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PEM fuel cells have become increasingly drawn attention in numerous applications during the past 

decade. However, PEM fuel cells suffer from a number of drawbacks such as;the high Pt and Nafion® 

utilization within the electrodes exhibits a significant financial burden. Furthermore, the catalyst layer 

undergoes a number of side-processes during operation resulting in its deterioration and loss in 

performance with time. To address those issues, fiber-based electrodes were fabricated using 

electrospinning utilizing Pt/C as a catalyst, sulfonated silica as a proton conducting ionomer, and poly 

(vinylidene fluoride-trifluoroethylene) P(VDF-TrFE) as a carrier polymer. The fabricated electrodes 

demonstrated a functional and Nafion®-free cost-effective alternative to classically sprayed 

electrodes. They exhibited superior performance recording up to 417.7 mW.cm-2 maximum power 

density exceeding that of sprayed electrodes and fiber-based electrodes employing Nafion®. 

Furthermore, the aforementioned electrodes showed impressive durability against Pt-dissolution 

retaining up to 86.5% and exhibited a 2.6% gain in performance under C-corrosion AST.  In the 

second part of the dissertation, CeO2-based additives were investigated to enhance the oxygen 

reduction reaction kinetics. Nanorod CeO2/NrGO, bare nanorod CeO2, nanocube, and nano octahedral 



 

CeO2 exhibited an overall increase in the ORR activity with octahedral CeO2 recording the highest 

power output (483.4 mW.cm-2). Furthermore, cerium oxide nanocube additive-based electrodes 

exhibited an impressive durability retaining up to 80.3% of its initial maximum power density. 

     .       
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Anahtar Kelimeler: PEM yakıt hücreleri, elektrotlar, lifler, sülfonlanmış silika, seryum 

oksit 

 

 

PEM yakıt hücreleri, özellikle son on yılda pek çok uygulama alanında kullanılabiliyor olmalarıyla 

dikkat çekti. Bununla birlikte, ne yazık ki PEM yakıt hücrelerinin birtakım dezavantajları mevcuttur. 

Örneğin, elektrotlar içinde yüksek platin ve Nafion® kullanımı PEM yakıt hücrelerinin maliyetini 

ciddi ölçüde arttırmaktadır. Ayrıca PEM yakıt hücreleri çalışma sırasında, katalizör katmanının 

zamanla bozulmasına ve performans kaybına neden olan bir takım yan işlemlerden geçer. Bu 

sorunlara bir çözüm bulmak adına, elektrospinning yöntemi kullanılarak fiber bazlı elektrotlar 

üretilmiş, katalizör olarak Pt/C, proton ileten iyonomer olarak sülfonatlı silika ve taşıyıcı polimer 

olarak poli (viniliden florür-trifloroetilen) P(VDF-TrFE) kullanılmıştır. Üretilen bu elektrotlar, 

konvansiyonel olarak püskürtme yöntemiyle üretilen elektrotlara karşı işlevsel ve Nafion® içermeyen 

uygun maliyetli bir alternatif olabileceğini kanıtlamış; 417.7 mW.cm-2 maksimum güç yoğunluğuna 

ulaşarak püskürtme yöntemiyle üretilen elektrotları ve Nafion® kullanan fiber bazlı elektrotları 

geride bırakmış ve üstün bir performans sergilemiştir. Ayrıca üretilen bu elektrotlar, platin 

çözümesine karşı etkili bir dayanım göstermiş, ilk performansının %86,5’ini korumuş ve C-

korozyonu AST testinde %2,6’lık performans artışı sağlamıştır. Tezin ikinci bölümünde ise, CeO2 

bazlı katkı malzemeleri kullanarak oksijen indirgenme tepkimesinin kinetiğinin geliştirilmesi 

incelenmiştir. NrGO takviyeli Nanoçubuk CeO2, saf nanoçubuk, nanoküp, ve nanooktahedral  CeO2, 



 

ORR aktivitesini artış sağlamış, bu malzemelerden en yuksek güç çıkışını oktahedral CeO2 

göstermiştir (483.4 mW.cm-2). Buna ek olarak, CeO2 nanoküp katkı malzemeli elektrotlar, 

başlangıçtaki maksimum güç yoğunluğunun %80,3’ünü muhafaza ederek üstün bir dayanıklılık 

göstermiştir.  
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CHAPTER 1: INTRODUCTION 

 

 

 

 

1.1. Background and Motivation  

 

In the scope of fossil fuels reserve decline and the shift in strategy towards renewable 

energy resources, fuel cells are becoming famously utilized in a significant number of 

applications. Fuel cells are energy conversion units which convert chemical energy into 

electrical energy. Like all electrochemical systems, they are composed of a negative (anode) 

and a positive (cathode) electrode sandwiching a separating membrane. However, in fuel 

cells, hydrogen and oxygen gases are fed into the anode and the cathode, respectively. But, 

regardless of the great success fuel cell has achieved throughout time, several shortcomings 

slowed down its vast introduction into the market. For instance, the quantity of noble metal 

Pt and Nafion® required to maintain a reasonable performance and durability within the 

electrode poses a cost burden. Several electrode fabrication methods were utilized in quest 

of morphology that boosts the utilization of Pt within the electrode. However, electrospinning 

stands out as one of the most promising methods. Obtaining a fibrous architecture through 

electrospinning provides many advantages. First, it provides better exposure of the catalyst 

surface. Second, the fibrous morphology enhances the in/out diffusion of reactant gases and 

produced water in the electrode, respectively.  
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Of equal importance, Nafion® ionomer is extensively used in both PEM fuel cell 

membranes and electrode. Within the electrode, Nafion® serves in conducting protons into 

the electrochemical active center (Pt). However, and in addition to the high cost of Nafion®, 

its proton conduction declines dramatically in partially humidified conditions. In parallel, 

Sulfonated silica (S-SiO2) emerged as a successful alternative to Nafion®. Unlike Nafion®, 

the hydroscopic backbone of sulfonated silica allows it to maintain adequate performance at 

flexible humidity conditions. Furthermore, in comparison to Nafion®, the smaller size of 

sulfonated silica enables it to reach Pt particles embedded within the electrode interior 

provoking better Pt utilization.  

In parallel, catalyst enhancing electrode additive development and usage has been on 

a rise lately. Those additives serve in providing a favorable environment to alleviate the 

sluggish kinetics of the oxygen reduction reaction occurring in the cathode. On the other 

hand, Cerium oxide (Ceria; CeO2) is well known as an oxygen buffer. Therefore, 

incorporating CeO2 or CeO2-based materials as additives in the electrode can serve in 

enhancing the oxygen gas accessibility to the electrochemical active centers and thereby 

boost its ORR kinetics. 

 

 

1.2. Dissertation Objectives  

 

This study is designed to answer a number of questions within the area of PEMFC electrode 

design. With that being said, the ultimate goal of the studies conducted is to enhance both the 

performance and durability of PEMFC cathodes. In parallel, performance and durability 

enhancement are made while selecting cost effective components that can replace their 

expensive alternative. Therefore, the 1st objective was to fabricate a fiber-based cathodes 

using different hydrophobic carrier polymers (PVDF and P(VDF-TrfE)). Those electrodes 

are expected to not only utilize the fibrous structure of the electrode to boost its performance 

through better Pt exposure and mass transfer, but to utilize the hydrophobic nature of the 

carrier polymer to manage the water content in the electrode compartment and reduce the 

risk of performance fading. The 2nd objective in quest of enhancing the cathodes performance 
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and durability was to use a cost-effective, chemically stable, and hygroscopic inorganic 

proton conducting component within the cathode as an alternative to the expensive and 

hydrophobic Nafion® alternative. Therefore, the effect of introducing sulfonated silica (S-

SiO2) into the fiber-based cathode is to be investigated in depth to investigate its viability as 

an alternative to Nafion®. Finally, the 3rd objective is to investigate the effect of inorganic 

ceria (CeO2)-based additives on the performance and durability of the cathode. Furthermore, 

it is intended to investigate the effect of the CeO2 particle morphology on both the ORR 

reaction, PEMFC performance and durability.   

 

 

1.3. Roadmap of Chapters   

 

The current dissertation is designed to highlight the impact of electrospinning, 

sulfonated silica, and CeO2/NrGO on both the performance and durability of a PEMFC 

cathode. Therefore, it starts with a general dissertation introduction in Chapter 1 including 

the motivation behind this work and the followed methodology defining PEM fuel cell 

electrodes and the importance of its different components, and electrospinning. Also, Chapter 

1 surveys the use of Nafion® ionomer alternatives in the electrode with greater emphasis of 

inorganic based materials, and electrode additives. Chapter 2 defines and discusses the 

different characterization tools. Chapter 3 explains the fabrication of fibrous Pt/C/S-

SiO2/P(VDF-TrFE), and Pt/C/S-SiO2/PVDF and their use as PEMFC electrode. Chapter 4 

discusses the synthesis of CeO2/NrGO and CeO2 and their role as additives in PEMFC 

electrodes. Chapter 5 is a continuation of the previous chapter in which the effect of CeO2 

morphology on the performance and durability of PEMFC cathodes was investigated. 

Finally, Chapter 6 provides a summary, suggestions, and future work.

 

 

1.4. Principle of Polymer Electrolyte Fuel cells (PEMFCs) 
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Polymer electrolyte fuel cells (PEMFCs) are energy conversion devices which utilize 

chemical energy and convert it into electrical work. In the process, H2 and O2 gases are both 

fed into the cell to produce electrical work, heat energy, and water (Figure 1). PEMFC 

operates at relatively low temperatures (80-110oC) compared to other fuel cell types. 

Therefore, PEMFC is regarded as low temperature fuel cell. This allows PEMFCs to have 

fast startup times and thus be used in a broad scope of applications, especially in mobile 

applications. Therefore, automobile manufacturers started introducing fuel cell vehicles 

(FCV) into the market starting from the year of 2014 when Hyundai Tucson was introduced 

with a 426 km range. Soon after, other automobile manufacturers like Honda and Toyota 

followed through the Honda clarity and Toyota Mirai, respectively. 

 

Figure 1: Polymer Electrolyte Membrane fuel cell (PEMFC) Schematic 

 

Like any other electrochemical system, PEMFCs contain a cathode, and an anode 

brought together but separated using a proton conducting membrane. When assembled, the 

membrane electrode assembly (MEA) is regarded as the central component of PEMFCs. That 

is because electrochemical reaction occurs within the MEA. Hydrogen is mainly supplied to 
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the anode and undergoes oxidation producing protons and electrons. On the other hand, 

Oxygen gas fed to the cathode is reduced to water. The redox reaction happening within the 

MEA enables electrical current to pass through an external circuit and protons through the 

separating membrane (Figure 2). The electrochemical reactions happening on both electrodes 

are as follows:  

Hydrogen oxidation reaction (HOR) (Anode): 

2H2(g)
→ 4H(aq)

+ + 4e−        (1.1) 

Oxygen reduction reaction (ORR) (Cathode): 

O2(g)
+ 4H(aq)

+ + 4e− → 2H2O(l) (1.2) 

Overall redox reaction:   

2H2(g)
+ O2(g)

→ 2H2O(l) (1.3) 

                                    

 

Figure 2: a Schematic representation of the MEA with reactions occurring on the Anode and the 

Cathode 



21 

1.5. Overpotential  

 

When PEMFC MEA operates and star producing current, it shifts from its equilibrium 

condition. That is because of a number of processes occurring within the MEA causing a 

decline in voltage. As mentioned earlier in section 2.3, the voltage losses can be depicted by 

the following equation: 

𝐸𝑐𝑒𝑙𝑙 =  𝐸𝑂𝐶𝑉
𝑇,𝑃 − η𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛 − η𝑜ℎ𝑚𝑖𝑐 − η𝑚𝑎𝑠𝑠 𝑡𝑟𝑎𝑠𝑝𝑜𝑟𝑡 

 

(1.7) 

Where Ecell is the voltage of the cell at a particular temperature, pressure, feed nature and rate, 

𝐸𝑂𝐶𝑉
𝑇,𝑃

 depicts the open circuit voltage at a particular temperature and pressure, and  η𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛 

, η𝑜ℎ𝑚𝑖𝑐 ,and  η𝑚𝑎𝑠𝑠 𝑡𝑟𝑎𝑠𝑝𝑜𝑟𝑡 represent the activation, ohmic , and mass transport 

overpotentials , respectively. The mentioned overpotentials can be controlled by the set of 

parameters as shown in the following equation: 

𝐸𝑐𝑒𝑙𝑙 =  𝐸𝑂𝐶𝑉
𝑇,𝑃 −

𝑅𝑇

𝑎𝐹
ln (

𝑖

𝑖0
) − 𝑖 𝑅𝑖 −

𝑅𝑇

𝑛𝐹
ln (

𝑖𝐿

𝑖𝐿 − 𝑖
) 

 

(1.8) 

Where, in the activation potential, i is the current density expressed in mA/cm2, R is the gas 

constant equal to 8.314 J.mol-1K-1, α is the transfer coefficient, F is Faraday’s constant, i0 is 

the exchange current density. The ohmic overpotential is depicted in a linear relation where 

Ri is the overall resistance of the MEA. In the mass transfer overpotential, iL is the limiting 

current density. It is worth noting that both the activation and the mass transfer overpotential 

originate from Nernst equations.  
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Based on equation 1.8, we can notice that activation losses mainly contribute to overall 

overpotential  at low current densities while  mass transfer losses is the main contributor at 

high current density [2]. Therefore, subregions can be identified within the polarization curve 

as shown in Figure 3. 

 

 

1.6. The Cathode 

 

In every electrochemical system, the cathode is the site accompanied by a reduction process. 

In the case of PEMFCs, oxygen gas is reduced at the cathode and the reduction product 

combines with the incoming protons to form a water molecule. The cathode is generally 

composed of a catalyst layer. In turn, the catalyst layer is turn composed of a catalyst 

representing the electrochemical sites connected with a network of ion conducting ionomer. 

Since the ORR is characterized by its slow kinetics, most research mainly focuses on 

Figure 3: Polymer Electrolyte Membrane Fuel Cell polarization curve 
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improving its performance through improving its components or the overall geometry of the 

fabricated cathode.   

1.6.1. The Catalyst 

 

Within the MEA, the cathode is where oxygen reduction occurs. In order for ORR, 

oxygen gas, protons, and electrons are required. Therefore, in order to maintain the supply 

of those three components, cathodes are generally composed of a catalyst, a proton 

conducting ionomer, and an electron conducting support.  

Platinum (Pt); a noble metal; is widely known to be the most efficient ORR catalyst.  

It is known to exhibit acceptable performance and durability withstanding the harsh acidic 

conditions within the MEA during operation. The ORR reaction stems from the adsorption 

of oxygen onto the catalyst surface by which it interacts with electrons and protons to produce 

water [3]. Therefore, the optimal binding energy between the catalyst and the oxygen 

moieties is crucial for faster ORR. Some metals (example Ni) show a more negative binding 

energy than Pt. This higher binding energy alters the proton transfer step resulting in slowing 

down the ORR. On the other hand, loosely bounded oxygen moieties on metals exhibited a 

more positive binding energy than Pt result in the total disruption of proton conduction into 

oxygen [4].   

Since the ORR is a surface phenomenon, nano sized Pt catalyst particles are generally 

used as a catalyst for PEM fuel cell. That is, the smaller size of the particle provides a larger 

area of interaction called the electrochemical surface area (ECSA) is directly correlated to 

the mass activity of the catalyst. However, some studies suggested that reducing the Pt 

particle size can have a negative effect. That is , upon that, the edges which constitute much 

of the Pt surface area show high binding energy towards Oxygen which can hinder the ORR 

[5, 6]. Therefore, Pt particles with optimal ORR activity were optimally exhibited by particles 

2-4 nm in size.  

In order to increase the ECSA of the Pt catalyst, Pt particles are loaded onto a high 

surface area supports such as carbon black, graphene, and carbon nanotubes. The broad 

surface areas, and high electrical conductivities exhibited by those supports serves in further 

enhancing the ORR kinetics [7]. That is, the high electrical conductivity characteristic of 
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carbon support serves in electron accumulation onto the surface of the Pt catalyst resulting 

in the accelerating the ORR [8]. In this sense, it has been manifested that Pt catalysts loaded 

onto electronically conductive carbon support show better performance. Furthermore, the 

carbon support serves in protecting the Pt particles from detachment, dissolution, Ostwald 

ripening, and agglomeration during operation. As it is during operation, weak Pt-support 

interaction could lead to the disintegration of the Pt from its corresponding support. Also, 

particles with close proximities can agglomerate or Ostwald ripening can occur resulting in 

diminishing the ECSA of the electrode. The occurrence of any of the three phenomena can 

result in the deterioration in the overall performance of the electrode. 

 

1.6.2. The Proton Conducting Ionomer 

 

The proton conducting ionomer plays a significant role within the electrode. As the 

name suggests, the ionomer facilitates proton transport into the electrochemical active 

centers. Nafion®; a sulfonated tetrafluoroethylene-based fluoropolymer-copolymer; 

developed by Dupont in the 1960s, is a widely used ionomer in PEMFCs (Figure 4). The 

wide utilization of Nafion® is attributed to the high exhibited proton conduction. In addition 

to that, Nafion® functions as a binder within the electrode preventing the formation of cracks 

during operation. Generally, Nafion® forms a thin film over the catalyst layer permitting the 

passage of the incoming H+ towards the Nafion®/Pt interface [9, 10]. In addition, it permits 

the passage of dissolved oxygen [11]. The thickness of the Nafion® contributes significantly 

to the permittance or alteration of the performance of the MEA. A low amount of Nafion® 

within the electrode results in low conductivity, while very high Nafion® loading leads into 

the formation of thick films impeding the gas passage [12] . The studies have shown that a 

weight percent (%wt) of 30% is optimal for maximum performance [13]. That is, excess 

Nafion® content impedes the passage of oxygen into the electrochemical active centers. 
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Figure 4: Nafion® Structure 

 

In spite of the high proton conductivity exhibited by Nafion®, it can be only obtained 

when Nafion® is sufficiently hydrated. In fact, the proton conductivity of Nafion® drops 

dramatically in low humidity conditions [9]. This can be related to the hydrophobic nature of 

both the PTFE backbone and its side chain causing the collapse of the hydrophilic domains. 

Which means that Nafion® behaves as raw PTFE at low humidity conditions resulting in a 

decrease in its overall proton conductivity. In this sense, the conductivity of Nafion® can be 

tailored through controlling the equivalent weight (EW) of the PTFE backbone. The acidic 

site concentration increases upon decreasing the EW of PTFE backbone resulting in 

promoting the overall proton conductivity. Furthermore, it serves in thinning of Nafion® at 

the Pt interface serving in better O2 permeation. On the other hand, varying the EW of the 

side chain has an implication on suppressing Pt surface poisoning through the Nafion® 

sulfone groups. For instance, the increase of the side chain EW is correlated with an increase 

in Pt surface poisoning [14].  

 

1.7. The Triple Phase Boundary (TPB)  

 

Protons and electrons produced at the anode and driven into the cathode through both 

the internal and external circuits, respectively. In parallel, oxygen diffuses within the free 

space. All three components require a common and simultaneous meeting point in the 
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electrode for the ORR reaction to occur. However, protons are ionically conducted through 

the proton conducting ionomer, electrons through the electrically conductive catalyst, and 

oxygen diffuses within the empty pores of the electrode. Therefore, the boundary between 

the catalyst, proton conducting ionomer, and air phases regarded as the triple phase boundary 

is where most of the ORR reaction occurs (Figure 5).  

 

Figure 5: Schematic Representation of the triple phase boundary within the catalyst layer (CL) 

   

1.8. Utilization of Sulfonated Silica (S-SiO2) in PEMFC Electrodes  

 

Substituting Nafion® as an ionomer within the electrode for a cheaper and similarly 

functional alternative has been in quest. Numerous hydrocarbon-based ionomers were 

investigated for that purpose such as sulfonated poly (ether ether) ketone (SPEEK) [15, 16], 

polyamides [17], polyphosphazene [18], and polysulfones [19]. However, despite their 

promising impact, their high boiling points and their miscibility in aprotic solvents were 

problematic [20, 21]. Those unevaporated liquid droplets can then deposit on the Pt surface 
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resulting in reducing its activity [22]. In this regard, inorganic-based proton conductive 

ionomers were introduced and heavily investigated as a suitable cheaper and good alternative 

for Nafion®. Namely, sulfonated silica (S-SiO2) was one of the promising candidates. This is 

due the fact that sulfonated silica is expected to be multifunctional serving simultaneously in 

multiple processes. First, like Nafion®, the sulfone groups serve in conducting protons within 

the membrane. Second, unlike Nafion®, the hygroscopic nature of the silica backbone serves 

in water modulation within electrode. That was investigated by Eastcot and Easton. Here, 

although electrodes containing Nafion® were superior to S-SiO2 electrodes in terms of 

performance in fully humidified conditions, the latter has shown a promising performance in 

dry conditions (20% RH) surpassing Nafion®. The hygroscopic effect of S-SiO2 serves in the 

retention of water within the electrode and enhances the back-diffusion of water from the 

cathode into the membrane resulting in better membrane hydration during dry operation [23]. 

To compare electrochemical performance between S-SiO2 and Nafion® within the MEA, 

Eastscot et al. investigated which included comparing the overpotentials and electrochemical 

impedance spectroscopy results of both MEAs in different humidity conditions. The EIS 

results showed a better proton conductivity and ionic resistance for the S-SiO2 compared to 

Nafion®. On the other hand, upon testing the performance of both MEAs under 75% RH, S-

SiO2 containing MEA showed a limitation in the mass transport region compared to Nafion®. 

However, unlike Nafion®, this limitation was mitigated upon decreasing the % RH leading 

to an increase in performance. Furthermore, Nafion® containing MEAs recorded a lower 

ohmic overpotential compared to S-SiO2 containing MEAs. This can be related to the 

enhanced interfacial resistance between the used Nafion® membrane and the Nafion® present 

in the electrode. However, that was not the case in dry conditions where S-SiO2 containing 

MEAs recorded lower ohmic overpotential due to water back diffusion from the cathode. 

Likewise, S-SiO2 containing cathodes recorded lower mass transport resistance in lower 

%RH [24]. In another study, Sulfonated silica was deposited onto Pt/C using a hydrothermal 

process. The produced catalyst was then sprayed onto a GDL and compared with Nafion® 

containing MEAs. Similar to the previous studies, the S-SiO2 containing electrodes has 

suffered from mass transport limitations. In this study,  the rising mass transport resistance 

is correlated with the higher porosity of S-SiO2 resulting in the formation of thicker 

membranes [25]. The durability of S-SiO2 containing cathodes was investigated and 
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compared with Nafion® containing cathodes. The former lost only 26 % of its initial ECSA 

after AST compared to 93% for that of Nafion® containing electrodes. This can originate 

from the positive electronic interaction between S-SiO2 and the Pt catalyst resulting in 

minimal agglomeration and Ostwald ripening. This is due to the optimal distribution of S-

SiO2 around the Pt catalyst and the interaction through the hydroxyl moieties of S-SiO2 and 

Pt (Figure 6). As a result of that, Pt particles are stabilized, and particle growth is altered 

during operation. Therefore, S-SiO2 was postulated to play multiple roles within the cathode 

[1]. Besides proton conduction, it serves in the retention of water within the electrode, and in 

stabilizing the Pt catalyst against agglomeration and Ostwald ripening. 

 

1.9. Membrane-Electrode-Assembly (MEA) Preparation 

 

In general, MEA can be assembled by two approaches. The 1st approach consists of 

applying the catalyst layer onto the gas diffusion layer (GDL) forming the gas diffusion 

Figure 6:The catalyst layer microstructure of a) Nafion® and b) S-SiO2 containing 

electrodes [1] 
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electrode (GDE). Afterwards, the Nafion® membrane is added on the GDE for the full MEA. 

The 2nd approach consists of applying the electrode material directly on the membrane 

resulting in a catalyst-coated membrane (CCM). This is followed by the addition of the GDL 

for the full MEA fabrication (Figure 7). 

 

Figure 7: MEA modes of fabrication 

 

1.9.1. Electrode Fabrication 

 

Several fabrication techniques were suggested and performed to promote the MEA 

performance and durability. Techniques like spreading, spraying, decaling, impregnation, 

evaporation, and deposition all had their advantages and drawbacks on the efficiency of the 

electrode.  

 

• Spreading: includes the preparation of a Pt/C and PTFE dough. This is followed by 

pressing the dough using a stainless-steel plate on top a carbon GDL resulting in a catalyst 
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layer of controllable thickness. The Pt loading can be estimated through measuring the 

thickness of the catalyst layer [26]. 

• Spraying: a solution of Pt/C, PTFE, and an alcoholic solvent is prepared. The solution is 

then sprayed repeatedly on top of carbon GDL. The GDL is dried after each spraying 

round [26].  

• Catalyst Powder deposition: Vulcan XC-72, Pt/C and PTFE are blended in a knife mill 

under high milling speed followed by its application onto a carbon cloth. A PTFE/carbon 

layer can be applied to eliminate the roughness of the electrode [27].  

• Electro-deposition: In the electro-deposition technique, a mixture of ionomer and cationic 

Pt complex is prepared and then deposited onto a carbon support [28]. 

• Impregnation reduction: The membrane is ion exchanged with Na+ followed by an 

equilibration process against a Pt solution (NH3)4PtCl2) using a methanol/water mixture 

as solvent. This is followed by the exposure of one side the membrane with NaBH4 

reducing agent resulting in the reduction of Pt [29]. 

• Evaporative deposition: onto a membrane a (NH3)4PtCl3 solution is deposited through 

evaporation. The membrane is dipped into a NaBH4 solution for Pt reduction. This 

method is used to obtain low Pt loaded membranes ( ˂ 0.1 mg.cm-2) [30]. 

• Dry spraying: using a knife mill, a solid solution of Pt/C, PTFE, PFSA (or a filler 

material) is prepared. Then, onto a membrane, the solution is sprayed (after being 

atomized) using a nitrogen purged nozzle [31]. 

• Catalyst decaling: an ink is prepared containing Pt/C and protonated PFSA. The ink is 

then applied by means of painting onto a PFSA plate. The PFSA plate is hot-pressed with 

the membrane. After hot-pressing, the PFSA layer is peeled leaving behind a thin catalyst 

layer on the membrane. The newly prepared membrane is then dehydrated and protonated 

though immersing it in a boiling sulfuric acid solution [32, 33].  

• Painting: A Pt/C/PFSA ink is prepared similar as in the decaling method. However, the 

ink is directly painted onto the membrane. After drying, the pained membranes are 

dehydrated and protonated through immersing them in hot sulfuric acid solution [34]. 

The performance of MEA relies on a number of parameters that can be controlled 

through selecting and optimizing the mode of MEA fabrication. This stems from the fact that 
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ORR mainly takes place at the triple phase boundary between Pt, the incoming Oxygen, and 

the ionomer.  

 

1.10. Electrode Performance  

 

The PEMFC MEA performance depends on a combinatory effect of several 

parameters. Those parameters primarily affect three phenomena occurring within the MEA 

which are the ORR, the mass transfer, the cross over resistance, and the interfacial 

compatibility between the different MEA components. Therefore, MEA components are 

tailored to go in line with enhancing any of the mentioned processes. 

Operational Polarization effect: PEMFC bridges the conversion of chemical energy 

to generate electrical work. Ideally, the process happens with a change of 237.1 kJ.mol-1 in 

Gibbs free energy (available as electrical work), and a 285.8 kJ.mol-1 change in enthalpy (as 

heat energy) at 298 K temperature and 1 atm pressure . Therefore, the ideal thermal efficiency 

of a fuel cell operating under H2/O2 feeds can be calculated through the following: 

𝜂𝑖𝑑𝑒𝑎𝑙 =  
∆𝐺𝑖𝑑𝑎𝑒𝑙

∆𝐻𝑖𝑑𝑒𝑎𝑙
=

237.1

258.8
= 0.83 

 

(1.4) 

However, the actual cells efficiency can be calculated through: 

𝜂 =  
0.83 𝑉𝑎𝑐𝑡𝑢𝑎𝑙

𝐸𝑖𝑑𝑒𝑎𝑙
 

(1.5) 

Here, the actual voltage (Vactual) is lower than the ideal potential Eideal. That is due to the 

polarization losses experienced during operation of the cell. These polarizations are mainly 

regarded as kinetic, ohmic, and concentration polarizations. The actual voltage of the cell can 

be depicted using the proceding equation:  

𝐸 =  𝐸𝑂𝐶𝑉 − 𝐸𝑖𝑅 − 𝐸𝑎 − 𝐸𝑐 = 𝐸𝑜 − 𝐸𝑙 − 𝐸𝑘 − 𝐸𝑀 − 𝐸𝑑𝑖𝑓𝑓 

 

(1.6) 

EOCV is the potential at the open circuit voltage (OCV) which is usually lower than 

the standard voltage (Eo=1.25V) due to fuel leakage (El). EiR represents the ohmic voltage 
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losses which are mainly due to proton conduction. Although both the electrode and the 

membrane contain a proton conducting moiety (Nafion®), the majority of the ohmic losses 

originate from the membrane. Therefore, ohmic losses caused in the electrode is neglected, 

ohmic losses is represented for the membrane as EM. Ea and Ec represent the kinetic losses 

occurring within the catalyst layer on both electrodes. They are combined as Ek representing 

the kinetic losses caused by the slow steps occurring on either electrode. Finally, Ediff 

represents the resistance impeding the transport of matter into and out of the electrochemical 

active centers [35]. 

The catalyst surface area: Since the ORR is a surface phenomenon, the available 

catalyst surface is one of its most critical factors that alters its kinetics. The available surface 

area is denoted as the electrochemical surface area (ECSA). It is a measurement expressing 

the catalyst’s accessible surface area in meter squared (m2) normalized to the total mass of 

the loaded Pt.   

Ionomer type and content with the catalyst layer: The ionomer type and content can 

affect several processes occurring within the catalyst layer. That is, through applying the 

variations, the catalytic activity, the gas diffusivity, and the ionic conductivity vary 

simultaneously. Therefore, the ionomer content within the electrode can impose drastic 

change in the performance of the electrode. This is because, the proton conducting ionomer 

serves in the development of triple phase boundaries (TPB) on which the majority of 

reactions occur [13, 36].  

Operating conditions: The nature of the feeding gas and its feeding rate in addition to 

the PEMFC operating conditions (temperature, humidity, and pressure) can have a huge 

effect on its performance. Generally, cells perform better under higher temperatures. That is 

because higher temperature accelerates proton conduction and mass diffusion. This in turn 

alleviates both the ohmic and the mass transfer resistances, both resulting in an overall 

enhancement in the MEA performance. Also, higher humidity operational levels are favored 

for better performance. Proton conduction especially heavily relies on the availability of 

water. Similarly, high pressure enhances the gas diffusion throughout the electrode resulting 

in better catalyst accessibility [37]. 
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1.11. Catalyst Layer Durability 

 

Much attention was given to the durability of the MEA during operation. However, 

several durability concerns have risen questioning the feasibility of PEMFCs usage in various 

applications. Often, the expected lifetime for PEMFCs is 5000 hours for automotive 

applications and up till 40000 hours for stationary applications [38]. Therefore, the catalyst 

layer’s stability is of importance for extended lifetime of PEMFC. For that reason, 

understanding the mechanism behind the decline in performance over time enables the 

researchers to tackle the problems and enhance the PEMFC durability. Within the Pt/C 

catalyst, changes might occur to both Pt and the carbon support components.  

 

1.11.1. Pt Durability 

 

Loss of Pt represents one of the most common forms causing the decline of the MEA 

performance over time. During operation, the MEA is subjected to a harsh medium condition 

of low pH and the excessive abundance of oxygen gas. Therefore, under certain applied 

voltage, Pt active surface area loss occurs over numerous cycles. This results in a decline in 

the overall performance of the MEA. However, Pt surface area loss occurs through a number 

of mechanisms, dissolution, agglomeration, and Ostwald ripening. 

 

1.11.1.1. Pt Dissolution and Ostwald Ripening  

 

In acidic medium and under certain voltage loa, Pt can be dissolute to form Pt2+ and 

Pt4+ ions. This results in the loss of Pt activity and the ECSA resulting in an overall drop in 

performance. Generally, Pt-dissolution is accelerated in an electrode within a voltage 

window of 0.85-0.95V according to the following reaction: 

𝑃𝑡 →  𝑃𝑡2+ + 2𝑒−      𝐸0 = 1.118 𝑣𝑠 𝑅𝐻𝐸 

 

(1.7) 
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It is worthy to note that not Pt2+ ions are formed during the dissolution process, but Pt4+ are 

also produced. The dissolved ions can migrate towards the negative electrode (anode). 

However, they can replace H+ ions within the membrane causing Pt-ion deposition yielding 

an increase in the proton conduction resistance. The dissolved Pt-ions can also deposit on 

other Pt particles forming larger particles. This phenomenon is an example of Ostwald 

ripening which can result in a decline in the ECSA, finally leading to a deterioration in the 

MEA performance. It was noticed that increasing the hydration level within the MEA as well 

as the applied voltage accelerates Pt dissolution. This in turn facilitates the kinetics of 

Ostwald ripening and particles growth [39, 40].  

 

1.11.1.2. Particle Migration and Detachment 

 

Particle migration stems from the movement of Pt particles on the carbon support 

where they agglomerate upon meeting leading to particle growth and a drop in ECSA. On 

the other hand, particle detachment from the carbon support often happens in parallel with 

carbon corrosion. Similarly, this entails a drop in ECSA to an extent mainly based on the 

interaction between the Pt particle and the carbon support, the graphitization degree within 

the carbon support. However, since carbon corrosion is negligible at low applied voltages, 

particle detachment is prominent at voltages above 1.1V [39, 40].  

 

1.11.2. Carbon Corrosion 

 

Generally, noble metal catalysts are supported on high surface area carbon supports. 

The graphitized carbon support provides electrical conduction, and stability to the noble 

metal anchored to its surface. Therefore, the degradation occurring in the carbon support 

serves in decreasing the ECSA leading to an overall downfall in MEA performance. 

Furthermore, it increases the hydrophilicity in the MEA resulting in an effect on the overall 

performance. Also, carbon corrosion accompanies a change in the thickness of the electrode 
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which imposes a change in the ohmic resistance [41].Thermodynamically, Carbon corrosion 

occurs through the oxidation of carbon according to the following reaction[42]:  

𝐶 +  𝐻2𝑂 → 𝐶𝑂2 + 4𝐻+ + 4𝑒−            𝐸0 =  −2.07 𝑉 𝑣𝑠 𝑅𝐻𝐸 

 

(1.8) 

Within PEMFCs operating condition, carbon corrosion occurs at voltages above 1.1V vs 

RHE. Furthermore, as equation 2.8 suggests, carbon corrosion accelerates in the presence in 

humidified conditions. Therefore, feeding the cell with humidified air results in a more severe 

carbon oxidation [39]. 

 

1.12. Electrospinning  

 

1.12.1. Principle of Electrospinning 

 

Electrospinning is a process involving electrohydrodynamic in which an electric field 

is applied onto a liquid droplet causing it to form a jet leading to the elongation of the viscous 

droplet to form a fiber. The components of this facile process include a high voltage power 

supply, a bluntly cut stainless-steel needle, a syringe pump, and an electrically conductive 

fiber collector (Figure 8).    
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Figure 8: Schematic describing the electrospinning setup and principle 

In detail, upon applying voltage onto the incoming ink through the metallic needle, instability 

occurs within. Therefore, the polymer flows in the direction of the electric field formed. 

Eventually, as an effect of the rising electrical field, a droplet forms at the tip of the needle 

which forms a conical shape called the “Tailor cone”. From the tailor cone fibers emerge, 

stretches, and dry while being collected on the grounded collector [43].  

 

1.12.2. Electrospinning Parameters 

 

Obtaining fibers with a desired morphology through electrospinning heavily relies on several 

parameters. Those parameters can be classified into solution and electrospinning parameters. 

Solution parameters include concentration of the polymer solution and the overall viscosity 

of the ink, ink conductivity, and solvent nature and characteristics. On the other hand, 

electrospinning parameters within the electrospinning chamber include the applied voltage, 

relative humidity, and ink flowrate 

1.12.2.1. Applied Voltage  
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The critical voltage applied onto the needle required to form the tailor cone varies 

from one polymer to another. However, upon increasing the applied voltage, the charges 

within the polymer repel causing a further stretching in the polymer jet. This issues the 

formation of fibers with smaller diameter. On the other hand, if the applied voltage increases 

surpassing a certain limit, it results in narrowing the tailor cone and thus the formation of 

beads in the fiber mat [44].  

 

1.12.2.2. Flow rate 

 

The produced fibers’ morphology can be controlled through adjusting the flow rate 

of the electrospinning ink in the metallic needle. Optimizing the flow rate during the process 

results in the formation of continuous fibers free of beads. Increasing the flow rate gives rise 

to the formation of porous, and high diameter fibers. However, in parallel, beads can be 

formed due to the insufficient drying of the fibers before collection. Therefore, once 

obtaining the desired pore and fiber diameter, it is advised to maintain a low flow rate to 

avoid the formation of beads. Furthermore, it ensures the formation of a continuous jet 

necessary for neat fiber formation [45].  

 

1.12.2.3. Relative Humidity and Temperature 

 

In parallel with the chemical nature of the electrospinning ink components, the humidity 

conditions maintained within the electrospinning chamber can cause a change in the diameter 

of the obtained fibers. That is because varying the humidity level can affect the solidification 

of the fiber during its flying time. On the other hand, temperature has a double effect on the 

electrospinning ink. On one hand, elevated temperatures cause a faster solvent evaporation. 

While at the same time, they affect the viscosity of the ink. Both mechanisms ensue the 

formation of fibers with finer diameters [46]. 
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1.12.3. Solution Parameters 

1.12.3.1. Polymer Concentration and Ink Viscosity  

 

Since electrospinning is basically a process of extension of a polarized jet, the concentration 

of polymer within the ink plays an important role. Electrospinning an ink with low polymer 

content, the applied voltage causes the early fragmentation of the fiber due to low polymer 

entanglements. Thereby, fragmentation proceeds the formation of beads within the fiber. 

However, increasing the polymer concentration enhances entanglements within the polymer 

chains leading to increasing the viscosity of the solution. The entangled polymer chains can 

withstand the surface tension imposed by the applied voltage delaying fragmentation and 

resulting in formation of fiber on the collector surface. However, excessive increase in the 

polymer concentration within the ink results in over viscosity altering the solution flow 

through the needle and early drying of the fibers. This can emanate the formation of beads or 

truncated fibers [47, 48].  

 

1.12.3.2. Ink Conductivity 

 

The electrospinning concept relies on the coulombic interaction between the charges 

at the surface of the fluid ink and the electrostatic force generated by the applied voltage. 

This interaction leads to the deformation of the ink droplet to establish the tailor cone. 

Therefore, solutions with low conductivity will not have enough charges to interact with the 

imposed force to form the tailor cone ultimately resulting in no fiber formation. On the other 

hand, increasing the conductivity will favor the formation of the Taylor cone, and causes the 

formation of finer fibers. The conductivity of the ink can be controlled through using 

conductive polymers, or the addition of salts. The latter increases the charge density (ions) at 

the surface of the fluid. Therefore, the solution becomes more responsive to the applied 

electrical force [49]. 
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1.12.3.3. The Solvent  

 

The selection of the appropriate solvent for the electrospinning process is considered 

as one of the most important steps. 1st, the solvent is required to accommodate the polymer. 

In other words, the polymer is required to be completely soluble within the selected 

solvent.2nd, the solvent needs to be of moderate boiling point. The fast evaporation of volatile 

solvents can cause the solution to dry and solid accumulation at the tip of the needle resulting 

in its blockage. On the other hand, the slow evaporation of solvents of high boiling point 

results in bead formation due to the collection of the fibers in their wet state. Therefore, using 

solvents of moderate boiling points is recommended for electrospinning. In addition, the 

suitable selection of the solvent system can have a significant effect on the morphology of 

the obtained fibers. For instance, using a dual solvent system consisting of main solvents and 

a volatile sacrificial solvent can result in the formation of fibers with controlled porosity. 

That is, the sacrificial solvent is generally a volatile solvent that can evaporate faster than the 

main solvent. This result in phase separation during electrospinning and thus the formation 

of voids [44, 50].  

 

1.12.4. Electrospun PEMFC Electrodes  

 

 

Electrospinning has been proven to be facile and an important method in fabricating 

a self-standing, and highly active electrodes for PEMFCs. Electrospinning and ink 

parameters can be varied to obtain the desired fiber morphology. For those reasons, 

electrospinning has been used frequently in recent days to fabricate high-performing 

electrodes with low catalyst loadings. Kotera et al was the first to suggest the usage of spun 

fibers for PEMFC electrodes. In the study, fiber-based cathodes were fabricated using 

electrospinning with optimal ionic and electronic conductivity. Using Polyethylene oxide 

(PEO) as a carrier polymer with 42 % wt Pt alloy and 28% Flemion ionomer, fibrous mats 

were obtained in a double and triple nozzle co-axial electrospinning. Upon comparing the 

fibrous electrodes with conventionally sprayed electrodes, the former has shown a 10 times 
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greater gas permeability. This can be attributed to both the inter and intra-fiber pores within 

the fiber mats enabling the passage of gases. Furthermore, upon assembling an MEA with 

the fibrous cathode and comparing them to MEA containing sprayed cathodes, the latter 

showed an obvious decline in the mass transfer losses. This can be correlated with the high 

gas permeability exhibited by the fibrous electrodes. As a result, MEAs employing fibrous 

electrodes recorded a 445 mW.cm-2 maximum power density compared to 350 mW.cm-2 for 

that of slurry based electrode containing MEA at testing conditions of fully humidified H2/air 

feed, 95oC, and 150 kPa back pressure [51]. Kotera’s work was followed by several detailed 

studies conducted by Pintauro’s research group about electrospun fibrous electrodes. In his 

1st study, nanofiber mats containing 40% Pt/C, Nafion®, and polyacrylic acid (PAA) as 

carrier polymer were fabricated using electrospinning. The resulting nanofibers of 470 nm 

average diameter appeared to have a rough surface due to the alignment Pt/C particles on the 

PAA fibers. This uniform alignment ensures continuous proton and electron conductivity 

throughout the fiber. This In turn serves in enhancing the Pt utilization and the useful 

electrochemical surface area. MEAs were prepared with a cathode Pt loading of 0.1,0.2 and 

0.4 mg.cm-2 against a decal anode of 0.4 mg.cm-2 loading and were compared to a 0.4 mg.cm-

2 symmetrical decal electrode containing MEA. The polarization curve showed that even the 

0.1 mg.cm-2 electrospun electrode performed slightly better (0.873 A.cm-2) compared to the 

control MEA (0.524 A.cm-2) at 0.6 V. In parallel, the electrochemical surface area recorded 

for fiber-based electrodes was 114 m2.g-1
pt compared to only 60 m2.g-1

pt for the decal 

electrode. This demonstrates the superiority of the fibrous architecture in increasing the Pt 

utilization, and therefore maintain a significant power output while decreasing the Pt loading 

by 4 folds. This can be related to the better interfacial and mass transfer resistance shown by 

the fibrous electrode. Furthermore, the durability of the decal cathode suffered a 75 % loss 

in its ECSA upon cycling it between 0.6 and 1.2 V in H2/N2 atmosphere and 80oC. on the 

other hand, the fiber-based (0.4 mg.cm-2) cathode lost only 46.4% of its initial ECSA after 

1200 cycles [52]. In a similar study, ultralow Pt loaded Pt/C/Nafion® fibrous electrodes with 

PAA as carrier polymer was investigated and compared to decal-based electrodes. The results 

showed that electropun electrodes showed better ECSA and Pt utilization compared to the 

decal electrode. This is due to the better Pt distribution and exposure within the fibrous 

architecture. This resulted in a highly efficient fibrous electrode with 0.065 mg.cm-2 Pt 
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surpassing that of 0.104 mg.cm-2 Pt loaded decal electrode. The results have also suggested 

that fiber-based electrodes with lower Pt-loading (i.e: thinner mats) exhibit better Pt 

utilization. This can be related to the reduced O2 pathways, and ohmic resistances exhibited 

by thinner mats [53]. Unlike conventional electrodes [13], fiber-based electrodes were not 

affected by varying the Pt/Nafion® content. Furthermore, their performance was found 

independent of the fiber diameter. On the other hand, increasing the PAA content in the fiber 

was found to have a negative effect on the overall performance. It was thought that PAA 

impedes the conduction of protons through Nafion® resulting in an overall halt in the MEA 

performance [54, 55]. This was further investigated by Neyerlin where he found that 

increasing the PAA content result in the isolation of Pt particles in the interior of the fiber 

[56]. However, the hydrophilic nature of PAA in a fibrous array enabled the electrode to 

withstand dry operating conditions. It was reported that fibrous electrodes containing PAA 

recorded a power output double of that of painted electrodes [57] . Similar to the previous 

studies, the fiber-based electrodes exhibited low to no performance loss after Pt-dissolution 

AST, and less severe loss after C-corrosion AST. Upon comparing the fibrous electrodes and 

sprayed electrodes, the fibrous structure of the former enhances the water expulsion from the 

electrode preventing water flooding. On the other hand, sprayed electrodes show electrode 

thinning accompanied by pore blockage resulting in probable water flooding and 

electrochemical processes disruption [58-60]. 

Despite the impressive Pt-dissolution durability shown by the aforementioned 

electrodes, the results showed that they suffered from severe carbon corrosion. The extreme 

conditions within the MEA such as low pH and oxidizing mediums serve in deteriorating the 

electrode. However, it was found that excess water has a notceable impact on the corrosion 

of the carbon support. This was evident upon performing the carbon corrosion AST for 

fibrous Pt/C/Nafion®/PAA electrode in dry operating conditions (40% RH).it has been shown 

that the electrode has experienced lower carbon corrosion in dry conditions marking the role 

of water in accelerating the process [55]. For that reason, Pt/Nafion® fibers were fabricated 

using electrospinning but via Polyvinylidene (PVDF) hydrophobic carrier polymer 

[61].However, PVDF suffers from low proton conductivity and oxygen permeability [62]. 

Nevertheless, its low wettability can be utilized in the expulsion of water and designing a 

carbon corrosion tolerant electrode. On the performance level, fibrous Pt/C/Nafion®/PVDF-
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based electrodes have surpassed that of Pt/C/Nafion®/PAA-based electrodes at low voltages 

lying in the mass transfer region. This can be correlated with the better water expulsion 

provoked by the increasing hydrophobic medium in the PVDF employing electrode. 

Conversely, the later electrode reigned superior at high voltages lying in the kinetic region 

suggesting better ORR kinetics due to the abundance of water. As a result, 

Pt/C/Nafion®/PVDF-based electrodes recorded a maximum power density of 545 mW.cm-2, 

13% higher than that of the PAA employing electrode. Pt/C/Nafion®/PVDF-based electrodes 

showed a promising carbon corrosion tolerance, especially for high PVDF containing 

electrodes. This is attributed to the favorable hydrophilic domain growth associated with 

carbon corrosion leading to a rise in performance. In addition, through visualizing the 

electrodes before and after carbon corrosion AST, it was found that PVDF helps stabilize the 

porous architecture of the electrode. Thus, a retention in the overall electrode thickness 

during operation. Thereby, resulting in minimal decline in the power output of the MEA [63]. 

Therefore, generally, fibrous electrodes have shown lower loss than the conventional 

electrodes. However, it was reported that electrodes recording the highest power density 

suffered the highest power loss after durability cycling [64].  

The performance and durability of Pt-alloy catalysts and Pt-free catalysts in a fibrous 

architecture have been investigated. Nanofiber-based PtCo/C/Nafion® was fabricated using 

electrospinning using PAA as carrier polymer with a 0.1 mg.cm-2 catalyst loading. The 

electrodes were tested in a H2/O2 fully humidified environment and under 80oC temperature 

and 200 kPa backpressure. Again, the results showed the superiority of electrospun fibrous 

electrode over conventional painted electrodes. MEAs containing Fibrous PtCo/C/Nafion® 

cathodes recorded 1045 mW.cm-2 maximum power density against 869 mW.cm-2 for the 

PtCo/C/Nafion® painted electrode containing MEAs. Like the previous results, the Nanofiber 

electrode lost only 8% of its initial performance after Pt-dissolution AST compared to 32% 

loss for that of the painted electrode. This was again attributed to both the inter and intra-

fiber porosities both exhibited by the fibrous architecture serving in better mass transfer [65]. 

In another study, a non-Pt group metal (PGM) MOF-derived Fe-N-C catalyst was electrospun 

with Nafion® ionomer and PVDF carrier polymer. The as prepared electrode (1.5 mg.cm-2 Pt 

loading) was incorporated into a MEA and compared with a sprayed electrode at 80oC, H2/air 

fully humidified feed, and 1 atm backpressure. The nanofiber-based electrode recorded 150 
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mW.cm-2 maximum power density. Furthermore, it showed a 20.7% increase in maximum 

power density after 50 carbon corrosion AST cycles followed 43% loss after 500 cycles [66]. 

In another study, Pd/C was electrospun then a Pt skin was pulse deposited on the Pd surface 

to form a self-standing fibrous electrode with 19 μg.cm-2 Pt loading.  The electrode delivered 

a maximum power density of 620 mW.cm-2 in H2/air feeding medium. The recorded power 

density was 5 folds higher than that of the conventional electrode. The high-power density 

can be attributed to the synergetic effect between Pd core and Pt skin. Furthermore, the 

even distribution of catalyst and Nafion® particles throughout the fiber enhanced the 

formation of TPB resulting in enhanced performance. Also, The synergistic effect between 

Pd and Pt, and PAA carrier polymer and the carbon support  stabilized the electrode 

resulting in a 4.8 drop in performance after 30000 AST cycles [67].  

 

1.13. Cerium Oxide (CeO2) Additive in PEMFCs 

 

1.13.1. CeO2 Characteristics 

 

Cerium oxide (Ceria: CeO2) is gaining a lot of fame in numerous applications due to 

its remarkable catalytic activity. CeO adopts the fluorite crystal structure consisting of a face 

centered cubic unit cell where the cations occupy the FCC positions while the anions are in 

tetrahedral sites. Therefore, each cerium ion is joined via coordination bonds to eight oxygen 

anions which are in turn coordinated with another four cerium cations [68]. CeO2 is 

characterized by its accommodation of high oxygen vacancies which results in high oxygen 

conductivities. Those oxygen vacancies play a crucial role in the activity of CeO2 where the 

boosted catalytic activity is termed as the oxygen storage capacity (OSC). The change in the 

oxidation state majorly controls the OSC of CeO2. That is, the close energy levels of 4f and 

5d orbitals within the electronic structure of CeO2 results in a minimal energy barrier for 

oxidation/reduction possibility of the cerium ion. As a result, CeO2 is generally composed by 

a combination between the Ce3+ and Ce4+ ions. The decline in the oxygen content of CeO2 

results in the formation of oxygen vacancies. In this state, the cerium ions are reduced into 

the Ce3+ state to achieve electroneutrality [69-72]. This results in the increase in the Ce3+/ 

(Ce3++Ce4+) ratio. This leads CeO2 to become an excellent oxygen buffer. The formation of 
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oxygen vacancies within CeO2 is dynamic and can be triggered by several conditions mainly 

the temperature and the partial pressure of oxygen [73, 74]. 

The density of oxygen defects in CeO2 can be controlled through controlling its 

particle size. That’s because upon changing the particle size, the grain boundaries increase 

dramatically [75], increase the surface area of interaction. Furthermore, it is thought that 

lowering the particle size results in the decrease of energy required to obtain oxygen 

vacancies [71]. This in turn results in the dramatic increase in the particle reactivity even at 

low temperature [76]. With that being said. nano-CeO2 usage surged in several applications 

due to their remarkable catalytic and physical features they possess. Furthermore, it was 

found that densifying specific crystal planes within the CeO2 particle promotes a particular 

catalytic activity. For instance, introducing the serve in increasing the reactivity of CeO2 

towards the oxidation of carbon monoxide. That is because, certain planes are characterized 

by a lower activation energy to generate the oxygen vacancies and thereby increase its 

reactivity [77, 78]. 

 

1.13.2. The Use of CeO2 in PEMFC Electrodes   

 

 

Due to the oxygen storing advantage exhibited by CeO2, attempts were made to enhance the 

Pt catalyst kinetics at the cathode favoring a boosted overall performance. In this regard, Pt 

and CeO2 nanoparticles were evenly impregnated on top of a carbon support via a 

hydrothermal process followed by a sodium borohydride-based reduction. The as synthesized 

catalyst was tested both using ex-situ and in-situ analysis and compared to conventional Pt/C 

catalyst. The ex-situ analysis was done through linear sweep voltammetry where the ORR 

activity was evaluated. The results show that Pt-CeO2/C catalysts showed a half wave 

potential of 0.78V higher than that of Pt/C (0.73V) entailing better ORR activity. This was 

correlated with the lower overpotentials exhibited by Pt-CeO2/C containing cathodes in the 

MEA in-situ testing. The better ORR activity and performance are attributed to the oxygen 

storage ability of CeO2 serving in increasing the oxygen concentration [79]. In another study, 

it was suggested that the electronic interaction between Pt and CeO2 decreases the electron 
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density on the surface of the Pt. Thereby, it enhances the ORR kinetics. It was also suggested 

that oxygen was stored in the form of oxide in the CeO2 lattice, and the ORR occurred at the 

TPB between Pt-CeO2/C, O2-, and protons diffusing from the anode [80]. In another study, 

Pt-CeOx/C and PtCo-CeOx/C were synthesized using a colloidal method. X-ray 

photoelectron spectroscopy (XPS) characterization has shown that CeOx is composed of a 

CeO2 shell while Ce2O3 resides in the core of the particle. This feature has shown an 

impressive oxygen exchange ability within. Therefore, the catalyst layer exhibited an 

enhanced ORR kinetics compared to Pt/C catalyst. Furthermore, The I-V curve of the MEAs 

containing PtCo-CeOx/C and Pt-CeOx/C at the cathode have shown an overall higher voltages 

for all current densities compared to Pt/C containing MEAs [81]. Similar results were 

reported by Lim et al. He stated that in order for CeO2 to enhance the ORR kinetics at the 

surface of Pt, there needs to be a broad interface between both. This can be promoted through 

the usage of particles of small size and good distribution throughout the electrode. There at 

the interface, CeO2 releases the stored oxygen to the neighboring Pt followed by its reduction 

to Ce2O3. After the change in the local oxygen concentration Ce2O3 oxidizes back to CeO2 

(Figure 9). Therefore, the oxidation/reduction reactions happening between Ce3+ and Ce4+ 

constitutes the origin of the oxygen buffering feature exhibited by CeO2 according to the 

following reaction [82]:  

𝐶𝑒𝑂2 ↔ 𝐶𝑒𝑂2−𝑥 +  
𝑥

2
𝑂2 (0 ≤ 𝑥 ≤ 0.5) 

 

(1.9) 
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Figure 9: Proposed mechanism for the buffering effect of CeO2 in PEMFC cathode [83] 

The durability of the Pt-CeO2/C catalyst was evaluated through cycling between 0 and 1.2V 

in sulfuric acid and comparing it with the conventional Pt/C catalyst. Evaluation was done 

through obtaining the ECSA after 1000 cycles. The results obtained show a remarkable 

retention in the ECSA for Pt-CeO2/C (11.9% loss) compared to a fast decline in Pt/C ECSA 

(33.3% loss). This can be attributed to the stabilizing effect of CeO2 limiting Pt dissolution 

and agglomeration and carbon oxidation. Similar results were obtained upon comparing the 

ORR activities after cycling. Pt/C showed an anodic shift at E1/2 of 72 mV which is due to 

the decline in the Pt surface area compared to a minimal shift of 20 mV for Pt-CeO2/C. The 

transmission electron microscopy (TEM) images before and after cycling have a shown a 

minimal Pt particle growth in   Pt-CeO2/C electrodes compared to Pt/C assuring that the cause 

of performance decline is the agglomeration of Pt particles [83]. In another study, Pt-CeOx/C 

was prepared via a hot precipitation and impregnation method. However, upon conditioning 

the catalyst with 0.1 M H2SO4, it was realized that much of the CeOx has dissolved in the 

solution. Furthermore, the remaining amount was observed to form a thin Ce2O3 film on the 

surface of Pt. Compared to the conventional Pt/C electrode, the amorphous Ce2O3 coated 

Pt/C-based electrode has shown an enhanced ORR activity. Furthermore, it was found that 

the amorphous layer alters Pt oxidation and dissolution serving in further enhancing its 

performance and durability [84]. Furthermore, CeO2 and doped CeO2 additives were to have 

a MEA life prolonging effect through depressing catalyst corrosion. That is, CeO2 is known 

to be a radical scavenger. Therefore, upon scavenging the radical produced during PEMFC 

process, it stabilizes the catalyst layer extending its lifetime [85]. On the other hand, this 

radical scavenging activity of CeO2 serves in prolonging the membranes lifetime and 

suppressing its early degradation [86]. Furthermore, cubic CeO2/Graphene oxide 

nanocomposite was prepared through microwave assisted polyol synthesis and used in an 

electrode to scavenge the radical attack on the different components of the MEA. The results 

have shown that an 8% addition of the composite served in expanding the ECSA. 

Furthermore, it helped the MEA retain 69% of its catalytic performance after 5000 cycles 

within a 0.8-1.23 V window [87]. 
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CHAPTER 2: CHARACTERIZATION METHODS 

 

 

 

 

This chapter is dedicated to briefly introducing the operating principles for the 

characterization tools used during the study. First, the material characterization is described 

followed by the electrochemical characterization.  

 

2.1. Material Characterization Methods 

 

2.1.1. Field Emission Scanning Electron Microscopy (FE-SEM) 

 

FE-SEM is used for the visualization of the surface morphology of a material. The 

operating principle behind this phenomenon is the conversion of electron beams into narrow 

areas using electromagnetic lenses. The interaction between matter and the focused beam can 

result in a number of outcomes which can be used in order to have a deeper insight on the 

scanned surface. The incident beam of sufficient energy interacts with a valence electron at 

the outer shell of the atom. The interaction can result in knocking out an accelerated electron 

with a definite energy which is collected by a collector. The electrons collected through this 

process are called the secondary electrons. Secondary electrons are characterized to have a 

relatively low energy. Therefore, only electrons emitted from the surface are of energy 

sufficient to be collected by the secondary electron detector. Therefore, visualizing using 

secondary electrons majorly reveals the surface morphology and texture. Besides secondary 

electrons, back scattered electrons are used to identify the composing elements within the 
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sample. The backscattered electrons are the scattered electrons formed upon the elastic 

reflection of electrons. The extent of reflection from the sample depends on the electronic 

structure of the atoms present. Heavier elements entail a larger number of electrons in their 

electronic shells. Therefore, more electrons will scatter from such elements. This 

phenomenon results in a contrast between the different elements present regarded as the Z-

contrast. In other words, heavier elements (high Z value) will scatter more electrons and thus 

will appear as brighter spots. In contrast, lighter elements (low Z value) will scatter less 

electrons and thus will appear darker [88]. 

As mentioned earlier, an incident electron can detach an electron from the valence 

shell of an atom. However, in parallel, electrons from the inner shells can be excited by the 

incoming electrons resulting in their detachment. The detachment of inner electrons results 

in the relaxation of an electron from the valence shell and the release of x-ray. Since the 

electronic structure of each element characterizes it, the emitted x-ray is characteristic of each 

element. From here, energy dispersive spectroscopy is used in order to identify elements 

within a scanned area [88].  

In this dissertation, SEM images were obtained using Zeiss LEO-Supra 35 VP FE-

SEM. Using the secondary electron mode, topological images were obtained to visualize the 

morphology of the scanned samples. Therefore, the obtained images were scanned at a low 

bias voltage of 3-5 kV. However, the color contrast within the image can be related to the 

generation of a mixture of secondary and backscattered electrons.  

 

2.1.2. Transmission Electron Microscopy (TEM) 

 

Transmission electron microscopy is a vital tool to visualize material at a tiny scale. 

Within, the sample is bombarded by an electron beam of 150-200 keV. The high energy of 

the beam enables it to transmit through the sample. From there, the instrument gained the 

name of “Transmission electron microscopy”. As the high energy beam moves through the 

sample, it gets scattered upon an electronic interaction with the atoms within the sample. 

Based on the thickness of the sample, and more importantly the atomic mass of the sample 

atoms, the incident beam scatters proportionally. After adjustments, the scattered electrons 
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can form an image on the final screen visualizing the particles at a nano-meter scale. The 

generated image is attributed by both mass contrast due to the existing atoms, and 

dimensional contrast controlled by the thickness of the sample. Furthermore, the generated 

x-rays due to the interaction between the incident electrons and the electrons can be collected 

through a x-ray detector for energy dispersion x-ray studies and mapping. The high energy 

of the electron beams utilized in TEM enables the generation of both high-resolution images 

and EDS mappings [89].  

In the current dissertation, TEM was used to visualize electrospun fibers and the 

nano-rod CeO2 at nanoscale. The images enable the investigation of the intra-fibrous 

porosities. Furthermore, they allow a precise measurement of the average fiber diameter. 

Finally, TEM-EDS was performed in order to generate a distribution image of the different 

particles on fibers allowing us to comment on the uniformity of particle distribution. This 

was performed using a STEM, JEOL JEM-ARM200CF, operated at 200 kV with a probe 

size of ca. 1 Å. While EDS was performed using JEOL Centurio system mounted on the 

STEM. 

 

2.1.3. X-Ray Diffraction Spectroscopy (XRD) 

 

The crystalline structure of the synthesized material was studied using X-ray 

diffraction spectroscopy. Upon exposing the sample with a certain crystallographic structure 

to x-rays, they scatter elastically upon interacting with the existing electrons. The result of x-

ray scattering are waves which build up through constructive interference or cancel through 

destructive interference. Constructive interference occurs only at certain angles characteristic 

of a material called the Bragg angles. In other words, upon bombarding a certain 

crystallographic plane with a characteristic ionic structure, x-ray scatter back. Only when the 

resulting scattered waves are in phase, do the waves constructively interfere. This happens 

when the path difference crossed by the beam (AB+ AC) is equal to the wavelength (λx-ray) 

of the x-ray beam multiplied with an integer n (Figure 10) [90]. This relation is known as 

Bragg’s law: 

𝑃𝑎𝑡ℎ 𝑙𝑒𝑛𝑔𝑡ℎ 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 = 𝐴𝐵 + 𝐴𝐶 = 2𝑑𝑠𝑖𝑛𝜃 = 𝑛𝜆 (2.1) 
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As a result, a set of peaks each corresponding to the constructive interference of 

scattered beam from a crystallographic plane collected at a certain diffraction angle (Bragg’s 

angle). Furthermore, the crystallite size can be estimated through tracking the broadening in  

the diffraction peaks. The crystallite size can be estimated using Scherrer’s equation[90]: 

𝐿 =  
𝐾𝜆

𝛽𝑐𝑜𝑠𝜃
 

 

(2.2) 

Where, L is the estimated crystallite size, K is shape factor taken as 0.89, λ is the wavelength 

of x-rays equal 1.54060 Å,  𝛽 is the half width of the maximum of the peak, and 𝜃 is the 

Bragg’s angle. 

In this dissertation, X-ray diffraction spectrums were collected using Bruker D2 

Phaser Diffractometer composed of a X-ray Copper radiation source and a X-ray detector. 

The samples were analyzed within a 2𝜃 window of 5-90o and a step size of 0.02o/sec. The 

resulting spectra were analyzed using DIFFRAC.EVA from Bruker and were compared with 

other results obtained from the literature.  

Figure 10: Scattering of X-ray off crystalline solid atomic planes 
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2.1.4. Specific Area Through Brunauer, Emmett and Teller (BET) Theory 

 

The materials’ surface area can be estimated through the adsorption of a gas on the 

entire surface. Brunauer, Emmett and Teller theory is a method which was 1st designed to 

estimate the monolayer coverage of adsorbed gas. This theory was later modified to study 

the multilayer gas adsorption on the surface of a material:  

1

𝑉𝑎(
𝑃0

𝑃 − 1)
=

𝐶 − 1

𝑉𝑚𝐶
 

𝑃

𝑃0
+

1

𝑉𝑚𝐶
 

 

(2.4) 

Where, P and P0 represent the partial pressure and the pressure of saturation of the gas used 

during the measurement, Va is the room temperature volume of the gas adsorbed, Vm is the 

monolayer formation volume requirement of the used gas, and C is the constant representing 

the enthalpy of the adsorption of the gas. Equation 4.4 can be then used through plotting  

1

𝑉𝛼(
𝑃0
𝑃

−1)
 vs 

𝑃

𝑃0
. The linear plot of the aforementioned factors leaves us with Vm and C which 

can be estimated through the slope and the y-intercept of the linear plot. From here, the 

surface area of the sample can be estimated [91]. 

 In the current dissertation, BET measurements were used to estimate the surface area 

of the samples. Furthermore, the pore size distribution was estimated and plotted using 

Micromeritics, 3Flex. 

 

2.2. Electrochemical Characterization Methods 

 

2.2.1. Polarization Curves 
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Polarization curves are generally collected via two modes: the steady state mode. In 

the steady state mode, the cell potential is recorded as a result of varying current. In this 

dissertation the polarization curves were collected to evaluate the performance of the MEA. 

Fully or partially humidified H2 and air were fed to the anode and the cathode, respectively. 

The cell was kept at 80oC and under 25 psi backpressure during data collection. Prior to 

collection, the MEA was condition through cycling via a square voltage wave (0.2 V and 

0.6V) maintained consecutively for 1 min until obtaining a stable current density (Figure 11). 

Conditioning was performed in H2/air atmosphere, 80oC, and without any backpressure. 

 

2.2.2. Electrochemical Impedance Spectroscopy (EIS) 

\ 

Electrochemical impedance spectroscopy is an extremely useful tool when it comes 

to analyzing the different processes occurring within the MEA.  For instance, EIS can provide 

valuable and detailed information about the charge transfer, mass transfer, electron and 

proton conduction within the electrode. Furthermore, with the help of other electrochemical 

and material characterization techniques, it can reveal the mechanisms underlying numerous 

phenomena. For that, EIS was considered to be a perfect candidate for several 

electrochemical systems such as batteries, fuel cells, and supercapacitors. 

Figure 11: MEA conditioning 
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EIS is based on applying a low AC current wave onto an electrochemical system 

(MEA for our case) and obtaining a response from the MEA from this stimulus. The 

difference between the stimulus and the response can be measured as AC voltage/AC current. 

This difference between them is termed as the impedance of the system. Normally, the wave 

applied onto the system is done with various frequencies. Therefore, the impedance is 

measured throughout a frequency range (ex :0.1 Hz to 10000 Hz). 

During PEMFC MEA operation, different electrochemical processes occur such as 

oxidation and reduction at the anode and cathode, respectively. Furthermore, mass transport 

such oxygen diffusion and proton conduction phenomena are observed. However, since the 

aforementioned processes each occur with a different time constant, those time constants can 

be transformed into frequency domains. Upon converting them into frequency domains, the 

different processes can each be visualized and traced using EIS. For instance, in the high 

frequency region, EIS measures the contact resistance at the interfaces and the resistance of 

the electrolyte. All of which is termed as the ohmic resistance Re. This is followed by the 

measurement of the charge transfer resistance (Rch,t) at lower frequencies. The charge transfer 

resistance depicts the electrochemical processes occurring within the electrodes (oxidation 

and/or reduction). At the lowest frequencies, the slowest processes can be tracked such mass 

transfer and diffusion like processes depicted by the mass transfer resistance (RM). The EIS 

measurement is often represented using the Bode and the Nyquist plots (Figure 12). Since 

Figure 12: Electrochemical impedance spectroscopy (EIS) a) Bode and b) Nyquist representations 
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the ohmic resistance (Re) occurs at the highest frequency, it is the intercept impedance at high 

frequencies in Bode plot, and the intersection with the Zreal axis in the high frequency region 

in Nyquist plot representations. The rise in impedance in the Bode plot accompanied a change 

in the phase shift signals charge transfer. The extent of charge transfer is depicted by a charge 

transfer resistance (Rch,t) represented by the difference between the two intercepts at the high 

and low frequency domains. On the other hand, it is represented by the diameter of the 

semicircle in Nyquist plot representations [92, 93]. 

In this dissertation, electrochemical impedance spectroscopy measurements were 

performed in order to estimate the charge transfer, and the mass transfer resistances. During 

data collection, the system was set at 80oC with no backpressure, and fed with H2 and O2. 

Therefore, due to the slower reaction rate possessed by the ORR compared to the HOR, the 

charge transfer resistance is assumed to be ORR resistance. The EIS was done in a 

galvanostatic mode with an AC amplitude of 10% DC and at 200 mA.cm-2 and 800 mA.cm-

2 bias potentials. Unless otherwise specified, the data were represented using Nyquist plot 

and are modeled using the following equivalent circuit:   

     

 

Figure 13: Equivalent circuit model 

Where, Re, and Rch,t represent the ohmic and the charge transfer resistances. CPE is a constant 

phase element representing the incomplete capacitive behavior on the surface of the catalyst. 

CPE was used due to the high porosity of the utilized electrodes and the emergence of 

depressed semicircles. Ws is a bounded Warburg element depicting mass transport within the 

electrode.  
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2.2.3. Cyclic Voltammetry (CV) 

 

Cyclic voltammetry is a basic, yet very important electrochemical measurement 

utilized for a variety of electrochemical systems. It consists of cycling the system between 

two cut-off voltages in a triangular wave. In the meantime, the current is recorded to track 

any evolution of an electrochemical phenomenon. These phenomena are based on a 

movement of charge (electrons or ions) within the system. Cyclic Voltammetry can be 

performed both in-situ and ex-situ based on the purpose of the experiment. Ex-situ 

measurements are usually done to evaluate the characteristics of the catalyst in a standard 3-

electrode system configuration. Within that configuration, a counter electrode is used such 

as Pt wire or graphite, and a reference electrode such as Ag/AgCl or Hg/Hg2Cl2 are used. The 

reference electrode ensures a Nernstian behavior of the redox reaction, it maintains a stable 

potential over time, and is durable. Within the system, an acidic solution providing proton 

conduction is used such as perchloric acid or sulfuric acid. This method is a swift technique 

used to study the relative activities of different catalysts in different conditions. In addition, 

in-situ measurement is widely employed in two-electrode configuration. Within this 

configuration, one of the electrodes serves as the working electrode while the other is 

regarded as the counter and a pseudo-reference electrode. Due the fact that the ORR activity 

is characterized by its sluggish kinetics, the working electrode is mostly referred to the 

cathode while the anode is used as a counter/reference electrode [94].  

 

2.2.3.1. Electrochemical Surface Area (ECSA) 

 

The electrochemical surface area is regarded as the total area accessible for the 

surface reactions (ORR and HOR) to occur. The ECSA is usually less than the theoretical 

surface area of the total Pt. That is because the accessible surface area for reaction depends 

on the suitable contact between Pt, and the proton conducting moieties (Triple phase 

boundary). Therefore, due to the poor contact between Pt and Nafion®, not all the Pt surface 

is employed for reaction. The ECSA is measured using cyclic voltammetry between 0.045V 

and 0.95V. During the forward increasing potential, hydrogen oxidizes to protons. The 

protons reduce back in the backward scan. The aforementioned phenomena occur in a voltage 
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window between 0.06V and 0.35V (Figure 14). Integrating the region below gives us an 

estimate of the total charge (q) which is normalized by the amount of Pt loaded within a 

particular electrode area according to the following equation: 

𝐸𝐶𝑆𝐴 (𝑚2. 𝑔−1) =  
𝑄 

𝜃 × 𝑚𝑃𝑡
 

 

(2.7) 

  Where, Q is average charge corresponding to the average area integrated from the anodic 

and cathodic peaks, 𝜃 is the surface coverage of Pt equals to 0.21 mC.cm-2, and mpt is the mass 

loading of Pt with the electrode surface area measured in mgpt.cm-2 [94, 95]. 

 

Figure 14: Typical cyclic voltammetry profile of an electrode tested in ex-situ mode [96] 

 

In this dissertation, cyclic voltammetry is used both in-situ and ex-situ are utilized. In-situ 

measurements were used to evaluate the ECSA of the fibrous electrodes and the contact extent 

between Pt and S-SiO2. Plus, it was used to track the dissolution of Pt and the corrosion of the carbon 
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support after AST. Ex-situ measurements were used to calculate the ECSA of Pt/C catalysts with 

Nanorod-CeO2 and Nanorod-CeO2/NrGO additives.  

 

2.2.4. Linear Sweep Voltammetry (LSV) 

   

2.2.4.1. Hydrogen Crossover 

 

Ideally, polymer electrolyte fuel cell MEAs are supposed to have both electrodes 

separated. Only proton conduction happens between both while electrochemical reactions 

occurring on each. However, the reality is that hydrogen crosses over from the anode to the 

cathode causing a decrease in the overall potential of the MEA [97]. Although oxygen can 

also cross over from the cathode to the anode, the latter is more common due to hydrogen’s 

faster diffusion. This phenomenon is called the hydrogen crossover. In addition to decreasing 

the local potential, when hydrogen crosses over and reacts with oxygen, the generated heat 

can cause the formation of pinholes within the membrane [98]. In order to monitor hydrogen 

crossover, linear sweep voltammetry is performed. While supplying the anode with hydrogen 

and the cathode with nitrogen, a voltage sweep is applied from low to high voltage. the 

current generated during the voltage sweep (Figure 15) is directly proportional to the extent 

of hydrogen crossover through the equation: 

𝐽𝑐𝑟𝑜𝑠𝑠𝑜𝑣𝑒𝑟 =
𝑖𝐿

𝑛𝐹
 

 

(2.8) 

Where, Jcrossover is the crossover flux, iL is the current recorded during LSV, n is the number 

of moles of electrons per mole of hydrogen (equals to 2), and F is Faraday’s constant [99]. 
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Figure 15: Typical linear sweep voltammetry (LSV) curve of a PEMFC MEA 

 

 

2.2.4.2. ORR Performance 

 

The electrocatalytic activity of the catalyst can be evaluated in ex-situ configuration 

using LSV. In a 3-electrode system and rotating disc electrode, the ORR performance can be 

tracked through tracking the voltage at half wave (E1/2). The half-wave potential is the 

potential needed in order to reach half of the limiting current density recorded in LSV. E1/2 

gives an idea about the ORR performance of the electrocatalyst. Higher E1/2  indicates that 

the ORR occurs with lower overpotential [100].  

For this dissertation, LSV was performed in-situ for all samples using an external 

potentiostat. The system was fed with H2 and N2 on the cathode in fully humidified 

conditions. The voltage was swept from 0.04 V to 0.9V. All samples have shown minimal 

limiting current throughout the entire voltage range (i ˂ 3 mA). For that reason, LSV 

crossover data were not shown. Furthermore, ex-situ LSV measurements were conducted 
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using a rotating disc electrode to evaluate Pt/C performance with nanorod-CeO2 and nanorod-

CeO2/NrGO additives. 
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CHAPTER 3: ELECTROSPUN NANOFIBER ELECTRODES FOR BOOSTED 

PERFORMANCE AND DURABILITY AT LOWER HUMIDITY OPERATION OF 

PEM FUEL CELLS 

 

 

 

 

 

The objective of this chapter is to fabricate self-standing Nafion®-free fibrous electrodes using 

electrospinning. As an alternative to Nafion®, sulfonated silica (S-SiO2) is to be employed. In 

addition, the effect of the polymer nature, and the S-SiO2/carrier polymer ratio on the 

morphology of the resulting mat is to be investigated. Then, the effect of the fibrous nature 

of the electrode, S-SiO2 and their loaded quantities on the performance of the electrodes at 

different humidity conditions. This is done to investigate the impact of the incorporation of 

a hygroscopic proton conducting moiety instead of the hydrophobic Nafion®. Finally, the 

impact of the above parameters on the durability of the platinum and carbon support of the 

catalyst are studied.  

 

3.1. Introduction 

 

Fossil fuel depletion became a topic widely mentioned worldwide. Therefore, many 

efforts are being made in the quest of finding a suitable, high-performing, and cost-effective 

substitute. In this sense, several potential alternatives have emerged, such as Li-ion batteries 

[101], solar panels [102], and fuel cells for commercial use [103]. Among the various 

alternatives, fuel cells (FCs) recently gained great attention due to their high energy density 

and environmental friendliness [104, 105]. Among the various types of FCs, Polymer 
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electrolyte membrane fuel cells (PEMFCs) have grabbed attention in various applications, 

especially, in the automotive industry [106]. It comprises a membrane electrolyte assembly 

(MEA) which is composed of an anode, a cathode, and a proton-conducting polymer 

membrane between these two electrodes [10]. However, in spite of their several benefits, 

employing extensive amounts of Pt metal and Nafion® as ionomer presents a significant 

economic burden limiting their wide commercialization [107-109]. In addition, Nafion® 

poses restrictions on the PEMFC’s operational conditions due to its strong dependence on 

relative humidity to achieve high proton conductivity [110, 111]. Aside from that, the current 

potential applications of PEM fuel cells require them to have long lifetimes of 8000 hours 

for automotive, 20000 hours for busses, and up to 30000 hours for heavy-duty trucks, as 

prescribed by the US Department of Energy (DoE) [112-114]. To overcome the obstacles 

and meet the market demands, extensive research has been done in improving the 

performance and durability of the MEA. Specifically, numerous studies focused on 

improving the cathode performance and durability, while simultaneously reducing Pt catalyst 

and Nafion® ionomer contents [115-117]. In this sense, numerous fabrication techniques 

were developed in favor of enhancing Pt utilization within the electrode such as decal transfer 

[118], brushing [119],  and spraying [120]. However, the aforementioned methods present 

numerous drawbacks such as pore blockage and non-uniformity in particle distribution [121, 

122]. Alternatively, electrospinning emerged as a versatile tool for the fabrication of fiber-

based catalyst layer posing many advantages over the other conventional techniques [52, 

123]. Thus, higher Pt utilization caused by the even distribution along with the fiber results 

in high performing low Pt loading PEM fuel cell electrode. Furthermore, electrospinning 

allows sculpturing electrodes with tailored porous network allowing better mass transfer into 

and out of the electrode. This was first demonstrated by Kotera in which a self-standing 

cathode of Pt/C, FlemionTM ionomer, and PEO carrier polymer was fabricated using 

electrospinning. As a result, the fibrous electrodes outperformed the classical electrodes 

exhibiting ten times more porosity and gas permeability. This was reflected in lower mass 

transfer losses during fuel cell operation under 100% RH , 95oC , and 150 kPa backpressure 

[51].  Shaojing Hong et al. fabricated the electrode with an ultralow Pt loading (0.087 

mgPt.cm-2), poly (acrylic acid) (PAA), and Nafion® with 5% PTFE additive with the 

maximum output of 0.692 W.cm-2. The reported fiber-based electrode showed a 1.06 folds 
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higher performance than the decal electrode loading with 0.18 mgPt.cm-2. It was also reported 

that fiber-based electrodes prepared using electrospinning conveyed better durability 

retaining 87.5 % of its initial power output compared to 76% for decal electrodes after 2000 

accelerated stress test (AST) cycles. The prolonged durability was explained by the 

stabilizing effect of PAA on the catalyst through its intrinsic interaction with the carbon 

support [124]. Moreover, Shaojing Hong et al. later reported a peak performance of 0.62 

W.cm-2 for a palladium (Pd) deposited fiber-based electrode of 19 μgPt.cm-2 loading. The 

studied electrode lost only 4.8% of its peak power out after AST of  30000 cycles [67]. In 

another study, MEA prepared by nanofiber PtCo/C/ Nafion®/PAA-based cathode showed 

20% higher performance compared to the sprayed electrode both loaded with 0.1 mgPt.cm-2. 

Here, due to the even distribution of particles along the fibers and inter/intra porous structure, 

better access to electrochemical sites was attained. Thus the developed MEA exhibited 

improved durability losing only 8% of its peak power output compared to 32% of the classical 

sprayed electrode [65]. Furthermore, Pt/C/ Nafion®/PAA fiber-based electrodes with 

ultralow Pt loading (0.065 mgPt.cm-2) recorded a maximum power output of 360 mW.cm-2 

which was 29% higher than for decal electrodes with 0.104 mgPt.cm-2 loading. In another 

study, Pt/C/ Nafion®/PVDF fiber-based electrodes with 0.1 mgPt.cm-2 loading resulted in a 

35% higher power density than the conventional sprayed electrode recording a peak power 

density of 545 mW.cm-2 [61]. It is observed that PVDF-based fiber electrodes performed 

slightly lower than PAA-based fiber electrodes. The superior performance of PAA carrier-

based fibrous electrodes can be attributed to the hydrophilic nature of the PAA compared to 

PVDF. However, and for the same reason,  PVDF-based fiber electrodes showed better 

durability due to their water expulsion ability alleviating the electrode corrosion rate.[63] 

Recently, P(VDF-TrFE); a copolymer of PVDF;  has drawn lots of attention in various 

applications such as self-charged supercapacitor separator membranes [125, 126], energy 

harvesting [127], pressure sensors [128], and tissue engineering applications [129]. This is 

due to the ferroelectric behavior and crystallinity which P(VDF-TrFE) copolymers 

exhibit.[129] In addition, our previous study demonstrated the superior water retention 

capability of P(VDF-TrFE)/sulfonated silica compared to that of PVDF/sulfonated silica-

based electrospun membranes making them promising in PEMFC electrodes, especially at 

low humidity levels [130].   
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On the ionomer level, efforts are being made to develop high performing and cheaper 

alternative to Nafion®. For instance,  hydrocarbon-based ionomers such as sulfonated poly 

(ether ether ketone) [15, 16], polyamides [17], polyphosphazene [18], and polysulfones have 

been extensively studied [19], However, hydrocarbon ionomers pose a series of problems 

including their ability to be dissolved in aprotic solvents of high boiling points [20, 21], 

Consequently, the unevaporated solvent deposits on the Pt catalyst confine its activity [22], 

In this sense, several studies reported the deposition of the aromatic ring of sulfonated 

hydrocarbon polymers on the Pt catalyst surface limiting its oxygen reduction reaction (ORR) 

activity [131]. Recently, inorganic-based proton conducting ionomers gained attention due 

to their good performance in dry conditions. Eastcott and Easton investigated the 

performance of MEA employing sulfonated silica (S-SiO2) as a proton-conducting ionomer. 

Although Nafion®-based MEAs outperformed S-SiO2-based MEAs in fully humidified 

conditions, S-SiO2 showed promising performance in partially humidified conditions [23-

25]. Nevertheless, in another study, the author suggests that S-SiO2 stabilizes the Pt catalyst 

reducing the electrochemical surface area (ECSA) loss to 26% compared to 93% loss for 

those with Nafion® as ionomer after AST [1]. 

Herein, the incorporation of P(VDF-TrFE) carrier-polymer Pt/C/sulfonated silica (S-

SiO2) particles in fiber-based PEM fuel cell electrodes were investigated for the first time. 

Pt/C, S-SiO2 particles along with a carrier polymer P(VDF-TrFE) were fabricated via 

electrospinning. Additionally, this study further discusses the effect of the S-SiO2/polymer 

ratio on the morphology and performance of the electrodes. The fiber morphology and 

particle distribution along the fibers were investigated through scanning electron microscopy 

(SEM) and transmission electron microscopy (TEM). The porous characteristics of the 

fibrous catalyst layers were investigated by mercury intrusion porosimetry (MIP). Besides 

morphological analysis, PEM fuel cell performance and in-situ electrochemical impedance 

spectroscopy (EIS), and cyclic voltammetry (CV) analysis were performed to reveal a deeper 

insight into the impact of S-SiO2/polymer ratio and the nature of the carrier polymer on the 

performance of the electrodes. Finally, both Pt dissolution and carbon corrosion accelerated 

stress durability tests (AST) were conducted in favor of studying the performance of the 

electrodes at extended operation times.  
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3.2. Experimental Section 

 

3.2.1. Material   

 

Cetyltrimethylammonium bromide (CTAB) and an aqueous solution of sodium silicate were 

purchased from AppliChem. Polyvinylidene fluoride (PVDF; Solef, MW: 380 000) and 

poly(vinylidene fluoride-co-trifluoroethylene) (70/30 mol) powders were purchased from 

Solvay and PolyK technologies, respectively. Dimethylformamide (DMF), acetone, 

tetrahydrofuran (THF), N,N-dimethylacetamide (DMAc), sulfuric acid (H2SO4), and 20 wt 

% Nafion® solutions were all obtained from Sigma-Aldrich. HiSPEC 40% Pt on carbon 

(HiSPEC 4000) and 30% Pt on Vulcan XC-72R were obtained from Fuel Cell Earth LCC. 

 

3.2.2. Preparation of Electrospinning Inks  

 

Prior to the electrospinning ink preparation, sulfonated silica particles were 

synthesized in accordance with a previously reported study[130]. In brief, 34 mL of sodium 

silicate was added dropwise into a 78 mL CTAB solution under continuous stirring at 40 °C 

for 1 h. The pH of the solution was then adjusted to 11 through the slow addition of 1 M 

hydrochloric acid (HCl) solution followed by stirring for an additional 1 h. The resulting 

silicate solution was moved into a Teflon-lined stainless-steel autoclave and heated up to 120 

°C for 48 h. After separating the resulting silica and drying for 24 h at 60 °C, the obtained 

product was calcined at 550 °C under an air atmosphere for 14 h. Sulfonation of the as-

prepared silica was performed by stirring it in concentrated sulfuric acid solution (H2SO4) 

for 30 min and then heating in the dispersion in an autoclave at 120 °C for 48 h. Finally, 

sulfonated silica was then obtained through filtration and dried overnight at 60 °C. Then, a 

polymer stock solution of 10% (wt %) was prepared in 7:3 DMAc/THF solvent mixture. 

Similarly, 20% Nafion® stock solution was prepared in DMF/acetone (7:3) solution. The 

electrospinning inks were generally composed of Pt/C, S-SiO2, polymer solution, and DMF 

and acetone as solvents (Table 1). Ink preparation was as follows: (i) Pt/C was added into a 

vial. (ii) DMF was added. (iii) The solution was stirred for 2 min and bath sonicated for 30 
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min. (iv) Acetone was added, followed by ionomer (S-SiO2 powder or 20% Nafion® 

solution). (v) The solution was again bath-sonicated with intermittent stirring for 60 min. (vi) 

The stock 10% polymer stock solution was added, and (vii) the ink was left to stir overnight 

at room temperature. 

Table 1: Electrospun fibrous mat composition 

For simplicity, 18% S-SiO2-T, 20% S-SiO2-T, 22% S-SiO2-T, 18% S-SiO2-P, 20% S-SiO2-

P, 22% S-SiO2-P, and 20% Naf-P will be used throughout the study to designate the nature 

of the ionomer, its amount (%), and the nature of the polymer (T for P(VDF-TrFE), and P 

for PVDF) in the electrode. 

 

3.2.3. Electrospinning Parameters 

 

Electrospinning was performed in a custom-made electrospinning chamber with 

controllable temperature, relative humidity (RH %), and a grounded rotating drum. The ink 

Ink 
Dry electrode composition 

(wt. %) 
Solvent 

Total solid 

ratio 

(%) 

1 
Pt/C: 65, PVDF: 17, S-SiO2: 

18 
DMF/Acetone 13 

2 
Pt/C: 65, PVDF: 15, S-SiO2: 

20 
DMF/Acetone 13 

3 
Pt/C: 65, PVDF: 13, S-SiO2: 

22 
DMF/Acetone 13 

4 
Pt/C: 65, P(VDF-TrFE): 17, 

S-SiO2: 18 
DMF/Acetone 18 

5 
Pt/C: 65, P(VDF-TrFE): 15, 

S-SiO2: 20 
DMF/Acetone 18 

6 
Pt/C: 65, P(VDF-TrFE): 13, 

S-SiO2: 22 
DMF/Acetone 18 

7 
Pt/C: 65, PVDF: 15, Nafion®: 

20 
DMF/Acetone 15 

8 Pt/C: 77, Nafion®: 23 Isopropyl alcohol - 
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was loaded into a 5 mL syringe and was electrospun using an 18-gauge stainless-steel needle 

spinneret (Figure 16a). In the process, high voltage was applied at the tip of the needle against 

a grounded stainless-steel drum wrapped with aluminum foil. All electrospinning processes 

were conducted with a flow rate range of 1–1.2 mL/h, 13 kV applied voltage, 60–70% 

relative humidity (% RH), and a 10 cm needle-to-collector distance. The collector drum was 

set to rotate at a speed of 200 rpm and oscillate horizontally for better uniformity. 

For the resulting fiber mat, the Pt-loading was estimated by taking a 5 cm2 portion 

from the total mat, weighing it on a sensitive balance, and calculating the final Pt-loading 

using the following equation: 

𝑚𝑃𝑡 𝑐𝑚2⁄ =
𝑚𝑃𝑡/𝐶 × %𝑃𝑡 𝑖𝑛 𝑃𝑡/𝐶 × 𝑚5𝑐𝑚2𝑠𝑎𝑚𝑝𝑙𝑒

𝑚𝑖𝑛𝑘 × % 𝑠𝑜𝑙𝑖𝑑 𝑤𝑒𝑖𝑔ℎ𝑡 𝑟𝑎𝑡𝑖𝑜 × 5
 

(3.1) 

In which, mPt/C is the mass of Pt/C used during the ink preparation, 𝑚5𝑐𝑚2𝑠𝑎𝑚𝑝𝑙𝑒 is the mass 

of the obtained 5 cm2 sample, mink is the total mass of the prepared electrospinning ink, and 

% solid weight ratio is the total solid amount per total solvent used during ink preparation. 

 

3.2.4. Morphological Analysis  

 

Figure 16:  Schematic of (a) electrospinning process parameters and ink components and (b) 

MEA preparation procedure. 
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The surface morphology of the fibers was investigated using scanning electron 

microscopy (SEM) using a German Jeol JSM 6010 LV and Supra 35VP Leo. The fiber 

samples were coated with Au/Pt using a Cressington 108 sputter coater at 40 mA for 120 s. 

The images were taken with 3–5 kV accelerating voltage and an 8–9 mm working distance. 

The average fiber diameter and void spaces were estimated using ImageJ software by 

randomly selecting 30 fibers (or sites) for measurement. The morphology and elemental 

distribution across the fiber mats were investigated via transmission electron microscopy 

(TEM)/energy dispersive spectrometry (EDS) using a JEOL JEM 2000FX transmission 

electron microscope at an accelerating voltage of 200 kV. The porosity and the pore size 

distribution were traced using a Micromeritics AutoPore IV 9500 V1.09 mercury (Hg) 

porosimeter. Mercury of 485 dyn cm–1 surface tension forcefully penetrated the pores of the 

electrospun fibrous mat. 

 

3.2.5. MEA Preparation 

 

For the anode, gas diffusion electrodes (GDE) were prepared via airbrushing with a 

fixed Pt loading of 0.3 mg cm–2. The inks were prepared in a vial by adding 0.15 g of 20% 

Nafion® solution onto 0.1 g of 30% Pt/C catalyst followed by the addition of 8 mL of 

isopropyl alcohol (IPA). The solution was then sonicated for 1 h and then stirred for another 

2 h. The GDEs were fabricated by the spraying of Pt/C/ Nafion® inks onto a Sigracet 39 BC 

carbon paper gas diffusion layer (GDL). Spraying was repeated to obtain the desired Pt 

loading. Each spraying step was followed by drying at 60 °C for 10 min. From the electrospun 

fiber mat, a 5 cm2 sample was taken and the Pt loading was calculated. The fibrous mat was 

then pressed as a cathode against a GDE anode and a Nafion® membrane in between. The 

MEA was first preheated for 10 min at 135 °C without applying any force, followed by 

another 5 min under 5 MPa (Figure 16b). 

 

3.2.6. Contact Angle Measurement 
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In order to determine the hydrophobicity of the fiber based GDEs, water contact angle 

(WCA) measurements were performed using a KSV Attention T200 theta instrument. In the 

process, 5 μL of deionized water was dropped on top of the GDE using a syringe all at a fixed 

working distance and at room temperature. To obtain a statistically accurate contact angle, 

three trials were performed. 

 

3.2.7. Fuel Cell Tests and in Situ Electrochemical Analyses 

 

Fuel cell performance tests and in situ impedance analysis were conducted using a 

Scribner Series 850e with controlled back pressure, temperature, and humidity conditions. 

All tests were conducted on a single cell composed of 5 cm2 MEA and with single serpentine 

hydrogen gas and airflow channels. Initially, the MEA was conditioned by alternatively 

subjecting it to cycling voltages of 0.2 and 0.6 V until a stable current density was obtained. 

Throughout the process, the cell temperature was maintained at 80 °C, and fully humidified 

hydrogen gas and air flows (0.125 L min–1 and 0.5 L min–1, respectively) were fed at ambient 

pressure. Prior to fuel cell polarization curve data collection, the system was maintained at 

0.2 V to condition and stabilize the MEA. Then, fuel cell polarization curves were collected 

between 0.2 V and the open-circuit voltage (OCV) under both fully humidified and 60% 

partially humidified conditions. The cell was fed with H2 at the anode and air at the cathode 

at respective flow rates of 0.125 L min–1 and 0.5 L min–1 air with 25 psi of backpressure. 

Electrochemical impedance spectrograms (EIS) were collected under fully 

humidified conditions. Hydrogen and oxygen gases were stoichiometrically (1:1 ratio) 

supplied to the anode and cathode, respectively with a flow rate maintained at 0.125 L.min-

1. The data were collected through a sweeping frequency in the range of 0.1-10000 Hz with 

an AC amplitude being set to 5% of the applied DC current with 20 points collected per 

decade. Prior to data collection, the system was maintained at the selected current density for 

a span of 10 minutes in favor of stabilizing the system. The linearity of the EIS data was 

validated using linear Kramers-Kronig validity test software developed by the Karlsruhe 

Institute of Technology [132]. Finally, the resulting Nyquist plots were fitted and analyzed 

using Zview software. 
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In-situ cyclic voltammetry (CV) was performed at 30 °C with a hydrogen flow of 0.1 L/min 

while no input was supplied to the cathode. After stabilizing the electrodes, cyclic 

voltammograms were collected at a 40 mV/sec scan rate within a voltage window of 0.045-

0.9V. The area average area under both the adsorption and desorption peaks was estimated 

and the electrochemical surface area (ECSA) was calculated using:[133] 

𝐸𝐶𝑆𝐴 (𝑚2. 𝑔−1) =  
𝑄 

𝜃 × 𝑚𝑃𝑡
 

(5.2) 

Where Q is the average charge measured corresponding to the average area integrated with 

the anodic and cathodic peaks, 𝜃 is the surface coverage of hydrogen on Pt (0.21 mC.cm-2) 

and mpt is the mass loading of Pt within the electrode. 

Pt-dissolution accelerated stress tests (AST) were conducted in fully humidified (100% RH) 

H2(anode)/N2(cathode) atmosphere with flow rates of 0.125 mL.min-1 and 0.25 mL.min-1, 

respectively. Using an external potentiostat, the MEA was cycled with a square wave in an 

alternating fashion at 0.6 V and 0.95V for 3 seconds each repeated 30000 times. It should be 

noted that before and after the AST test, all data relevant to fuel cell polarization curve, 

ECSA, and EIS were collected. In addition, SEM images were collected for the fibrous 

cathode before and after the durability tests.  

Finally, a carbon corrosion stress test (AST) was conducted in accordance with the fuel cell 

commercialization conference in Japan and the DoE [134]. The MEA was set in a fully 

humidified H2 (anode)/N2 (cathode) atmosphere at 80oC with flowrates of 0.125 mL.min-1 

and 0.25 mL.min-1 respectively.  Using an external potentiostat, a triangular wave was 

applied and repeated 1000 times between 1 and 1.5 V with a 500 mV/sec scan rate. fuel cell 

polarization curves, ECSA data, and SEM images were collected before (beginning of life 

(BOL)) and after the test (end of life (EOL)).  

 

3.3. Results and Discussion 

 

Continuous ionic and electronic conduction throughout the fiber structure necessitates a fine 

and even distribution of the particles throughout the fiber [135]. Therefore, SEM micrographs 

show S-SiO2-T ( Figure 17 a,b,c ) and S-SiO2-P (Figure 17d,e,f) with evenly distributed 

particles throughout the entire fiber with the absence of any noticeable beads. Upon 

increasing the S-SiO2/polymer content, the average fiber diameter generally decreased 
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recording 0.9 μm, 0.77 μm, and 0.53 μm for 18% S-SiO2-T, 20% S-SiO2-T, and 22% S-SiO2-

T mats, respectively. Similarly, the average fiber diameter has decreased from 1 μm to 0.68 

μm, and 0.62 μm for 18% S-SiO2-P, 20% S-SiO2-P, and 22% S-SiO2-P, respectively. 

Furthermore, the average void space between the fibers shows an increase from 1.14μm for 

18% S-SiO2-T fiber-based mat to 2.46 μm for 22% S-SiO2-T, and from 1.47 μm to 2.48 μm 

for 18% S-SiO2-P and 22% S-SiO2-P, respectively. The porous texture of the fiber mat was 

further revealed through MIP. The pore size distribution graph (PSD) (Figure 18) shows that 

the majority of the pore volume for fiber mats is mainly concentrated within the ≤100 μm 

range. However, compared to S-SiO2-P, S-SiO2-T fiber mats recorded a higher median pore 

diameter (volume) of 28.09 μm (15.35 μm for S-SiO2-P). The higher median pore diameter 

possessed by P(VDF-TrFE)-based fiber mats is expected to affect the diffusion mechanism 

of O2 and water expulsion within the electrode [136, 137]. In addition, PVDF and P(VDF-

TrFE)-based fiber mats recorded 85.84% and 72.76% porosity and skeletal density of 1.24 

g. mL-1 and 0.75 g.mL-1, respectively. Consequently, the high porosity possessed by both 

mats enhances the tortuosity, and thus, oxygen diffusion and water expulsion within the 

electrode directly affect the performance of the PEMFC electrode [138-140]. Furthermore, 

intra-fiber pores can be readily observed within the fiber in the fiber transmission electron 

microscope (TEM) and darkfield images (Figure 19 a,b,e,f). Intra-fiber pores are expected to 

serve in increasing the Pt utilization within the bulk of the fiber. Enhanced Pt utilization can 
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be achieved through the adequate distribution of the ionomer being close to the 

electrochemical reaction centers [56]. 

 

 

 

 

Figure 18:Pore size distribution graph (PSD) of electrospun PVDF and P(VDF-TrFE) based Pt/C/S-

SiO2 electrodes 
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Figure 17:SEM images of a) 18% S-SiO2-T, b) 20% S-SiO2-T, c) 22% S-SiO2-T, d) 18% S-SiO2-P, 

e) 20 % S-SiO2-P, and f) 22% S-SiO2-P fiber mats 
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EDS mapping of 18% S-SiO2-T and 18% S-SiO2-P (Figure 19 c,g) shows that both 

Pt with uniform distribution throughout the fiber. More importantly, Figure 19c,g,d, and h 

highlight an overlapping distribution for Pt and S-SiO2  ensuring a proper contact and thus 

proton conduction into the Pt surface. The extent of proton conduction can be reflected 

through the ECSA obtained from the cyclic voltammograms of the respective MEAs (Figure 

20a, Figure 21). The ECSA shows an abrupt increase upon increasing the S-SiO2 loading 

from 18% to 22%, indicating an enhanced contact surface between S-SiO2 and Pt (Figure 

20a). In comparison with the other electrodes, S-SiO2-T fibrous electrodes recorded a higher 

ECSA compared to the conventionally sprayed electrode (22.35 m2. gPt
−1) underlining the 

impact of electrospinning in boosting the exposure of Pt surfaces. Similarly, ECSA of S-

SiO2-T fibrous electrodes exceeded that of 20% Naf-P fibrous electrodes (34.24 m2. gPt
−1). 

This can be explained through the inability of Nafion® to penetrate the mesopores of the 

catalyst disrupting proton conduction into a significant portion of Pt [141]. 

 

 

 

Figure 19:Transmission electron microscopy images of a,e) 18% S-SiO2-T and 18% S-SiO2-P, b,f) their 

dark field image, and their EDS elemental mapping of c,g) Pt, and d,h) Si, respectively. 
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PEM fuel cell performance tests (Figure 20b) reveal an explicit outperformance of 

fiber-based electrodes over the sprayed ones. The potential losses were evaluated at both low 

current density (400 mA.cm-2); in which activation losses dominate; and high current density 

(1000 mA.cm-2); in which concentration losses dominate. At low current density, fiber-based 

electrodes recorded lower potential losses (0.55V) as compared to the sprayed electrode 

(0.45V). The lower kinetic overpotential exhibited by the fibrous electrodes is a direct 

consequence of higher Pt utilization within the electrode, which in turn results in better 

contact between Pt and S-SiO2. Likewise, the greater porosity exhibited by fibrous electrodes 

enables smoother passage of oxygen into and the expulsion of water from the reaction sites 

causing lower mass transfer overpotential. A similar outcome was obtained in a number of 

studies in which PVDF/Nafion®/Pt/C-based fibrous electrodes recorded a 35% increase in 

their peak power density as compared to the conventional sprayed electrodes [61]. 
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Figure 20: a) ECSA values of S-SiO2-T electrodes with varying S-SiO2 content,b) fuel cell polarization 

curves at fully humidified conditions, c) comparative bar graph of the fuel cell maximum power 

density recorded for S-SiO2-T and  S-SiO2-P electrodes with varying S-SiO2 loadings at fully 

humidified (100%RH) and partially humidified (60% RH) conditions, and d) a schematic comparing 

the proton conduction mechanism in S-SiO2 and Nafion® containing electrodes, and the water 

retention within the fibrous electrode. 
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Increasing S-SiO2 caused an overall enhancement in the performance of the fuel cell 

at all humidity levels. The maximum power output has increased from 356.5 mW.cm-2 to 

417.4 mW.cm-2 (14.59 % increase) in fully humidified conditions as the S-SiO2 loading was 

increased from 18% to 22%. The increase in performance was more noticeable in partially 

humidified conditions (60% RH) showing a 64.15% increase in maximum power 

performance (Figure 20c).  The introduction of additional S-SiO2 enhances proton 

conduction into the reaction center which results in a rise in the overall performance [142]. 

This was clearly seen upon comparing the performance of S-SiO2-T electrodes in partially 

humidified conditions (60% RH) in which conduction is dominated by the S-SiO2/Pt 

interface and partially excludes the water/Pt interface solidifying the findings obtained earlier 

in Figure 20a. To assess the ORR kinetics, EIS measurements were performed at 200 mA.cm-

2 where the kinetic losses prevail over the mass transfer and ohmic losses. Thus, the 

equivalent circuit proposed upon fitting represents all three processes. However, emphasis 

was given to the kinetic losses (ORR resistance) at the given current density. The Nyquist 

plots (Figure 22) and their corresponding fitting results (Table 2) indicate a drop in the charge 

transfer (ORR) resistance from 0.145 Ω to 0.114 Ω upon increasing the S-SiO2 content from 
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Figure 21: Cyclic voltammograms of 18% S-SiO2-T, 20% S-SiO2-T, and 22% S-SiO2-T fiber-based 

electrodes at BOL obtained between 0.045V and 0.9V at 30oC in dry condition. 
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18% to 22%. Increasing the S-SiO2 loading results in enhanced surface contact with the 

electroactive centers leading to better accessibility resulting in enhanced ORR activity. 

Furthermore, unlike Nafion®, S-SiO2 does not form a thin film on the surface but is able to 

penetrate the nanofibers through its pores, providing enhanced contact with Pt particles 

buried within resulting in enhanced Pt utilization (Figure 20d) [56]. This was shown through 

the higher ECSA values of S-SiO2-containing electrodes compared to their Nafion® 

counterpart (34.24 m2. g-1). Meanwhile, the high inter-fiber porosity possessed by S-SiO2-T 

electrodes with higher S-SiO2P(VDF-TrFE) ratios has shown lower mass transfer resistance 

component values (WR) in the Nyquist plots collected at high current density (800 mA.cm-

2). This can originate from the hygroscopic nature of S-SiO2 combined with the hydrophobic 

P(VDF-TrFE) serving in maintaining adequate water level within the electrode (Figure 20d) 

[143-145].  

 

 

Table 2: Maximum power output and EIS fitting results P(VDF-TrFE)- based fibrous electrodes 

obtained at 100% RH. Re, Rch,t, and WR represent the ohmic, charge transfer, and mass transfer 

resistance, respectively. 

Electrode Re (Ω) Rch,t(Ω)a WR(Ω)b 

Maximum 

Power Density 

(mW.cm-2) 

Figure 22: Nyquist plots of 18 % S-SiO2-T, 20 % S-SiO2-T, and 22 % S-SiO2-T fibrous electrodes at fully 

humidified (100% RH) condition recorded a) 200 mA.cm-2 and b) 800 mA.cm-2 and their 

corresponding equivalent circuit. Re corresponds to the bulk resistance, Rch,t corresponds to the 

charge transfer resistance and WR corresponds to the mass transfer resistance 
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 (a)Obtained at 200 mA.cm-2 

               (b)Obtained at 800 mA.cm-2 

 

The distinction in fiber morphology was evident upon comparing S-SiO2-P and S-

SiO2-T electrodes in the different process-dominated regions of the polarization curve 

(Figure 23). S-SiO2-T electrodes have noticeably shown better performance in the mass 

transfer region which can be attributed to the wider pore diameter exhibited by S-SiO2-T 

electrodes. The wider pore diameter exhibited by P(VDF-TrFE)-based electrodes (28.09 μm) 

permits a less resistive passage of oxygen and water into and outward of the electrochemical 

active centers. On the other hand, S-SiO2-T fibrous electrodes exhibited remarkable retention 

in power output at lower humidity levels. This can be mainly due to the dual function of S-

SiO2 in providing proton conduction pathways on one hand and preserving an adequate water 

level within the electrode. The latter can be attributed to the hygroscopic nature of S-SiO2 

[23]. This can be clearly observed in Figure 5c in which S-SiO2-T electrodes retained 41.2%, 

80.6%, and 98.2% of their maximum power densities upon increasing the S-SiO2 loading 

from 18% to 20%, and 22% S-SiO2, respectively. Likewise, PVDF-based electrodes retained 

46.8% ,68.3% and 69.9% for 18%, 20%, and 22% S-SiO2 loadings, respectively (Figure 23). 

Furthermore, the polarization curves for both electrode types have shown a clear potential 

drop in the kinetic region at low current densities for S-SiO2 compared with that of S-SiO2-

T electrodes. This can be partially related to the high-water uptake possessed by P(VDF-

TrFE) compared to PVDF which serves in further lubrication of the electrode in a dry 

medium. As a result, higher maximum power density retention was interestingly recorded 

for P(VDF-TrFE)-based fibrous electrodes at partially humidified (60% RH) conditions and 

thus outperforming PVDF-based fibrous electrodes. 

 

18% S-SiO2-T 0.015 0.145 0.084 356.5 

20% S-SiO2-T 0.014 0.115 0.036 370.1 

22% S-SiO2-T 0.015 0.106 0.027 417.4 
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Pt dissolution AST of 20% Naf-P and S-SiO2-T fibrous electrodes are shown in 

Figure 24a, and Figure 24b, c, and d, respectively. The open-circuit voltage (OCV) has shown 

an increase for all electrodes after cycling. The rise in OCV was of more significance for 

electrodes of higher S-SiO2/P(VDF-TrFE) recording a 9.47% increase for 22% S-SiO2-T 

compared to a 3.15% increase for 18% S-SiO2-T fibrous electrodes (Figure 24b, c, d, and 

Table 3). In turn, this has resulted in a general increase in performance in the low to mid-

current density regions. In contrast, all electrodes exhibit a decrease in overpotential at low 

current densities. In this regard, it is not feasible to compare the ORR kinetics after cycling. 

Therefore, to have a closer look at the evolution of the different processes. Expectedly, the 

Nyquist plot 20% Naf-P shows an increase in the charge transfer resistance (Rch,t) at 200 

mA.cm-2 (Figure 24e). However, 18% S-SiO2 and 20% S-SiO2 electrodes (Figure 24f, g) have 

shown a drop in the charge transfer resistance (Rch,t) of 33.79%, 22.09% marking an 

enhancement of ORR kinetics while no significant change was observed for 22% S-SiO2-T 

(Figure 24h). At first glance, the drop in Rch,t seems to be unlikely since generally, water 

build-up in the electrode serves in accelerating Pt dissolution/agglomeration, thereby 

increasing the size of Pt particles. Therefore, proton conduction is altered due to the reduction 

Figure 23: Polarization curves of MEAs containing a) 18% S-SiO2-P and 18% S-SiO2-T , b) 20% S-SiO2-P and 20% S-SiO2-T, 

and c) 22% S-SiO2-P and 22% S-SiO2-T at 100% RH , and d) 18% S-SiO2-P and 18% S-SiO2-T , e) 20% S-SiO2-P and 20% S-

SiO2-T, and f) 18% S-SiO2-P 
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in Pt/S-SiO2 contact area [146]. Especially that, the ECSA measurements collected before 

and after cycling (Table 3) show an overall decline indicating a reduction in the Pt/S-SiO2 

interface. However, it is worth noting the reduction in the Pt/S-SiO2 interface resulting from 

Pt dissolution/agglomeration occurs in parallel to an expansion in the Pt/water interface due 

to the degradation of the carrier polymer. The latter stems from the better proton conductivity 

resulting in enhanced ORR kinetics as discussed in a number of studies [61, 141]. This was 

especially clear upon comparing S-SiO2-T electrodes with 20% Naf-P which has shown a 

15.07% increase in Rch,t after 30000 cycles. Furthermore, the water contact angle 

measurement (WCA) at the surface of the fiber-based GDEs further solidifies the claim 

(Figure 23) where electrodes with higher S-SiO2 showed a lower average contact angle. This 

implies that greater hydrophilicity imposed by greater S-SiO2 loadings provides additional 

proton conduction pathways through the Pt/water interface. On the contrary, electrodes with 

excessive hydrophilicity are more prone to water flooding leading to deterioration in 

performance at high current densities. That is, during cycling, the oxidative stress and radical 

formation provoke a  probable degradation in the hydrophobic P(VDF-TrFE) subjecting the 

electrode to greater water retention, especially in electrodes with high S-SiO2 loadings [147]. 

This was evident upon comparing 22% S-SiO2-T with 20% S-SiO2-T in which the former 

lags behind the latter in the high current density region. To track the P(VDF-TrFE) 

degradation during cycling, SEM micrographs were collected for each electrode before and 

after performing the Pt dissolution AST, respectively (Figure 26). As expected, carrier 

polymer degradation was evident through the drop in fiber diameter for all three electrodes 

after 30000 cycles. In addition, a significant inter-fiber pore collapse was observed after Pt 

dissolution AST. The collapse of the pore structure mitigates water expulsion resulting in 

electrode flooding which is accompanied by an apparent drop in performance at higher 

current densities [148]. In addition, the dramatic increase in the mass transfer overpotential 

after 30000 cycles at elevated S-SiO2 loadings draws our attention to the significance of S-

SiO2 migration throughout the process. The migrating S-SiO2 can interact with the carbon 

support through covalent bonding with the carbon surface as stated by Bradley et al [1]. 

Therefore, although the agglomerating S-SiO2 stabilizes both Pt and the carbon support but 

can block oxygen access and water expulsion pathways resulting in further resistive mass 
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transport. As an overall performance, the electrodes recorded promising retention in 

maximum power density up to 86.5% after 30000 cycles of Pt dissolution AST. 
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Figure 24: Fuel cell polarization curves and Nyquist plots collected at 200 mA.cm-2 current density of a,e) 

20% Naf-P b,f) 18% S-SiO2-T, c,g) 20% S-SiO2-T, and d,h) 22% S-SiO2-T at beginning of life (BOL), and after 

30000 cycles of a Pt dissolution, AST performed at fully humidified conditions (100%RH). 
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Table 3: The open-circuit voltage (OCV), electrochemical surface area (ECSA), and the maximum 

power output of S-SiO2-T of different S-SiO2/P(VDF-TrFE) content at BOL and EOL of the electrode 

via Pt dissolution accelerated stress test. 

Electrode BOL 30000 cycles  

 OCV 

(V) 

ECSA 

(m2.𝒈𝑷𝒕
−𝟏) 

Maximum 

power 

density 

(mW.cm-2) 

OCV 

(V) 

ECSA 

(m2.𝒈𝑷𝒕
−𝟏) 

Maximum 

power 

density 

(mW.cm-2) 

18% S-SiO2-T 0.889 44.5 390.64 0.917 32.3 304.16 

20% S-SiO2-T 0.890 49.95 386.47 0.930 45.3 334.40 

22% S-SiO2-T 0.866 52.61 417.43 0.948 47.8 272.76 

 

Figure 25: Contact angle measurement of 18% S-SiO2-T, 20% S-SiO2-T, and 22% S-SiO2-T electrodes 

at BOL. 
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Carbon corrosion ASTs were conducted for S-SiO2-T electrodes of different S-

SiO2/P(VDF-TrFE) content to investigate the carbon support corrosion and its impact on the 

activation overpotential and the performance of the MEA. The MEA was cycled in the 1.0-

1.5V (Figure 8). Within the selected voltage window, all Pt surface is fully oxidized, and 

thus, Pt dissolution contributes minimally to the loss in performance.[141] Again, an increase 

in OCV values hid the activation overpotential loss at the low current density region (Figure 

27a,b,c) leading to an increase in performance at voltages below 0.5V. On the other hand, a 

significant drop in performance was evident in the high current density regions. However, it 

is observed that the extent to which the electrode shows a decline in performance in the mass 

transfer region varies on the variation of the S-SiO2/P(VDF-TrFE) content. 18% S-SiO2-T 

and 20% S-SiO2-T electrodes present a steep drop in their performance curve in the high 

current density region. Consequently, the SEM images of the respective electrodes at both 

Figure 26: SEM images of a) 18% S-SiO2-T b) 20% S-SiO2-T and c) 20% S-SiO2-T at (BOL), (EOL) after Pt 

dissolution and carbon corrosion AST. 
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BOL and EOL show a general decrease in the fiber diameter, and a partial collapse in the 

pore structure of the electrode (Figure 26a,b,c). Concurrently, an overpotential drop in the 

low current density region can again be directly correlated to the degradation of polymer 

content in the electrode leading to the building up of water on the surface of the catalyst. As 

a consequence, electrodes with higher hydrophilic S-SiO2 content experienced a lower 

voltage loss in the low current density region. In addition, within the current cycling 

conditions, oxide groups form on the surface of the carbon support causing further hydration 

[61, 149]. The water buildup on the catalyst surface can hinder oxygen from reaching the 

active sites. On the catalyst level, the electrochemical surface area (ECSA) performed in dry 

conditions has shown a decline for all electrodes. Noticeably, electrodes with the highest S-

SiO2/P(VDF-TrFE) ratio suffered the most severe loss of 11.46 m2. gPt
−1 compared to 9.13 

m2. gPt
−1 of 20% S-SiO2-T and 2.93 m2. gPt

−1  for 65% 18% S-SiO2-T (Table 4). This can 

originate from the intrinsic interaction occurring between P(VDF-TrFE) carrier polymer and 

the carbon support. Therefore, the interaction partially inhibits carbon oxidation resulting in 

prolonging the lifetime of the electrode. [124] All in all, 18% S-SiO2-T and 20% S-SiO2-T 

electrodes demonstrated a respective decrease of 7.89 % and 5.34% in their maximum power 

output. However, remarkably, 22% S-SiO2-T electrode exhibited a 2.70 % increase in its 

maximum power output after carbon corrosion AST.   
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Table 4: The open-circuit voltage (OCV), electrochemical surface area (ECSA), and the maximum 

power output of S-SiO2-T of different S-SiO2/P(VDF-TrFE) content at BOL and after 1000 cycles of 

carbon corrosion accelerated stress test. 

Electrode BOL 1000 cycles  

 OCV 

(V) 

ECSA 

(m2.𝒈𝑷𝒕
−𝟏) 

Maximum 

power 

density 

(mW.cm-2) 

OCV 

(V) 

ECSA 

(m2.𝒈𝑷𝒕
−𝟏) 

Maximum 

power 

density 

(mW.cm-2) 

18% S-SiO2-T 0.899 42.92 354.18 0.928 41.57 326.22 

Figure 27: Fuel cell polarization curves a) 18% S-SiO2-T, b) 20% S-SiO2-T, and c) 22% S-SiO2-T fibrous electrodes at 

beginning of life (BOL) and end of life (EOL) of carbon corrosion stress test performed at fully humidified conditions 

(100%RH). 
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20% S-SiO2-T 0.882 44.93 372.82 0.919 35.80 352.89 

22% S-SiO2-T 0.900 52.61 386.1 0.921 41.15 396.82 

 

 

3.4. Conclusions 

 

The present study introduced the fabrication of novel electrospun S-SiO2-T electrodes via 

electrospinning technique, and the detailed analysis of their physical/electrochemical 

characteristics, fuel cell performance, and durability. The morphology of P(VDF-TrFE) 

Pt/C/S-SiO2 fiber electrodes (S-SiO2-T) has shown the impact of electrospinning on attaining 

a porous structure on both the intra-fiber and the inter-fiber level of the catalyst layers. In 

addition, TEM and EDS mapping results have shown the homogeneous distribution of both 

Pt and S-SiO2 particles along the fibers. Moreover, S-SiO2-T fiber-based electrodes have 

shown highly porous morphologies reaching 72.76%. The fuel cell performance test of S-

SiO2-T fibrous electrodes (417.4 mW.cm-2) has significantly overcome the conventional 

sprayed electrode (246.3 mW.cm-2) shedding light on the impact of the fibrous architecture 

on the performance of the electrode. Furthermore, the electrodes have shown comparable 

power output to that of Nafion®-based fibrous electrode (Naf-P) (427.2 mW.cm-2). Markedly, 

S-SiO2-T fibrous electrodes have shown better performance, especially at partially 

humidified (60 % RH) conditions compared to S-SiO2-P fibrous electrodes. Moreover, S-

SiO2-T electrodes have shown a maximum power density retention reaching 86.5 % 

comparable to fiber-based electrodes employing Nafion® (86.9 %) after 30000 Pt-dissolution 

AST cycles. Furthermore, the S-SiO2-T fibrous electrodes have shown almost insignificant 

carbon corrosion resulting in an overall enhancement in performance after 1000 cycles of 

carbon AST for the aforementioned electrode.  In conclusion, very promising fiber structure 

and fuel cell performance and durability were achieved for the first time in literature after 

combining P(VDF-TrFE) and S-SiO2 particles in a fibrous electrode via electrospinning. This 

study shows that sulfonated silica is a better alternative to Nafion®, especially when working 

under partially humidified fuel cell testing conditions.  
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CHAPTER 4: CEO2 NANOROD DECORATED NrGO ADDITIVES FOR 

BOOSTING PEMFC PERFORMANCE 

 

 

 

 

 

The objective of this chapter is to synthesize nanorod-CeO2 and nanorod-CeO2/NrGO 

hybrid and to characterize them fully chemically and morphologically. Furthermore, it is 

intended to study the effect of nanorod-CeO2 and nanorod-CeO2/NrGO hybrid on both the 

ORR activity and the overall fuel cell performance of the cathode.  

 

4.1. Introduction 

 

Ceria (CeO2) has been partaking in numerous catalytic applications due to its 

excellent redox property, providing the ability to easily shift Ce4+ to Ce3+. This leads to a 

change in oxidation states and the number of oxygen vacancy defects by minimal activation 

energy. The catalytic property of CeO2 is directly related to its oxygen storage capacity 

(OSC) which stands for the quantity of oxygen vacancies that a crystal structure is capable 

to host [150]. In this sense, multiple and different morphologies of CeO2 (octahedra, 

microplates, nanorod, nanotubes, and nano cubes) have been synthesized [151],[152],[78]. 

CeO2 nanoparticles usually accommodate octahedral morphology consisting of (111) crystal 

planes to minimize its surface energy. On the other hand, CeO2 nanorods and nanocubes are 

enclosed by (110) and (100) planes [153]. The catalytic activity is mainly determined by the 

crystalline morphology. Therefore, different coordination and oxygen mobility possessed by 

each crystal plane dictates the activation energy for oxygen vacancy formation. For instance, 

https://www.sciencedirect.com/topics/engineering/oxygen-vacancy
https://www.sciencedirect.com/topics/chemistry/reaction-activation-energy
https://www.sciencedirect.com/topics/chemistry/reaction-activation-energy
https://www.sciencedirect.com/topics/engineering/catalytic-property
https://www.sciencedirect.com/topics/chemistry/nanorod
https://www.sciencedirect.com/topics/chemistry/nanotube
https://www.sciencedirect.com/topics/engineering/nanoparticle
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less activation energy is required for the formation of oxygen vacancies on the (110) plane 

compared to that of (100) planes. Furthermore, the (111) crystal plane comprises the highest 

oxygen vacancy formation activation energy [77]. Nanorods comprise the highest oxygen 

vacancy sites among other morphologies that leads to a significant enhancement in the 

catalytic activity of the material without involving any change in its composition. According 

to Wu et al. [154], nanorods exhibit more oxygen vacancies than nanocubes, which could be 

a proof that CeO2 nanorods might be a promissing choice for catalytic activities, among other 

CeO2 nanostructures, for oxygen reduction reactions (ORR). 

Carbonaceous materials have been widely utilized as the main support material 

for metal oxides and different types of catalysts. This is a consequence of their high specific 

surface area, porous structure, and electronic conductivity properties providing synergetic 

effect and better efficiency in redox reactions [[155], [156], [29], [157]]. In this regard, 

nitrogen-doped reduced graphene oxide (NrGO) has proven to improve the kinetic for 

oxygen reduction reaction (ORR), as reported by Ping Chen et al.[158, 159]. However, 

bare carbon materials tend to degrade the cathode and electrolyte by causing the formation 

of parasitic products which passivate the active catalytic sites. For that reason, carbon-free 

materials like metal oxide catalysts and their composites with carbon materials were studied 

to balance reaction kinetics and decrease the site reactions [160]. 

Transition metal oxides have shown to be promising additives enhancing ORR 

activity of the electrodes in PEM fuel cells [[161], [162], [163]]. Recently, CeO2 is generally 

used as the catalyst support [87], additive [85, 164] and radical scavenger [86] for fuel cells. 

Ehlinger et al. studied modeling of PEMFC in which cerium ions were used to increase the 

lifetime of the MEA. Cerium ion scavenged radicals from gaseous reactants, 

reducing chemical degradation [165]. In another work, Ostroverkh et al. deposited a set of 

layered forms such as nitrogenated carbon, Pt, and CeO2 on the gas diffusion layer (GDL) by 

sputtering. The resulting material showed an improved and stable fuel cell 

performance compared to bare Pt/C [166]. In order to prevent the chemical degradation 

within the MEA, Breitwieser et al. sprayed graphene oxide/CeO2 (GO/CeO2) composite 

powder in between Aquivion ionomer layers. As a result short circuits were eliminated, and 

the current density resulting from probable hydrogen crossover was reduced [167]. 

https://www.sciencedirect.com/topics/chemistry/nanomaterial
https://www.sciencedirect.com/topics/engineering/carbonaceous-material
https://www.sciencedirect.com/topics/engineering/metal-oxide
https://www.sciencedirect.com/topics/engineering/porous-structure
https://www.sciencedirect.com/topics/engineering/electronic-conductivity
https://www.sciencedirect.com/topics/chemistry/redox-reactions
https://www.sciencedirect.com/topics/engineering/reduced-graphene-oxide
https://www.sciencedirect.com/topics/chemistry/carbon-material
https://www.sciencedirect.com/topics/engineering/transition-metal-oxide
https://www.sciencedirect.com/topics/chemistry/radical-scavenger
https://www.sciencedirect.com/topics/chemistry/chemical-depolymerization
https://www.sciencedirect.com/topics/engineering/fuel-cell-performance
https://www.sciencedirect.com/topics/engineering/fuel-cell-performance
https://www.sciencedirect.com/topics/engineering/composite-powder
https://www.sciencedirect.com/topics/engineering/composite-powder
https://www.sciencedirect.com/topics/engineering/aquivion
https://www.sciencedirect.com/topics/chemistry/ionomer
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Lim et al. dispersed CeO2 nanoparticles on commerical Pt/C catalyst, and their results 

exhibited a better performance compared to bare Pt/C owing to the fast transition between 

Ce3+ to Ce4+ and its high oxygen storage capacity [79]. Mori et al. proved that Pt activity was 

improved in Pt–CeOx/C cathodes compared to Pt/C during ORR in PEMFC. It was suggested 

that the defect formation within the Pt–CeOx interface enhanced the Pt catalytic activity in 

ORR [168]. A nitrogenated carbon (CNx) layer was deposited on GD then Pt–CeOy layer was 

additionally coated on the final layer by Nováková et al. Their results showed that the 

presence of a CNx interlayer as a support to Pt–CeOy yielded higher power density compared 

to a cathode without the CNx layer [169]. Chourashiya et al. utilized a one-step solution 

combustion fabrication method to fabricate Pt/CeO2 composites for a higher activity as ORR 

catalyst [170]. CeO2 nanoparticles were embedded into MEAs by Pearman et al. [86] and 

resulted in a decrease in voltage decay by enhancing membrane stability with a stable 

hydrogen crossover, owing to the protecting and scavenging effect of CeO2 in the membrane 

[86]. 

In this study, a thermal annealing method was used in favor of synthezing nitrogen-

doped reduced graphene oxide (NrGO). This was performed by processing GO at high 

temperature in a continuous ammonia and argon gas flow. Then, CeO2 nanorods were 

synthesized onto NrGO sheets with a facile hydrothermal synthesis step, and then mixed with 

a very low amount of commercial Pt/C (0.09 mg cm−1). The final material was used as a 

hybrid catalyst structures for PEMFCs. By means of this approach, a promising fuel cell 

performance is targeted with low Pt loading in the catalyst layer. To the best of our 

knowledge, the designed hybrid catalyst (Pt/C–CeO2/NrGO) in this study was employed as 

a PEM fuel cell catalyst for the first time in the literature. 

 

4.2. Experimental Procedures 

 

4.2.1. Materials 

 

Natural graphite flakes (99%), potassium permanganate (KMnO4, 99%), sulfuric acid 

(H2SO4, 98%), phosphoric acid (H3PO4), hydrogen peroxide(H2O2), hydrochloric acid (HCl, 

https://www.sciencedirect.com/topics/engineering/interlayer
https://www.sciencedirect.com/topics/engineering/fabrication-method
https://www.sciencedirect.com/topics/chemistry/graphene-oxide
https://www.sciencedirect.com/topics/chemistry/hydrothermal-method
https://www.sciencedirect.com/topics/engineering/catalyst-layer
https://www.sciencedirect.com/topics/engineering/potassium-permanganate
https://www.sciencedirect.com/topics/engineering/phosphoric-acid
https://www.sciencedirect.com/topics/engineering/hydrochloric-acid
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37%) were purchased from Sigma–Aldrich to synthesize graphene oxide. Cerium (III) 

chloride heptahydrate (CeCl3.7H2O, 99.99%), sodium hydroxide (NaOH, ≥97%), ethanol 

(C2H6O), and N-methyl-2-pyrrolidone (NMP, 97%) were provided from Sigma–Aldrich as 

well for CeO2 nanorod fabrication. Carbon paper (AvCarb MGL190), carbon black (Vulcan 

XC-72), and 40% Pt/Vulcan XC-72R were purchased from the Fuel Cell Store. Ultrapure 2-

Propanol (≥99.5%) was purchased from Isolab chemicals. Analytical grade reagents were 

used as purchased without any further purification. 

 

4.2.2. Graphene oxide (GO) synthesis 

 

Graphene oxide was synthesized through Hummer’s method. As a first step, a 

solution of Graphite flakes and KMnO4 was prepared via mixing followed by the addition of 

H2SO4 and H3PO4. Under a reflux, the resulting mixture was kept for 24 hours under 

continuous stirring at 70 rpm and 50 °C temperature. After obtaining a brownish colored 

slurry, the solution was cooled down in an ice bath. Then, hydrogen peroxide (H2O2) and 

hydrochloric acid (HCl) were added in respective manner. The suspension was then diluted 

by adding DI water and kept for 48 h in the ice bath. As a result, A well dispersed, 

homogenous, yellowish, acidic suspension of GO was obtained. Multiple washing steps using 

water/ethanol were performed in order to neutralize the medium. Finally, GO flakes were 

obtained through freeze drying the solution. 

 

4.2.3. Nitrogen-doped reduced graphene oxide (NrGO) synthesis 

 

The synthesis of NrGO has undergone using an ammonia gas ambient atmosphere-

based thermal annealing reported elsewhere in the literature [171]. In brief, the obtained GO 

was placed in a tube furnace and heated up to 900oC under ammonia and argon purging 

atmosphere. Then, NrGO was collected after cooling the system to room temperature while 

maintaining a constant argon flow. 

 

https://www.sciencedirect.com/topics/chemistry/graphene-oxide
https://www.sciencedirect.com/topics/chemistry/cerium
https://www.sciencedirect.com/topics/engineering/sodium-hydroxide
https://www.sciencedirect.com/topics/chemistry/nanorod
https://www.sciencedirect.com/topics/engineering/carbon-paper
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4.2.3.1. CeO2 nanorod synthesis 

 

CeO2 nanorods were synthesized through a hydrothermal method. Initially, 5 mmol 

of cerium (III) chloride heptahydrate were added into an already prepared 9M NaOH solution 

in 100 mL of DI water and stirred constantly for 15 min. the solution heated in a 200 mL 

Teflon container tightly sealed in a stainless-steel autoclave at 100oC for 48 hours. After 

cooling the solution, it was filtrated using a Buchner setup and washed with DI water to 

neutralize the ph. The obtained CeO2 nanorods were left to dry for 12 h. 

 

4.2.3.2. CeO2/NrGO synthesis 

 

Similarly, Nitrogen-doped reduced graphene oxide supported CeO2 nanorods 

(CeO2/NrGO) were prepared via hydrothermal method. Into a DI water/ethanol/ NMP 

solution NrGO and CeO2 nanorod were added to prepare a 3 g/L and 4.5 g/L dispersions, 

respectively. This was followed by the addition of NaOH (4.5M) before moving the final 

suspension into a Teflon-lined stainless-steel autoclave at a temperature maintained at 100 °C 

for 12 h. After cooling, the product was washed with DI water, collected through 

centrifugation, and left to dry for 12 hours. 

 

4.2.4. Preparation of membrane-electrode-assembly 

 

Pt/C–CeO2, Pt/C–CeO2/NrGO, Pt/C were prepared by mixing Pt/C with the additive 

(CeO2 and CeO2/NrGO) into which 20% Nafion® solution was added followed ultrapure 2-

propanol. The inks were sonicated in an ice water bath for 1 h and stirred for an additional 

2 h. Electrodes (Table 5) were prepared by air spraying the inks onto a 5 cm2 carbon paper 

and dried at 60 °C in an oven. 

 

Table 5: Catalyst layer content of the as prepared electrodes 

https://www.sciencedirect.com/topics/chemistry/hydrothermal-method
https://www.sciencedirect.com/topics/engineering/reduced-graphene-oxide


92 

Electrodes Pt content (mg.cm-2) 
CeO2 nanorods content 

(mg.cm-2) 

1 0.09 0.2 

2 0.09 0.2 

3 0.09 _ 

4 0.3 _ 

 

4.2.5. MEA Preparation 

 

The sprayed electrodes (electrodes 1, 2, and 3) were assembled in an MEA against an anode 

of 0.3 mgPt.cm−2 (electrode 4) sandwiching a 221 Nafion® membrane. The assemblies were hot-

pressed under a force of 0.5 tons and at 134 °C temperature.  

 

4.2.6. Electrochemical Characterizations 

 

A three-electrode electrochemical cell, which consisted of Pt/C, Pt/C–CeO2 and, 

Pt/C–CeO2/NrGO as working electrode (WE), Ag/AgCl as reference electrode (RE), and Pt 

wire as a counter electrode (CE), along with a rotating disc electrode (RDE) setup (Gamry 

Instruments Reference 3000 Potentiostat/Galvanostat/ZRA and Pine rotating control) were 

employed for electrochemical activity evaluations. An electrolyte solutions of 0.1 M 

HClO4 were prepared and purged respectively with N2-purged and O2-purged for 30 min. 

Then, cyclic voltammetry (CV) and linear sweep voltammetry (LSV) data were collected. 

The ink was simply prepared by mixing a catalyst (Pt/C and Pt/C-additive (CeO2 and 

CeO2/NrGO), DMF:2-propanol (1:4 v/v) solution, and Nafion® solution (20%) (50:1 w/w) 

as previously reported in our studies [37,38]. Onto the surface of a previously polished glassy 

carbon electrode, dropwise addition of 10 μL of ink solution was done until obtaining 20 

μgPt cm−2 catalyst loading for each sample. All measurements were collected at room 

temperature. To prepare a homogenous ink, 10 μL of the resulted ink was drop cast onto 

glassy carbon electrodes, with the surface area of 0.19625 cm2, and then dried in an oven at 

https://www.sciencedirect.com/topics/engineering/electrochemical-cell
https://www.sciencedirect.com/topics/chemistry/working-electrode
https://www.sciencedirect.com/topics/chemistry/reference-electrode
https://www.sciencedirect.com/topics/engineering/rotating-disc-electrode
https://www.sciencedirect.com/topics/chemistry/electrolyte-solution
https://www.sciencedirect.com/topics/chemistry/cyclic-voltammetry
https://www.sciencedirect.com/topics/chemistry/linear-sweep-voltammetry
https://www.sciencedirect.com/science/article/pii/S0360319921026033#bib37
https://www.sciencedirect.com/science/article/pii/S0360319921026033#bib38
https://www.sciencedirect.com/topics/engineering/glassy-carbon
https://www.sciencedirect.com/topics/engineering/glassy-carbon
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60 °C. For the cyclic voltammetry (CV) tests and ORR studies, the same experimental 

parameters were adopted as our previous studies [172-174]. All measured potentials in CV 

and LSV experiments were converted to the reversible hydrogen electrode (vs. RHE) scale 

in accordance with the Nernst equation. 

Fuel cell performance and durability tests were performed using a Scribner 850e 

series with controlled temperature, input flow, and backpressure. MEAs of 5 cm2 were first 

conditioned at a fixed cell temperature of 80 °C, and fully humidified hydrogen and air inputs 

of respective 0.125 mL/h and 0.5 mL/h flow rates. The performance of the cathode was 

examined by collecting the polarization curves at fully humidified conditions, fixed cell 

temperature of 80 °C and 25 psi backpressure 

 

 

https://www.sciencedirect.com/topics/engineering/oxygen-reduction-reaction
https://www.sciencedirect.com/topics/engineering/hydrogen-electrode
https://www.sciencedirect.com/topics/engineering/nernst-equation
https://www.sciencedirect.com/topics/engineering/fuel-cell-performance
https://www.sciencedirect.com/topics/engineering/backpressure
https://www.sciencedirect.com/topics/engineering/polarization-curve
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4.3. Results and Discussion 

 

To evaluate the ORR performance of the samples, LSV tests were done by employing 

a rotating disc electrode (RDE) at 100, 400, 900, 1600 rpm, and 2500 rpm in all samples 

(Figure 28b, c, and d). Figure 28e, a mixed kinetic diffusion-controlled region appeared from 

Figure 28:(a) Cyclic voltammetry of Pt/C, Pt/C–CeO2 and Pt/C–CeO2/NrGO, hydrodynamic 

voltammograms recorded between 100 and 2500 rpm with 10 mV/s scan rate of (b) Pt/C, 

(c) Pt/C–CeO2, (d) Pt/C–CeO2/NrGO, and (e) comparison graph at 1600 rpm. 

https://www.sciencedirect.com/topics/chemistry/linear-sweep-voltammetry
https://www.sciencedirect.com/topics/engineering/rotating-disc-electrode
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0.8 V to 0.95 V. Therefore, the potential of 0.9 V was chosen to calculate the mass activity. 

Like the CV results, a difference between the samples’ activity was observed (Figure 28e). 

The mass activity and half-wave potentials of the samples containing additives compared to 

commercial Pt/C catalyst showed a significant increase after CeO2 addition. This 

improvement in ORR performance could be due to the introduction of local oxygen sites over 

the Pt surface. Besides, the half-wave potential (E1/2) of Pt/C–CeO2 is also obviously higher 

than that of Pt/C and Pt/C–CeO2/NrGO (Table 6). This might be explained by the higher 

oxygen storage ability of CeO2, that could also increase oxygen concentration over Pt surface 

[79, 150, 175-178]. These results might be attributed to a high level of oxygen vacancies 

which exist in CeO2 nanorod. 

 

Table 6: ECSA, half-wave potential (ΔE1/2), mass activity values of the Pt/C, Pt/C-CeO2 and Pt/C-

CeO2-NrGO 

Sample 

ECSA 

(m2.g-1) 

Mass Activity @ 0.9 V 

(A.mg -1) 

ΔE1/2 

@ 1600 rpm 

(V) 

Pt/C 82 0.044 0.871 

Pt/C-CeO2 141.0 0.107 0.898 

Pt/C-CeO2-NrGO 89 0.051 0.886 

 

 

A closer look into the polarization curves of the three electrodes shows that Pt/C 

exhibited a more significant loss in the activation region (0.58 V at 200 mA.cm−2) compared 

to the CeO2/NrGO and CeO2 CeO2/NrGO (0.63 V and 0.65 V respectively at 200 mA.cm−2) 

included electrodes (Figure 29). This can be attributed to a more sluggish ORR kinetics for 

the Pt/C electrode. In other words, the addition of a CeO2-containing additive into the 

electrode composition serves in boosting the ORR kinetics. However, Pt/C–CeO2/NrGO 

based electrode performed slightly better than the Pt/C–CeO2 electrode. This can be related 

https://www.sciencedirect.com/topics/engineering/polarization-curve
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to the additional electrical conductivity imposed by the NrGO substrate resulting in lower 

bulk resistance (Re). The addition of the electrically insulating CeO2 caused an increase in 

the bulk resistance (Re) of the electrode. However, incorporating CeO2 with a conductive 

substrate brought the bulk resistance back down, serving in boosting the performance of the 

electrode. Another noticeable feature is the better performance of Pt/C–CeO2/NrGO at high 

current density (0.4V at 1000 mA.cm−2) compared to Pt/C–CeO2 (0.37 V at 1000 mA.cm−2). 

Pt/C–CeO2 showed a decline of voltage at high current densities due to 

the hydrophilic behavior of CeO2, causing the accumulation of water in the electrode.  

 

 

 

 

4.4. Conclusions 

 

In this work, we have reported the synthesis of new cathode additives for PEMFCs, 

CeO2 nanorods and the CeO2/NrGO composite and investigated their physical and 

electrochemical characteristics for the first time in literature. The CeO2 and CeO2/NrGO 

Figure 29: Fuel cell polarization curves and power output of Pt/C–CeO2/NrGO, Pt/C–CeO2, and Pt/C 

https://www.sciencedirect.com/topics/engineering/electrical-conductivity
https://www.sciencedirect.com/topics/engineering/high-current-density
https://www.sciencedirect.com/topics/engineering/high-current-density
https://www.sciencedirect.com/topics/engineering/hydrophilic
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composite material were mixed with ultra-low amount of commercial Pt/C (0.09 mg.cm−1), 

and then, hybrid catalysts were used in PEMFC's cathode. Pt/C–CeO2 and Pt/C–CeO2/NrGO 

hybrid catalysts showed superior HOR, and ORR activity compared to the commercial Pt/C. 

The nanorod morphology of CeO enabled oxygen vacancies within its structure with a very 

low transition energy barrier between Ce3+ and Ce4+. All evidence in this study pointed out 

that CeO2 nanorods had a significant improvement on the ORR activity of the hybrid 

catalysts, as a result of the fast transition between the oxydation states. ORR activity is 

significantly higher for Pt/C–CeO2 (mass activity: 0.107 A.mg−1 at 0.9 V) compared to other 

samples due also to the excellent oxygen storage ability of CeO2. It is therefore thought that 

the oxygen buffering ability of CeO2 serves in enhancing the ORR kinetics on the surface of 

Pt. This in turn reflects better PEM fuel cell performance. This resulted in an overall 

improvement of the electrode in which the maximum output was recorded to 

389 mW.cm−2 as compared to 269 mW.cm−2 for the conventional Pt/C based electrodes. 

CeO2-based additives with nanorod morphology enriched the electron density to increase 

especially ORR activity of Pt catalyst so that very low amount of Pt loading yielded high 

power output. 
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CHAPTER 5: THE EFFECT OF CERIUM OXIDE PARTICLE MORPHOLOGY 

ON THE PERFORMANCE AND DURABILITY OF PEM FUEL CELL 

ELECTRODES  

 

 

 

 

5.1. Introduction  

 

In the previous chapter, nanorods of CeO2 were investigated as electrode additives to 

boost the ORR kinetics. The results were no surprise as the introduction of CeO2 nanorods 

doubled the ORR activity and thus the performance of the MEA. This was attributed to the 

oxygen buffering effect characteristic of CeO2. However, the buffering effect and its 

accompanied oxygen capacity is subject to change with the change in crystallographic 

structure of the material. For instance, it was revealed that the [100] plane of CeO2 nano 

cubes are characterized by enhanced oxygen buffering compared to [111]/ [100] of nanorods 

and polyhedral CeO2 [179]. Therefore, the crystallographic structure of the added CeO2 can 

affect the overall performance of the cathode. In this study, nano cubes of CeO2 were 

prepared using a hydrothermal synthesis method. The nature of the CeO2 was revealed using 

XRD while its adopted cubic morphology was visualized using SEM. In parallel, the surface 

area and the pore distribution was analyzed using BET. Gas diffusion cathodes were prepared 

via spraying with a fixed Pt loading (0.15 mgPt/cm2) and a variable amount of CeO2 nano 

cubes additive. The assembled MEA is tested to evaluate the impact of CeO2 on the 

performance of the cathode. Furthermore, the stabilizing effect of CeO2 nanocubes on Pt was 

investigated through performing a Pt-dissolution AST.  
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5.2. Materials 

 

Cerium (III) nitrate hexahydrate (Ce(NO3)3.6H2O, 99.99%), sodium 

hydroxide (NaOH, ≥97%),were purchased from Sigma–Aldrich. Carbon paper (AvCarb 

MGL190), carbon black (Vulcan XC-72), and 40% Pt/Vulcan XC-72R were purchased from 

the Fuel Cell Store. Ultrapure 2-Propanol (≥99.5%) was purchased from Isolab chemicals. 

Analytical grade reagents were used as purchased as received. 

 

5.2.1. Cubic-CeO2 Synthesis 

 

Cubic-CeO2 was synthesized through a hydrothermal process. First. 1.1 grams of 

Cerium (III) nitrate hexahydrate were added into a 40 mL solution of 6M sodium hydroxide 

and stirred for 1 hour. Then, the resulting solution was transferred into a 75 mL autoclave 

and heated for 24 hours (or 48 hours) at 200oC. The resulting cubic-CeO2 was washed and 

dried overnight at 60oC. 

 

5.2.2. Octahedral-CeO2 Synthesis 

 

In a typical hydrothermal process, 1 mmol of cerium nitrate (Ce (NO3)3) and 0.01 

mmol of sodium phosphate (Na3PO4) were dissolved in 40 mL of distilled water and kept 

under constant stirring for 1 hour. The resulting solution is then moved into a sealed stainless-

steel autoclave and kept under 170oC for 12 hours. Finally, the produced octahedral-CeO2 is 

washed multiple times with distilled water and kept drying overnight.   

5.2.3. Morphological Analysis  

 

The morphology of CeO2 was visualized using scanning electron microscopy (SEM) 

using a German Jeol JSM 6010 LV and Supra 35VP Leo. The samples were coated with 

Au/Pt using a Cressington 108 sputter coater at 40 mA for 120 s. The images were taken with 

3–5 kV accelerating voltage and an 8–9 mm working distance. Powder XRD analysis was 

performed using a Bruker D2 Phaser brand desktop X-ray diffractometer equipped with 

https://www.sciencedirect.com/topics/chemistry/cerium
https://www.sciencedirect.com/topics/engineering/sodium-hydroxide
https://www.sciencedirect.com/topics/engineering/sodium-hydroxide
https://www.sciencedirect.com/topics/engineering/carbon-paper
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copper radiation (Cu Kα = Kα λ = 1.540 Å). The diffraction patterns were obtained within 

10–90° scanning range with 0.02° 2θ step size, and 1s for a single step. N2 adsorption 

isotherm  is collected at 77.3 K using a Micromeritics 3Flex Physisorption instrument to 

measure samples’ specific surface areas and pore size distributions. Cubic-CeO2 is degassed 

at 130 °C for 24 h preceding measurements. Measurements were done under an increasing 

Nitrogen gas relative pressure (0–0.99) 

 

5.2.4. Membrane Electrode Assembly (MEA) Preparation 

 

For the electrodes, gas diffusion electrodes (GDE) were prepared via air spraying 

with a fixed Pt loading of 0.3 mg cm–2 for the anode and 0.15 mg.cm-2 for the cathode. For 

the anode, the inks were prepared in a vial by adding 0.15 g of 20% Nafion® solution onto 

0.1 g of 30% Pt/C catalyst (40% Pt/C for the cathode) followed by the addition of 8 mL of 

isopropyl alcohol (IPA). For cathodes, cubic- CeO2 was added with a variable ratio 

(mCeO2/mPt/c). The solution was then sonicated for 1 h and then stirred for another 2 h. The 

GDEs were fabricated by the spraying of Pt/C/ Nafion® inks onto a Sigracet 39 BC carbon 

paper gas diffusion layer (GDL). Spraying was repeated to obtain the desired Pt loading. 

Each spraying step was followed by drying at 60 °C for 10 min. The anode, cathode, and a 

Nafion® membrane in between were then assembled. The MEA was first preheated for 10 

min at 135 °C without applying any force, followed by another 5 min under 5 MPa. 

 

5.2.5. Fuel Cell Tests and in Situ Electrochemical Analyses 

 

Fuel cell performance tests and in situ impedance analysis were done using a Scribner 

Series 850e with controlled back pressure, temperature, and humidity conditions. All tests 

were conducted on a single cell composed of 5 cm2 MEA and with single serpentine 

hydrogen gas and airflow channels. Initially, the MEA was conditioned by alternatively 

subjecting it to cycling voltages of 0.2 and 0.6 V until a stable current density was obtained. 

Throughout the process, an 80 °C cell temperature was maintained, and fully humidified 

hydrogen gas and air flows (0.125 L min–1 and 0.5 L min–1, respectively) were fed at ambient 

https://www.sciencedirect.com/topics/materials-science/diffraction-pattern
https://www.sciencedirect.com/topics/engineering/physisorption
https://www.sciencedirect.com/topics/chemistry/pore-size-distribution
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pressure. Prior to fuel cell polarization curve data collection, the system was maintained at 

0.2 V to condition and stabilize the MEA. Then, fuel cell polarization curves were collected 

between 0.2 V and the open-circuit voltage (OCV) under fully humidified conditions. The 

cell was fed with H2 at the anode and air at the cathode at respective flow rates of 0.125 L 

min–1 and 0.5 L min–1 air with 25 psi of backpressure. 

Electrochemical impedance spectrograms (EIS) were collected under fully 

humidified conditions. Hydrogen and oxygen gases were stoichiometrically (1:1 ratio) 

supplied to the anode and cathode, respectively with a flow rate maintained at 0.125 L.min-

1. The data were collected through a sweeping frequency in the range of 0.1-10000 Hz with 

an AC amplitude being set to 40% of the applied DC current with 20 points collected per 

decade. Prior to data collection, the system was maintained at the selected current density for 

a span of 10 minutes in favor of stabilizing the system. Potentio-static EIS was performed at 

a fixed bias potential of 0.6V to evaluate the ORR resistance. The linearity of the EIS data 

was validated using linear Kramers-Kronig validity test software developed by the Karlsruhe 

Institute of Technology [132]. Finally, the resulting Nyquist plots were fitted and analyzed 

using Zview software. 

Pt-dissolution accelerated stress tests (AST) were conducted in fully humidified (100% RH) 

H2(anode)/N2(cathode) atmosphere with flow rates of 0.125 mL.min-1 and 0.25 mL.min-1, 

respectively. Using an external potentiostat, the MEA was cycled with a square wave in an 

alternating fashion at 0.6 V and 0.95V for 3 seconds each repeated 30000 times. It should be 

noted that before and after the AST test, all data relevant to fuel cell polarization curves were 

collected.  

 

5.3. Results and Discussion 

 

The XRD pattern of the synthesized cubic-CeO2 is shown in Figure 30. The main reference 

peaks at 28.68, 33.22,47.52, and 56.29o corresponding respectively to the (111), (200), (220), 

and (311) planes match that of the obtained data. This indicates the successful synthesis of 

pure cubic phase CeO2. Furthermore, the XRD data confirmed numerous similar studies 

further confirming the existence of cubic-CeO2.   
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Figure 30: X-ray diffraction pattern of Cubic-CeO2 

The morphology of CeO2 was visualized using SEM and shown in Figure 31. The 

SEM images show a clear formation of cubic nanoparticles. Despite the small size of the 

particles, the size distribution was not uniform. There exist smaller particles (in the 10-20 nm 

range) accompanied by larger particles (∼ 50nm) (Figure 31a).  The size of the particles 

presents crucial importance for the enhancement in the ORR activity. That is, smaller 

particles can exhibit a broader contact surface area with Pt. However, upon increasing the 

synthesis time, a growth in the cubic particles size was observed as shown in Figure 31b. The 

growth of the particles upon increasing the reaction time gives a clearer indication about the 

successful formation of cubic-CeO2. In addition, octahedral-shaped CeO2 were observed in 

Figure 31c within a 100-150 nm size range.  
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Figure 31: SEM images of cubic-CeO2 synthesized for a) 24hours b) 48 hours and c) octahedral 

CeO2 

The surface area is considered one of the major parameters affecting the activity of CeO2. 

Therefore, the surface area analysis was conducted for the synthesized cubic-CeO2 (Figure 

32, Table 7). The results have shown that cubic-CeO2 exhibits a type III isotherm with a BET 

surface area of 15 m2.g-1. It is worth noting that the surface area of cubic-CeO2 is lower than 

that of nanorod-CeO2 reported in the previous study (52 m2.g-1). This can be attributed to the 

lower porosity exhibited by cubic-CeO2 (0.08 cm3.g-1) compared to that of the former (0.3 

cm3.g-1). However, cubic-CeO2 exhibited a broader pore size distribution averaging 19.9 nm.   
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Figure 32:a) BET N2 adsorption isotherms and b) corresponding pore size distribution of cubic-CeO2 

 

Table 7: BET analyses result of bare cubic-CeO2 

Sample 

 

BET Surface Area 

(m2.g-1)  

BJH Pore Volume 

(cm3.g-1) 

BJH Average Pore Size 

(nm) 

Cubic-CeO2 15 0,08 19,9 

 

The fuel cell performance of the electrodes containing a variable amount of cubic-

CeO2 are shown in. Similar to the previous chapter, the results clearly show an 

outperformance of electrodes containing cubic-CeO2 compared to cathodes with no cubic-

CeO2. This further demonstrates the catalyst enhancement ability of cubic-CeO2. To get a 

better understanding of the enhancement effect provoked by cubic-CeO2, a closer look at the 

polarization curve at high voltages is needed. It is worth restating that kinetic overpotentials 

dominate the region of the polarization curve with high voltage. Therefore, it is adequate to 

compare the current density output at 0.6V. The result shows that introducing cubic-CeO2 

increases the current density at 0.6V from 204.7 mA.cm-2 for 0% CeO2 to 351.4 mA.cm-2 for 

10% CeO2 marking a 41.7% increase. The effect of CeO2 on the ORR was further solidified 

upon incorporating higher loads of cubic-CeO2. The current density recorded at 0.6V 

increased dramatically up to 541.4 mA.cm-2 marking an additional 35% boost in the ORR 

performance (Figure 33,Table 8). To take a closer look at the ORR activity, EIS 

measurements were conducted at 0.6V bias potential for cathodes containing 10% and 20% 

cubic-CeO2. The Nyquist plots presented in Figure 34 show a clear advantage for increasing 

the cubic-CeO2 content and their impact on the ORR activity. The fitted results exhibited a 



105 

0.138 Ω in the charge transfer resistance (RORR) for 10% CeO2 loaded cathodes. However, 

upon increasing the CeO2 content to 20%, RORR decreases drastically by half (50.7%) 

reaching 0.068 Ω. All in all, cathodes without any CeO2 addition recorded a maximum power 

density of 293.82 mW.cm-2. The power density was significantly boosted with CeO2 

additions recording 387.9 and 430.6 mW.cm-2 for 10% and 20% CeO2 additions (Table 8). 

The reported results coincide with the previously reported result in Chapter 4. However, the 

added cubic-CeO2 corresponds only to 0.0375 mg.cm-2 and 0.075 mg.cm-2 for 10% and 20%. 

Compared to nanorod-CeO2 loading used in the previous study. However, nanorod-CeO2 

boosted the performance by 29.85%. on the other side, cubic-CeO2 with respectively lower 

loadings served in boosting the power density up to 31.76%. This can be attributed to the 

oxygen storage capacity accompanied by the crystal facets. It is well known for CeO2 that 

the crystallographic plane concentration can facilitate/alter the movement of oxygen within 

[179]. For instance, in terms of oxygen capacity, the [100] plane of nano-cubes can store 

more oxygen than irregular CeO2 [180]. They also exceed that of [110]/[100] of nanorods 

which in turn exceeds [111]/[100] of nanopolyhedra [181]. To further illustrate the effect of 

morphology on the performance of the electrode, 20% cubic, rod, and octahedral CeO2 were 

compared as shown in Figure 35 and Table 8. The results have shown a greater performance 

of cubic-shaped CeO2 at low current density compared to nanorod CeO2. This was clearly 

seen upon comparing the current density recorded at 0.6V in which cubic-CeO2 recorded 

541.2 mA.cm-2 while nanorod-CeO2 recorded 523.9 mA.cm-2 (3.2% less). However, 

nanorod-CeO2 exhibited a notable outperformance at high current density. This can be related 

to facilitated mass transfer which can be attributed to the higher pore volume exhibited by 

nanorod-CeO2 compared to that of cubic-CeO2. This resulted in an overall higher power 

density output accompanied by nanorod-CeO2 utilization. On the other hand, octahedral-

CeO2 showed an even slightly higher performance in the low current density region (575.6 

mA.cm-2 at 0.6V) while reasonably retaining at higher current density. As a result, 

octahedral-CeO2 resulted in a high-power output of 483.4 mW.cm-2. 
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Figure 33: Polarization curves of MEAs with cathodes of 0.15 mg.cm-2 and variable amount of 

cubic-CeO2 additive 

 

Figure 34: EIS Nyquist plots of MEAs with cathodes containing 10% and 20% cubic-CeO2 collected 

at a bias potential of 0.6V 
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Figure 35: Polarization curve of cubic CeO2 (c-CeO2), rod CeO2 (r-CeO2), and octahedral CeO2 (o-

CeO2) obtained at 100 RH, 0.125/0.5 H2/air feed and 25 psi back pressure 

 

Table 8: The recorded current density, maximum power density for MEAs containing cathodes 

with 10% and 20% cubic-CeO2, 20% nanorod CeO2, and octahedral CeO2 

  BOL 30000 cycles 

CeO2 

morphology 

Amount of 

cubic-CeO2 

additive (%) 

Current 

density at 

0.6V 

(mA.cm-2) 

Maximum 

Power density 

(mW.cm-2) 

Current 

density at 

0.6V 

(mA.cm-2) 

Maximum 

Power density 

(mW.cm-2) 

Cube 10 351.4 387.9 376.8 317.0 

Cube  20 541.4 430.6 441.4 352.0 

Rod  20 523.9 474.3 391.9 286.7 

Octahedron 20 575.6 483.4 365.2 274.7 

 

Pt-dissolution AST was performed for the aforementioned electrodes containing 10% and 

20% cubic-CeO2 (Figure 36). Both loadings have shown a similar behavior after 30000 cycles 

of AST. Expectedly, a decline in performance was noticed in the low current density 

(kinetics) region. This is correlated to the Pt dissolution/agglomeration. As a result, 376.82 

(9.27% decrease) and 441.39 mA.cm-2 (18.48% decrease) current density were recorded at 

0.6V for 10% and 20% cubic-CeO2 loaded cathodes after 30000 AST cycles, respectively. 

The greater decrease in current density for the higher cubic-CeO2 seemed unexpected. 
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However, the hydrophilic nature of CeO2 can help retain water within the electrodes. This in 

turn results in increasing the Pt dissolution rate [182]. It is worth noting here that even after 

Pt-dissolution AST, the current density at 0.6 V for both loadings is still higher than that of 

electrodes without any cubic-CeO2 (204.67 mA.cm-2 at 0.6 V). Regarding the power output, 

the 10% cubic-CeO2 suffered a loss of 24.43% of its maximum power density compared to 

19.70% for 20% cubic-CeO2 loaded cathodes. It is worth mentioning that the power output 

loss extent for the cubic-CeO2 loaded electrodes is remarkable compared to additive free 

electrodes reported elsewhere in the literature which retains only 50% of its power output 

after Pt AST [63]. 

 

Figure 36: Polarization curve at BOL and after 30000 Pt-dissolution AST cycles of a) 10% cubic CeO2 

and b) 20% cubic CeO2 containing electrodes 

 

To have a deeper insight into the effect of CeO2 morphology on the durability of the 

Pt/C catalyst, Pt-dissolution AST tests were performed, and the polarization curves and 

Nyquist plots of the MEA at BOL and after 30000 cycles are shown in Figure 37 and Table 

8. Expectedly, a drop in performance was evident for all electrodes at all current density 

regions. However, the degree of decline in performance has shown to be morphology 

dependent. The different morphologies of CeO2 can contribute to stabilizing Pt to different 

degrees. For instance, upon comparing the current density at 0.6V, cubic CeO2 containing 

electrode (Figure 37a) has shown a drop of only 18.4% compared to drastic drop of 38.9% 

and 36.5% for nanorod CeO2 (Figure 37b)  and octahedral CeO2 (Figure 37c) containing 

electrodes, respectively. This was accompanied by a drop in the Rch,t of the electrodes as 



109 

shown in their corresponding Nyquist plots. In a similar fashion, cubic, nanorod, and 

octahedral CeO2 have shown a decline of 13.1% ,59.8%, and 51.4% of their initial Rch,t. This 

further implies that, depending on their morphology, CeO2 are able to maintain the ORR 

activity with minimal depression for extended periods of time.  

 

Figure 37: Polarization curves and Nyquist plots of 20% a) cubic CeO2, b) nanorod CeO2 and b) 

octahedral CeO2 containing electrodes at BOL and after 30000 Pt dissolution AST cycles 

5.4. Conclusions 

 

In this study, cubic-CeO2 and octahedral-CeO2 were successfully synthesized via a 

hydrothermal method. This was approved by XRD data which has shown the existence of 
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cubic-CeO2 without a significant trace of impurity. The cubic and the octahedral structures 

was further investigated via SEM which revealed the formation of particles with the 

aforementioned morphologies. The BET surface area was measured and analyzed to reveal 

a relatively low surface area (15 m2.g-1) with a low cumulative pore volume and with an 

average pore size of 19 nm. The electrochemical activity of cubic-CeO2 was investigated 

upon incorporating it in sprayed electrodes. In the prepared GDEs, the Pt/C and Nafion® 

loadings were kept constant while varying the cubic-CeO2/(Pt/C) loadings. The results have 

shown an overall enhancement in fuel cell performance (up to 31.8% increase in maximum 

power density) for cubic-CeO2 loadings reaching only 0.075 mg.cm-2 (20% CeO2). The ORR 

activity was further investigated through EIS. The analysis results have shown a drastic 

decrease in the ORR resistance (RORR) upon increasing the cubic-CeO2 loadings. Upon 

comparing electrodes with fixed platinum loading (0.15 mg.cm-2) and fixed additive (20%) 

but different morphologies, all morphologies showed an enhancement in the overall 

performance. Remarkably, octahedral CeO2 showed the highest enhancement in the ORR 

compared to cubic and rod shaped CeO2.Cubic-CeO2 loaded electrodes have shown a 

remarkable retention in performance after 30000 cycles of Pt-dissolution AST. The MEAs 

retained up to 80.3% of their initial power output. On the other hand, rod and octahedral 

shape CeO2 showed a significant decline in maximum power density reaching 43.3%. This 

was accompanied by a significant depression in the ORR kinetics where Rch,t showed an 

increase of 51.4%. 
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CHAPTER 6: CONCLUSIONS 

 

 

 

 

The main objective of the studies discussed in this dissertation is to amplify the 

performance and durability of PEMFC electrode through enhancing the different operational 

processes occurring. First, it was intended to enhance the ORR kinetics through increasing 

the Pt accessibility. The accessibility of Pt particles was promoted through several methods. 

The 1st was morphological through tailoring the electrode in a self-standing fibrous array 

exposing broader Pt surface. The 2nd was additive-based through increasing the accessibility 

of Pt to oxygen through using CeO2-based material additives. Second, the study targets a 

cost-effective cathode through substituting Nafion® proton conducting moiety with a 

inorganic-based alternative; sulfonated silica (S-SiO2). Third, self-water management 

through tuning the hydrophilic (S-SiO2)- hydrophobic (carrier polymer) content within the 

fibrous electrode is adhered.  

Chapters 1 introduced the main concepts related to polymer electrolyte fuel cells, and 

electrospinning. Chapter 2 briefly discusses the fundamentals of the characterization methods 

used within this dissertation. In Chapter 3, Pt/C/S-SiO2/P(VDF-TrFE) and PVDF nanofibers 

were fabricated using electrospinning. The fiber mats were morphologically analyzed using 

SEM, TEM, and mercury intrusion porosimetry. The results proved the continuous 

distribution of Pt/C and S-SiO2 particles across the carrier polymer. Furthermore, even 

overlapping distribution of both Pt/C and S-SiO2 was observed. MEAs containing electrodes 

with varying S-SiO2/carrier polymer, Nafion®/PVDF, and classical sprayed electrodes were 

prepared and subjected to electrochemical characterization. The results have shown a 

superior ECSA for fiber-based electrode containing MEAs. Furthermore, an increase in the 
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ECSA was evident upon increasing the S-SiO2/carrier polymer ratio. This was translated into 

better power output and lower ORR resistance through the obtained fuel cell polarization 

curves and EIS. Furthermore, electrodes with higher S-SiO2/carrier polymer ratio were able 

to retain more of their performance when operated in partially humidified conditions 

(60%RH). In contrast, Pt-dissolution increased with increasing S-SiO2/carrier polymer ratio. 

This is due to the increasing water content within the electrodes speeding up Pt 

dissolution/agglomeration. Furthermore, all electrodes suffered from a mat pore collapse due 

to polymer degradation resulting in a decline in mass transfer. Carbon corrosion AST 

revealed enhanced retention of maximum power density with increasing S-SiO2/carrier 

polymer ratio which is due to the increase in the Pt/water interface. All in all, a maximum 

power density performance was obtained of 417.7 mW.cm-2 and 86.5% retention in 

performance after 30000 Pt-dissolution AST and a 2.7 gain in performance after 1000 cycles 

carbon corrosion AST. 

Chapters 4 and 5 dealt mainly with the incorporation of CeO2-based additives with 

different morphologies into the cathode and their impact on the ORR. Nanorod-CeO2, 

nanorod-CeO2/NrGO, and cubic-CeO2 were all synthesized via a hydrothermal method. The 

chemical composition of the synthesized particles was revealed using XRD ensuring the 

formation of CeO2. Morphological characterization (SEM) confirmed the formation of cubic 

particles. The surface area of the products was analyzed using BET to reveal an enhanced 

surface area upon decorating NrGO with nanorods of CeO2 (52 m2.g-1) to form nanorod-

CeO2/NrGO (79 m2.g-1). However, cubic-CeO2 recorded a much lower surface area and 

cumulative pore volume (15 m2.g-1). The results have shown that the ORR activity drastically 

increased upon the introduction of CeO2-based additives. This is mainly due to the oxygen 

storage and buffering characteristic of CeO2. However, this storage capacity varies with the 

variation of the CeO2 particle morphology. Upon comparing the performance of MEAs with 

equal loadings of CeO2 of different morphologies, it was found that the octahedral 

morphology showed the highest boost in performance followed by the rod-shaped 

morphology and the cubic morphology. However, cubic-CeO2 loaded electrodes 35% 

increase in performance. Furthermore, cubic-CeO2 loaded electrodes retained 80.3% of their 

initial performance.  
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