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Abstract 

Proton Exchange Membrane Fuel Cells (PEMFCs) represent an innovative and 

promising technology for transportation applications due to their low weight, lower 

operative temperature, and pressure ranges. One of the most challenging limiting factors 

for the adoption of PEMFC in everyday life is the durability of the Proton Exchange 

Membrane (PEM), the true core of this type of device. The internal environment of 

PEMFCs is naturally rich in free radicals (such as HO• and HOO•), which react with the 

PEM backbone, damage the PEM, and ultimately lead to the PEMFC failure. One way to 

improve the stability of PEMs against these species is the incorporation of an additive 

that can act as a radical scavenger and become the preferential site for radical oxidation. 

One of the most used radical scavengers for this kind of application is cerium in its Ce3+ 

oxidation state. In this thesis work, a set of sulfophenylated polyphenylenes (sPPB) 

membranes were synthesized by introducing different amounts of Ce3+ (sPPB-Ce3+), and 

efforts were made to identify the multiple degradation pathways (chemical, thermal, 

mechanical). The stability of sPPB-Ce3+ membranes to radical degradation was 

enhanced almost threefold, they maintained their structural integrity, shape, and 

thickness and their proton conductivity was comparable to that of the pristine materials. 

Several other properties such as dimensional stability, polydispersity and solubility also 

underwent important changes. As observed through these analyses, the effects of Ce3+ 

on the original material properties can be advantageous in improving the characteristics 

of proton exchange membranes.  

 

Keywords: Proton Exchange Membranes; Sulfonated Phenylated Polyphenylenes; 

Fuel Cells; Cerium; Radical degradation 
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Chapter 1.  
 
Introduction 

1.1. Proton Exchange Membranes (PEMs) 

Proton Exchange Membrane Fuel Cells (PEMFCs)1,2 are currently one of the 

most promising alternatives to internal combustion engines due to their key role as 

sustainable energy production systems.3 The PEMFCs produce electrical energy by 

using hydrogen gas as fuel. The processes occurring inside the PEMFC are described 

as follows. 

A tank provides the fuel for the PEMFC functioning on hydrogen gas. A catalyst 

(usually platinum-based) splits the protons and the electrons of the hydrogen gas 

molecules. The Proton Exchange Membrane (PEM) at the core of the device allows only 

protons to pass through from the anode to the cathode, while the electrons travel 

through an external circuit. The electrons provide power to an external device such as a 

motor. The electrons finally reduce oxygen in the presence of protons to produce the 

product of the electrochemical process: water vapor (zero-emission, high power 

efficiency). 

 

Figure 1.1 Schematic of a PEMFC with relevant components, electrochemical 
reactions, and the PEM (in orange) within the PEMFC 

Although the power performance of PEMFC technology has improved over the 

last 60 years,4–6 and these devices have been successfully implemented in several 

vehicles by Japanese automotive manufacturers (Toyota and Honda),7–10 the adoption of 
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PEMFC technology is still limited.11,12 One reason for the limited use of PEMFC 

technology is their degradation caused by the harsh conditions occurring inside the 

PEMFCs which includes the formation of free radicals.13 Degradation of the PEM by 

attack by hydroxyl (HO•) and hydroperoxyl radicals (HOO•) causes loss of structural 

integrity and electrochemical properties of the PEM over time. The free radicals are a 

side product of the electrochemical reactions in the PEMFC involving H2O2 and the 

formation of these radicals is unavoidable. Their preferential reaction site is the polymer 

chain of the PEM, ultimately leading to the disruption of the PEM and the need to 

replace it. 

Since the 1960s, different materials have been studied, designed, and tested to 

constantly improve the PEM technology. The progress made up until today improved the 

lifetime of PEMs from 500 hours to more than 2000 hours.14 However, this performance 

is still far from the Department of Energy (DOE) stated objective of 5000 hours for 

transport applications and 40000 for stationary applications.15,16 Despite these 

drawbacks, PEMFC technology is still regarded as a good alternative to the commonly 

used fossil fuel technologies.17,18 

Perfluorosulfonic acids (PFSA) are the current benchmark of PEM materials and 

provide several advantages over other materials such as better proton conductivity, 

dimensional stability, and mechanical strength. Furthermore, the already established 

know-how connected to their production and development represents an important 

advantage over newly designed materials. 

 

Figure 1.2 General structure of a PFSA compound 
For instance, Nafion’s structure, a proprietary material of DuPont and one of the most used and 
studied PFSA-based PEM, has values x=6 and y=1. 
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Although PFSAs are the most commonly studied, the challenges presented by their use 

are noteworthy. Firstly, their production is expensive. Secondly, the synthetic processes 

based on fluorine chemistry are complex and require special equipment. Thirdly, the 

disposal of PFSA-based PEM is often difficult. Specifically, PFSAs need to be specially 

treated after their use because they lead to multiple risks for human health19 (e.g., high 

levels of PFSAs in the environment can cause reproductive, developmental, and 

immunological dysfunctions as shown in laboratory tests). Lastly, PFSAs are well known 

for their limited biodegradability and often called “forever chemicals” for their potential 

century-old lifetime in nature. 

1.2. Sulfonated Phenylated Polyphenylenes (sPPB) 

Finding a fluorine-free alternative to PFSAs that would retain the sustainability of 

PEMFCs without the downsides connected to the disposal issues of the PEM is the next 

step to improve the production chain.20 The better integration of non-fluorinated PEMs 

would be a great improvement on the regulatory perspective, guaranteeing better 

financial stability and incentives for the production of PEMFCs (e.g., Ecotax, more 

funding for research studies focused on efficient and sustainable technologies), finally 

making PEMFC a more economical and environmental option.21 

A possible answer that is gaining popularity among research groups to solve this 

issue is a new class of materials: hydrocarbon-based22 solid polymer electrolytes23–26. 

Examples of this kind of material would be poly-ether-ether-ketones (sPEEK),27,28 

sulfonated polyphenylene sulfones (sPPS),29 and polyphenylenes (sPPP).30–32 In the 

context of this thesis, the research focus is sulfophenylated polyphenylenes with a 

biphenyl linker between the repeating units (sPPB).33–39 

 

Scheme 1.1 Chemical reaction to synthesize sPPB 
The reaction was performed at 170°C in 1) Nitrobenzene, 2) DMSO, and 3) EtOAc. 
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These macromolecules possess excellent properties both on the chemical (e.g., 

high proton conductivity, low electrical conductivity, low gas permeability) and the 

mechanical perspective (e.g., good mechanical resistance, decent dimensional stability). 

These physicochemical properties are comparable to the ones of PFSAs, although their 

real-life applications are still limited by their comparatively shorter lifetime.39–41 

Across multiple studies attempting to understand the PEM disruption 

mechanisms, radical degradation was found to have the most impact on the membranes’ 

durability.42–46 During the electrochemical reactions at each electrode of the PEMFC, 

species such as the hydroxyl radical (HO•)47 and the hydroperoxyl radical (HOO•) 

originate from H2O2 and aggressively attack the polymer chain by initiating an unzipping 

process as observed in both PFSAs48 and hydrocarbon-based PEMs.20 This unzipping 

process then causes the membrane disruption and the fuel cell failure.48–50 Considering 

this limitation of PEMFCs and the non-avoidable production of radicals inside the 

PEMFC, incorporating a mitigating agent into the polymer to overcome these obstacles 

serves as an important area of research to improve existing PEMs.51 

 

Scheme 1.2 Proposed radical degradation intermediates from sPPB to final 
degradation products after a hydroxyl radical (HO•) attacks one of 
the unsubstituted phenyl rings 

(Adapted from ref 39 with permission from American Chemical Society, 2019)  

 

  



5 

1.3. Economic Considerations on PEM Degradation 

To better understand how the lifetime of the membrane comes into play from an 

economic perspective, one should consider the associated costs of operating a 

PEMFC52 in relation to the lifetime of the membrane. It is possible to determine the 

effects of the premature PEM degradation using the equations below: 

𝐶𝑒𝑙 =
𝐴𝐶𝐶 + 𝐴𝐹𝐶

𝐴𝐸𝑃
 

where Cel is the cost of electricity, ACC is the Annual Capital Cost, AFC is the Annual 

Fuel Cost and AEP is the Annual Electricity Production. ACC can be expressed as: 

𝐴𝐶𝐶 = 𝐶𝑓𝑐 ∗ 𝐶𝑅𝐹 

where Cfc is the fuel stack cost and CRF is the Capital Recovery Factor. Finally, 

considering the interest rate (d), the impact of the lifetime (L) on the cost of a PEMFC 

can be estimated as: 

𝐶𝑅𝐹 =
𝑑(1 + 𝑑)𝐿

(1 + 𝑑)𝐿 − 1
 

The lifetime of the PEMFC is largely determined by the lifetime of the PEM. 

Although the catalyst lifetime does affect the lifetime of the PEMFC, the PEMFC harsh 

conditions have a deeper impact on the PEM, ultimately making its degradation the true 

weak spot of the PEMFC ecosystem. In the context of this thesis, the focus is on the 

variable L to potentially decrease the CRF. 

In 1997 Barbir and Gómez concluded that in order to make PEMFC technology a 

viable economic option one would need to reduce the operating cost of the fuel cell by at 

least a factor of ten, improving the PEMFC performance by a factor of two as well as 

reducing the cost of hydrogen by a factor of two.52 All of these changes appear to be 

achievable. Considering additional advantages typical of PEMFCs such as its modularity 

(higher reliability, gradual increase in capacity), and the reusability of most of its 

components, the adoption of PEMFC technology could be closer than previously 

considered.52 
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1.4. Current Techniques to Mitigate Radical Degradation in 
PEMFCs 

Studies in the past have looked into different strategies to overcome this 

limitation in PFSAs materials, such as the design of reinforced composite materials, the 

stabilization of the most susceptible groups along the backbone of the polymer, the 

introduction of radical quenchers such as oxides of transition metals (ZnO and TiO2) or 

radical scavenger ions (Ce3+).53–57 

The last method, the addition of Ce3+, exploits the renowned antioxidant 

properties of Ce3+, as already observed in several biological systems58. So far, this 

technique has been successfully implemented to offset the radical degradation in 

PFSAs59–69 and a limited number of hydrocarbon-based PEMs70–73 (mostly poly-ether-

ether-ketones) with promising results. 

The radical scavenging properties of Ce3+ rely on the kinetically more favourable 

coupling reaction between the ion (which oxidizes to Ce4+) and the radicals, compared to 

the one between the radicals and the polymer.74–79 Implications from past studies point 

at the possibility of “recycling” the Ce4+ by reaction with hydrogen peroxide to recover the 

Ce3+, allowing extended protection of the membrane over several radical scavenging 

activity cycles.  

The reactions occurring inside the PEM during the degradation process are 

reported in Scheme 1.3, as well as the radical degradation mechanism (unzipping) that 

this research work aims to counterbalance (Scheme 1.2). 

(1) 𝑪𝒆𝟑+ + 𝑯𝑶 • +𝑯+ → 𝑪𝒆𝟒+ + 𝑯𝟐𝑶 Fast 

(2) 𝑪𝒆𝟒+ + 𝑯𝑶𝑶 •→ 𝑪𝒆𝟑+ + 𝑶𝟐 + 𝑯+ Medium 

(3) 𝑪𝒆𝟒+ + 𝑯𝟐𝑶𝟐 → 𝑪𝒆𝟑+ + 𝑯𝑶𝑶 • +𝑯+ Fast 

(4) 𝑷𝑭𝑺𝑨 + 𝑯𝑶 •→ 𝑫𝒆𝒈𝒓𝒂𝒅𝒂𝒕𝒊𝒐𝒏 Slow 

Scheme 1.3 Radical degradation reactions occurring inside the PEMFC in 
presence of Ce3+ ions  
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1.5. Mechanisms of Proton Conductivity 

Proton conductivity is the core property of PEMs and its value largely depends on 

the presence of the sulfonic acid groups on the backbone of the polymer. These sulfonic 

acid groups, allow the protons coming from the anode to effectively move along the 

sPPB carbon chain via the following mechanisms:80–83 Grotthuss mechanism (or proton 

hopping), vehicle mechanism, surface mechanism.  

 

Figure 1.3 Simplified schematic representation of different proton transport 
mechanisms in PEMs 

(Adapted from ref 26 with permission from John Wiley & Sons, Inc., 2010)  

The Grotthuss (“hopping”) mechanism relies on the presence of hydrogen bonds, 

found in the aqueous environment in which the PEM operates. In sPPB, the protons hop 

from a sulfonic acid group to a nearby water molecule able to accept the proton and 

send it to the next water molecule by using the hydrogen bonds network formed around 

the water molecules. 

The vehicle mechanism operates through the diffusion of the protons in the 

electrolyte as a part of a hydronium ion (H++H2O→H3O+) while the surface mechanism is 
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based on the hopping between the sulfonic groups present on the backbone of the 

polymer using water molecules as an intermediate between the sulfonic groups. This 

mechanism heavily relies on the regularity of the sulfonation and the large availability of 

sulfonic groups along the backbone of the polymer. 

Furthermore, the same migration mechanisms involving protons inside PEMFC, 

are very limited for Ce3+ due to its relatively low diffusivity (large ionic radius and large 

hydration shell).84 This observation guarantees the negligible loss by migration of Ce3+ 

inside the PEMFC and the applicability of the ions as a radical scavenger in PEM; in a 

study by Zatoń et al., more than 90% of Ce3+ was still present after 200 hours of 

accelerated degradation test compared to the original amount.84 

Although the introduction of Ce3+ was proved to be useful to counter the activity 

of free radicals in solution, the preferential sites for its binding are the ones used for the 

proton conductivity (surface mechanism). To remain attached to the polymer, it requires 

interactions with the sulfonic acid groups present (e.g., electrostatic, dipole-dipole, 

London dispersion forces, coordination). The coordination of the Ce3+ ions is complex 

and varies with the environment around the ion (the coordination number of cerium can 

be as high as 12 in certain aqueous systems). The approximation made in this work is 

that the number of sulfonic groups coordinated to Ce3+ can be as high as three; this is 

justified by the great steric hindrance provided by the polymer chain that would prevent 

more sPPB repeating units to be close enough to coordinate to the central ion. The 

remaining complex coordination sites are more likely occupied by water molecules or 

other smaller anions present in solution. 

The negative effect of this process is that the sulfonic groups used by the Ce3+ to 

remain attached to the backbone of the polymer do not have the capability to conduct 

protons anymore (lower formal charge, steric hindrance). This change, instead, forces 

the protons to take routes alternative to the surface mechanism, through the water 

molecules (a mixed surface-Grotthuss mechanism), de facto, lowering the overall proton 

conductivity of the PEM, as already observed in past studies.85 Therefore, the main 

objective of this thesis work is to find the amount of Ce3+ able to enhance the stability to 

radical degradation without having a perceivable decrease in proton conductivity and 

PEM performance.86 
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1.6. Research Objective 

This study explores the properties of Ce3+ as a radical scavenger for PEM 

applications. The properties of pristine sPPB and the ones of sPPB-Ce3+ PEMs were 

compared to better understand the effect of Ce3+ on the behaviour of sPPB with a 

particular focus on their stability to radical degradation and proton conductivity. 

In this regard, it is important to consider that a Ce3+ ion not only enhances the 

stability to radical degradation of the PEM but also coordinates to sulfonic groups on the 

backbone of the PEM itself.70,84,87 These sulfonic groups are responsible for the proton 

conductivity properties of sPPB, thus the presence of Ce3+ causes a lowering in the 

proton conductivity of the PEM due to the Brønsted-Lowry acid-base neutralization of 

dissociated protons. Samples with different concentrations of Ce3+ are synthesized, 

tested and their properties compared in order to find the trade-off between oxidative 

stability and membrane performances.88 

The samples considered throughout the study are produced by soaking pristine 

sPPB membranes in solutions with different concentrations of CeCl3 in order to obtain 

samples with different contents of Ce3+. The amount of CeCl3 added to the solution was 

calculated considering a specific weight percentage (wt%) of Ce3+ compared to the dry 

mass of the pristine sPPB membrane, with the initial presumption that 100% of the Ce3+ 

is incorporated into the PEM because of its excess amount of sulfonic acid groups. The 

target additive percentages of Ce3+ considered in this study are: 0.5, 1, 2, and 4 wt% of 

Ce3+. The analyses performed in this thesis work are: 

• Elemental characterization (XPS and SEM-EDX)  

• Structural characterization (1H-NMR, SEC, dimensional stability, solubility, 
TGA and tensile tests)  

• Proton conductivity (EIS) 

• Accelerated degradation test (using H2O2) 

This research work aims to prolong the membrane lifetime as a part of a greater 

project of optimization of the entire PEMFC to reach the objective of an efficient and 

environmentally sustainable technology for transport and stationary applications.89 
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Chapter 2.  
 
Experimental 

2.1. Reagents 

The following reagents were purchased and used as received: triethylamine 

(99%, Anachemia Science), 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (95%, 

Combi-Blocks, Inc.), 1-bromo-4-iodobenzene (98%, Combi-Blocks, Inc.), acetone 

(Thermo Fisher Scientific), dichloromethane (Thermo Fisher Scientific.), diethyl ether 

(reagent grade, Thermo Fisher Scientific.) methanol (Thermo Fisher Scientific.), 

potassium carbonate (reagent grade, Thermo Fisher Scientific.), tetrahydrofuran 

(Thermo Fisher Scientific.), n-butanol (Caledon Laboratories Ltd.), dimethyl sulfoxide 

(Caledon Laboratories Ltd.), ethyl acetate (Caledon Laboratories Ltd.), dichloroethane 

and potassium hydroxide (reagent grade, Caledon Laboratories Ltd.), nitrobenzene 

(ACS reagent, >99%, Sigma Aldrich Canada Co.), 2,5-dibromopyridine (98%, Sigma 

Aldrich Canada Co.), phenylboronic acid (95%, Sigma Aldrich Canada Co.), sulfuric acid 

(95-98%, Sigma Aldrich Canada Co.), tetrakis(triphenylphosphine)palladium(0) (98%, 

Sigma Aldrich Canada Co.), sodium peroxide (Sigma Aldrich Canada Co.), hydrochloric 

acid (37%, Sigma Aldrich Canada Co.), cerium chloride heptahydrate (Sigma Aldrich 

Canada Co.), n-butyllithium solution (2.5 M in hexane, Sigma Aldrich Canada Co.), 

1,3,5-tribromobenzene (98%, Tokyo Chemical Industry Co., Ltd. America.), 

trimethylsilylethynyl (98%, Tokyo Chemical Industry Co., Ltd. America.), copper iodide 

(99.9%, Santa Cruz Biotechnology, Inc. Chemicals,), hydrogen peroxide (30%, Fisher 

Scientific). Tetrasulfonated bistetracyclone triethylammonium and 4,4’-diethynyl-1,1’-

biphenyl were prepared according to reported literature procedures.33,34 

 

2.2. Syntheses 

The synthetic process of the monomer and the polymerization were performed by 

following procedures previously reported in the literature.33–35 
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Sulfophenylated polyphenylene with biphenyl linker (sPPB). 37.93 g of 

tetrasulfonated bistetracyclone triethylammonium and 5.50 g of 4,4’-diethynyl-1,1’-

biphenyl were combined with 760 ml of nitrobenzene in a 1 L round bottom flask 

equipped with a stir bar. The mixture was then stirred at room temperature for 1 hour 

under Ar. The reaction was wrapped in aluminum foil, heated to 170°C with a gentle Ar 

flow for 3 hours to remove the formed CO. The gas flow was stopped, and the reaction 

was left to run for 4 days at 170°C. It resulted in an orange solution with polymer gel 

precipitated along the flask walls. The hot nitrobenzene was decanted and, then, 

dimethyl sulfoxide (around 750 mL) was added to dissolve the polymer gel. After stirring 

the sealed solution at 100°C for 2 days, the resulting solution was precipitated into 

stirring ethyl acetate (5 L). The white polymer flakes were filtered into a Buchner funnel 

and washed three times with 300 mL of ethyl acetate. The solid was covered in 

aluminium foil and air-dried until the polymer looked fibrous (sPPB-HNEt3+). The solid 

was then dried overnight in a vacuum oven at 80°C. The yield was about 80% (32.50 g). 

The dried polymer was added to 1 L of methanol in a 3 L round bottom flask. The 

mixture was left stirring for 6 hours to completely dissolve the polymer until it turned into 

an orange viscous solution. 39.56 g of sodium hydroxide (2M) and 1.36 L of methanol 

were slowly poured directly into the mixture (sPPB-Na+). The viscous solution was left 

stirring overnight, vacuum filtered, and then dried in a vacuum oven overnight at 80°C. 

The dried sPPB-Na+ was suspended in 1 L of water with vigorous stirring and 1.24 L of 

HCl (2 M) was slowly added to the polymer suspension then stirred overnight. The 

suspension was then filtered with a Buchner funnel with filter paper, rinsed three times 

with 300 mL of distilled water, and dried in the vacuum oven overnight at 80°C once 

more. The gel-like polymer was dissolved into DMSO (7.5 wt% of polymer) and let it stir 

for 1 day. The membranes were cast using a smooth glass surface and a set of two 

blades set at a 500 μm distance one from each other. The polymer was then slowly 

spread onto the surface and put into the vacuum oven to dry until it reached an orange 

plastic look. The membranes were then acidified with a 1 M solution of H2SO4 for 4 

hours and washed with MilliQ water. This procedure was repeated three times for each 

step of acidification and washing. Several sheets of membrane samples were prepared 

to allow the repetition of every analysis in triplicate. Samples were prepared using the 

same synthetic pathway and cast with a similar thickness (30-40 μm). 
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Sulfophenylated polyphenylene with biphenyl linker and Ce3+(sPPB-Ce3+). The 

previously cast sPPB membranes were then cut into pieces with a rectangular shape 

and a wide range of sizes to be used for the different analyses. In order to incorporate 

the Ce3+ ions into the membranes, the samples were soaked in an aqueous solution of 

CeCl3, using a 0.01 M stock solution prepared with 0.3726 g of CeCl3·7H2O and 

deionized water in a volumetric flask (100 mL). Ce3+ was allowed to diffuse into the 

polymer membrane. The amount of CeCl3 added in solution was first calculated 

considering a stoichiometric mass/mass ratio (Ce3+/mass of dry pristine sPPB, e.g., for 

sPPB-Ce3+
1%, every 100 g of material is composed by 99 g of pristine sPPB and 1 g of 

Ce3+), and more accurately determined through XPS and SEM-EDX. The amount of Ce3+ 

found in the membranes through these analyses corresponded to 85%-90% of the 

amount originally added in solution. For the subsequent sPPB-Ce3+ samples, an extra 

15% of Ce3+ was used during the doping process to achieve the desired wt% Ce3+. All 

characterizations were performed on samples synthesized with this method and 

analyzed using XPS. The samples considered in this paper have a content of Ce3+ with 

respect to the mass of the pristine materials of 0.5 wt%, 1 wt%, 2 wt%, and 4 wt%. For 

every sample, the calculated amount of Ce3+ was added from the stock solution to a 250 

mL beaker with deionized water using an analytical pipette (100 μL -1000 μL) and left 

gently stirring for 24 hours at room temperature. 

 

Figure 2.1 Schematic illustration of coordination of Ce3+ in sPPB 
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2.3. Equipment and Methods 

1H-NMR spectra were recorded on a Bruker Ultrashield 400 MHz Plus 

spectrometer equipped with a 5 mm TCI cryoprobe, using 10 mg of the dry compound 

and deuterated DMSO as solvent. The spectral data were elaborated using Mestrenova® 

software. Chemical structures are represented using ChemDraw® Professional. 

Membranes were cast in their suspension form on the metal surface of an RK Print – K 

Control Coater casting table until they reached a laminar shape and then dried in a 

vacuum oven (Isotemp 281A) until dry and plastic-like. Size exclusion chromatography 

analyses were obtained using a Malvern Instruments system (Malvern – Omnisec 

Reveal and Malvern – Omnisec Resolve) with Viscotek D6000M column equipped with a 

refractive index, UV, and light scattering detectors. The mobile phase consisted of HPLC 

grade DMF (0.01M LiBr) as eluent at 298K with a flow rate of 1 ml/min. The ionic 

resistance was measured in the in-plane direction using a two-points probe by 

Electrochemical Impedance Spectroscopy (EIS). An AC potential was applied over a 

frequency range of 100-110 Hz with a Solartron SI 1260 impedance/gain phase 

analyzer. For conductivity measurements a sheet of membrane sample and two 

platinum plates electrodes were mounted on a Teflon cell, then the whole configuration 

was placed in a thermo-controlled humid chamber Espec 2 – SH241 for measurement at 

set relative humidity values. To calculate the conductivity (σ), the equation used is: 

𝜎 =
𝐿

𝑅 × 𝐴
 

where A is the cross-sectional area of the membrane, L is the distance between the two 

electrodes and R is the resistance, measured using the impedance analyzer. The 

polymers were tested at various temperatures (30°C, 50°C, and 80°C) and RH value 

(30%, 40%, 50%, 60%, 70%, 80%, 90%, and 95%). The membranes were equilibrated 

for 40 minutes for every temperature and RH value change. The membrane charge 

transfer resistance (R) was determined from best fit of a standard Randles circuit to 

measure the Nyquist plot. X-Ray Photoelectron spectra were recorded using small 

pieces of membranes (1 cm x 1 cm) in their stable acidic form. The samples were 

prepared and stored under vacuum, pinned to a metal tray, inserted into the XPS 

machine, a Kratos Analytical – Axis Ultra DLD, and analyzed using a monochrome 

source of radiation with an emission value of 10, anode HT of 15, hybrid mode. For the 
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survey spectra, the following settings have been used: 1 sweep, dwell time of 100 ms, 

step eV of 1, and pass energy 160. For the high-resolution spectra centered on the Ce 

3d, the settings were: 3 sweeps, dwell time of 300 ms, step eV of 0.1, and pass energy 

40. For the data fitting, it was used a mixed Gaussian-Lorentzian model and the binding 

energy value used to identify the chemical composition of the samples, was calculated 

using: 

𝐸𝑏 = ℎ𝜈 − 𝐸𝑘 − Ф 

where Eb is the binding energy of the electron to the atom, hν is the energy of the x-ray, 

Ek is the kinetic energy of the emitted photoelectron and Ф is the work function of the 

spectrometer. To calculate the resolution, Bragg’s Law was used: 

∆𝐸

𝐸𝑛
= 0.63 ×

𝑤1

𝑅𝑛
 

The XPS spectra were deconvoluted using the CasaXPS® software. To estimate 

the relative abundance of Ce3+ and Ce4+ in the membranes after the degradation test 

(degradation ratio) the area under the curves relative to Ce3+ and Ce4+ were compared 

using the formula: 

𝐷𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 =
𝐴𝑟𝑒𝑎 𝐶𝑒4+

𝐴𝑟𝑒𝑎 𝐶𝑒3+
∗ 100% 

SEM-EDX analyses were performed using an FEI Nova NanoSEM. To coat the 

membranes with Iridium, a Leica EM ACE600 was used. The samples have been 

analyzed both with and without coating. The coating has been performed through 

sputtering until the sample was coated by a 5 nm layer of Ir. The images were taken 

using an X-ray gun at 30 kV and a magnification x1,000. The ex-situ degradation has 

been conducted following similar procedures reported in the literature.39 Reactions were 

performed in 50 ml glass pressure vessels, heated to 80°C, and allowed to react for 24 

hours. The oxidation agent used is a 45 ml solution of 1 wt% H2O2. Fenton’s reagent is 

usually used for degradation tests but, in continuity with other works from this research 

group, H2O2 has been chosen for its more limited production of radicals and milder 

conditions. A similar approach has also been employed for other PFSAs and 

hydrocarbon-based PEMs,39,90,91 making this procedure a reliable alternative to the more 

aggressive tests with Fenton’s reagent. Samples after degradation have been dried, 
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weighed, and analyzed with the XPS. The Thermo-Gravimetric Analysis was performed 

using a Shimadzu TGA-50, under nitrogen gas, at 2°C/min from 23°C to 700°C. 

Dimensional stability is the tendency of a material to retain its size and mass when put in 

different conditions (such as a different relative humidity value). The dimensions of a 

PEM are largely a function of its tendency to take up water and swell but, considering 

the limited space dedicated to the PEM inside the PEMFC, it is of the utmost 

importance92 to maintain similar shape and size as much as possible so that the 

continuous change in temperature and RH would not cause the PEM to fissure93. The 

dimensional stability was assessed through an analytical balance (Ohaus Explorer Pro) 

and a high-resolution scanner (Canon - Canoscan 8400F). Samples of an approximate 

size of 2 cm x 2 cm have been studied in their dry and wet forms. Both their surface area 

and thickness have been recorded and combined to observe the volumetric change 

between these two forms to find the water uptake. Following a similar procedure, to 

calculate the swelling ratio, the membranes have been weighed both in their dry and wet 

form. The equations used are down below. 

𝑊𝑎𝑡𝑒𝑟 𝑈𝑝𝑡𝑎𝑘𝑒 (%) =
𝑊𝑤𝑒𝑡 − 𝑊𝑑𝑟𝑦

𝑊𝑑𝑟𝑦
× 100% 

𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔 𝑅𝑎𝑡𝑖𝑜 (%) =
𝑉𝑤𝑒𝑡 − 𝑉𝑑𝑟𝑦

𝑉𝑑𝑟𝑦
× 100% 

The Young’s modulus and elongation at break were determined through 

mechanical tests, using an Instron 3400 at 23°C, 50% RH, and a crosshead speed of 5.0 

mm/min. The samples for the tensile tests were prepared using a metal profile to 

precisely cut the membranes, the narrower section was 0.5 cm. For the conservation 

and use of humidity-sensitive catalysts, it was used an MBRAUN LabMaster glovebox. 

Considering the number of the acidic sulfonic sites per repeating unit, the molar masses 

of both the Ce3+ and the sPPB repeating unit as well as their ratio (all reported in the 

table below), the calculations to determine the molar ratio between Ce3+ and the sulfonic 

groups is here presented with a table summary. Considering 1 mol of sPPB, equal to 

1113 g, the calculation to determine the mass of Ce3+ by using the weight percentage 

(0.5 wt%, 1 wt%, 2 wt%, 4 wt%) is: 

𝑀𝑎𝑠𝑠 𝑜𝑓 𝐶𝑒3+ = 1113 𝑔 ∗ 𝑤𝑡% 
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Once the mass of Ce3+ in a sample has been determined, it is possible to calculate the 

number of moles (1 mol of Ce is 140.12 g/mol): 

𝑀𝑜𝑙𝑒𝑠 𝑜𝑓 𝐶𝑒3+ =  
𝑀𝑎𝑠𝑠 𝑜𝑓 𝐶𝑒3+

140.12 
𝑔

𝑚𝑜𝑙⁄
 

Relying on the accurate and controlled synthesis of sPPB that installs 4 sulfonic groups 

per repeating unit, the number of sulfonic groups per mole is: 

𝐴𝑐𝑖𝑑𝑖𝑐 𝑠𝑖𝑡𝑒𝑠 𝑚𝑜𝑙𝑒𝑠 = 𝑀𝑜𝑙𝑠 𝑜𝑓 𝑠𝑃𝑃𝐵 ∗ 4 

In this example, the number of moles of sPPB is 1, so the number of acidic sites (SO3
-) 

is 4 mol. The Ce3+/sulfonic groups ratio is obtained considering the number of acidic 

sites moles present per mole of Ce3+ used: 

𝑅𝑎𝑡𝑖𝑜 
𝐶𝑒3+

𝑆𝑂3
− =

𝑀𝑜𝑙𝑠 𝑜𝑓 𝐶𝑒3+

4 𝑚𝑜𝑙𝑠
 

The results, shown in the table below, provide information on the number of SO3
- sites 

expected to be tethered by the introduction of Ce3+ as well as a preliminary theoretical 

explanation for the conductivity drop observed through the EIS.  

Table 2.1 Molar ratio calculation of Ce3+/SO3
- ratio 

Mass ratio 
considered of 

Ce3+/sPPB (wt%) 

Mass of 1 
mol of 

sPPB (g) 

Corresponding 
mass of Ce3+ based 

on the wt% (g) 

Mol of 
Ce3+ (mol) 

Acidic 
sites mol 

(mol) 

Molar ratio 
Ce3+/SO3

- 

0.5 1113 5.57 0.04 4 0.04/4 (1%) 

1 1113 11.13 0.08 4 0.08/4 (2%) 

2 1113 22.26 0.16 4 0.16/4 (4%) 

4 1113 44.52 0.32 4 0.32/4 (8%) 
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Chapter 3.  
 
Results 

The first phase of the study of incorporation of Ce3+ inside the sPPB membrane 

was to determine the extent of Ce3+ uptake. To guarantee a consistent set of samples for 

the various analyses, a preliminary batch of sPPB-Ce3+ was synthesized using a specific 

amount of Ce3+. The XPS analysis indicated that the actual amount of Ce3+ inside the 

membrane was 85%-90% relative to the original amount present in the CeCl3 solution. 

This discrepancy could be due to the non-ideal diffusion of the cerium ions inside the 

backbone of the polymer or the high hygroscopicity of CeCl3 which could have absorbed 

water from the environment during the procedure. To further understand and overcome 

this discrepancy, subsequent tests were performed using 15 wt% extra Ce3+ ions in 

solution (with respect to the amount originally added in solution) during the soaking step. 

The table below shows the expected content for each membrane and the actual content 

found through XPS. 

Table 3.1 Target Ce3+ content and actual content of Ce3+ in the sPPB samples 
used in this study 

Membrane name Target Ce3+ content 
in membrane (wt%) 

Ce3+ content found 
through XPS (wt%) 

sPPB-Ce3+
(0.5%) 0.5 0.54 ± 0.11 

sPPB-Ce3+
(1%) 1 1.09 ± 0.12 

sPPB-Ce3+
(2%) 2 2.09 ± 0.15 

sPPB-Ce3+
(4%) 4 4.08 ± 0.19 

 

All subsequent analyses were performed using membranes synthesized using 

this same method. The names of the membranes are also reported in the table above 

and this is how the samples are defined for the rest of this thesis work, with Ce3+ content 

being expressed as wt%. 
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3.1. Elemental Characterization 

3.1.1. X-Ray Photoelectron Spectroscopy 

XPS analysis provided information on the content of Ce3+ in the membranes and 

enabled evaluation of the efficiency of the Ce3+-doping process94,95. XPS peaks, 

characteristic of the presence of cerium, due to the presence of 3d orbitals, are found in 

the binding energy interval of 885-905 eV. For comparison, in the pristine membrane 

spectrum there are no peaks in this area. The elemental analysis of this pristine sample 

yielded only the presence of the polymer (C, O, and S), see the Appendix for the spectra 

and the complete elemental characterization. The amount of cerium found in the doped 

membranes is between 90% and 95% of the amount expected based on 100% uptake of 

Ce3+. The complete elemental composition of doped membranes found using XPS 

analysis along with their respective XPS spectrum can be found in the Appendix. 

The following spectra comparison represents the different peaks relative to 

cerium in the sPPB and sPPB-Ce3+ samples. As observed, the cerium-related peaks 

increase in intensity as the amount of Ce3+ in the samples is increased. 

 

Figure 3.1 Comparison of XPS spectra of sPPB-Ce3+. Peaks at 884 eV and 903 
eV are due to the presence of cerium ions 
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As already observed in the literature,96 the distribution of Ce3+ ions along the 

backbone of the polymer depends mostly on the counterion nature. Some counterions 

lead to a uniform distribution on the surface of the PEM, while others allow Ce3+ to go 

deeper into the membrane and guarantee a homogeneous distribution in the bulk as 

well. A cross-sectional SEM image can help determining the exact distribution of the 

Ce3+ ions in sPPB, as well as the best salt to use to introduce Ce3+ inside sPPB. 

3.1.2. X-Ray Photoelectron Spectroscopy – Deconvolution of Peaks  

XPS helps to determine the elemental composition of a sample as well as the 

oxidation states of the components through deconvolution of the peaks. The 

deconvolution study of the peaks conducted on sPPB-Ce3+
2% and sPPB-Ce3+

4% after 

degrading the samples, showed a clear correlation between the original Ce3+ content 

and the formation of Ce4+ after degradation.97,98 As a result, it was possible to estimate 

the degradation ratio of the samples by determining how much Ce3+ was still present in 

the samples and how much Ce4+ was formed after the degradation process. 

 

Figure 3.2 Comparison of deconvoluted high-resolution XPS spectra of sPPB-
Ce3+ (2 wt% on the left and 4 wt% on the right) after degradation 
tests 

In black the original peaks, in orange the deconvolution curves. The lighter one relative to Ce3+ 
and in darker orange, the curve relative to Ce4+. 



20 

Through an online library of XPS spectra providing binding energy values for 

every element, it was possible to identify the exact location (binding energy values) for 

both Ce3+ peaks and Ce4+ peaks. For both the spectra presented in the figure below, the 

biggest peak on the left is relative to Ce3+ (light orange curve) while the smaller peak on 

the right is relative to Ce4+ (darker orange curve). This is confirmed by previous studies 

conducted on Ce2O3 and CeO2 where the peak relative to Ce3+ is usually observed at 

~885 eV and Ce4+ at ~881 eV99,100.  

In confirming the radical scavenging activity of Ce3+ and its subsequent 

conversion to Ce4+ after the reaction with the hydroxyl radical, one can calculate the 

areas below the curves through an XPS deconvolution software. The areas of the peaks 

considered and found through XPS deconvolution are reported in the table below. 

Table 3.2 Areas of Ce3+ and Ce4+ peaks found through deconvolution 

Sample Area of Ce3+ peak Area of Ce4+ peak 

sPPB-Ce3+
2% 891 449 

sPPB-Ce3+
4% 4727 379 

 

The ratios between Ce4+ and Ce3+ are determined below, using the formula 

described in the experimental section and the areas reported in the table above. 

𝐷𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 =
𝐴𝑟𝑒𝑎 𝐶𝑒4+

𝐴𝑟𝑒𝑎 𝐶𝑒3+
∗ 100% 

For sPPB-Ce3+
2%: 

𝐷𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛𝑠𝑃𝑃𝐵−𝐶𝑒2%
3+ =

449

891
∗ 100% = 50% 

For sPPB-Ce3+
4%: 

𝐷𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛𝑠𝑃𝑃𝐵−𝐶𝑒4%
3+ =

379

4727
∗ 100% = 8% 
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3.1.3. Energy Dispersive X-Ray Spectroscopy 

As an additional elemental characterization of the actual content of cerium in 

sPPB-Ce3+
2%, an analysis has been performed using Scanning Electron Microscopy – 

Energy Dispersive X-ray Spectroscopy (SEM-EDX).101 Although the SEM-EDX 

elemental analysis is often less accurate and reliable than XPS, the results of SEM-EDX 

serve as additional evidence to convergently validate the results of XPS.102 

The results of the SEM-EDX analysis indicate that the surface of the polymer 

was homogeneous without macro-aggregates although some impurities of Na and Ca 

are present as observed in the spectrum. The reason for these impurities found on the 

surface of the polymer could be due to atmospheric particles in the laboratory.  

 

Figure 3.3 SEM-EDX spectrum of sPPB-Ce2% film surface, in evidence the 
cerium peaks 

Significant results of the SEM-EDX were the three peaks at 4.9 keV, 5.3 keV, 

and 5.6 keV (the last one is more difficult to see due to the background noise). These 

peaks, in fact, represent the presence of cerium in the sample. The images were taken 

at a x1000 magnifying power, with and without iridium coating, at room temperature and 

on flat clean sheets of sPPB-Ce3+
2%. The surface (as shown in Figure A.15 of the 

Appendix) does not present any major aggregates or noteworthy structures implying a 

uniform material. The SEM-EDX analysis represents an alternative and complementary 
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way of elemental characterization which provides further support for the results of the 

XPS results in this study. 

Elemental analysis using SEM-EDX yielded a content of Ce3+ of 1.7 wt%, which 

is ~85% of the amount of Ce3+ found using XPS (2.09 wt%). The results were similar 

enough to prove that the addition of cerium is an effective incorporation process and that 

it can be used to dope the membrane within a certain range of confidence. The 10%-

15% less cerium detected in both the technique could be caused by the nature of 

CeCl3•7H2O: it is, in fact, a hygroscopic compound, and part of the salt used to dope the 

membranes could have been water absorbed from the atmosphere; or the lower value 

could be the result of incomplete diffusion of cerium ions inside the polymer membrane. 

A comparison between the elemental composition of the membrane analyzed through 

XPS and SEM-EDX is reported down below. 

Table 3.3 Elemental analysis of sPPB-Ce3+
2% membrane, comparison through 

XPS and SEM-EDX of the main components 

Element Detected XPS (wt%) SEM-EDX (wt%) 

Carbon 70.6 63.2 

Oxygen 16.5 11.5 

Sulfur 8.5 13.1 

Cerium 2.1 1.7 

 

The elemental composition reported above demonstrates how the two 

techniques converge to a similar elemental composition and can be used to furtherly 

prove that the content of Ce3+ inside the samples is within a certain range of confidence 

(considering a 10% error margin for both the analyses). Additional SEM-EDX analyses 

were performed using a different experimental setup with an iridium coater, but the 

iridium coating did not improve the accuracy of the elemental characterization. 

Therefore, all the subsequent analyses were performed on uncoated samples. 
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3.2. Structural Characterization 

The analyses performed in this section include all the techniques used to 

determine important physicochemical properties of PEMs. As a whole, this section 

provides evidence of ionic crosslinking of sPPB polymer by the introduction of Ce3+. 

3.2.1. 1H-NMR 

A set of 1H-NMR spectra were recorded as a first analytical approach to 

determine if any molecular structural changes occur inside the sPPB structure before 

and after the soaking process. The 1H-NMR spectra of all the newly doped membranes 

were recorded and compared; for this reason, the spectra of sPPB-Ce3+ were treated as 

molecular fingerprints to qualitatively compare with each other. The resulting spectra are 

similar to each other in terms of peak shape, peak distribution, and chemical shifts. The 

only noticeable difference was found in the range of chemical shift between 6.5 ppm and 

7.1 ppm where the multiplets merged into a broader signal as the amount of Ce3+ 

increases. This is particularly evident for samples with concentrations of Ce3+ higher than 

1 wt%, presumably due to the pronounced crosslinking effect promoted by the Ce3+ ion 

itself; additional evidence of this phenomenon will be presented in subsequent analyses. 

All the spectra of the doped materials remained largely unchanged despite the slight 

merging peaks. 
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Figure 3.4 a) Representative 1H-NMR spectrum of sPPB-Ce3+
0.5%, b) sPPB 

chemical structure c) Comparison between 1H-NMR spectra of sPPB-
Ce3+

0.5% and sPPB-Ce3+
4% 

3.2.2. Size Exclusion Chromatography 

Size Exclusion Chromatography (SEC) analyses were performed to obtain 

information about the size of the macro-aggregates formed within the membrane. It is a 

routine experiment in macromolecular chemistry to estimate molecular weights and 

molecular weight distributions. In this thesis work, SEC was used to determine if the 

addition of Ce3+ changed the molecular weight distributions of sPPB.  

Mn is the number average molecular weight and defines the molecular weight as 

the number of polymer chains at a specific molecular weight. The Mw, on the other hand, 

is the weighted average molecular weight and takes into account the mass of each 

chain: the more massive the chain is, the larger will be its contribution to the Mw. The 

Polydispersity Index (PDI) value represents the uniformity in the distribution of molecular 

weight inside the sample, indicated by the ratio Mw/Mn. The results for sPPB-Ce3+ 

samples showed a positive correlation between the Ce3+
wt% and the PDI value (from 
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PDI=2.57 for pristine sPPB to 4.23 for sPPB-Ce3+
4%).  As there is no reasonable 

mechanism that would lead to changes in molecular weight of individual chains upon 

addition of Ce3+, the increase in PDI value, is most likely aggregation of chains due to 

ionic crosslinking.103,104 Further analyses on the relationship between the introduction of 

Ce3+ and the occurrence of ionic crosslinking were conducted and described in following 

sections of this thesis.  

Table 3.4 SEC molecular weights data of sPPB-Ce3+ and pristine sPPB at room 
temperature 

Ce3+ (wt%) Mn Mw PDI (Mw/Mn) 

0 183,800 469,100 2.57±0.19 

0.5 170,100 444,800 2.60±0.11 

1 158,200 416,200 2.62±0.12 

2 158,900 532,500 3.36±0.23 

4 134,600 568,600 4.23±0.17 

 

3.2.3. Dimensional Stability 

The dimensional stability of the PEMs is a variable to consider to estimate the 

membranes lifetime considering the particular environment inside the PEMFC. Since the 

space available to the PEMs inside the PEMFC is often limited and fixed, changes in 

both temperature and relative humidity produce swelling/shrinking cycles that 

exacerbate degradative reactions. Dimensional stability analyses were performed at 

room temperature of 20°C on membranes with an average thickness of 35 μm. 

When evaluating the dimensional stability of the sPPB membrane with the 

introduction of Ce3+, a positive effect was found. For example, for the sPPB-Ce3+
2% 

sample, the dimensional stability improved 15-20% compared to the pristine sPPB (e.g., 

for pristine sPPB, the water uptake is >120% while for sPPB-Ce3+
4% it is ~100%, similar 

to observations of the swelling ratio).  
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Figure 3.5 a) Water uptake (mass change) comparison of sPPB-Ce3+ samples 
between their dry and wet form; b) Swelling ratio (volume change) 
comparison of sPPB-Ce3+ samples between their dry and wet form 

Both the analyses were performed at RT, 50% RH, with an average membrane thickness of 40 
μm, after conditioning them in MilliQ water for 24 hours The arrows are the trend lines. 

This enhanced dimensional stability finding represents a small improvement over 

the pristine membrane in terms of applicability. Although the dimensional stability of 

sPPB-Ce3+ is still inferior to PFSA benchmarks, such as Nafion® and Aquivion®, which 

increase only 20% and 30%, respectively, of their original mass and volume in moist 

environments.105 
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3.2.4. Solubility 

Solubility tests are a standard analysis conducted on PEMs to determine their 

solubility in different solvents. The membranes used in traditional PEMFCs are soaked in 

water and must be completely insoluble in aqueous solutions. Both pristine sPPB and 

sPPB-Ce3+ (with different Ce3+ content) were soaked in water for long times during the 

preparation for several analyses. Both sPPB and sPPB-Ce3+ membranes are completely 

insoluble in water. The solubility in methanol, on the other hand, reveals a much more 

interesting phenomenon: while pristine sPPB is completely soluble in methanol, this is 

not so for sPPB-Ce3+ as shown in the figure below. 

 

Figure 3.6 Solubility of sPPB-Ce3+ in methanol at RT 

As the amount of Ce3+ in a membrane increases, its solubility in methanol 

decreases. While the membranes with the lowest amount of Ce3+ (up to 1 wt%) are 

partially soluble in methanol, sPPB-Ce3+
4% membrane is virtually insoluble. This finding 

may provide some utility in the field of direct methanol fuel cells. 

3.2.5. Thermogravimetric Analyses 

The TGA curves for the various samples are all quite similar. Pristine sPPB 

membrane loses its most volatile component (water) at 100°C, proceeds by degrading 

the backbone of the polymers as the temperature reaches 300°C and it is completely 

degraded by 450°C. The membranes containing Ce3+ show no improvements in thermal 

stability as the amount of Ce3+ increases. 
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Figure 3.7 TGA curves comparison of pristine sPPB and sPPB-Ce3+
2% from 0°C 

to 700°C with first-order derivative 
In darker colors the TGA curves, in lighter colors their respective derivatives. 

3.2.6. Tensile Tests and Young’s Modulus 

The tensile tests were performed on the samples to determine the mechanical 

strength of sPPB-Ce3+ samples compared to their pristine counterpart. The results 

indicated that as the amount of Ce3+ increases, the membranes become more rigid and 

more stiff (i.e., higher Young’s Modulus106). This result was expected because of the 

coordinating nature of the ion Ce3+ (CN=9)107 which promotes ionic crosslinking.108 The 

newly prepared materials present several traits typically connected to crosslinking such 

as the higher polydispersity value, better thermal, and better dimensional stability. The 

purpose of conducting tensile studies on these materials is to furtherly confirm the 

hypothesis of the role of Ce3+ in shaping the geometrical structure and internal 
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organization of the doped materials. The values of stress (in MPa) and strain (%) found 

in the tensile tests were typical for a polymeric sample and compatible with PEMFC use. 

The change in mechanical properties presents a positive correlation between the 

amount of Ce3+ introduced in every sample and its Young’s modulus. The higher the 

amount of Ce3+, the more brittle the membrane is. This is consistent with observations 

made in previous studies106.  

 

Figure 3.8 Young’s Modulus study, representative curves of pristine sPPB, 
sPPB-Ce3+

0.5% and sPPB-Ce3+
2% 

3.3. Proton Conductivity 

Proton conductivity of PEMs largely depends on the presence and availability of 

the sulfonic acid groups along the backbone of the polymer. Ce3+ ions modify the proton 

conductivity of sPPB by tethering sulfonic acid groups to the newly introduced additive. 

Calculating the molar ratio between the number of Ce3+ ions introduced, and the number 

of sulfonic groups tethered to the Ce3+ ions after the Ce3+ has been introduced, is useful 

in determining the impact of the change in proton conductivity. Below is a representative 

figure of the proton conductivity at PEMFC operative temperature for a wide range of RH 

values. The results for the other temperature values, for fully hydrated membranes as 

well as more detailed data tables can be found in the Appendix section. 
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Figure 3.9 Proton conductivity of pristine sPPB and sPPB-Ce3+ at 80°C for a 
range of RH (30-95%) 

In the figure above, the observed trend indicates that the proton conductivity of 

the membrane (through EIS109) is consistent with the proposed coordination and 

conductivity mechanisms. In this figure, a lowering in proton conductivity in all the 

conditions tested is observed as the wt% of Ce3+ increases (e.g., at 80°C, 95% RH, the 

conductivity of pristine sPPB was 25.3 mS/cm while for sPPB-Ce3+
4% was 20.2 mS/cm).  

Table 3.5 Comparison of conductivity for different sPPB-Ce3+ samples at 80°C 
for a range of RH% (from 30% to 95%) 

Variables Conductivity (mσ/cm) 

T (°C) RH% Ce0% Ce0.5% Ce1% Ce2% Ce4% 

80 95 25.3 24.3 22.5 22.3 20.2 

80 90 18.7 17.9 15.2 16.5 12.3 

80 80 9.2 9.7 8.8 8.7 5.8 

80 70 5.1 5.5 4.7 4.6 2.7 

80 60 2.4 2.6 2.3 2.3 1.2 

80 50 0.9 1.0 1.0 1.0 0.5 

80 40 0.3 0.4 0.3 0.3 0.1 

80 30 0.1 0.1 0.1 0.1 0.0 

 As previously observed in other studies, the proton conductivity is largely 

dependent on both temperature and relative humidity. The highest values for proton 

conductivity were detected for high temperatures (80°C) and high relative humidity 
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(95%). Comparing the conductivity values for all the conditions described above, one 

can observe a direct correlation between Ce3+ amount and a drop in proton conductivity, 

as previously hypothesized in this thesis work. 

3.4. Accelerated Degradation Test 

Accelerated degradation tests represent one of the most important analyses 

performed during this research project. Several batches of sPPB-Ce3+ have been 

prepared following the method described in the experimental section. A preliminary set 

of analyses were conducted on small square samples with an average mass of 15 mg. 

The samples were left in pressurized vessels for 24 hours at 80°C in a solution of H2O2 

(1 wt% in water). Subsequent degradation tests were performed on much larger 

membranes with an average mass of 100 mg and square shape, under the same 

conditions described above. The pristine membrane and sPPB-Ce3+
0.5% were visibly 

degraded during the degradation test losing between 70% and 80% of their original 

mass, and were reduced to small pieces, as shown below. sPPB-Ce3+
2% and sPPB-

Ce3+
4% membranes, however, retained ~60% of their original mass, but also a strong 

resemblance to their original shape. 

 

Figure 3.10 Photographs of pristine sPPB  a) before degradation test and, b) 
after degradation test 
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Figure 3.11 Photographs of sPPB-Ce3+
0.5% a) before degradation test and, b) after 

degradation test 

Although both pristine sPPB and sPPB-Ce3+
0.5 (the lowest amount of Ce3+ added 

to a membrane) were reduced to pieces, the presence of a small amount of Ce3+ (0.5 

wt%) partially protected the membrane from further degradation. After degradation the 

pieces of sPPB-Ce3+
0.5% were larger than the ones of pristine sPPB. The samples with 

the higher contents of Ce3+ (2wt% and 4wt%) were able to maintain a resemblance of 

their original shape and experienced a minimal loss of thickness after the tests as shown 

in the figure below. The change in color (from orange to dark yellow) is most likely due to 

the thinning of the membranes after the degradation process. 

 

Figure 3.12 Photographs of sPPB-Ce3+
2% a) before degradation test and, b) after 

degradation test 

A representative table of the masses of the different sPPB samples calculated 

before and after one of the tests is shown below. The retained mass values follow a 

logarithmic trend as shown. 
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Table 3.6 Masses of sPPB-Ce3+ before and after the degradation tests using 
H2O2 (1 wt%), at 80°C for 24 hours 

Samples (wt% of Ce) Initial mass (mg) Final mass (mg) Mass retained (%) 

0 108.5 22.1 20.4 

0.5 98.1 34.5 35.2 

1 98.9 51.6 52.1 

2 111.3 65.3 58.7 

4 108.5 66.1 60.9 

 

The conclusions obtained through preliminary visual tests were furtherly 

confirmed in the subsequent analyses of larger samples. The membranes with the 

higher content of Ce3+ retained greater mass after the test and their original shape, 

although they became more brittle. The percentage of mass retained plateaued with 

2wt% Ce3+
, as illustrated in the figure below. 

 

Figure 3.13 Retained mass of sPPB-Ce3+ samples after degradation test in 
function of the amount of Ce3+ ions (wt%) 

As shown in the section of this thesis relative to the proton conductivity of sPPB-

Ce3+, the drop in conductivity between 2 wt% of Ce3+ and 4 wt% is significant (~25%). 

Considering both the deterioration in electrochemical performance and no subsequent 

improvement in stability to radical degradation with increasing Ce3+ content, sPPB-
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Ce3+
2% samples were considered to be the best compromise for in-depth PEMFC 

analyses and further study. 
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Chapter 4.  
 
Conclusions 

In this chapter, the significance of the results of the study is presented, starting 

with the Ce3+ doping process. As stated previously, not all the Ce3+ ions present in 

solution were incorporated into the membrane (as determined by XPS and SEM-EDX). 

Possible explanations for this occurrence are restricted diffusion of the ions inside the 

membrane. To overcome this limitation, 15% excess CeCl3 was added to the soaking 

solution such that the wt% Ce3+ was closer to the aimed value. Regarding the 

characterization of sPPB and sPPB-Ce3+, several techniques were used, including 1H-

NMR spectroscopy, SEC, dimensional stability, solubility, TGA, and mechanical 

strength.  

• 1H-NMR spectra of sPPB and sPPB-Ce3+ did not show any noteworthy 
difference in chemical shift or peak intensity, although the shape of the peaks 
was broadened with increase in Ce3+ content - consistent with aggregation of 
polymer chains, most likely ionic crosslinking.  

• The SEC analyses revealed higher values of polydispersity as the wt% of Ce3+ 
increased - consistent with aggregation of polymer chains, most likely ionic 
crosslinking. 

• Doped membranes presented improved dimensional stability - consistent with 
ionic crosslinking.  

• The solubility in methanol decreased as the amount of Ce3+ in the membranes 
increases - consistent with ionic crosslinking.   

• All samples possessed comparable thermal stability except for sPPB-Ce3+
4%, 

for which degradation begins at a slightly higher temperature. 

• sPPB-Ce3+ membranes showed an increase in Young’s modulus as the 
amount of Ce3+ increases, making the membranes with the highest amount of 
Ce3+ more stiff and brittle - consistent with ionic crosslinking.   

The results of these analyses converge to the conclusion that increasing the  

Ce3+ ion content increases the degree of ionic crosslinking.110–112 

As indicated by the EIS analysis, the electrochemical properties of sPPB 

membranes remain relatively unmodified for most membranes tested with a noticeable 

drop in proton conductivity only for the membranes with the highest wt% of Ce3+ 
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examined (sPPB-Ce3+
4%). On a physical level, this noticeable drop occurred when the 

number of inhibited sulfonic groups surpasses the threshold of 8% of the total sulfonic 

groups.  

Accelerated degradation tests indicated enhanced stability to radical degradation 

for the sPPB-Ce3+ samples compared to their pristine counterpart. The Ce3+ ion doped 

materials retained almost 60% of their original mass and better shape, under 

accelerated degradation conditions, in contrast to the pristine material that retained only 

20% of its original mass and was reduced to small pieces. Deconvolution studies on the 

XPS spectra of sPPB-Ce3+
2% and sPPB-Ce3+

4%, provided evidence of the hypothesized 

mechanism of degradation, i.e., the conversion of Ce3+ to Ce4+ via reduction of hydroxyl 

and peroxyl radicals. The results obtained support the premise that the addition of Ce3+ 

is indeed an efficient method to counter radical degradation of PEMs inside the PEMFC. 

However, it cannot be ruled out conclusively that ionic crosslinking of the membrane 

plays a role in increasing the stability of the membranes by preventing swelling and 

restricting access to hydroxy radicals. However, it is noted that swelling is only nominally 

reduced and products of the reaction of Ce3+ and hydroxy/hydroperoxyl radicals are 

detected.  

The addition of Ce3+ in the measure of 2 wt% of the dry membrane represents a 

trade-off between stability to radical degradation and proton conductivity. Although 

hydrocarbon-based membranes might still not reach the performance of PFSA-based 

PEMs, the addition of Ce3+ could represent an important step towards the development 

of innovative hydrocarbon-based PEMs, making them a viable competitor to the current 

benchmark membranes. Once the objective of a longer lifetime for sPPB is achieved, it 

would be possible to replace PFSA as the benchmark for PEM production. Ultimately, 

making hydrocarbon-based PEMs and PEMFCs a better replacement for internal 

combustions engines and the production (and disposal) of PEM-related activities more 

environmentally sustainable. 
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4.1. Future Work 

The work presented in this thesis represents the first step to understand the 

effects of additives on sPPB performance. Numerous papers have been published over 

the years on the stabilization of PFSA-based PEMs but reports on the stabilization of 

hydrocarbon-based PEMs are scarce. To further progress the understanding of sPPB-

Ce3+, future studies should investigate the structure of the polymer backbone after the 

introduction of the Ce3+ ions and detailed fuel cell analyses, particularly the potential of 

Ce3+ ion migration during the PEMFC operation.84,87,113 Some of the analyses that would 

be coherent with the work reported here would include IR characterization (especially 

ATR-IR and Fourier-transform IR) of wastewater following accelerated degradation tests, 

and theoretical calculations, and possibly XRD of model compounds to better 

understand the coordination around the Ce3+ ions in the sulfonated polymer. Other 

degradation studies on sPPB-Ce3+ would make a good addition to the overview of 

degradation pathways for these new materials (e.g., ultraviolet photolysis degradation 

studies). Among them, the most important work to be made on these modified PEMs 

would be the in-situ testing inside a PEMFC to determine the actual lifetime in operative 

conditions. PEMFC testing is of the utmost importance to determine the applicability of 

sPPB-Ce3+ in real-life applications. Following the work already conducted with Ce3+ ions, 

research projects that provide a fuller understanding of the distribution of the additive in 

the membrane would be useful. 

Alternative approaches of introducing Ce3+ ions should be explored, for example, 

using different cerium salts, such as (PTSA)3Ce (see figure below) instead of CeCl3, 

which could be introduced during the membrane casting process as opposed to 

additives being imbibed after membrane formation. By introducing the ions during the 

membrane casting process, it would be possible to control the ratio of cerium ions to 

sPPB in a more uniform and reproducible manner. 
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Figure 4.1 The structure of (PTSA)3Ce, a potential new additive to introduce 
Ce3+ ions into sPPB 

The exact determination of the cerium content in the samples would provide a 

more solid theoretical background for this study. The amount of Ce3+ for the samples 

used during this project was determined using XPS, a surface-sensitive technique. The 

bulk composition of the samples is yet to be determined and could be a piece of valuable 

information to obtain. Techniques that could be useful for this application are XRF, ICP-

MS, and ICP-AES. Based on the preliminary findings of the XPS spectra deconvolution, 

future studies should investigate in more depth the Ce3+/Ce4+ ratio before and after 

degradation tests to furtherly confirm the degradation reactions here hypothesized79. 

With the development of new techniques to counterbalance the radical degradation, 

research findings have pointed to the possibility of using the radical scavenging 

properties of cerium in different ways (e.g., in conjunction with carbon nanotubes, 

composite oxides with titanium, zinc, and other transition metals). Future studies on 

sPPB should consider these new approaches since the radical degradation still remains 

the single greatest limitation for this class of material.114 
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Appendix.  
 
Supplementary Information 

 

Figure A.1 Survey XPS spectra comparison of sPPB-Ce3+. 
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Figure A.2 XPS spectrum of sPPB with 0 wt% of Ce 

 

Table A.2 Elemental composition of sPPB-H+ detected though XPS  

Elements Amount (wt%) 

Carbon 71.93 

Oxygen 17.29 

Sulfur 9.32 

Nitrogen 1.46 
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Figure A.3 XPS spectrum of sPPB with 0.5 wt% of Ce 
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Figure A.4 High resolution XPS spectrum of sPPB with 0.5 wt% of Ce centered 
around 900 eV 

 

Table A.3 Elemental composition of sPPB-Ce3+
0.5% detected though XPS  

Elements Amount (wt%) 

Carbon 71.80 

Oxygen 15.82 

Sulfur 8.93 

Sodium 1.86 

Nitrogen 1.05 

Cerium 0.54 
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Figure A.5 XPS spectrum of sPPB with 1 wt% of Ce 
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Figure A.6 High resolution XPS spectrum of sPPB with 1 wt% of Ce centered 
around 900 eV 

 

Table A.4 Elemental composition of sPPB-Ce3+
1% detected though XPS  

Elements Amount (wt%) 

Carbon 75.76 

Oxygen 14.08 

Sulfur 6.93 

Sodium 1.25 

Nitrogen 0.88 

Cerium 1.09 
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Figure A.7 XPS spectrum of sPPB with 2 wt% of Ce 
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Figure A.8  High resolution XPS spectrum of sPPB with 2 wt% of Ce centered 
around 900 eV 

 

Table A.5 Elemental composition of sPPB-Ce3+
2% detected though XPS  

Elements Amount (wt%) 

Carbon 70.62 

Oxygen 16.55 

Sulfur 8.51 

Sodium 1.33 

Nitrogen 0.90 

Cerium 2.09 
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Figure A.9 XPS spectrum of sPPB with 4 wt% of Ce 
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Figure A.10 High resolution XPS spectrum of sPPB with 4 wt% of Ce centered 
around 900 eV 

 

Table A.6 Elemental composition of sPPB-Ce3+
4% detected though XPS  

Elements Amount (wt%) 

Carbon 70.19 

Oxygen 15.37 

Sulfur 7.06 

Sodium 1.44 

Nitrogen 1.86 

Cerium 4.08 
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Figure A.11 1H-NMR spectrum of sPPB-Ce3+
0.5%, zoomed into the aromatic area, 

with its chemical structure, and peak assignements 

 

δ (ppm): 6.00-6.50 (H4); 6.50-6.75 (H6); 6.75-6.85 (H9); 6.85-6.90 (H2); 6.90-7.00 

(H11); 7.00-7.05 (H5); 7.05-7.20 (H8,3); 7.20-7.30 (H7); 7.30-7.40 (H10); 7.40-7.50 (H1). 
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Figure A.12 1H-NMR spectrum of sPPB-Ce3+
1%, zoomed into the aromatic area, 

with its chemical structure, and peak assignements 

 

δ (ppm): 6.05-6.40 (H4); 6.50-6.75 (H6); 6.75-6.85 (H9); 6.85-6.90 (H2); 6.90-7.00 

(H11); 7.00-7.05 (H5); 7.15-7.20 (H3); 7.20-7.25 (H8); 7.25-7.30 (H7); 7.30-7.40 (H10); 

7.40-7.50 (H1). 
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Figure A.13 1H-NMR spectrum of sPPB-Ce3+
2%, zoomed into the aromatic area, 

with its chemical structure, and peak assignements 

 

δ (ppm): 6.05-6.45 (H4); 6.55-6.75 (H6); 6.75-6.85 (H9); 6.85-6.90 (H2); 6.95-7.00 

(H11); 7.00-7.05 (H5); 7.10-7.15 (H3); 7.15-7.20 (H8); 7.25-7.30 (H7); 7.30-7.40 (H10); 

7.40-7.50 (H1). 
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Figure A.14 1H-NMR spectrum of sPPB-Ce3+
4%, zoomed into the aromatic area, 

with its chemical structure, and peak assignements 

 

δ (ppm): 6.00-6.35 (H4); 6.55-6.75 (H6); 6.75-6.85 (H9); 6.85-6.90 (H2); 6.90-7.00 

(H11); 7.00-7.05 (H5); 7.05-7.20 (H8,3); 7.20-7.30 (H7); 7.30-7.40 (H10); 7.40-7.50 (H1). 
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Figure A.15 SEM image of clean sPPB-Ce2% film surface at room temperature at 
1,000x. 
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Figure A.16 Conductivity comparison at 30°C for a range of RH (30-95%). 

 

Table A.7 Comparison of conductivity for different Ce3+ wt% at 30°C for a 
range of RH (30-95%). 

Variables Conductivity (mσ/cm) 

T (°C) RH Ce0% Ce0.5% Ce1% Ce2% Ce4% 

30 95 8.53 7.92 7.92 8.75 5.77 

30 90 7.55 6.72 6.86 7.41 5.00 

30 80 4.87 4.14 4.29 4.34 2.91 

30 70 2.35 2.31 2.45 2.44 1.47 

30 60 1.20 1.22 1.25 1.24 0.72 

30 50 0.53 0.55 0.54 0.54 0.29 

30 40 0.18 0.19 0.18 0.18 0.09 

30 30 0.04 0.04 0.04 0.04 0.02 
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Figure A.17 Conductivity comparison at 50°C for a range of RH (30-95%). 

 

Table A.8 Comparison of conductivity for different Ce3+ wt% at 50°C for a 
range of RH (30-95%). 

Variables Conductivity (mσ/cm) 

T (°C) RH Ce0% Ce0.5% Ce1% Ce2% Ce4% 

50 95 13.20 12.97 11.74 12.79 8.86 

50 90 10.86 10.78 10.11 10.66 7.44 

50 80 6.04 6.05 6.09 6.11 4.06 

50 70 3.30 3.35 3.27 3.24 2.05 

50 60 1.66 1.74 1.71 1.67 0.94 

50 50 0.71 0.78 0.72 0.71 0.36 

50 40 0.24 0.27 0.24 0.24 0.11 

50 30 0.06 0.06 0.05 0.05 0.02 
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Figure A.18 Conductivity comparison for the fully hydrated forms for a range of 
T (30-80°C). 

 

Table A.9 Comparison of conductivity for different Ce3+ wt% in their fully 

hydrated form for a range of temperatures (30°C-80°C). 

 Conductivity (mσ/cm) 

T (°C) Ce0% Ce0.5% Ce1% Ce2% Ce4% 

30 78.88 78.67 75.85 72.16 50.04 

40 70.57 67.31 63.55 61.71 46.09 

50 61.35 57.19 54.29 51.82 40.86 

60 53.61 47.99 47.47 45.72 36.08 

70 46.11 39.91 39.44 39.79 31.04 

80 39.28 32.94 33.80 34.23 26.79 
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Figure A.19 TGA curve of sPPB-Ce3+
0.5% from 0°C to 700°C with first order 

derivative 
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Figure A.20 TGA curve of sPPB-Ce3+
1% from 0°C to 700°C with first order 

derivative 
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Figure A.21 TGA curve of sPPB-Ce3+
4% from 0°C to 700°C with first order 

derivative 
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Figure A.22 Young’s Modulus curve of pristine sPPB-Ce3+
1% 



73 

 

Figure A.23 Young’s Modulus curve of pristine sPPB-Ce3+
4% 


