of phosphonic acid,

structural factors, and property tradeo�s are discussed in Chapter 5. While investi-

gating them as immobilizers, we found that some of them can potentially be used to

replace cerium entirely from the system due to their radical scavenging properties.

We investigated their radical scavenging potential both in situ and ex situ to validate

the hypothesis. We further investigated the radical scavenging mechanism of these

additives and found they can indeed scavenge hydroxyl radicals. This is Chapter 6

of this thesis.

Phosphonic acid radical scavenging was found to be a�ected by its structure

and loading in the membrane. Therefore, experiments were designed to validate the
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mechanism hypothesized from the calculations. This is discussed in Chapter 7 of this

thesis. Since phosphonic acid showed promise as a radical scavenger, we explored

other potential organic chemistries in the literature which could be easily integrated

into PFSA structure. We pursued a screening study to �nd the best class of mate-

rials to serve this role and explored the limitations and promises with the organic

antioxidants as against a system like Cerium. This is discussed in Chapter 8 of this

thesis.

As pointed out in Chapters 3 and 4, the OCV hold test is not great for in-

vestigating a system like ours where mobile components are present. To truly test

the e�ect of cerium immobilization on the durability enhancement of PFSA, it is

pertinent that the accelerated tests incorporate conditions conducive to cerium mi-

gration. Current test conditions, their limitations, and the potential design of an

AST for study cerium immobilization are discussed in Chapter 9.

Finally, we talk in detail about how far these solutions could tackle the cur-

rent challenges with cerium mobility and therefore limitations in terms of membrane

durability expected from cerium incorporation. Our work aims to bring forth strate-

gies that have immense promise for immobilizing/replacing cerium and that are also

suitable in terms of industrial application. The solutions proposed are not foolproof

and the aim is to motivate the research community with the design goals to address

challenges with the current system. We discuss the future work needed in this direc-

tion to utilize the full potential of the proposed solution in Chapter 10.

Thus, the objective of this thesis is two-fold. First, we wish to explore meth-

ods to improve the e�ectiveness of the existing cerium-based radical scavenger by
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mitigating migration. In this order, we wish to investigate the potential immobi-

lizers in detail and aim to understand the potential and limitations of the system.

Second, we seek to identify, test, and validate the e�ectiveness of novel organic rad-

ical scavengers that have the potential to replace cerium partially or entirely. The

mechanism of radical scavenging and the challenges are henceforth investigated. In

the process, we also aim to propose new AST protocols by accounting for cerium

migration through the membrane to better evaluate the e�ect of cerium stabilization

on enhancing membrane lifetime.
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Chapter 2

EXPERIMENTS AND METHODS

This chapter presents the experimental details used throughout the thesis.

The chapter begins with a discussion of the synthesis of small molecule immobilizers

used in the �rst half of the thesis. Di�erent testing and characterization techniques

used throughout this thesis are discussed in detail.

2.1 Material Synthesis

This section talks about the small molecule synthesis of phosphonic acids

which are investigated for cerium immobilization in the later chapters (Chapters 3

and 6). Membranes have been synthesized with crown ether immobilizers tethered

to the PFSA side chain (Chapter 4). The details of that synthesis are also discussed

in this section.

2.1.1 Synthesis of phosphonic acid molecules

C4, C6, C8, C10, and C12 phosphonic acids were synthesized following a

modi�ed procedure reported in literature [72]. The general structure of Cn isCF3 �

(CF2)n� 1 � PO3H2. The following is the procedure for the preparation of C8 per-


uoro phosphonic acid. To a 250-mL two-neck round bottom 
ask equipped with a

magnetic stir bar were added per
uorooctyl iodide (5.0 g, 9.2 mmol) and anhydrous

diethyl ether (46 mL) under an inert atmosphere at 45 C. Isopropylmagnesium chlo-

ride solution (2.0 M in diethyl ether, 4.6 mL, 9.2 mmol, 1 eq.) was added to the

31



mixture dropwise. After stirring at 45 °C for 1 h, diethyl chlorophosphate (1.6 g, 9.2

mmol, 1 eq.) was added, and the mixture was stirred at 45°C for 1 h and at room

temperature for 16 h. The reaction was quenched by adding 3.0 M HCl solution

(4 mL, 12 mmol, 1.3 eq.) slowly. The organic layer was separated and dried over

Na2SO4. After �ltration and concentration, bromotrimethylsilane (2.9 g, 19 mmol,

2.1 eq.) was added slowly, and the mixture was stirred at room temperature for 12 h.

After concentrating the reaction mixture using a rotary evaporator, water (10

mL) was added, and the mixture was stirred at room temperature for 12 h. The

mixture was extracted with diethyl ether (3 � 40 mL), and the organic phase was

collected and dried overNa2SO4. After �ltration, diethyl ether was removed, and the

crude product was obtained as a brown solid. The crude product (contains 30-50%

unhydrolyzed phosphate ester) was further puri�ed by treating with a large excess

of concentrated HCl solution (100 mL, 36 wt%). The mixture was stirred under re-


ux for 24 hours. After cooling to room temperature, the mixture was diluted with

distilled water (100 mL) and extracted by diethyl ether (3� 100 mL). The ether

phase was combined and dried overNa2SO4. After drying under reduced pressure

at 60oC overnight, the puri�ed product was obtained as a brown solid (3.3 g, 73%

yield). 1H NMR (400 MHz, DMSO-d6): � (ppm) = 4.0 (m, 4H), 1.2 (m, 6H). 19F

NMR (376 MHz, DMSO-d6): � (ppm) = -80.4 (t, J = 9.6 Hz, 3F), -120.4 (m, 2F),

-121.8 (m, 8F), -122.6 (m, 2F), -125.9 (m, 2F).31P NMR (162 MHz, DMSO-d6): �

(ppm) -4.5 (t, J = 73.1 Hz) (Figure A.8). C6, C10, and C12 per
uoro phosphonic

acids were prepared following the same procedures except using per
uorohexyl io-

dide, per
uoroalkyl iodide, and per
uoro dodecyl iodide, respectively, as a reactant.

The chemical structure of the C6, C8, and C10 were con�rmed by19F-NMR and

31P NMR (Figure A.9). C8 before and after puri�cation were characterized by19F
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NMR (Figure A.10). The solubility of C6, C8, and C10 per
uoro phosphonic acid in

water was measured using the gravimetric method. The C12 per
uoro phosphonic

acid is insoluble in water and only partially soluble in aprotic solvents, so we used

the sample as synthesized without further characterization.

ˆ C6: 2.8 g, brown solid, 62% yield.19F NMR (376 MHz, DMSO-d6): � (ppm)
= -80.4 (t, J = 9.7 Hz, 3F), -120.4 (m, 2F), -121.7 (m, 2F), -122.7 (m, 4F),
-125.9 (m, 2F).31F NMR (162 MHz, DMSO-d6): � (ppm) -3.9 (t, J = 78.6 Hz).

ˆ C8: 3.3 g, brown solid, 73% yield.19F NMR (376 MHz, DMSO-d6) � (ppm)
= -80.4 (t, J = 9.7 Hz, 3F), -120.4 (m, 2F), -121.5 (m, 2F), -121.9 (m, 4F),
-122.6 (m, 2F), -122.9 (dt, J = 78.6, 13.6 Hz, 2F), -125.9 (m, 2F).31F NMR
(162 MHz, DMSO-d6): � (ppm) -3.9 (t, J = 78.7 Hz).

ˆ C10: 3.5 g, brown solid, 76% yield.19F NMR (376 MHz, DMSO-d6) � (ppm)
= -81.1 (m, 3F), -120.5 (m, 2F), -122.1 (m, 10F), -123.2 (m, 4F), -126.5 (m,
2F). 31F NMR (162 MHz, DMSO-d6): � (ppm) -3.8 (t, J = 78.7 Hz).

Hexa
uorobenzene (8.6 mmol) and anhydrous dimethylacetamide were added

to a pressure vessel inside the glove box. Tris(trimethylsilyl) phosphite (17.2 mmol,

2 eq.) was added underN2 atmosphere. The reaction mixture was heated to 165oC

for 4 h and then cooled to room temperature. The volatiles were removed under

reduced pressure. The oil residue left in the bottom of the 
ask was poured into

water. The mixture was boiled for 1 h under re
ux, and the water was distilled to

leave white crystals. The product (BPA) was dried under vacuum for 8 h. Yield

82%. No detectable peak was found in 1H NMR.19F NMR (DMSO-d6): -133.1 ppm

(Figure A.11).
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2.1.2 Synthesis of A-15C5 impregnated (CRE-I) and A-15C5 function-

alized (CRE-F) membranes

This synthesis pertains to results conducted for understanding the use of

crown ethers for cerium immobilization and therefore durability enhancement in

Chapter 4.

For functionalizing Na�on T M with CRE, a 6 � 6 cm2 piece of Na�onT M 212

was dipped in 1MNH 4OH solution for 2 days and then thoroughly washed several

times with Millipore water. The membrane was then vacuum dried at 60oC for 24

hr. After thorough drying, the membrane was cut into smaller pieces and re
uxed in

1:2 (wt./vol.) PCl5 : POCl3 solution for 1 hr. The sulfonyl chloride membrane was

then removed from the solution and the reaction was quenched by adding sodium

carbonate solution toPCl5 : POCl3 dropwise until bubbling ceased. Ice was peri-

odically added to the solution to prevent it from overheating.

Unreacted components from the sulfonyl chloride membrane surface were re-

moved by re
uxing the membrane inCCl4 for 30 min. The membrane was then

washed several times with DI water. S� chloro-dehydroxylation was con�rmed using

FTIR by the distinct appearance of the peak at 1420cm� 1 (Fig. A.13a). The mem-

brane was then dried overnight in a vacuum at 60oC. To attach CRE, the chlorinated

�lm was dipped in 50ml Dimethyl Formamide, followed by the addition of A-15C5,

and allowed to rest for 1 hr. Then, an excess of Triethylamine was added to the

solution and the reaction was allowed to proceed under nitrogen for 24 hr at 60oC.

The amount of CRE employed in this step was calculated to functionalize 5 mol% of

the availableSO3H sites (Fig. A.13b).
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The CRE-functionalized membrane was partially dissolved in the DMF at

this point. The solvent was removed from the mixture under a vacuum. The FTIR

spectrum and NMR were recorded for the A-15C5 treated membrane and the success

of the reaction was con�rmed by the result shown in Figs. A.13b and A.13f. The

obtained membrane was then converted to the sulfonic acid form by soaking in 1M

NaOH at 50oC for 24 hr. The membrane was subsequently washed with water and

treated with 3% H2O2 solution at 90oC for 1 hr to remove any surface impurities,

followed by heating in DI water at 90oC for another hour. To convert the Na+

form of the membrane to the H+ form, the membrane was soaked in 0.5MH2SO4

at 90oC for 1 hr and then washed again with distilled water. The �nal membrane

obtained was then redissolved in DMA in a Parr reactor at 160oC. From the known

EW (equivalent weight) of Na�onT M , a calculated amount of Cerium Nitrate Hex-

ahydrate equivalent to 5 mol% of theSO3H sites were then added to the solution.

The membrane was then cast under hot air in an oven at 80oC followed by anneal-

ing at 130oC before further testing. This membrane is denoted as CRE� F in the

results and discussion. The CRE-impregnated membrane (CRE� I) was obtained by

dissolving Na�onT M in DMA and then adding a calculated amount of A-15C5 and

cerium nitrate hexahydrate to it. The solution was then stirred for 2 hr and the

membrane was cast for further testing.

The stability of the CRE-functionalized versus CRE-impregnated membranes

was assessed by soaking the membranes in 0.5M acid solution for 3 h at 90oC. The

membranes were then washed with DI water, dried, and characterized by FTIR and

1H NMR (Figs. A.13c and A.13e).
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The calculated and experimental FTIR spectrum used for con�rming the suc-

cess of the reaction was validated on the model compound (Fig. A.4). The calculated

and experimental spectra of the model compound were used as the reference for A-

15C5 functionalization to con�rm the success of the above reaction. The FTIR for

model compounds before and after A-15C5 attachment are shown in Fig. A.4.

2.2 Membrane Casting

These are the standard protocols used for casting membranes throughout this

thesis.

2.2.1 Casting of immobilizer incorporated membrane for cerium reten-

tion testing

To 1 mL of 2-propanol/water solution, a calculated amount of ligand was

added along with ceric sulfate tetrahydrate (0.22 mg), equivalent to 5 moles % of sul-

fonic acid groups of Na�onT M . The mixture was stirred for 10 min. Then, Na�onT M

dispersion D2020 (0.6g), was added to the mixture, and the solution was diluted to

5 ml using a 2-propanol/water mixture. The mixture was stirred at room temper-

ature for 24 h. The membrane was cast in a casting tray at 80oC overnight. The

membranes were detached from the casting tray using hot water. The membrane

thickness was 50� m.

2.2.2 Casting of membranes for fuel cell performance testing

Na�on T M 212 was cut into small pieces and dissolved at 2.5 wt.% Na�onT M

in dimethyl acetamide at 80oC. A calculated amount of ligand was added to the
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Na�on T M solution along with 7.89 mg of ceric sulfate tetrahydrate. The solution

was stirred for 24 h and then poured into a casting stay. The membrane was cast in

a hot air oven at 80oC for 6 h. It was then annealed in the hot air oven at 130oC for

24 h. The membrane was then detached from the casting tray using hot water and

used for testing without any further treatment.

2.2.3 Casting of reinforced membranes

2 gm of D2020 was taken and 2 ml of IPA was added to it. For making the

phosphonic acid membranes, small molecules C8, C10, and PFOPA in the calculated

amount equivalent of 30 mol% of sulfonic acid in the Na�onT M were added to the

above dispersion. Cerium in the amount of 5 mol% was added to make Ce-Na�onT M

membrane. The dispersion was let to stir for 1 hr and then sonicated for 15 min.

Then 12� m membrane was coated on the glass slide using a rod coating machine. The

membrane was left to dry. ePTFE was soaked in Ethanol for 30 min and then washed

with water and dried. This ePTFE �lm was then spread on the casted membrane.

Another coat of Na�onT M dispersion equivalent to 12� m thickness was then coated

onto the ePTFE �lm. The membrane was left to anneal at 130oC for 24 hr. and

then further hot pressed at 130oC for 5 min. before doing further measurements.

The �nal membrane thickness ranged from 28� m-30� m.

2.3 Cerium Migration Testing

These are standard protocols used for testing cerium immobilization through-

out this thesis.
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2.3.1 Cerium retention under low pH solution

To test cerium retention, the cerium content of the membrane at the beginning

of the test was recorded using XRF. The membranes were soaked in 0.5 MH2SO4

solution and then washed with water, gently dabbed using Kim wipes, and its cerium

content was checked again after 24 h and 48 h of soaking.

2.3.2 Potential-driven cerium migration test

Membranes were cut into 1 cm� 3 cm pieces. The line scan of the membrane

was recorded using XRF at the beginning of the test. The membrane was then

assembled into the BekkTech cell from Scribner and dipped in a beaker of water

heated to 80oC. 6 V of potential was then applied to the membrane. The test

was stopped when 2C of charge transfer was achieved across the membrane. The

membrane was immediately taken out and dried using Kim wipes, and the line scan

was recorded using X-Ray 
uorescence to test the change in ceric distribution.

2.3.3 Hydrogen pump migration testing

Membranes were cut into 1� 3 cm2 pieces. The line scan was recorded using

XRF. The membrane was also scanned with Energy Dispersive X-Ray Spectroscopy

(EDAX) at the beginning of the test. The membrane was then assembled into the

BekkTech cell from Scribner. The cell was �lled with hydrogen. The temperature

of the cell was kept at 80oC and the hydrogen was pumped to the cell at 100%

RH conditions. 0.4 V of potential was then applied to the membrane and the test

stopped when 2C of charge was transferred across the membrane. Nitrogen was


ushed through the cell to dry the membrane and the cell disassembled after it came

down to room temperature. The membrane was then characterized under XRF and

EDAX to measure the �nal counts across the length of the membrane.

38



2.4 Other Characterizations/Testings

This section discusses the various characterization techniques used through-

out the thesis to investigate radical scavenging properties, proton conductivity, me-

chanical properties, fuel cell performance, durability, and structural degradation of

materials.

2.4.1 Rhodamine dye assay

Rhodamine dye is used for comparing the radical scavenging activity of dif-

ferent organic and inorganic additives with each other. The dye is used in combi-

nation with spectroscopic techniques like UV-Visible and Fluorescence spectroscopy

to record the absorbance of the dye which in turn is used to analyze relative radical

scavenging abilities.

For this thesis, the experiments were performed by preparing stock solutions 0.2 mM

RhB, 10 mM FeSO4 in 2 mM H2SO4, and 20 mM H2O2. Radical scavengers were

added in 2 mM concentration was added last to a solution containing 0.010 mM

RhB, 1.0 mM FeSO4, and 2.0 mMH2SO4. The test solution was then diluted to 10

mL with deionized water. RhB absorption at 550 nm was measured 1 min after the

hydrogen peroxide was added.

2.4.2 X-Ray Fluorescence (XRF)

XRF is a useful tool to qualitatively and quantitatively understand the change

in the distribution of ions of interest in a sample. In this thesis, XRF is used for

mapping and measuring the conc. of cerium at various points.

The line scan of the membrane was recorded using ORBIS X-Ray Fluorescence

with a spot size of 30� m, a 35 � m nickel �lter, an accelerating voltage of 30 kV,
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and a tube current of 700� A. All XRF analysis was based on the relative intensity

of 
uoresced Ce L-lines, which are the most prominent 
uorescent X-rays emitted

by Ce and arise at energy levels of 4.8 keV.

2.4.3 Fourier Transform Infrared Spectroscopy (FTIR)

FTIR is a sensitive technique to measure the change in the vibrational fre-

quency of the di�erent bonds present in the material of interest. These changes could

be used to interpret the impact of the environment, conditioning, or other procedures

on the structure and properties of the materials.

The measurements in this thesis were performed on Thermo Scienti�c smart

iTR equipment. FTIR was performed in ATR mode throughout this thesis. During

the measurements, a DTGS TEC detector was used and KBr was used as a beam

splitter. The aperture was set to 69, and 0.6329 optical velocities were used for the

measurements. ZnSe crystal was used for this study.

2.4.4 Scanning Electron Microscopy (SEM)

SEM uses high-energy electrons which are dissipated from materials generat-

ing a variety of signals. Scattered and backscattered electrons are used for imaging of

the samples, understanding morphology, and the orientation of materials and crystal

structures. X-Rays are used for elemental analysis of the materials using Energy

Dispersive X-Ray Spectroscopy (EDAX).

In this thesis, images were recorded by a high-resolution Quattro ESEM by

Thermo Scienti�c at an accelerating voltage of 200 kV. The sample was cut into

small pieces and attached to carbon paper for SEM imaging.
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2.4.5 Fluorescence dye test

The 
uorescence measurements were carried out using a Cary Eclipse 
uores-

cence spectrophotometer. The stock solutions for the Fenton reaction were prepared

as follows: 0.05 mM Dye, 2 mMFeSO4 in 2 mM H2SO4, and 1 mM H2O2. Radical

scavengers in concentration 2 mM were added �rst to the solution containing 0.5

ml Dye, 1 mL FeSO4 sol., and 1 mL ofH2O2. The test solution was then mixed

thoroughly, and the dye intensity was let to stabilize for 2 min. before taking the

measurements.

2.4.6 Mechanical property measurement

Mechanical properties of the membranes were measured using DMA Q800

from TA instruments. Membranes were cut into 0.6 cm� 2.5 cm pieces. The

temperature of the chamber was maintained at 30C and the humidity was kept

at ambient humidity conditions. The piece was clamped in the chamber and then

tensile stress was applied on the membrane at a constant rate of 0.5MPa/min till the

membrane yielded.

2.4.7 Proton conductivity

Proton conductivity is important for good fuel cell performance. It can be

measured using a variety of techniques. In this thesis, proton conductivity was mea-

sured using BekkTech cell BT-11x membrane conductivity hardware from Scribner

Associates. A 1 cm� 3 cm piece of the membrane was assembled into the BekkTech

cell and dipped in a beaker of water at 80oC. Linear sweep voltammetry was per-

formed between 0.1 - 0.8V. The slope of the line was recorded (in mA/V). Proton

conductivity was then calculated using the formula,� (S/ m)=0.0425/(RWt)
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where R is the resistance in 
, W is the width in m, t is the thickness in m, and

0.0425 m is the distance between the working and the counter electrode.

2.4.8 Aqueous Fenton's Test

FER is an ex-situ test wherein radicals are generated to attack the Na�onT M

sites and thereby reduce the membrane weight over time. Fluoride anions emitted

could be used as a measure of the degradation of Na�onT M . Fenton solution contains

10 ppm Fe3+ ions along with 3 wt.% ofH2O2 solution. The solution was changed

every 24 h and replaced with a fresh solution. All the Fenton solution was collected

to evaluate the 
uoride concentration later using Thermo Scienti�c Dionex Ion Chro-

matography. The test was repeated with three di�erent membranes and the average

value was reported as the observed FER. Error bars show the maximum in the FER

observed for each membrane.

2.5 Fuel Cell Performance Testing

As-synthesized catalysts were incorporated into the MEA by directly spraying

a water/n-propanol-based ink onto a Na�onT M membrane. The MEA was prepared

with a Pt loading of 0.1 mgPt cm2 on both the anode and cathode. A di�erential

cell 
ow �eld containing 14 parallel 
ow channels was used for fuel cell performance

testing. The MEA was sandwiched between two graphite plates with straight parallel


ow channels machined in them. The cell was operated at 80oC, with 150 kPaabs

H2/air and a gas 
ow rate of 1000/3000 sccm for anode/cathode, respectively. Seven

break-in cycles were run before recording the performance and the Cyclic Voltam-

mograms (CV) for the various membranes. The electrochemical active surface area

(ECSA) was obtained by calculating HUPD charge in CV curves between 0.1 - 0.4 V
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(0.4 - 0.45 V background subtracted); assuming a value of 210� C cm� 2 for the ad-

sorption of a hydrogen monolayer on Pt (CV curves were obtained under 150 kPaabs

H2=N2, 30C, 100 % RH, 1000/3000 sccm). MA was calculated by measuring the cur-

rent density at 0.9V after 15 min hold and correcting the obtained current density

for hydrogen crossover and HFR. Tafel slope was calculated from the polarization

curve underH2/air at a gas 
ow rate of 1000/3000 sccm by measuring the slope in

the region of 0.7V to 0.9V.

2.6 Accelerated Stress Testing

Accelerated stress testing is performed to measure the durability enhancement

of the fuel cell components. They are non-lifetime predictive but can provide a good

comparative understanding of one material to the other. In this thesis, membranes

are investigated for durability by open circuit voltage (OCV) hold testing.

An MEA was prepared with a Pt loading of 0.1 mgPt/cm2 on both the anode

and cathode for AST testing. Serpentine 
ow �eld design with co-
ow con�guration

is used for AST testing. The cell was held at 0.6V for 24 hr. at 80oC, 100% RH,

500/1000 sccmH2/Air for conditioning before starting the OCV test. OCV test

was performed by holding the cell at 90oC, 30% RH till the crossover exceeded

15mA/cm2. Cyclic Voltammogram (CV) was recorded every 24 hr. to measure

hydrogen crossover by purging the cathode side with nitrogen. The current in CV

is the sum of the crossover and the double-layer current. To �nd the crossover from

the CV, it is important to select a region where no reactions occur. Typically in

fuel cells, 0.4V is used to record the crossover current from CVs. The maximum of

the cathodic plateau current and the maximum of the anodic plateau current are
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averaged, and divided by the active area of the membrane. This gives the hydrogen

crossover current density in mA/cm2.

2.7 Conclusion

This section talks in detail about various experimental and characterization

tools used in this thesis for the evaluation of di�erent materials and to understand the

impact of new material incorporation in Na�on on membrane properties. Following

chapters will talk about the results of various strategies used for addressing cerium

mobility and investigate using the above-mentioned techniques.
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Chapter 3

SCREENING OF POTENTIAL IMMOBILIZERS FOR CERIUM

3em

3.1 Introduction

Chapter 1 discussed the degradation mechanisms of PFSA in detail and the

use of cerium for improving the oxidative stability of PFSA structure. The chapter

also highlighted the problems with the use of cerium which includes the migration of

cerium during the operation of the fuel cell and the consequent loss of cerium from

the membrane over time. Several approaches have been discussed in the literature

to mitigate the loss of cerium ions. The �rst approach is to increase cerium concen-

tration in the catalyst layer or in the membrane to counteract the loss of cerium [54]

[68]. However, a high cerium content substantially compromises the proton conduc-

tivity of the membrane. The second approach that has been suggested is the use of

cerium oxide or mixed metal oxides such as cerium zirconium oxide nanoparticles or

nano�bers [73] [74]. This solution aims to change the crystalline structure of cerium

to increase its dissolution time. Embedding cerium into graphene oxides [75] or ti-

tanium carbide [76] is another strategy. This however causes a reduction in proton

conductivity and causes embrittlement of PFSAs.

The incorporation of organic ligands to immobilize cerium ions is an alterna-

tive approach. Organic compounds can be molecularly dispersed in PFSAs without
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sacri�cing the mechanical properties of the membranes. Crown ethers have been sug-

gested to immobilize cerium ions, [77] [78] but, little, if any, evidence of stabilization

was provided nor were other property changes from incorporation investigated.

Here, several organic cerium immobilizers were explored for their ceric re-

tention e�ciency. The organic ligands include crown ether, phosphine oxide, phos-

phonate ester, phosphinic/phosphonic acid, carboxylic acid, amine, and ammonium

hydroxide. The cerium retention mechanisms of promising organic ligands were in-

vestigated by density functional theory (DFT) calculations. The optimal ligands

were then evaluated for practical use in fuel cells in terms of the radical scavenging

e�ciency of cerium after complex formation, membrane homogeneity, proton conduc-

tivity, and catalyst poisoning. This study aims to motivate a molecular design strat-

egy of cerium stabilizers for enhancing the lifetime of cerium in PFSA-based PEMs,

thereby enhancing the durability of fuel cells for Heavy Duty Vehicles (HDVs).

3.2 Materials and Methods

Na�on —D2020 was purchased from Ion Power, Inc. Diphenylphosphonic acid

(DPA), (12-3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,12,12,12-heneicosa
uorododecyl)

phosphonic acid (FHPA), octanediphosphonic acid (ODPA), (12-phosphonododecyl)

phosphonic acid (PDPA), 1H,1H,2H,2H-per
uoro octane phosphonic acid (PFOPA),


uorophenyl phosphonic acid (FPA), Rhodamine dye (RhB), ferrous sulfate,

hydrogen peroxide 30 wt% solution, 12C4, 15C5, A-15C5, B-15C5, 18C6, melanin,

melamine, tetraethyl ammonium hydroxide, tetramethyl ammonium hydroxide, and

dimethyl acetamide, per
uorohexyl iodide, per
uorooctyl iodide, per
uoroalkyl

iodide, isopropyl magnesium chloride (2.0 M in diethyl ether), diethyl chlorophos-

phate, and bromotrimethylsilane were purchased from Sigma Aldrich and used
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without further puri�cation. Ceric sulfate tetrahydrate and 98% sulfuric acid were

purchased from Fischer Scienti�c. Cyanex 923 was received from Solvay. Phos-

phonate poly(styrene) was supplied by Prof. Vladimir Atanasov at the University

of Stuttgart, Germany. Hydrogen Peroxide, Ferrous Chloride, and 98% Sulfuric

Acid were obtained from Fischer Scienti�c. (Octa
uorobutyl)diphosphonic acid

(C4DPA) was prepared according to a literature procedure [79]. Per
uoroalkyl

phosphonic acids, C4: Nona
uorobutyl)phosphonic acid; C6: trideca
uoro-

hexyl)phosphonic acid; C8: (heptadeca
uorooctyl)phosphonic acid; C10: (heni-

cosa
uorodecyl)phosphonic acid; C12: (pentacosa
uorododecyl)phosphonic acid;

C4DPA: (octa
uorobutyl)diphosphonic acid; PWN: poly(2,3,4,5-tetra
uorostyrene-

4-phosphonic acid) and BPA: tetra
uorophenyl diphosphonic acid were synthesized

in house and the details of the synthesis are given in section 2.1.1. The membranes

are cast as per the procedure listed in sections 2.2.1 and 2.2.2. Experimental details

of other tests and characterization techniques used in this work can be found in

section 2.4.

Density Functional Theory (DFT) calculations for this study were performed

using Gaussian16 quantum chemistry package. For the calculation of interaction en-

ergies, B3LYP/6-31G(d) level of theory was used for C, H, P, O, and F atoms [80].

For the description ofCe4+ we used Stuttgart-Dresden relativistic e�ective core po-

tential MWB 28 together with corresponding optimized valence basis set[81] [82] [83].

The structures of the ligands were �rst optimized and the optimized geometries were

used for predicting the complex structure of the ligands coordinated to ceric ion.

The interaction energies were calculated using optimized structures ofCe4+ -ligand

complexes using the formulae:

E int = E( Ce4+ -crown) { [E(Ce4+ ) + E(crown)]
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E int = E( Ce4+ - n PA) { [E( Ce4+ ) + E(n PA)

When water molecules were coordinated to Ce4+ at the same time as the

functional phosphoric acids, the interaction energy was de�ned asE int = E( Ce4+ - n

PA-water) { [E( Ce4+ ) + E(n PA-water)

All values were corrected for basis set superposition error using the counter-

poise method [84][85]. The pKa values of (
uoro-)phosphonic acids were obtained

using the previously established procedure that relies on the linear regression �t of

the experimentally known pK values to the DFT calculated deprotonation energies.

The details of the procedure are given in [86]. Deprotonation energies (EA-EHA ),

calculated using SMD model [87] at the M06L/6-311++G(d,p) level of theory [88],

are 280.17 (PFOPA), 281.04 (ODPA), 281.07 (PDPA), 268.57 (C4), 268.31 (C6),

268.46 (C8), and 272.48 (BPA) kcalmol� 1 resulting in pKa of 2.1 (PFOPA), 2.2

(ODPA), 2.2 (PDPA), 0.8 (C4), 0.8 (C6), 0.8 (C8) and 1.2 (BPA).

3.3 Results and Discussion

3.3.1 Structural E�ects of Organic Ligands on Ceric Retention

3.3.1.1 Functional groups

Organic ligands used for lanthanide extraction were selected to evaluate the

ceric retention (CR). Table 3.1 compares the CR of crown ether, phosphinic/phosphonic

acid, phosphine oxide, carboxylic acid, amine, and ammonium hydroxide with the

Functional Group (FG) to the ceric ratio (FG/Ce) of 4. Details of the CR testing

experiment are presented in section 2.3.1. A full list of all the ligands investigated is

shown in Table. A.1. For di-phosphonic acids, two ligand molecules are used per ceric
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ion for FG/Ce=4. The baseline membrane (Ce-Na�onT M ) without an immobilizing

additive showed insigni�cant CR as shown in Table 3.1. The CR for crown ethers

was found to depend on the size of the cavity of the crown ether. The CR for various

crown ethers followed the order 15� crown � 5 > 12� crown � 4 > 18� crown � 6.

15-Crown-5 (15C5) showed a 2.4-fold higher CR than the baseline membrane after

24 hr (Table 3.1). The cavity size of 15C5 is closest to the cerium ion [89] likely

causing higher CR. Aminomethyl-15-crown-5 (A-15C5) showed comparable CR to

the unsubstituted 15C5. Benzo-15-crown-5 (B-15C5), on the other hand, showed

much lower CR possibly due to the rigidity of the crown ether that inhibits forming

stable complexes with the ceric ion [90].

Cyanex 923, a mixture of 19 alkyl phosphine oxides, showed the highest CR,

which supports its extensive use as a cerium extracting agent [91]. Phosphonic acids

showed relatively high CR, but the retention of the acid ligands is a strong func-

tion of the structure. For example, (12-phosphonododecyl) phosphonic acid (PDPA)

was 58.6%, approximately 90% higher than the shorter chain counterpart octanedi-

phosphonic acid (ODPA). Mono-phosphonic acids such as 
uorooctylphosphonic acid

(PFOPA) and 
uorododecylphosphonic acid (FHPA) showed higher CR than the

di-phosphonic acid being similar chain length molecules. Phosphinic acid and phos-

phonate ester showed relatively low CR and per
uorinated carboxylic acids show

minimal CR < 3:5%. All amine and ammonium hydroxide ligands did not show any

CR, even lower than the Ce-Na�onT M baseline membrane. This could result from

the protonation of these ligands under an acidic environment, which in turn interact

more favorably with the {SO3 in Na�on T M rather than binding with cerium. The

high solubility of these ligands in water could be another reason. The preliminary
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screening of the ligands showed that phosphinic acid, esters, carboxylic acids, am-

monium, and amine base ligands are ine�ective as complexing agents for cerium in

the PFSA environment and therefore not investigated further.

Table 3.1: CR of ligands from the selected categories
a15C5: 15-crown-5; POE: (heptadeca
uorooctyl)phosphonate diethyl ester; DPPA: diphenyl

phosphinic acid; PFOPA: 1H,1H,2H,2H-per
uoro octane phosphonic acid; PDPA: (12-

phosphonododecyl) phosphonic acid; HIFUA: Heneicosa
uoroundecanoic acid; TEAOH: tetraethy-

lammonium hydroxide.
bmeasured by X-ray 
uorescence after 48 hours of the treatment in 0.5 MH2SO4 at room temper-

ature; numbers in box brackets: CR after 24 hours of the treatment.

Next, the e�ect of the FG/Ce ratio on CR for crown ether and phosphonic
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acid ligands was investigated. Figure 3.1 shows that the CR of crown ethers did not

change signi�cantly with the FG/Ce ratio, suggesting that additional crown ethers

are likely not interacting with cerium. Figure 3.1b shows the CR of phosphonic acids

as a function of the FG/Ce ratio. CR of phosphonic acids strongly depends on the

FG/Ce ratio. Among all phosphonic acid ligands investigated, phosphonic acids with

FG/Ce=6 outperform others, suggesting that a high retention rate is associated with

the coordination stoichiometry of cerium ions.

Figure 3.1: E�ect of FG/Ce ratio on CR

CR of Ce-Na�on T M membrane having crown ethers (A) and phosphonic acids (B) as a

function of FG/Ce ratio. 18C6: 18-crown-6; 15C5: 2-aminomethyl-15-crown-5; 12C4:12-

crown-4; A-15C5: 2-aminomethyl 15-crown-5; B-15C5: benzo-15-crown-5; C8: (hep-

tadeca
uorooctyl)phosphonic acid; C10: (henicosa
uorodecyl)phosphonic acid; FHPA: P-

(3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,12,12,12-heneicosa
uorododecyl)phosphonic acid; ODPA:

octanediphosphonic acid.

3.3.1.2 Energetics of ceric-ligand complexes

The CR mechanisms by organic ligands have been investigated in the selec-

tive extraction and separation of lanthanides. For crown ethers, a cerium ion is

coordinated to form a complex within a crown ether ring. It is known that the
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stability constants for crown ether complexes are governed by the cavity size and en-

thalpy changes from ion-dipole interactions [92]. The selective extraction mechanism

of lanthanum by phosphinic/phosphonic acids is strongly dependent on the ligand

structure and the coordination number of ions. The pKa of acid to release acidic pro-

ton and exchange with cerium cation is critical [93] through complexation with acid

[94]. For these types of ligands, the tendency to form stable complexes with cerium,

which is a hard Lewis acid cation, is the determining factor rather than their pKa [95].

The energetics of Ce-organic ligand complexes was investigated to prove the

CR mechanisms. Figure 3.2a shows the optimized geometries for the ceric-crown

ether complex at the FG/Ce ratio of 1 and 2. The DFT calculation indicated that

coordination of more than two crown ether units to ceric is not possible due to steric

e�ects. At a 2:1 ratio of crown ether to ceric ion, the ceric ion is completely coordi-

nated. This result suggests that a minor increase in CR with increasing crown ether

to cerium ratio is not caused by increased complex stability but likely by changes in

the membrane properties.

Figure 3.2b shows the optimized geometries (geometries in the lowest energy

state for DFT calculations) for the C8 phosphonic acid-ceric complex as a function

of the FG/Ce ratio. For FG/Ce=2, the complex structure could not be optimized for

DFT, and therefore the interaction energy was evaluated by adding water molecules

to complete the coordination shell of the ceric ion. Higher interaction energy was ob-

tained with FG/Ce=4. Interaction energy for ceric with phosphonic acids increased

by 29.5% from 1734.4 to 2246.6 kcalmol� 1 when the FG/Ce ratio increased from

2 to 4. The phosphonic acid with FG/Ce=4 is also expected to have more water

molecules co-occupying the inner coordination shell of the ceric, thereby dropping
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the stability of ceric ions in the acid solution when the water could be ultimately

replaced by sulfates. The interaction energy further increased by 17% to 2621.6 kcal

mol� 1 when the FG/Ce ratio increases to 6 and completely occupies the inner shell,

which explains the sharp jump in CR observed going from the FG/Ce ratio of 4 to

6 for almost all phosphonic acid ligands investigated.

At FG/Ce=6, neither water nor sulfonic acid groups could replace phosphonic

acid moieties, which artifacts as high cerium retention. The interaction energies for

FG/Ce=8 could not be calculated due to the fully occupied shell of the complex at

FG/Ce = 6, leaving no sites for further association with the larger ligands. The

interaction energy of the C8-ceric cluster (FG/Ce=6) is 2.4-fold higher than that

of the 15C5-ceric cluster (FG/Ce=2), explaining the marked increase in CR from

crown ether to phosphonic acids. The higher ceric cluster energy with the C8 ligand

is because the ion-pair interaction between the phosphonate and cerium ion (374.5

kcal mol� 1 per Ce-O bond) is stronger than the dipole-ion interaction between the

ether and cerium ion (109.9 kcalmol� 1 per Ce-O bond), consistent with previous

energetics study in phosphate-quaternary ammonium ion pairs [96] [97].

In addition, the complexes of cerium ions and phosphonic acids are stabilized

by hydrogen bonds that form between acid P-OH and acid P=O/-CF2 groups of

neighboring ligands which further prevent cation exchange in the reaction medium.

Figure 3.2c shows the optimized structures for trimethyl and triethyl phosphine oxide

at FG/Ce=4 with and without water molecules. The interaction energy of triethyl

phosphine oxide� ceric at the 4:1 ratio was 1179.3 kcalmol� 1 which was 52% of the

C8-ceric interaction energy at the given FG/Ce ratio. Adding four water molecules

to the phosphine oxides increased the cluster interaction energy by 100 kcalmol� 1.
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