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 Chapter 1  

Introduction and Literature Review 

 

 

A fuel cell is a device that converts chemical energy from a fuel, e.g., hydrogen and 

methanol into electricity. It is one of the most promising clean energy sources for 

residential and industrial power supply or backup, since there is no pollutant generated, 

unlike a combustion engine.  The fuel cell operates at a significantly lower temperature at 

high efficiency because it uses a direct conversion of chemical to electrical energy. The 

fuel cell was invented in 1838 by W.R. Grove [1]. A simple fuel cell is shown in Figure 1.1. 

During the cell operation, the hydrogen combustion reaction can be divided into two half 

reactions: 

H2 2H++2e- 

1

2
O2+2H+ 2e-+H2O 

The electrolyte keeps these two reactions apart so they occur separately. Electrolyte is 

a substance that only allows ions to cross through and blocks the electrons. The different 

kinds of electrolytes distinguish fuel cells into different types, e.g., polymer electrolyte 

membrane fuel cells (PEMFC), alkaline fuel cells and solid oxide fuel cells (SOFC). In this 

study, the PEMFC is our main focus. 

1.1 Fuel Cell Basics 
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As shown in Figure 1.1, the resistance throughout the electrolyte is high because of the 

long distance between the two electrodes and the small contact area between the electrolyte 

and electrode. To resolve this problem, in a typical fuel cell design, two highly porous 

electrodes are separated with a thin membrane which cuts down the internal resistance.  

The porous electrodes also allow gas transport to a catalyst within the structure. 

A schematic of a single cell hydrogen/oxygen fuel cell is shown in Figure 1.2. It 

consists of feeding channels, diffusion layers, catalyst layers and a membrane. The 

sandwich-like structure compact unit which includes the anode/cathode catalyst layers and 

membrane is known as the membrane electrode assembly (MEA). The MEA is the heart 

of fuel cell. During operation, hydrogen and oxygen are constantly being pumped into the 

system, and through means of an electrochemical reaction, electricity, heat and byproducts 

are produced. In a hydrogen/oxygen fuel cell, hydrogen is continuously pumped through 

the anode side while oxygen is supplied through the cathode side. In the anode catalyst 

layer, the hydrogen splits into a proton and an electron, each taking a different path to the 

cathode. The electron travels through the outer circuit while the proton crosses through the 

proton exchanging membrane.  After the electron and proton reunite in the cathode, they 

react with oxygen into water. Theoretically, the cell will never run out of power as long as 

the fuel is fed.  
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Figure 1.1 Simple Fuel Cell Device [2] 

 

 

Figure 1.2 Single Cell Hydrogen/Oxygen Fuel Cell [3] 



4 

 

 

As mentioned above, according to the different kinds of electrolytes used, fuel cells can 

be divided into various types.  

 

Alkaline fuel cells use potassium hydroxide as the electrolyte and compressed 

hydrogen and oxygen as fuel. The potassium hydroxide solution circulates in the cell, this 

can block the gas leak and also act as a coolant for the cell. The purity of the fuel is crucial 

to the cell’s performance since the electrolyte is extremely sensitive to the presence of 

carbon dioxide: 

CO2+2OH-→ (CO3)
2-+H2O 

The carbonate that forms can precipitate out to block pores in the electrode or the 

electrolyte pathways [4]. The circulation of the electrolyte solution can prevent such a 

reaction to some degree. 

AFCs have inherently faster kinetics on many metals than do fuel cells using acid 

conditions, allowing the use of non-precious metals as the catalyst in the cathode. The 

reactions inside an AFC are shown below: 

Anode: H2+2OH-→ 2H2O+2e- 

Cathode: 1/2O2+2e-+H2O→ 2OH- 

1.2 Fuel Cell Types 

1.2.1 Alkaline Fuel Cells (AFC) 
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As shown above, the anode produces twice the amount of water than that used in the 

cathode. If not removed efficiently, the water can dilute the electrolyte solution or flood 

the electrode and cause a decrease in the performance.  

Because of its fairly high power density, long durability and relatively low cost, AFCs 

were greatly favored in the 1970s and 1980s. However, due to the rapid development of 

proton exchange membrane fuel cells, studies on AFCs have stagnated [5]. 

 

Molten Carbonate Fuel Cells use a potassium or lithium molten salt, or a combination 

of alkali carbonates, impregnated in a ceramic matrix. MCFCs work at a higher temperature 

of 650°C, under which conditions carbon monoxide will not poison the electrode but can 

even be used as fuel. Hydrogen, natural gas, propane and coal gasification products are 

also candidates as fuel source. The reactions inside the cell are shown below: 

Anode: H2+CO3
2-→ CO2+H2O+2e- 

Cathode: 1/2O2+CO2+2e-→ CO3
2- 

As shown, during operation, carbon dioxide is produced in the anode and consumed in 

the cathode.  Nickel usually is used as a catalyst in MCFCs, which makes catalysts costs 

less expensive than for platinum used in most other kinds of fuel cells. MCFCs can be used 

as small scale power supply units, typical MCFCs have a 90% efficiency when both the 

electricity and heat are utilized [6]. 

 

1.2.2 Molten Carbonate Fuel Cell (MCFC) 
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One of the first-commercialized fuel cells, phosphoric acid fuel cells, use liquid 

phosphoric acid as electrolyte. The cathodes in PAFCs usually consist of a silicon carbide 

structure with platinum dispersed in between. Such a structure can contain the phosphoric 

acid electrolyte from mixing with the fuel [7]. The reaction inside a PAFC is given below： 

Anode: H2→ 2H++2e- 

Cathode: 1/2O2+2H++2e-→ H2O 

The cell operation temperature is between 180°C-210°C to keep the phosphoric acid 

stability, though the low end of this range is favored to minimize effects of carbon support 

corrosion. PAFCs are the most commercialized and mature type of fuel cell at present. 

However, there are several issues concerning this type of cells, such as the high cost of 

platinum, electrode poisoning from carbon monoxide and evaporation of the phosphoric 

acid during operation [6]. 

 

Solid oxide fuel cells usually use non-corrosive metal oxide ceramic as electrolyte, 

such as ytria stabilized zirconia [8]. They operate at a fairly high temperature of 800-1000°C, 

and the cell voltage and efficiency of such cells are very temperature sensitive [9]. The 

reactions inside a SOFC are shown below: 

Anode: H2+O2-→ H2O+2e- 

1.2.3 Phosphoric Acid Fuel Cell (PAFC) 

1.2.4 Solid Oxide Fuel Cells (SOFC) 
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Cathode: 1/2O2+2e-→ O2- 

Unlike PEMFC, water is produced in the anode instead of the cathode. The materials 

used for the anode and cathode are different: the typical anode consists of nickel zirconia 

while the cathode is made of magnesium or strontium doped lanthanum manganite [10]. Due 

to the high operation temperature, the cells are more tolerant to carbon monoxide poisoning 

compared to low temperature fuel cells. There are various choices to use as fuel for SOFCs, 

such as coal, natural gas, alcohols and even carbon monoxide. The electrical efficiency of 

SOFCs are 50%-60%, but when the heat is also utilized, the total efficiency can reach 90% 

[6]. 

 

The PEMFC is considered a promising clean energy technology in the twenty-first 

century. A PEMFC is a fuel cell that uses a proton exchange membrane as the separator to 

keep the anode and cathode apart. The most common membrane for PEMFCs uses 

tetrafluoroethylene based fluoropolymer-copolymers, such as Nafion and Flemion. The 

reactions inside a PEMFC are shown below: 

Anode: H2→ 2H++2e- 

Cathode: 1/2O2+2H++2e-→ H2O 

Other than using hydrogen as fuel, methanol and formic acid can also be applied as fuel 

in   PEMFCs with lower output power [8]. The PEMFC operation temperature is kept below 

90°C because the membrane has to be humidified at a high level. Due to the low operation 

1.2.5 Proton Exchange Membrane Fuel Cell (PEMFC) 
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temperature, so far platinum is the only promising catalyst.  Pt is a limited resource and 

very costly. There are several advantages of PEMFCs compared to other types of energy-

producing technologies: no mobile parts, higher efficiency and no emissions of polluting 

gases such as CO, CO2, SOx 
[11]. However, the high cost of the proton exchange membrane 

and platinum is the main disadvantage and the main focus of PEMFC studies. 

 

PEM fuel cells have attracted much attention due to its solid electrolyte, which enables 

utilization in transportation systems and portable electronic systems [12]. The proton 

exchange membrane is a solid electrolyte that transfers the proton from anode to cathode 

and separates the two from contacting each other. According to previous studies [8][13], this 

solid polymer membrane should have good isolation against electronic current while 

providing high proton conductivity. Also, it needs to be mechanically and chemically stable 

at harsh temperature and humidity levels. DuPont’s Nafion is a commonly used membrane 

in the fuel cell industry. Its stability in performance, low gas permeability, high proton 

conductivity and good availability makes it one of the most competitive membranes on the 

market. However, like most of the perfluorinated proton exchange membranes, Nafion 

needs to be fully humidified during cell operation to supply a sufficient proton conductivity. 

This limits the cell operation temperature to be below 100°C, which demands more 

platinum to be used as catalyst in the system. There is considerable interest in finding an 

alternative membrane and extending the PEMs’ durability. The chemical structure of 

perfluorosulfic polymer electrolyte is shown in Figure 1.3. As shown, the polymer has a 

Teflon-like flouoro 3, 6-dioxo 4, 6-octane sulfonic acid with PTFE backbone. This 

1.3 Proton Exchange Membrane (PEM) 
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backbone structure gives the polymer a partly hydrophobic nature while the SO3H groups 

in the side chain are hydrophilic. In Nafion, m≥1, n=2, x=5-13.5, y=1000. Meanwhile there 

are other polymer membranes from other manufacturers with shorter sidechains and higher 

SO3H to CF2 group ratio. For example, the Dow Chemical Company synthesized a 

perfluorosulfic membrane where m=0, n=2, x=3.6-10; Asahi Chemical Company produced 

a perfluorosulfic membrane Flemion where m=0/1, n=1-5 [11, 14, 15]. The polar side chains 

have shown to form ionic aggregates amongst the more nonpolar backbones. Such behavior 

lead to a complex membrane structure comprised of hydrophilic sulfuric domains dispersed 

inside the semi-crystalline, hydrophobic backbone matrix [16-18]. 

 

 

Figure 1.3 Chemical structure of perfluorosulfic polymer electrolyte 
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The PEM proton conductivity is affected by the extent of cell humidity and the 

thickness. Higher proton conductivity is usually achieved at higher humidity level. A 

thinner membrane lowers the water requirements for the membrane hydration and cuts 

down cost and membrane resistance. T. E. Springer et al. [19] demonstrated theoretically 

and experimentally that the decrease in membrane thickness can alleviate membrane 

resistance problems. This study indicated that the decrease of the membrane thickness 

reduces the membrane resistance in a non-linear fashion. Also, with thinner membranes, 

the electrodes tend to stay humidified during operation, resulting in some performance 

benefits.  

However, thinner membranes do face durability and fuel crossover challenges. An early 

attempt was made in this thesis work to study the behavior of a MEA with an ultra-thin (1-

10m) proton exchange membrane. However, the high quality requirement for the 

preparation of such MEAs hindered progress. 

 

One important challenge for PEMFC design is the catalyst layer. A typical CL consists 

of a porous matrix of Pt/carbon particles and an ionomer network amongst the pores. A 

successful CL design should allow a high rate of selective (4 e-) reaction with a minimal 

amount of catalyst used. Due to the low rate of oxygen reduction reaction (ORR) in the 

cathode, compared to the hydrogen oxidation reaction (HOR) on the anode side, the 

cathode CL design attracts more attention. In this section, the impact and function of the 

CL will be discussed. 

1.4 Catalyst Layer (CL) in PEMFC 
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Even though many studies have been carried out on PEMFC, the detail of the complex 

and heterogeneous microstructure of the CLs or the interfacial bonding layer between the 

CL and PEM is still an important topic for study. A better understanding of the connection 

between the catalyst layer structure and the fuel cell performance can provide insight into 

controlling the structure to optimize the cell performance. The typical catalyst layer 

contains a thin layer of recast ionomer around the carbon and platinum agglomerations. To 

introduce a distribution of these components in the CL ink, additives are commonly used 

during the CL ink preparation. There are three main transport processes inside the catalyst 

layer: 

1. Protons between the electrode and membrane; 

2. Electrons between the catalyst layer and the current collector; 

3. The product and reactant gas between the catalyst layer and the fuel/air channel [20]. 

A simplified schematic of an ideal three-phased-boundary (TPB) is shown in Figure 

1.4, formed by the proton, electron and gas inside the catalyst layer. This model has been 

widely employed in the study of PEMFCs. In many recent studies, the idea of such an ideal 

TPB structure throughout the CL has been proven to be unrealistic [21-24]. Instead, it is 

considered that TPB zones are distributed in the CL. The structural and chemical properties 

of the TPBs are related to the reaction and diffusion processes, and depend on the interplay 

amongst the individual components in the CL ink.  
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Figure 1.4 Three-phase-boundary structure inside the catalyst layer 
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There are several points to be considered when it comes to designing an effective 

PEMFC CL: (1) ensuring a large three phase area; (2) providing a sufficiently high proton 

conductivity allowing the protons to transport to the reaction sites; (3) constructing an 

efficient pathway for the reactant gas transport and produced water removal; (4) assuring 

a continuous electronic passage between the current collectors and reaction sites [25].  

One of the drawbacks of PEM fuel cells is the high cost of Pt. In fact, the U.S. 

department of energy have set a goal to reduce the Pt loading to 0.05mg/cm2 in a 50KW 

fuel cell stack [26]. In early studies, the conventional cathode Pt loading is around 4mg/cm2, 

but a vast amount of research has been carried out to reduce the Pt level required in the CL 

[26-30]. Through novel sputtering techniques, Pt loading as low as 0.014mg/cm2 has been 

reported [26, 29].   

Studies regarding the CL microstructure have been widely reported. Uchida et. al.[31] 

discussed how the microstructures of the carbon supports can affect the performance of the 

PEMFC. His study provided novel insight on the ionomer distribution inside the porous 

structure of the CL, addressing that PTFE is mainly presence in the secondary pores 

(>40nm). Wei et. Al.[32] investigated the CL microstructure using a random cluster model. 

His results showed that a proper Pt: C: Nafion ratio is required to maximize the Pt 

utilization, and overall, lower Pt:C ratio is especially sensitive to the change in ionomer 

loading. Farhat’s model [33] suggested that a reduction in Pt particle size could significantly 

increase the cell performance. Indeed, it was predicted that, based on the same Pt loading 

per geometric area, using 1nm size Pt particles attained an exchange current density that 

was three orders of magnitude higher than that of 1µm Pt particles.  
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The preparation method of the CL can greatly affect the formation and performance 

of the CL. Typical reported CL preparation methods include painting, spraying, rolling and 

screen printing [25].  M.S. Wilson [34] first introduced the fabrication of a thin film CL which 

is commonly used today. The CL was prepared by mixing Pt/C, Nafion solution and 

glycerol and sonicated overnight. The ink was then simply brush-painted onto a clean 

Teflon backing to the required Pt loading. This thin film CL was then hot pressed onto the 

proton exchanging membrane. Compared to the preparations of MEAs, this method 

significantly dropped the Pt loading and allowed the formation of a large three-phase 

binding area. The brush painting technique however has its own disadvantages, such as the 

difficulty in controlling the uniformity, its time consuming and the effect of the uptake of 

ink and solution onto the brush. These factors limit the reproducibility of the brush-painted 

MEAs. Bender et al. [35] introduced the utilization of the doctor’s blade method [36] to screen 

print the catalyst ink onto the substrate. This process better homogenizes the paint 

distribution and is less time assuming for large scale CL fabrication. However, this method 

is less suitable for laboratory scale operation due to the large demand in ink material. Spray 

painting is another technique that can provide a more evenly distributed CL and is less time 

consuming compared to the brush-painting method [37]. This process can be easily 

automated and requires as little as an air pressure line and a spray gun. Since then, different 

fabrication methods have been introduced. Xu et al. [38] introduced sulfonic acid groups 

onto the surface of carbon particles and greatly reduced the Nafion content and resistance. 

Morikawa et al. [39] reported the utilization of electrophoretic deposition (EPD) in CL 

fabrication. Using this method, the thickness of the CL can be strictly controlled by 
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changing the concentration of the ionomer ink. Fernandez et al. [40] reported on the 

influence of the solution used in the catalytic ink on the CL microstructure. His study 

showed that the ink deposition process was affected by the physical properties of the ink 

such as viscosity and boiling point. For the in-house fabricated 3M ionomer CLs, the spray 

painting method was utilized. 

The effect of ionomer loading inside the CL has also been investigated. E. Passalacqua 

et al. [41] studied the effect of Nafion content on structure and performance of the PEFC 

catalyst layers. The optimum Nafion loading was reported to be 33 wt%. The study 

suggested that at lower Nafion content, the lack of continuous ionomer structure prohibited 

the ionic conduction. Yet when the Nafion loading was too high, the excess ionomer 

content can obstruct the electronic pathway and block the gas diffusion. Xie et al. [42] 

reported 27±6% wt. % was the optimized Nafion content for cathode catalyst layer with E-

TEK carbon and a 0.2 mg/cm2 loading. Higher ionomer loading resulted in smaller carbon 

aggregate size and a thicker layer of Nafion film covering the aggregates. 

Another factor that affects the fuel cell performance is the thermal stability of the CLs. 

Carbon is most commonly used as a catalyst support in the CL because it enables a good 

dispersion of the Pt, provides electronic continuity and possesses good physical and 

chemical stability. However, one issue with the carbon support is that, at higher 

temperature and overpotential, carbon can corrode with the presence of Pt [43]. This can 

cause the structure destruction and Pt detachment. Baturina et al. [44] reported a decrease in 

the onset decomposition temperature when Pt is introduced to Vulcan XC 72 carbon. 

(400°C vs. 700°C). Samms et al. [45] reported that the Pt also lowers the decomposition 
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temperature of Nafion by 40°C. The consensus is a higher graphitization of carbon provides 

better resistance against oxidation and carbon corrosion. However, it is more challenging 

to support metal onto the more graphitized structure [46].  

The physical properties of the carbon support can also influence the electrochemical 

performance of the CL. One important requirement of the carbon support is a high surface 

area, since it enables uniform dispersion of the Pt nanoparticles [47]. A proper dispersion of 

the Pt particles makes lower Pt loading feasible for fuel cell operation. Besides high surface 

area, the carbon support should also have a high chemical stability. This is to limit the 

carbon corrosion in the presence of oxygen and Pt, which becomes more crucial under 

elevated temperature and higher operating potential [48]. Some of the commonly used 

carbon supports for metal catalysis are activated carbon, carbon black, graphite and other 

graphitized material [49]. Carbon blacks were almost used exclusively until the 1990s [50] 

when novel carbon was being developed. A large amount of work has been devoted to the 

effect of carbon support on the Pt dispersion. McBreen et al. [51] evaluated the dispersion 

of Pt on five different kinds of carbon supports with widely varying chemical and physical 

properties. His results showed that carbon with high volatile content and acidic pH 

inhibited the metal dispersion. On the opposite side, high internal porosity and certain Pt-

C interactions can improve the distribution. Rao et al. [52] studied the carbon material in the 

Sibunit family as a support for anode catalyst of direct methanol fuel cells. He calculated 

the Pt utilization factor by dividing the electrochemically active surface area (EASA) by 

the total metal surface area (TSA). The former was determined from the CO stripping using 

cyclic voltammetry (CV) while the latter was derived from the amount of CO chemisorbed 
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from the gas phase. According to his results, PtRu nanoparticles showed an increase in 

utilization as the BET total surface area of the carbon support decreased. Such behavior 

was explained to be due to the compatibility between the size of pores in the carbon 

supports and Nafion micelles. To be more specific, pores with diameter smaller than 20nm 

have a detrimental effect on the specific activity of PtRu/C. A higher amount of these pores 

lead to a lower specific activity of PtRu, since these pores were considered to be too small 

for the Nafion micelles to reach. Therefore, the uncovered metal particles could not take 

part in the CO stripping during CV. Rodrigues-Reinoso et al. [53] found that the dispersion 

of Pt particles increased linearly with the increase of 9-11nm mesopores in the activated 

carbon. Another factor that can affect the Pt dispersion is the chemical nature of the carbon 

surface [54]. In fact, many researchers recognized that the properties of the catalyst is not 

merely affected by its porosity but also by surface functional groups [55-58]. Prado-Burguete 

et al. [56, 57] investigated the influence of oxygen surface groups on the Pt dispersion. His 

study showed that the introduction of oxygen groups made the carbon surface more 

hydrophilic, thereby making the surface more accessible to the aqueous solution during 

impregnation. 

Furthermore, the nanostructure of the ionomer in the bulk membrane, thin film and 

solution have been widely studied. In the membrane, the ionic groups was reported to 

cluster in a reverse micelles structure connected by small channels [59]. Rubatat et al. [60] 

described Nafion as elongated polymer aggregates connected together to form the 

membrane which would separate during the water swelling process. For the ionomer 

solution, Nafion adopts a rod-like structure. The hydrophobic backbones form the core of 
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the rod and the sulfonic groups are located on the end of the pendant chains facing outwards 

[60-63]. Ngo [61] investigated the influence of the isopropyl alcohol (IPA) content in the 

ionomer solution on the recast ionomer formation over the Pt/C aggregates. Transmission 

electron microscope (TEM) images showed that the Nafion adopted a coil-like structure 

when the IPA concentration is above 70wt%. Ngo concluded that lower IPA/water content 

in the Pt/C/Nafion ink would result into a thinner ionomer film over the Pt and carbon 

particles, enhancing the cell performance.   

Since the nanostructure of the CL is complex and sub-micron-scale, direct 

measurement of transport resistances inside the CL can be challenging. Therefore, 

modeling is an effective tool to further investigate the transport of reactant gas, water, 

electrons and protons. The agglomerate model is commonly used to represent the CL, in 

which the agglomerate particles consist of Pt/C particles and ionomer surrounding the 

agglomerates. To fit the experimental data, different studies had to assume various 

agglomerate sizes ranging from 100 nm to 2000 nm with various ionomer film thicknesses 

ranging from 10 to 100nm [64-70]. However, such a wide range of agglomerate sizes and 

ionomer film thicknesses may not be physically correct in reality [71]. For example, Greszler 

et al. [72] used a simple agglomeration model with bulk-like ionomer resulting in an 

agglomeration size of 380nm and ionomer film thickness of 20nm. This assumed structure 

was not observed under microscopic images. Epting et al. [73] demonstrated the importance 

of an agglomerate size distribution in the agglomeration models. By comparing the model-

derived and the nanoscale X-ray computed tomography (nano-CT) measured 

agglomeration sizes, Epting found a substantial error when assuming a single agglomerate 
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size throughout the CL. A more in-depth model is certainly required for a more accurate 

CL analysis.  

In conclusion, the combination of microstructure and electrochemical studies can 

provide us with much valuable insight on the CL functionality. In hope of controlling the 

Pt/C/ionomer distribution on a nano-structure level in the future, such investigations will 

allow us to predict a more efficient CL model. 

 

As mentioned previously in Chapter 1.3, the PEM is a crucial component in PEMFCs. 

There have been many studies focused on the structure and performance properties of 

different PFSA bulk membranes under various conditions [8, 11, 13-15. 74]. However, the 

properties of a confined thin-film ionomer are still not well understood. It has been shown 

that Nafion is heterogeneously distributed inside the electrode and usually confined to a 2-

10nm thick thin film [75, 76]. Such confinement can affect both the ionomer morphology and 

performance, i.e. proton conductivity  

The intrinsic ionic conductivity can be affected by the nanostructure of the ionomer 

film. Several studies investigating the proton conductivity have used a simplified 

transmission line model for their measurement [77- 83]. However, most of these calculations 

assume that the ionic conduction in the confined thin film follow the same mechanism as 

the bulk membrane, which may not hold true. Devproshad et al. [84] measured the proton 

conductivity and activation energy of a 50nm thick Nafion thin film adsorbed onto a silicon 

substrate. The conductivity of the thin film was determined to be 31 mS/cm at 60°C and 

1.5 Confined Ionomer Thin Film  
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96% RH, which is lower but in the same order of magnitude as the bulk membrane (90-

100 mS/cm) in fully humidified conditions at room temperature. The activation energy of 

the thin film ionomer was calculated to be 20 KJ/mol at 96% RH. This is similar to that of 

bulk Nafion membranes (9-14 KJ/mol). In contrast, at 20% RH, the activation energy of 

conduction in the adsorbed Nafion film was 115 KJ/mol, which was 3.5 times higher than 

that for Nafion 112 [85]. The difference in the activation energies suggested a difference in 

conduction mechanism between the bulk membrane and the adsorbed thin film. More 

studies on water uptake of confined ionomer films in CLs are reviewed in Chapter 3. 

The water adsorption and transport in Nafion thin films have also been examined by 

several studies [86-88]. Eastman et al. [86] studied the swelling, water solubility and transport 

kinetics as a function of relative humidity of adsorbed Nafion films thinner than 222nm. 

The equilibrium water adsorption was analyzed using specular X-ray reflectivity (SXR), 

and a model based on neutron reflectivity was utilized to confirm that the confinement 

effect originated from the Nafion film (not the silicon substrate). The result showed that 

the amount of swelling was suppressed when the Nafion was confined to a film thinner 

than 60 nm. Also, the water uptake was lower in these <60nm thin films, which was verified 

with further quartz-crystal microbalance analysis. These effects were attributed to the 

macromolecular and morphological confinement of the Nafion thin film. In fact, the results 

from small angle x-ray scattering under grazing incident angles (GISAXS) suggested that 

the ionic domains were able to construct a more ordered structure as the thickness increased. 

More studies on water uptake of confined ionomer films in CLs are reviewed in Chapter 

4.3. 
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Chapter 2  

Experimental Methods 

Different experimental techniques are introduced in this chapter, along with the 

experimental protocols.  

Morphology studies of the catalyst layers and whole MEAs were carried out using a 

LEO 1525 high resolution SEM. The microscope was run at 5kV-15kV for different 

materials. In the cross-section studies, the samples were freeze fractured under liquid 

nitrogen. 

 

A Hitachi HF-3300 TEM-STEM was used to study the ionomer distribution and carbon 

agglomeration inside the catalyst layers before and after operation. Two main methods 

were used in preparation of CL samples for TEM, full embedding and partial embedding. 

Both methods allow the samples to stabilize sufficiently for further ultrathin sectioning. 

While fully embedding is a simple and typical preparation method for TEM samples, 

partial embedding limits the inference of epoxy during the ionomer observation. At the 

beginning of both techniques, Araldite 6005, DDSA and DMP-30 (Spi Supplies) were 

mixed at a certain content. The resin was then poured into a silicon flat embedding mold 

to fill up approximately half of each cavity. The mixture was cured in an oven at 60°C for 

at least 8 hours to harden. After this, for fully embedding, the samples were cut into small 

2.1 Microstructure Studies 

2.1.1Scanning Electron Microscope (SEM) 

2.1.2 Transmission Electron Microscope (TEM) 
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slices to fit into the cavity, sitting on top of the hardened half-epoxy block. More resin 

(Araldite 6005, DDSA and DMP-30) was then poured to fill up the cavities and cured in 

the oven for at least another 8 hours. On the other hand, to do the partially embedding, the 

samples were cut into small pieces and their surfaces were lightly smeared over with 10 

resin: 1 hardener G1 epoxy (Epoxy Technology). The G1 covered samples were then 

placed onto the hardened half-epoxy blocks. The mold was then filled with more resin 

(Araldite 6005, DDSA and DMP-30) and cured at 60°C for at least 8 hours. These epoxy 

blocks were then trimmed with a Leica EM Trim, and sliced into 50-100nm pieces on a 

Leica EM FCS microtome, using an Ultra 35° Diatome diamond knife.  

 

A porosity study was carried out using Quantachrome Instruments autosorb IQ. 

Nitrogen gas was used as absorbate. A 9mm tube with bulb cell was used in all the 

measurements. The samples were first degassed at 120°C under high vacuum until the 

pressure rise is lower than 20mHg/min. Afterwards, the samples were quickly transferred 

to the gas adsorption station where nitrogen is admitted, adsorbed and then desorbed on 

the samples’ surface and inside the pores. The adsorbed/desorbed volume of nitrogen was 

measured at different relative pressures (0.001-1.0). The data was analyzed with the 

software built-in multipoint Brunauer-Emmett-Teller (BET) method and Barrett, Joyner 

and Halenda (BJH) method to compute the surface area and pore size distribution. 

The porosity terms used in this study follows the terminology defined by previous 

IUPAC documents [89-91]: 

2.1.3 Porosity 
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Micropores have diameters smaller than 2nm; 

Mesopores have diameters between 2 and 50nm; 

Macropores have diameters above 50nm. 

BET is the most widely used theory in surface area measurement. Its concept is an 

extension to Langmiur theory, with the following hypotheses: 1) the gas molecules can 

physically adsorb onto a solid surface in layers infinitely; 2) no interaction occurs in 

between different adsorption layers; 3) Langmuir theory can be applied to each layer[92]. 

The BET equation is shown below [93]: 

1

𝑊((𝑃𝑜−𝑃)−1)
=

1

𝑊𝑚𝐶
+

𝐶−1

𝑊𝑚𝐶
(

𝑃

𝑃𝑂
)            （2.1） 

Where, W is the weight of the gas adsorbed at a relative pressure, P/Po; Wm is the weight 

of the adsorbate that builds a monolayer of surface coverage; C is the BET constant, it’s 

related to the energy of adsorption in the first adsorbed layer and consequently its value 

indicates how strongly the adsorbent/adsorbate interact. During a multipoint BET 

measurement, the value of 
1

𝑊((𝑃𝑜−𝑃)−1)
 is measured at various relative pressures, generating 

a linear plot. According to equation 2.1, the weight of the monolayer adsorbate can be 

calculated from the slope s and intercept i. 

𝑠 =
𝐶−1

𝑊𝑚𝐶
    （2.2） 

𝑖 =
1

𝑊𝑚𝐶
     （2.3） 
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Therefore,         𝑊𝑚 =
1

𝑠+𝑖
    （2.4） 

The pore size distribution reflects the distribution of pore volume. In most cases, the 

desorption isotherm is applied to evaluate this since the desorption process is more 

thermodynamically stable. Assuming cylindrical pore geometry, the mesopore size can be 

calculated using the Kelvin equation [33]: 

𝑟𝐾 =
−2𝛾𝑉𝑚

𝑅𝑇 ln(𝑃
𝑃𝑜

⁄ )
                  (2.5) 

Where, γ is the surface tension of the adsorbate at its boiling point; Vm is the molar 

volume of the liquid form adsorbate; T is the boiling temperature of the adsorbate and rK 

is the Kelvin radius of the pore. When nitrogen is used, the equation reduces to: 

𝑟𝐾 =
4.15

log(𝑃
𝑃𝑜

⁄ )
                  (2.6) 

In the Barrett, Joyner, and Halenda (BJH) method, it is assumed that the initial relative 

pressure is close to unity and all pores are filled with liquid nitrogen. The pore volumes at 

a certain relative pressure can be expressed as [33]: 

𝑉𝑝𝑚 = (
𝑟𝑝𝑛

𝑟𝐾𝑛+
∆𝑡𝑛

2⁄
)

2

(∆𝑉𝑛 − ∆𝑡𝑛 ∑ 𝐴𝑐𝑗
𝑛−1
𝑗=1 )          (2.7) 

Where, Δtn is the thickness of the adsorbed nitrogen; Ac is the area exposed by the pore 

where the nitrogen gas is being desorbed; rKn is the inner capillary radius; rpn is the radius 
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of the largest pore that has a physically adsorbed layer of nitrogen and ΔVn is the liquid 

volume reduced by the nitrogen desorption. 

To be noted, the BJH method is based on the Kelvin model, where a bulk condensation 

behavior is assumed.  In other words, it is presumed that nitrogen condenses to its liquid 

form inside the pores, which is not true for the micropores. Therefore, BJH fails to 

accurately reflect the distribution of micropores.  

Polarization curve measurement is one of the most common electrochemical 

characterization methods for PEMFCs [94]. Before executing polarization study, the fuel 

cell was conditioned at 80°C, 60-70% RH under H2/O2 and 13 psi overnight. The 

conditioning steps were carried out in a loop as the following: OCV for 2 minutes→ 0.6V 

for 10 minutes→ 0.9V for 4 minutes→ chronoamperometry (CA) method from OCV to 

0.4V, with a 0.2V increment and 30s stabilizing time at each polarization point→ 0.6 for 

10 minutes→ OCV for 2 minutes… 

Polarization curves were then acquired with a Fuel Cell Technology fuel cell test stand 

unit. A steady state I-V curve measurement was used for the polarization study. The cell 

operating temperature was set at 80°C during all the electrochemical experiments. The flow 

rate and pressure of pure hydrogen gas is 1.5 stoich with a minimum flow rate of 50mL/min 

and 13psi; oxygen and air are 2 and 2.5 stoich with minimum flow rate of 100 mL/min and 

2.2 Electrochemical Approach 

2.2.1 Polarization Curve 
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13 psi. The relative humidity of the cell varies from 30%-100%, which was achieved by 

altering the temperature of the inlet gas humidifiers. 

 

Inside the PEM catalyst layers, the ionomer provides a channel for the proton transport. 

Therefore, even though the amount of polymer electrolyte used in the CL is significantly 

smaller than that in the membrane, it is still crucial to the overall fuel cell performance. 

The main impedance in a PEMFC is due to the cathode since the oxygen reduction is much 

slower than the hydrogen reaction on the anode. Electrochemical Impedance Spectroscopy 

(EIS) is a commonly used measurement method that can be applied to determine the 

catalyst layer resistance [77]. During EIS, AC signals of various frequencies are applied to 

the electrochemical interface; the impedance derived from the response signal upon cell 

current or voltage oscillation gives information on the polarization behavior of the 

electrodes [95]. The depth of the current penetration depends on the current frequency and 

phase angle. At low frequency, the current can penetrate the whole electrode and access all 

the pores; the entire capacitance is represented. Vice versa, at high frequency, only a small 

part of the capacitance is accessed and the pores behave in a semi-infinite manner [96]. A 

typical Nyquist plot of the impedance spectra of a fully humidified N2/H2 fuel cell is shown 

below in Figure 2.1. 

The difference between the value of the real resistance where the Nyquist plot turns 

vertical (which would be 0.202Ωcm2 in Figure 2.1) and the high frequency resistance (HFR) 

(0.182Ωcm2 in Figure 2.1) is one third the value of the catalyst layer’s resistance RCL. 

2.2.2 Proton Conductivity  
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Figure 2.1 Nyquist plot of a fully humidified N2/H2 fuel cell [77] 
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Also, the ionic resistance Rionic is the main contributor to the RCL. This allows the estimation 

of the CL’s ionic resistance through image plotting [77]. 

Another way to extract the ionic resistance from the impedance response is fitting the 

ionic resistance Rionic, the membrane resistance Rmembrane and the catalyst layer capacity CCL 

to a transmission line model. One of the most popular electrode models is the transmission-

line model of the uniform pore. As shown in Figure 2.2, the catalyst layer contains 

electronic resistance Relectronic which is caused by the electrons travelling through the carbon 

support and ionic resistance Rionic which is caused by the proton transported through the 

ionomer. Relectronic and Rionic are connected by capacitors Ci and resistances Rct in parallel. 

The capacitors present the electrochemical double layer and the resistances represent the 

charge transfer resistance from the oxygen reduction reaction (ORR) [97].  

It is assumed that the resistance and the capacitance due to the electrochemical double 

layer are distributed along the uniform pores [98]. When running H2/N2, there is no charge 

transfer resistance. Therefore the transmission line can be simplified into the model shown 

in Figure 2.3. 

Under such conditions, the total impedance of the electrode is: 

𝑍(𝑗𝑤) = √
𝑅𝐶𝐿

𝑗𝑤𝐶𝐶𝐿
𝑐𝑜𝑡ℎ√𝑗𝑤𝑅𝐶𝐿𝐶𝐶𝐿       （2.7） 

Where CCL is the total electrode capacitance, w is the frequency (rad/s). 

To further interpret the impedance spectra, at a high frequency, the Nyquist plot of the 

impedance shows a Warburg-like 45° slope. 



29 

 

 

 

 

Figure 2.2 Transmission line model of a porous electrode [97] 

 

 

 

Figure 2.3 Simplified Transmission-line model [78] 
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     𝑍(𝑗𝑤)
𝑤→∞

= √
𝑅𝐶𝐿

𝑗𝑤𝐶𝐶𝐿
                             (2.8)           

This 45° slope region is used to fit the values for proton resistance. Furthermore, when 

running H2/N2, the losses in the polarization curve due to proton resistance is around R/3 

and the kinetic resistance is infinitely high. So, the impedance at low frequencies can be 

described as [96, 99-101]: 

      𝑍(𝑤=0) =
𝑅𝐶𝐿

3
+

1

𝑗𝑤𝐶𝐶𝐿
                                (2.9) 

Therefore, theoretically, the impedance plot curves up to 90°C vertical which 

corresponds to the total capacitance and resistance of the catalyst layer. The ionic resistance 

Rionic can be calculated according to the length of the Warburg-like region projected onto 

the x axis, which equals Rionic/3 [102]. Further discussion and specific details of this study is 

explored in chapter 3. 

 

The thermal stability of the CL and its components were studied by thermogravimetric 

analysis (TGA) method. TGA is a commonly used method to characterize the weight 

gain/loss of the material during a change of temperature. It provides information about 

physical (adsorption, evaporation, sublimation) and chemical (decomposition, 

chemisorption, desolvation) phenomena. All TGA experiments in this study were carried 

out under nitrogen atmosphere in order to avoid the interaction between carbon and oxygen 

at elevated temperature in the presence of Pt. The examined samples were kept at room 

temperature in air beforehand. Therefore a certain amount of water was expected inside the 

2.3 Thermal Studies 
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samples. Prior to each TGA run, the platinum sample holder was cleansed by heating it 

quickly with a propane torch. 

Differential scanning calorimetry (DSC) was used for thermal studies of the catalyst 

layer and components of the catalyst layer.  DSC is a thermoanalytical equipment that 

measures the difference in amount of heat required to raise the sample and reference to a 

certain temperature. During the measurement, the temperature increases linearly as a 

function of time. At some temperature, the sample will go through a physical 

transformation and will require or release heat. By observing the difference in heat flow 

between the sample and reference, DSC can measure the amount of heat adsorbed or 

released during the transition [103]. For ionomer samples, the membrane was cut into tiny 

pieces (~0.25 cm2) and placed into the aluminum sample pan, weighed and pressed shut 

with a pan cover using a Tzero sample press. For the CL and the cross-referencing of 

individual elements, components were mixed into a solution then sonicated for 15 minutes. 

The ink was then dropped into the pan through a pipette till the pan is completely filled. 

The pans were then placed at room temperature until the alcoholic solution fully evaporated; 

for the samples in water solution, the pan was placed in the oven at 60°C to allow the water 

to slowly evaporate. The dry powder samples were then weighed and pressed shut, and 

tested in the calorimeter under a flowing nitrogen atmosphere at 5°C/min heating rate. 

 

In the catalyst study, the in-house MEAs are prepared using a direct spray method. First, 

the proton exchange membrane is boiled in 3% hydrogen peroxide solution at 90°C for 30 

2.4 MEA Preparation 
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minutes then boiled in 0.5M sulfonic acid at 90°C for 30 minutes. This ensures the PEM is 

in H+ form. The membrane is then set on a spray painting station at 60°C, ready for spraying. 

As for the cathode, 30wt% platinum on Vulcan carbon, 5wt% 3M ionomer in alcohol or 

water solution and methanol were mixed to different ionomer to carbon (I/C) ratios as the 

catalyst ink. The ink is then stirred overnight and sonicated for 30 minutes before spraying 

onto the pretreated membrane. The mass difference of the pre-sprayed and sprayed 

membrane are measured to calculate the exact Pt loading (~0.4 mg/cm2). For the anode, an 

I/C=1, platinum loading of 0.2 mg/cm2, Nafion as ionomer electrode was used as standard 

reference. PTFE treated carbon fiber composite carbon paper was used as gas diffusion 

layer (GDL). The GDLs are pressed onto both sides of the MEA in the single cell fuel cell 

hardware. No hot pressing procedure was used during the MEA preparation. 
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Chapter 3  

Proton Conductivity Measurement of the CL in PEMFC 

 

 

Improving the CL proton conductivity is essential for optimizing the fuel cell design. 

However, the measurement of the proton conductivity in the CL can be fairly challenging 

due to several reasons. For instance, the microstructure of the CL needs yet to be fully 

discovered. Moreover, during the cell operation, the mass and proton transport both 

contribute to the overall loss in the cell. It is challenging to separate the mass (gas transport) 

loss from the proton conduction loss though polarization and modeling work. This chapter 

attempts to unveil a path to and evaluate these losses.  

For a perfluorosulfonic acid (PFSA) membrane, there are two different proton transport 

mechanisms: one is the “Grotthus mechanism”/ “proton hopping”; another is the “diffusion 

mechanism”/ “vehicular mechanism” [104-106]. 

For the Grotthus mechanism, the proton is ‘hopping’ from one water molecule to 

another by forming, breaking and reforming hydrogen bonds. In PFSAs such as Nafion, 

these water molecules exist in phase-separated pores bounded by acid sites. During the 

diffusion process, instead of only the proton moving along the ionic sites, the proton is 

weakly attached to one or more water molecules in the aqueous medium. Zawodzinski et 

al. [107] suggested in his study that the Grotthus mechanism contributes more greatly in the 

well-hydrated Nafion membrane and is limited at low water content.  

3.1 Introduction 
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In most of the previous CL proton conductivity studies, it is assumed that the recasted 

ionomer film possesses the same proton conduction mechanism as the bulk ionomer 

membranes [78, 79, 82, 83, 108, 109]. However, it has been questioned whether the two may be 

different [110, 111]. Paul D.K. et al. [110] revealed through his study that transport through the 

thin adsorbed Nafion film has a significantly higher activation energy than that in a bulk 

Nafion membrane, indicating a difference in the conduction mechanism between the two. 

Paul further suggested that such deviation can be caused by the different orientation of the 

polymer chain structure. This can lead to a strong interaction between the sulfonate and 

other surface functional groups, lessening the water adsorption.  

 

Various studies have reported experimental determination of the ionic conductivity of 

the CL in PEMFCs [77-83] applying various transmission line models. Because of the very 

fast kinetics of the hydrogen oxidation reaction (HOR) in the anode, the reaction takes 

place close to the interface between the GDL and the CL. Therefore the proton transfers 

through a very short pathway for the reaction at this electrode. The proton resistance 

created by the HOR is negligible compared to the cathode resistance. For proton transport 

studies, EIS measurements are required and usually operated under H2/N2. Therefore the 

charge resistance created by the ORR is eliminated. The EIS measurement is required to 

be carried out at a sufficiently high potential to ensure the experiment is running under 

limiting current and therefore the AC impedance signal is not influenced by the hydrogen 

crossover and to ensure that the CL capacitance becomes independent from the RH level. 

One of the most commonly used models for this study is shown in Figure 3.1.  

3.2 Method Development 
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When the number of elements in this transmission line model is considered to be 

infinite, and the value of the resistance and capacitance are equal, it can be replaced by a 

finite length diffusion element with a reflective boundary. Thus the MEA transmission line 

can be expressed as the equivalent circuit in Figure 3.2. The inductance was added for 

completion to the model representing a CL artifact, and is often set to 0. 

The impedance response of the equivalent circuit can be described as: 

𝑍 = 𝑅𝑜 + 𝑅𝐶𝐿
coth √𝑗2𝜋𝑓𝜏

√𝑗2𝜋𝑓𝜏
                             (3.1) 

Ro is the sum of the membrane and contact resistance, RCL is the protonic resistance in 

the CL, j is the imaginary unit, f is the frequency and 𝜏 is the diffusion time constant which 

equals RCL·CCL.  

Several assumption underlies in this calculation [80]: 

(1) The pores are uniform in cross-section and semi-infinite in length; 

(2) Ionomer is homogeneously distributed throughout the CL; 

(3) The electronic resistance of the electrode material is negligible; 

(4) Sufficient amount of ionomer exist in the CL to cover the Pt/C agglomerate surfaces;  

(5) Any curvature of the equipotential surface in the pores is negligible. 

As the frequency approaches 0, a Taylor-series expansion yields: 

𝑍 = 𝑅𝑜 +
𝑅𝐶𝐿

3
+

𝑅𝐶𝐿

𝑗2𝜋𝑓𝜏
                            (3.2) 
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Figure 3.1 Simplified Transmission Line model for PEMFC electrodes under H2/N2. 

 

 

 

 

Figure 3.2 Equivalent Circuit for MEA with a homogeneous CL. This is the actual model 

used in the Z fit software. 
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During the impedance measurement, theoretically, at very high frequency, the 

impedance equals the value of R. As the frequency decreases, both the imaginary and the 

real portion of the impedance increase at the same rate resulting in the 45 degree slope area 

in the higher frequency region. When the frequency approaches zero, the AC signal 

penetrates the whole CL, reaching the limiting resistance as the impedance increases 

infinitely. In the low frequency region, the capacitance inside the CL becomes fully 

charged, blocking all current, exhibiting a vertical line. A graphical method can be used to 

determine the ionic conductivity in the CL [108] by obtaining the difference between two 

intersections, that between the vertical line and the real impedance axis and that between 

the high frequency 45 degree line and the real impedance axis. That difference is 

approximately equal to RCL/3. 

 

MEAs with 5cm2 active area were prepared using the previously described method of 

directly spraying an ink onto Nafion 212 membrane. 30% Pt on Vulcan carbon (Taneka) 

was mixed with 5% 3M ionomer in n-propanol solution to 0.8 I/C ratio for the cathode. For 

the anode, 30% Pt on Vulcan carbon (Taneka) was mixed with 5% Nafion solution (1100 

EW, Ion Power) in alcohol-based solution to I/C=1. The Pt loading was approximately 

0.2mg/cm2 on the anode and 0.4mg/cm2 on the cathode. This catalyst coated membrane 

(CCM) was then placed between two carbon paper diffusion layers (Toray paper 030, 

110µm), assembled into a single cell fuel cell hardware (Fuel Cell Technology). The cell 

was connected to a Fuel Cell Technology fuel cell test station and a Bio-Logic SP-150 

potentiostat was used to perform the EIS.  

3.2 Experimental 
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H2 and N2 were purged at 100 mL/min, the cell temperature was set at 80°C, and set at 

0.2 V vs Ereference. The frequency ranged from 0.5 Hz to 20 kHz with a voltage perturbation 

of 30mV voltage perturbation. 

Prior to the EIS, the cell underwent H2/O2 and H2/Air polarization studies at various 

RH (35%-100%) and was set overnight at 80% RH at OCV purging H2/N2. Between each 

different RH setting, the cell rested for 45 minutes at OCV to reach equilibrium. 

 

During the hydrogen pump process, the hydrogen diffuses from the anode through the 

membrane into the cathode catalyst layer. The hydrogen then is oxidized into protons and 

these protons transport back from the cathode through the membrane to the anode. Figure 

3.3 compares the Nyquist plot obtained from the model and the experimental AC 

impedance signal obtained with 0.8 I/C ratio 3M ionomer CL at 80% RH. As shown, the 

ideal response of the equivalent circuit deviates from the experimental obtained data. In 

the Warburg-like region the actual data shows a larger slope than the expected 45 degree 

and the transition to the low frequency region is more gradual than the fitted result. 

Furthermore, the actual Nyquist plot of the low frequency region veers from the theoretical 

vertical line. In Figure 3.4 one can observe that the HFR decreases as the RH level increase, 

which is expected due to the humidification of the Nafion membrane. Also, the deviation 

behavior show to be more severe at lower RH. One of the more obvious explanation for 

this is that under dryer condition, the RH is non-homogeneously distributed throughout the 

CL forming a non-uniform electrochemical system. Similar observations and more 

3.3 Result and Discussions 
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Figure 5.18 continued. 

d) 

c) 

Broken-off CL 
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The microstructure and performance of the in-house made and 3M prepared free-

standing CLs are compared in this sub-chapter. A list of measured CL samples and several 

properties are listed in Table 5. 

First, the I/C=0.8 and 1.2 in-house made CL and the Pt:C 30:70 free-standing CL 

exhibit comparable BET total surface area and water uptake. This, on some level, validates 

the accuracy of the in-house CL preparation process. However, the 30:70 free-standing CL 

showed a higher proton conductivity, which could be due to the variant CL fabrication 

method and carbon support. However, specific information was not provided from 3M 

regarding to the above two subjects, therefore further discussion is restricted. 

The water uptake of the in-house and free-standing CLs were measured and compared 

in Figure 5.19. The CLs exhibit an overall lower water uptake than the bulk membrane. 

This implies a variance in the nanostructure of the ionomer between thin film and 

membrane. One can assume that the interaction between the ionomer sulfonic groups and 

the Pt/C surface lessens the amount of active sites for the water molecules to attach onto. 

As the I/C ratio increases, the ionomer film over the Pt/C agglomerations thickens and 

behaves more similarly to the bulk membrane. Also, the water uptake increases along with 

the growth of Pt:C ratio, which suggests a larger amount of “freed-up” sulfonic sites in 

high Pt:C loading CLs. This implies that the ionomer active site prefers to bond with carbon 

over Pt. 

5.9 Comparison between In-house Made and Free-Standing 3M Ionomer 

CL 
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Table 5. A list of the measured CLs in this thesis. 

 I/C 

ratio 

Pt:C 

ratio 

Pt 

loading 

(mg/cm2) 

BET 

surface 

area 

(m2/g) 

Limiting 

current density 

under H2/O2 

(A/cm2) 

In-

house 

made CL 

0.2 30:70 0.4 98.14 0.8 

0.4 30:70 0.4 — 0.9 

0.8 30:70 0.4 57.34 2.3 

1.2 30:70 0.4 — 0.6 

2 30:70 0.4 31.65 0.6 

Free-

standing 

CL 

1 30:70 0.25 55.76 1.4 

1 50:50 0.25 61.14 1.6 

1 70:30 0.26 192.30 1.3 
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Table 5. A list of the measured CLs in this thesis continued. 

 I/C 

ratio 

Pt:C 

ratio 

Water 

uptake at 

100% RH 

Proton 

conductivity 

at 100% 

RH (S/cm) 

In-

house 

made CL 

0.2 30:70 3.3 0.005 

0.4 30:70 — 0.006 

0.8 30:70 4.9 0.024 

1.2 30:70 5.3 — 

2 30:70 7.2 — 

Free-

standing 

CL 

1 30:70 5.4 0.078 

1 50:50 6.0 0.017 

1 70:30 8.3 — 
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Polarization curves are compared at 60% under H2/O2 at 80°C, as shown in 5.20. There 

are several points to be noted. First, for the in-house made CLs, the I/C 0.8 sample exhibits 

the best overall performance and the largest limiting current. The greater variance between 

the polarization curves in the in-house made samples can imply several things: On the one 

hand, the change in I/C ratio has a significantly greater effect on the cell performance than 

does the Pt/C ratio, especially for the limiting current. On the other hand, the automated 

fabrication technique used for the free-standing 3M samples better guarantees consistent 

properties of the CLs. 

The proton conductivity and tortuosity study on the in-house made CL showed an 

improvement in conductivity as the I/C ratio and RH% increases, as shown in Figure 5.21. 

In association with the porosity study, this indicates that the larger amount of ionomer fills 

the secondary pores, constructing a more continuous ionomer network and providing a less 

tortuous proton conduction pathway. On the other hand, as the humidity level increases, 

more bulk-like water forms in the ionomer. The rise in proton conductivity implies that the 

existence of the bulk-like water possibly enforces the Grotthuss transport, therefore altering 

the proton conducting mechanism. Furthermore, from the free-standing CL study, an 

influence of Pt:C ratio on the proton conductivity was observed. This indicates that the 

Pt:C ratio also affects the intrinsic nanostructure of the ionomer film.  
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Figure 5.19 Water uptake of 3M membrane, in-house made CL and free-standing CL. 

 

Figure 5.20 Comparison between the polarization curves of in-house and free-standing 

CLs. Inlet gas: H2/O2; cell temperature: 80°C; back pressure: 13psi/13psi; RH level: 60%. 
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Figure 5.21 Proton conductivity of in-house made and free-standing CLs. 
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Chapter 6  

Conclusions and Suggestions on Future Work 

 

 

To design an optimum CL for the PEM fuel cell, the effect on oxygen mass transfer, 

water transport, platinum coverage and proton conductivity all have to come into account. 

For example, a larger amount of 3M ionomer loading can ensure a better developed proton 

conducting network. As a tradeoff, the ionomer reduces the specific volume of the 

secondary pores, hindering the oxygen mass transport, which can lead to a massive drop in 

cell performance at higher current density. Therefore, the CL design problem is to balance 

the pros and cons of each individual factor according to the application demand. 

Sets of structural and electrochemical data of 3M ionomer CLs were provided and 

discussed in the last two chapters. Structure wise, the morphology was examined with 

electron microscopic techniques, the porosity was investigated with a nitrogen adsorption 

technique and water uptake was measured to provide more insight on the recast ionomer 

film in the catalyst structure. Performance wise, polarization curves and EIS data were 

measured, from which CL proton conductivity and the proton conducting tortuosity was 

calculated.  

 

The TEM images revealed the CL microstructure as Pt on carbon agglomerations 

bound together with ionomer. Pt exists in both single particle and agglomeration forms and 

6.1 Conclusion 

6.1.1 Microstructure 
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tends to coalesce more intensely in the higher Pt:C ratio sample. Pores of different 

magnitudes have been observed amongst the carbon agglomerates. Along the edge of the 

larger pores, the ionomer covers the carbon and forms a film around the pore walls. 

Meanwhile it was difficult to detect the presence of ionomer in the smaller pores due to the 

amorphous structure of both the Vulcan-XC 72 carbon and ionomer. Furthermore, the CLs 

with lower I/C ratio has a less complete ionomer filling. In the higher ionomer content 

samples, an ionomer network can be constructed inside the larger pores.  

The nitrogen adsorption technique revealed all the CL samples to be type-two 

adsorption and H3 type hysteresis. This indicates the CL porous structures all contain 

micro-, meso- and macro-pores that are different in shapes and inter-connected, which 

coincides with the SEM and TEM findings. A significant decrease in the amount of micro-, 

meso- and macropores appeared as 3M ionomer was introduced into the Pt/C powder. As 

the ionomer content increased, we observed volume drops in all three types of pores, which 

indicated that a larger ionomer content depresses the pore formation either through actual 

filling or forcing the Pt/C particles to be more compact. Furthermore, the amount of micro-

pores increased significantly at 70:30 Pt:C ratio. This agreed with our microscopy findings, 

in which the large amount of Pt leads to extensive Pt agglomeration on the edge of clusters 

of carbon “ribbons”. 

 

Several studies have been published on the water uptake by thin films of ionomers with 

contrasting findings. Kongkanand [131] reported the thinner ionomer film (33nm) had a 

6.1.2 Water Uptake 
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slightly smaller water uptake than the thicker film (500nm), whereas Dishari [86] reported 

that thinner ionomer film took up more water and displayed less ‘antiplasticization’ than 

the thicker membranes. Kusoglu et al. [38] studied the water uptake by the CL from both 

vapor and liquid phases. From water vapor e, the uptake of water by the CL was 

significantly lower than that of the bulk membrane (~λ=4 versus 10 at 95% RH). A similar 

finding was also reported by Iden et al. [128]. Our study showed a lower water uptake in the 

CL than in the bulk membrane. We proposed that the surface influence of the Pt/C 

agglomerates on the ionomer distribution is the main cause of the decrease in water uptake. 

As the ionomer content increases in the in-house made CLs, the water uptake value 

increases, suggesting that the ionomer further away from the carbon surface is less 

influenced by the surface influence and possesses similar intrinsic nanostructure as the bulk 

membrane. Meanwhile, from the free-standing 3M CLs, the Pt:C ratio  surprisingly has a 

stronger effect on the CL water uptake than does the ionomer content. This suggests that 

the ionomer forms a looser structure around the Pt particles.  

 

To investigate the performance of 3M CLs, polarization experiments were executed 

along with the estimation of the CL proton conductivity and proton conducting tortuosity. 

To summarize our findings: 

1. PEMFCs containing 3M ionomer CLs reach peak performance around 60% RH. In 

contrast to the traditional Nafion fuel cells, as the 3M cells reach a saturated 

humidity level, they show a dramatic mass transfer losses. This loss was observed 

6.1.3 Electrochemical Performance 
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Figure 6.1 Illustration of 3M ionomer and Pt on carbon support. 

 

 

Figure 6.2 Illustration of the 3M ionomer adsorbing onto the Pt/C surface. 


