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Abstract 

Ever since the concept of “Hydrogen Economy” emerged, fuel cell technology has been regarded 

as the key component of the clean, sustainable energy future. Thanks to great successes in the 

development of fuel cell technology in recent years, they are now transitioning from R&D stage 

to the commercial stage. Some of the major automotive companies such as Toyota and Honda 

have already commercialized the fuel cell vehicles. Recently fuel cell technology has emerged as 

an appealing technology in heavy-duty automotive industry due to its high-power output, fast 

fuel charge, long driving range and light weight. Currently, most commercialized fuel cell stacks 

either use Pt/C or Pt-alloy catalysts which makes up as much as 40% of the stack production 

cost. It is clear that for further market penetration the stack cost needs to be reduced by using less 

or no platinum. 

Recent advances in non-Precious Group Metal (non-PGM) catalysts have provided hopes to 

completely remove the expensive Pt from the stack. There has been great progress in the 

development of non-PGM catalysts, but they are still less catalytically active than Pt, and to 

compensate for low catalytic activity, higher catalyst loading is required resulting in much 

thicker electrodes. Thicker electrodes suffer from increased transport resistances, so careful 

design of the electrode is required to further improve the performance of the non-PGM materials. 

This thesis aims to address this issue by providing insights on how to engineer the non-PGM 

electrode. The work was carried out in three stages. First, the optimal composition of the non-

PGM cathode was investigated using a single-phase, non-isothermal model. A comprehensive 

parametric study of catalyst loading, Nafion™ loading and thickness was carried out under 

realistic fuel cell operating conditions. This study revealed that the optimum catalyst loading was 

about 3.0 − 4.0 mg/cm2 whereas 70% Nafion™ was found to be the optimum. 
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In the second stage, due to lack of available tool to characterize the mass transport characteristics 

of thin porous materials, such as the catalyst layers, a novel method was developed which 

requires no gasket making it appealing to thin catalyst layers. The method was thoroughly 

validated with open air and some of the traditional porous media. In the final stage, the non-PGM 

catalyst layers were fabricated, and their structural properties were analyzed. Properties such as 

pore size distribution, specific surface area and porosity were determined as well as the tortuosity 

using the novel method developed herein. Generally, electrosprayed non-PGM catalyst layers 

showed vastly improved mass transport characteristics owing to high porosity as well as 

increased average pore size. An empirical tortuosity-porosity relationship was also derived for 

electrosprayed non-PGM catalysts which would be valuable in the future modeling studies.  
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Chapter 1 Introduction 

1.1. Motivation 

The ongoing issues with climate change have led the mankind to search for sustainable 

energy future. “Hydrogen Economy”, the term coined by John Bockris1, and H2@Scale, a 

concept expanded from hydrogen economy for wide-scale hydrogen production and utilization2, 

provide details on how this might be achieved (Figure 1-1). In the description of H2@Scale, 

electricity is produced by renewable means such as wind, solar and nuclear and stored in energy 

storage systems like batteries for later use. The electricity generated can be used to convert water 

into hydrogen and oxygen. Hydrogen then can be either directly used as a low carbon fuel for 

automotive vehicles, used in metal refining or ammonia production. Hydrogen can also be 

converted back to electricity, effectively creating a sustainable energy loop. 

 

Figure 1-1  “Hydrogen Economy” described by H2@Scale concept.2 
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Fuel cell (FC) technology is arguably the most important component of the hydrogen 

economy since it acts as a bridge between electricity (power) and hydrogen (fuel). The main 

advantage of the FC is that it produces electricity from hydrogen with only water and heat as by-

products, making it an environmentally benign energy technology, assuming the hydrogen is 

renewably generated. FC technology is particularly appealing in the transportation sector because 

it has the potential to replace its counterpart in the old “Carbon Economy”, the internal 

combustion engine. In fact, FC vehicles have already been commercialized by major automotive 

companies in various parts of the world. Unfortunately, FC vehicles are currently shadowed by 

its strong competitor, battery electric vehicles, in the market. However, FC still has advantages 

over batteries such as high-power output, fast fuel charge, long driving range and light weight. 

These advantages are ideal for heavy duty vehicles such as logistic trucks, buses and trains and 

together with the growing consensus on the transition into zero-emission fleets have 

synergistically brought the FC technology up to the top in the zero-emission commercial 

trucking market.3 

Although, FC technology has made great progress in the last decade and now at the stage of 

transitioning from R&D to commercialization, there are still ongoing efforts on increasing the 

performance of the FC while keeping the cost down. Reducing the cost has been a particularly 

important target for broad commercialization. The price of Toyota Mirai 2020 base model is 

58,550 USD while the price of other Toyota mid-sized sedans are from 24,000 to 28,000 USD.4 

Virtually all efforts to reduce these costs have been aimed at reducing the amount platinum (Pt) 

catalyst used, since it is the largest contributor to the high FC stack cost. Reducing the amount of 

Pt can essentially be accomplished in two ways: (1) use less Pt or (2) develop a Pt-free catalyst. 

The former approach can further be divided into two categories. The first category requires 
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compensating the lower Pt loading by increasing the accessibility and utilization of the active 

sites.5–7 Typical conventional catalyst layers (CLs) are composed of Pt supported on carbon and 

ionomer. The reaction can only occur at or near the so-called triple phase boundary where all 

three phases meet. The ionomer is generally present in the form of thin film around the catalyst 

which adds to the oxygen transport resistance and reduces the Pt effectiveness. This has been 

shown to be even more significant for low Pt loading, therefore, designing improved CL 

microstructure is important. The second approach is to develop alternative Pt-based 

electrocatalysts such as Pt-alloy8–11, core-shell12–19, shape controlled nanocrystals20–22 and 

nanoframes.23–25 Despite great success in decreasing the Pt loading by fabricating novel CL 

microstructure and developing highly active Pt-base electrocatalysts, Pt loading must still be 

further reduced for FC technology to be economically competitive.26 

The long-term and more economically viable strategy would be approach (2), to completely 

remove Pt. This has shown to be a promising alternative with the recent developments in non-

precious group metal (non-PGM), particularly Fe-N/C, catalysts. However, non-PGM electrodes 

are generally fabricated at higher catalyst loading to make up for lower catalytic activity27–29 and 

they inevitably become thick, usually 10 times thicker than the conventional Pt/C electrodes.30 

Thicker layers mean that the non-PGM CL suffer more from transport resistances of all species 

(gas, ions, and electrons) and careful engineering of the CL microstructure is even more 

important for non-PGM electrodes. 

Currently, most work on non-PGM focuses on developing increasingly more active non-

PGM catalysts that can match the performance of the Pt/C catalysts and less attention has been 

paid to the electrode structure. With the catalytic activity of non-PGM catalysts slowly 

approaching its target27,28,31, the time has come to start looking into better electrode architecture 
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and that is the broad focus of the present thesis. 

1.2. Outline of the Thesis 

This thesis aims to provide a strategy for producing rationally designed non-PGM catalyst 

layers. As part of this effort, a continuum-based modeling was implemented to search for an 

optimal structure of the non-PGM CLs. Then, a novel ex-situ characterization technique for 

measuring effective diffusivity in thin porous media has been developed, which was a missing 

tool for the analysis of CLs. Finally, non-PGM catalyst layers with a range of morphologies were 

fabricated via electrospraying apparatus built in-house and their transport and structural 

properties were extensively characterized experimentally. 

This thesis is organized into six chapters. Chapter 1 provides a general background on 

current energy problems and motivation of the work. Chapter 2 presents an overview of the fuel 

cell and mass transport occurring in the catalyst layer as well as the available characterization 

techniques for effective diffusivity in the catalyst layer. The physics and known applications of 

electrospraying in catalyst layer fabrication is also discussed. Chapter 3 presents implementation 

of a continuum-based model for optimizing the non-PGM CL structure. An open-source FEM-

based fuel cell simulation framework, OpenFCST, was used extensively in this work. Chapter 4 

presents the novel characterization technique developed for measuring effective diffusivity in 

thin porous materials. Chapter 5 focuses on manufacturing the non-PGM catalyst layers and 

characterizing their structures. Chapter 6 sums up the thesis by summarizing key results from the 

thesis and presents some recommendations for future work. 
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Chapter 2 Background and Literature Review 

2.1. Overview of Fuel Cell 

2.1.1. Fuel Cell Operation 

A fuel cell is a type of galvanic cell that produces electricity from flowing gases.  The most 

common is the hydrogen fuel cell, also known as the polymer electrolyte membrane fuel cell 

(PEMFC)1.  In a PEMFC the hydrogen oxidation reaction (HOR) and oxygen reduction reaction 

(ORR) occur as shown below.  

 

{
 
 

 
 

  HOR: H2 → 2H+ + 2𝑒− (Anode reaction)

  ORR:
1

2
O2 + 2H

+ + 2𝑒− → H2O (Cathode reaction)

  Overall: H2 +
1

2
O2 → H2O

 [2-1] 

It is analogous to the conventional combustion engine in a sense that a “fuel” is combusted 

(oxidized) to produce power, and the oxidant is air. In a combustion engine, a hydrocarbon is 

burned to produce heat and the heat is eventually converted to mechanical power whereas in fuel 

cell, hydrogen is burned to produce electrical power. 

 

1 The acronym PEM also sometimes means “proton exchange membrane”, which is another name for a polymer 

electrolyte membrane. 
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Figure 2-1  (a) Galvanic cell representation of PEMFC and a brief description of the transport processes occurring 

inside (b) Typical components of a gas diffusion electrode (GDE) and their images 

Figure 2-1(a) shows a galvanic cell representation of a PEMFC. Hydrogen and air 

(containing oxygen) are fed to the anode and the cathode, respectively and the gaseous reactants 

transport through a composite porous layer called gas diffusion electrode (GDE) until they 

finally arrive at the reaction site. A typical GDE is composed of three layers: gas diffusion layer 

(GDL), microporous layer (MPL) and catalyst layer (CL) as shown in Figure 2-1(b). GDL is a 

carbon fiber matrix responsible for reactant transport, electron transport, water removal and 

mechanical support. The MPL has a similar role to the GDL, but also works as an intermediate 

layer between GDL and CL. The CL, which will be discussed more in-depth later, is the heart of 

the PEMFC where all electrochemical reactions occur. Generally, CLs are composed of nano-

sized catalyst particles, ionomer and pore space, responsible for electron transfer, proton transfer 

and reactant transfer, respectively. As suggested by Eq. [2-1], the electrochemical reaction can 

only occur where reactants, electrons and protons meet. Engineering the structure to deliver all 

reactant species to these sites is the main challenge. 
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Once hydrogen arrives at the catalyst surface in the anode it is split into protons and 

electrons. Protons travel through the polymer electrolyte membrane (PEM), but because PEM is 

electrically insulating, electrons flow through the electrode to an external circuit to provide 

current. Protons and electrons finally meet at the reaction site in the cathode where they combine 

with oxygen to form water. 

2.1.2. Fuel Cell Performance 

The performance of a fuel cell can be represented by its current-voltage plot, also referred to 

as a polarization curve. When no current is drawn, the cell can theoretically output a maximum 

voltage stated by the Nernst equation (specifically for fuel cell reaction): 

 𝐸 = 𝐸0 +
Δ�̂�

𝑛𝐹
(𝑇 − 𝑇0) −

𝑅𝑇

𝑛𝐹
ln(

𝑎𝐻2𝑂

𝑎𝐻2𝑎𝑂2
1/2
) [2-2] 

where 𝐸0 = −Δ�̂�𝑟𝑥𝑛
0 /𝑛𝐹 is the reversible potential at the standard state, Δ�̂�𝑟𝑥𝑛

0  is the Gibbs free 

energy change at standard state, Δ�̂�  is the entropy change, 𝑛  is the number of electrons 

transferred in the reaction, 𝑅  is the gas constant, 𝑇  is the temperature, 𝑇0  is the standard 

temperature (25 ℃)  and 𝑎𝐻2𝑂 , 𝑎𝐻2  and 𝑎𝑂2  are thermodynamic activity of H2O , H2  and O2 , 

respectively. The first term on the right-hand side (RHS) is the theoretical voltage at standard 

conditions (25ºC, 1 atm), the second and the third terms are the temperature and pressure 

dependence of the theoretical voltage, respectively. Eq. [2-2] states, at standard state, the 

theoretical cell voltage would be about 1.23 V. At typical fuel cell operating conditions (i.e., 

80ºC, 2 atm for both H2  and air), the theoretical voltage would be approximately 1.20 V, 

assuming only liquid water is produced (𝑎𝐻2𝑂 = 1 and 𝑎𝐻2 , 𝑎𝑂2 = 𝑝𝐻2 , 𝑝𝑂2 ). 

When the current is drawn from the cell, several irreversible losses are incurred depending on 

how much current is drawn. As higher current is drawn from the cell, the irreversible losses are 
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more severe. There are three major types of irreversible losses (or overpotentials). They are 

activation losses (𝜂𝑎𝑐𝑡)  due to inefficiencies in the electrochemical reactions, ohmic losses 

(𝜂𝑜ℎ𝑚) due to resistances in proton and electron conduction and concentration losses (𝜂𝑐𝑜𝑛𝑐) due 

to limited reactant concentration at high current density. The actual cell voltage (𝑉𝑐𝑒𝑙𝑙) then is 

the maximum reversible voltage minus the voltage drops incurred by various losses. The shape 

of the polarization curves of overpotentials as well as the net polarization curve is illustrated in 

Figure 2-2. 

 𝑉𝑐𝑒𝑙𝑙 = 𝐸 − 𝜂𝑎𝑐𝑡 − 𝜂𝑜ℎ𝑚 − 𝜂𝑐𝑜𝑛𝑐 [2-3] 

As evident in Figure 2-2, the activation losses are most significant at lower current, whereas 

at intermediate and higher current, ohmic losses and concentration losses dominate, respectively. 

 

Figure 2-2  A summary of major losses in fuel cell performance. From left to right: theoretical reversible voltage, 

activation overpotential, ohmic overpotential, concentration overpotential and finally the net polarization curve 

The activation loss essentially comes from an activation energy needed to instigate the 

electrochemical reaction. The activation barrier is the result of a series of more fundamental 

reaction steps such as formation of intermediates and transfer, adsorption and desorption of 

reacting species. The relationship between the activation overpotential and the current production 

is usually given by the Butler-Volmer equation: 
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 𝑖 = 𝐴𝑣𝑖0
𝑟𝑒𝑓

(
𝑐𝑖

𝑐0
𝑟𝑒𝑓)

𝛾

[exp (
𝑛𝛼𝑎𝐹

𝑅𝑇
𝜂𝑎𝑐𝑡) − exp (−

𝑛𝛼𝑐𝐹

𝑅𝑇
𝜂𝑎𝑐𝑡)] [2-4] 

where 𝑖  is the volumetric current density, 𝑖0
𝑟𝑒𝑓

 is the exchange current density, 𝑐𝑖  is the 

concentration of reactant species at the reaction site, 𝑐0
𝑟𝑒𝑓

 is the reference concentration, 𝑛 is the 

number of electrons transferred in the reaction, 𝛾 is a reaction order, 𝛼 is the charge transfer 

coefficient, 𝑅, 𝑇 and 𝐹 are gas constant, temperature and Faraday’s constant, respectively. The 

subscripts 𝑎  and 𝑐  in the charge transfer coefficient denote anodic and cathodic reactions, 

respectively. 

Typically for sluggish ORR, Butler-Volmer is not necessary and simple Tafel kinetics is 

deemed sufficient: 

 𝑖 = 𝐴𝑣𝑖0
𝑟𝑒𝑓

(
𝑐𝑖

𝑐0
𝑟𝑒𝑓)

𝛾

exp (
𝑛𝛼𝐹

𝑅𝑇
𝜂𝑎𝑐𝑡) [2-5] 

There are more sophisticated reaction kinetic models such as dual-path kinetics32 for HOR 

and double-trap kinetics for ORR33,34 as well. 

Ohmic losses come from the resistance to proton transport through the electrolyte, electron 

conduction through the solid phase as well as the contact resistances at layer interfaces. 

Generally, since the carbon components have a vastly higher conductivity than the polymeric 

membrane materials, ohmic losses caused by electron transport are regarded as small compared 

to that of protons. Therefore, most work focuses on developing thinner and more conductive 

electrolyte in an effort to reduce ohmic losses by proton transport. Contact resistances can be 

improved by compressing the FC stack. The overall ohmic resistance can be obtained by 

imagining each source of resistance is in series: 
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 𝜂𝑜ℎ𝑚 = 𝑖 ⋅ (𝑅𝐻+ + 𝑅𝑒− + 𝑅𝑐𝑜𝑛𝑡𝑎𝑐𝑡) [2-6] 

The concentration losses are incurred by the kinetics as described by the Butler-Volmer 

equation. (Eq. [2-4]). Since, for concentration losses, the high current density region is the 

primary interest, the Butler-Volmer can be simplified to (Note: 𝑖 below is the current density per 

unit area rather than the volumetric current density): 

 𝑖 = 𝑖0
𝑟𝑒𝑓

(
𝑐𝑖

𝑐0
𝑟𝑒𝑓)

𝛾

exp (
𝑛𝛼𝐹

𝑅𝑇
𝜂𝑎𝑐𝑡) [2-7] 

 Or, written in terms of the activation losses (𝛾 is usually close to 1): 

 𝜂𝑎𝑐𝑡 =
𝑅𝑇

𝑛𝛼𝐹
ln (

𝑖𝑐0
𝑟𝑒𝑓

𝑖0
𝑟𝑒𝑓
𝑐𝑖
) [2-8] 

If the reactant concentration were to drop from a bulk concentration (𝑐𝑏) to some lower 

concentration (𝑐𝑠)  at the reaction site due to mass transport limitation, the concentration 

overpotential caused by the kinetics would be: 

 𝜂𝑐𝑜𝑛𝑐 =
𝑅𝑇

𝑛𝛼𝐹
ln
𝑖𝑐0
𝑟𝑒𝑓

𝑖0
𝑟𝑒𝑓
𝑐𝑠
−
𝑅𝑇

𝑛𝛼𝐹
ln
𝑖𝑐0
𝑟𝑒𝑓

𝑖0
𝑟𝑒𝑓
𝑐𝑏
=
𝑅𝑇

𝑛𝛼𝐹
ln
𝑐𝑏
𝑐𝑠

 [2-9] 

Another interesting case in evaluating the performance of the fuel cell is when the reactant 

concentration drops to zero at high current. This current is the maximum theoretical current 

density that a fuel cell can achieve, also known as the limiting current density (𝑖𝐿). 𝑖𝐿 can be 

determined from the Faraday’s law: 

 𝑖 = 𝑛𝐹𝑁𝑖  [2-10] 

where 𝑁𝑖 is the mass flux of the reactant. Typically, for fuel cell, the mass flux can be safely 

assumed to be purely diffusive meaning 𝑁𝑖 = −𝐷
𝑒𝑓𝑓(𝑐𝑏 − 𝑐𝑠)/𝛿 for porous electrodes with 𝛿 

thickness. Since at the limiting current, 𝑐𝑠 = 0, Eq. [2-10] becomes, after solving for 𝑖: 
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 𝑖 = 𝑖𝐿 = 𝑛𝐹𝐷
𝑒𝑓𝑓

𝑐𝑏
𝛿
  [2-11] 

2.2. Catalyst Layers 

CLs are porous structures generally composed of catalyst, ionomer and void space where 

multiple competing processes are occurring simultaneously. For instance, high loading of 

catalysts would increase the kinetics, but at the same time it would also increase all transport 

resistances since the resulting layer would be thicker. Another example is that packing more 

catalyst into a given volume would increase the kinetics and the electrical conductivity of the 

CL, but because there is less porosity, it would hurt the overall mass transport characteristics. In 

general, designing CL is a classic engineering trade-off where “you can’t win them all” and 

careful engineering is required to find the optimal structure. Figure 2-3 summarizes the transport 

challenges involved with catalyst layer design at multiple scales. 

 

Figure 2-3  Typical catalyst layer structure and transport challenges. Note, for conventional Pt/C catalyst, active site 

= platinum and catalyst body = carbon black. 

Historically, the catalyst layers were composed of unsupported Pt particles mixed with 

polytetrafluoroethylene (PTFE or Teflon®) which was hot pressed on to the membrane. The 
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state-of-the-art Pt loading at the time was around 4 mgPt/cm
2.35 The major breakthrough came 

when Srinivasan et al. demonstrated that by incorporating of proton conducting ionomer into the 

catalyst layer with carbon supported Pt (Pt/C) achieved a similar performance as the high loading 

CL (4 mgPt/cm
2) with less than a tenth of the Pt loading (0.35 mgPt/cm

2).35 This order-of-

magnitude reduction in Pt usage moved fuel cells to within economic viability. In the 30 years 

since this groundbreaking work, the composition of the CL has not changed much, and the CLs 

composed of Pt/C and ionomer have now become the new convention.  However, as mentioned 

in Chapter 1, Pt catalysts are scarcely available at limited locations and therefore expensive. 

Many efforts have been made to further reduce the amount of Pt required. Development of Pt 

alloy8–11, core-shell catalysts12–19 with Pt as the shell and shape-controlled highly active Pt 

catalysts20–25 are just few examples. However, aforementioned catalysts still use Pt and for FC 

technology to be economically viable, further reduction in Pt is required.26 Recent advances in 

non-Precious Group Metal (non-PGM) catalysts, which completely removes Pt from the fuel 

have shown some promising results27,36,31,28 and Ballard Power Systems Inc., a global leader in 

FC technology, has even announced the first commercialization of non-PGM FC stack as an 

emergency backup power in 2017.30 However, for more demanding applications such as 

automotive, further improvements in catalyst and catalyst layer designs are required. In the 

following subsections, some of the key advances in the performance of the non-PGM catalysts 

are highlighted. Also, since this thesis focuses primarily on producing CL with optimized 

transport, theoretical background on the transport processes occurring in CLs are discussed with 

a particular focus on the gas-phase diffusive mass transport. Available characterization 

techniques for the transport properties as well as their limitations are discussed. 
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2.2.1. Overview of Non-PGM Catalyst Layer Developments 

There are many classes of non-PGM catalysts, but carbon supported transition metal nitrogen 

(M-N/C) materials (where M can be Co, Fe, Ni, Mn, etc.) are one of the most promising types of 

non-PGM catalysts. In particular, Fe-N/C catalyst has been gaining much attention. This thesis 

focuses on Fe-N/C and the term “non-PGM” and “Fe-N/C” are used interchangeably. The focus 

of this thesis is to design non-PGM electrode, not to design novel non-PGM catalyst, therefore 

this subsection is not meant to be an exhaustive review of non-PGM catalysts, but an attempt to 

highlight the notable advances in development of the non-PGM catalyst with cell performances. 

M-N/C catalyst dates back to 1964 when Jasinski37 discovered that cobalt phthalocyanine has the 

ability to reduce oxygen. However, this experiment was carried out in an alkaline environment 

and it was found that, in acidic environment, cobalt phthalocyanine showed much lower activity 

and stability. The next breakthrough in non-PGM catalyst was made by Jahnke et al.38 where 

they discovered heat treatment of transition metal macrocycles with high surface area carbon 

booted up the catalytic activity as well as the stability in acidic environment. However, direct 

heat treatment of macrocycle compound was too expensive to compete with Pt-based catalysts. 

The breakthrough made by Gupta el al.39, where they synthesized a PGM-free ORR catalyst by 

heat treating a mixture of metal salts (i.e., Co(II) or Fe(II)), polyacrylonitrile (PAN) and high 

surface area carbon, gave researchers much more flexibility in designing the novel non-PGM 

catalysts.40,27,36,41,29 

Currently, the state-of-the-art Fe-N/C catalysts give performance comparable to conventional 

Pt/C catalyst layers (0.2 – 0.4 mgpt/cm
2 loading) tested under air at the loading around 2 – 4 

mgcat/cm
2  when tested under pure oxygen.42 As a reference, a comparison between Pt/C 

catalyst with 0.1 mgpt/cm
2 loading and non-PGM catalyst layers with 4 mgcat/cm

2 is shown  
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Figure 2-4  Comparison of performances between 0.1 mgpt/cm
2 loading Pt/C catalyst layer (black) and non-PGM 

catalyst layers at 4 mgcat/cm
2 loading with two different Nafion™ loadings – 35% (blue) and 50% (red). All tests 

performed under air.28 

From Figure 2-4, it is clear that current densities for both Pt/C and non-PGM catalyst layers 

are nearly the same in the kinetic region (i.e., 𝑉𝑐𝑒𝑙𝑙 > 0.8) under identical conditions suggesting 

that the activity of non-PGM catalyst is as high as that of Pt/C. The performance of non-PGM 

catalyst layers at higher current density is lower due to the required thickness of non-PGM 

catalyst layer to make it as active as Pt/C catalyst layers. In their seminal work, Proietti et al.27 

achieved a peak power density of 0.91 W/cm2  after careful optimization of the synthesis 

conditions for iron acetate/phenanthroline/zeolitic imidazolate framework (ZIF-8)-derived 

catalyst. Shui et al.31 also achieved a similar power density, i.e., around 0.9 W/cm2 , with 

carbon-fiber based Fe-N/CF catalyst prepared via electrospinning with Tri-1,10-phenanthroline 

iron(II) perchlorate (TPI) and ZIFs, a subgroup of metal-organic-framework (MOF). Cyanamide-

Polyaniline based Fe-N/C catalyst prepared by Chung et al.28 exhibited peak power density of 

around 0.94 W/cm2 . Deng et al.43 have prepared MOF-derived carbon catalyst doped with 
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single atom Fe. They were able to synthesize catalyst with high density Fe-site and high surface 

area by trapping ferrocene vapor, a volatile Fe compound, into ZIF-8. They reported polarization 

curves for various catalyst loadings from 0.5 to 5 mg/cm2 and 1 mg/cm2 catalyst layer showed 

the best performance with peak power density slightly less than 0.8 W/cm2 . The fact that 

optimum catalyst loading was low at 1 mg/cm2 showed that the catalyst had high active site 

density. Zhan et al.44 have prepared MOF-based highly dispersed non-PGM catalyst by ball-

milling a mixture of Fe-containing MOF (NH2-MIL-88B) and MOF-based carbon source (ZIF-8) 

with subsequent heat-treatments. After optimizing heat-treatments, the max peak power density 

of ~0.7 W/cm2  was obtained with catalyst loading of 4 mg/cm2 . Recently, Uddin et al.45 

reported a record high peak power density with 1.14 W/cm2 by optimizing the primary particle 

size of the MOF-derived Fe-N/C catalyst. The optimization of the primary particle size allowed 

improvement in the quality of the ionomer infiltration which enhanced the proton and reactant 

transport. All of the above tests, however, were done under pure oxygen to minimize the mass 

transport loss to make a direct comparison with Pt/C CLs. The peak power density under air is 

reported to be much lower, ranging from 0.2 to 0.6 W/cm2.41,29,46–50 This indicates that non-

PGM electrodes suffer severely from mass transport limitations due to the excessive thickness 

required to obtain a sufficient catalyst loading. Also, in real FC applications, using fully 

humidified O2 as the reactant is not practical as it is more expensive and dangerous than 

operating under air. Also, high relative humidity can cause increase in the production cost due to 

installation of additional equipment on-board vehicles such as vapor exchange units. For future 

adoption of non-PGM catalysts into the industry, more insights on air operation and transport 

behavior inside the non-PGM electrodes under practical operating condition are necessary. 
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2.2.2. Mass Transport in Fuel Cell Catalyst Layers 

This subsection deals with the general theory of mass transport in porous media in the 

context of catalyst layers. Also, some of the available experimental methods for characterizing 

mass transport properties in CLs are reviewed. 

The most generalized form of the driving force for mass transport is provided by Taylor and 

Krishna51: 

 

𝑑𝑖 =
1

𝑐𝑡𝑅𝑇
[𝑐𝑖∇𝑇,𝑃𝜇𝑖 + (𝑐𝑖�̅�𝑖 −𝜔𝑖)∇𝑝 − 𝜌𝑖 (�⃗�𝑖 −∑𝜔𝑗�⃗�𝑗

𝑛

𝑗=1

)

+ ∑ (
𝑥𝑖𝑥𝑗
𝐷𝑖,𝑗

)(
𝐷𝑖
𝑇

𝜌𝑖
−
𝐷𝑗
𝑇

𝜌𝑗
)∇ ln𝑇

𝑛

𝑗=1,𝑗≠𝑖

] 

[2-12] 

where 𝑑𝑖 is the driving force for the mass transport, 𝜇𝑖 is the chemical potential of species 𝑖, 𝜔𝑖 is 

the mass fraction, 𝑐𝑖  and 𝑐𝑡  are the concentrations of species 𝑖  and the total gas mixture, 

respectively, �̅�𝑖 is the partial molar volume, 𝑝 is the total pressure, 𝜌𝑖 is the density of species 𝑖, 

�⃗�  is the external force, 𝐷𝑖,𝑗  is the Maxwell-Stefan diffusion coefficient, 𝐷𝑇  is the thermal 

diffusion coefficient and 𝑥𝑖 (𝑜𝑟 𝑗)are mole fraction of species 𝑖 (or 𝑗). The various driving forces 

on the RHS represent chemical potential (composition) gradient, pressure gradient, external force 

such as electrical force and magnetic force, and finally thermal diffusion by temperature gradient. 

In typical fuel cell settings, the mass transport driven by the temperature gradient can be 

neglected because the temperature gradient is usually small and the fact that the temperature term 

is inside the logarithmic term makes the contribution of thermal diffusion even smaller. Also, the 

reactant species in fuel cells are electrically neutral, therefore the external force term is not 

necessary. Finally, the pressure gradient within the porous layers of fuel cells is generally 
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negligible since inert nitrogen is present to balance the pressure, leaving the concentration 

gradient as the primary driving force for reactants (H2, O2) as well as the product (water vapor) 

transport. Assuming ideal gas behavior, the driving force for mass transport simplifies to: 

 𝑑𝑖 = ∇𝑥𝑖 [2-13] 

 

Figure 2-5  Illustration of different species interaction mechanisms. (a) particle-particle (molecular) interaction (b) 

particle-wall (Knudsen) interaction 

In a mass transport system, this driving force is countered by the net frictional forces 

balancing out the overall system. In a sufficiently large open space, this frictional force mainly 

comes from particle-particle interactions as shown in Figure 2-5(a). The net drag frictional force 

(�⃗�𝑑,𝑖) is given by Krishna and Wesselingh52: 

 �⃗�𝑑,𝑖 = ∑
𝑥𝑖�⃗⃗⃗�𝑗 − 𝑥𝑗�⃗⃗⃗�𝑖
𝑐𝑡𝐷𝑖,𝑗

𝑛

𝑗=1,𝑗≠𝑖

 [2-14] 

where 𝑥 and �⃗⃗⃗� are mole fractions and molar fluxes of species 𝑖 and 𝑗. 
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Equating Eqs. [2-13] and [2-14] yields: 

 �⃗�𝑑,𝑖 = 𝑑𝑖 ⟹ ∑
𝑥𝑖�⃗⃗⃗�𝑗 − 𝑥𝑗�⃗⃗⃗�𝑖
𝑐𝑡𝐷𝑖,𝑗

𝑛

𝑗=1,𝑗≠𝑖

= ∇𝑥𝑖 [2-15] 

Eq. [2-15] is the well-known Maxwell-Stefan equation for multicomponent diffusion. For 

equimolar counter-diffusion (�⃗⃗⃗�𝑗 = −�⃗⃗⃗�𝑖) of binary mixtures (𝑥𝑗 = 1 − 𝑥𝑖), the Maxwell-Stefan 

equation simplifies to Fick’s law53: 

 ∇𝑥𝑖 = −
�⃗⃗⃗�𝑖
𝑐𝑡𝐷𝑖,𝑗

⟹ �⃗⃗⃗�𝑖 = −𝑐𝑡𝐷𝑖,𝑗∇𝑥𝑖 [2-16] 

In a special case of dilute mixtures (𝑥𝑖 ≪ 1 and 𝑥𝑗 ≈ 1), Eq. [2-15] also simplifies to Fick’s 

law. Technically speaking, the reactant mixture in the cathode side of the fuel cell is a 

multicomponent system consisting of N2, O2 and water vapor and Maxwell-Stefan equation is 

typically used. However, by making a simplifying assumption that the air is a dilute mixture 

consisting of mainly N2, Fick’s law can also be used for the reactant transport at the cathode. 

For mass transport in a confined space such as within the pores of a porous material, the 

mean free path (𝜆) of the gas species is much longer than the diffusion path and the frictional 

force is mainly governed by the particle-wall interactions rather than particle-particle interactions 

as illustrated in Figure 2-5(b). This is known as the Knudsen friction and it is given as54: 

 �⃗�𝑤,𝑖 = −
�⃗⃗⃗�𝑖

𝑐𝑡𝐷𝑖,𝑘
 [2-17] 

where �⃗�𝑤,𝑖 refers to Knudsen friction and 𝐷𝑖,𝑘 is the Knudsen diffusion coefficient. 

To maximize the kinetics, catalysts in fuel cells are inevitably nano-sized particles and as a 

result the catalyst layers contain pores in a nanometer range. To determine which mass transport 

regime the catalyst layers falls under, the Knudsen number (Kn) can be estimated using the order 
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of magnitude analysis: 

 Kn =
𝜆

𝑑𝑝𝑜𝑟𝑒
 [2-18] 

where 𝑑𝑝𝑜𝑟𝑒 is the average pore diameter of the catalyst layer and the mean free path of gas 

species (𝜆) is defined as: 

 𝜆 =
𝑘𝐵𝑇

√2𝑝𝜋𝑑𝑔2
 [2-19] 

where 𝑘𝐵 is the Boltzmann constant and 𝑑𝑔 is the effective molecular diameter of the gas species. 

For fuel cell cathodes, 𝑇 ~ 102 [K] , 𝑝 ~ 105 [Pa] . Also, 𝑘𝐵 ~ 10
−23 [m2 ⋅ kg/(s2 ⋅ K)] , 

𝜋 ~ 10  and 𝑑𝑔 ~ 10
−10 [m]  for oxygen. The order of magnitude of 𝜆  is around 10−8 [m] . 

𝑑𝑝𝑜𝑟𝑒 ~ 10
−7 [m]  is a good estimate for catalyst layers, yielding a Knudsen number of 

approximately, Kn ≈ 0.1 . The order of magnitude for the parameters are intentionally 

underestimated and Kn for catalyst layers will typically be greater than 0.1. For Kn between 0.1 

and 10, both particle-particle and particle-wall interactions govern the mass transport. 

Combining Eqs. [2-13], [2-14] and [2-17]: 

 �⃗�𝑑,𝑖 + �⃗�𝑤,𝑖 = 𝑑𝑖 ⟹ ∑
𝑥𝑖�⃗⃗⃗�𝑗 − 𝑥𝑗�⃗⃗⃗�𝑖
𝑐𝑡𝐷𝑖,𝑗

𝑛

𝑗=1,𝑗≠𝑖

−
�⃗⃗⃗�𝑖

𝑐𝑡𝐷𝑖,𝑘
= ∇𝑥𝑖 [2-20] 

Again, making the simplifying assumption of air being a dilute mixture, Eq. [2-20] becomes: 

 −
�⃗⃗⃗�𝑖
𝑐𝑡𝐷𝑖,𝑗

−
�⃗⃗⃗�𝑖

𝑐𝑡𝐷𝑖,𝑘
= ∇𝑥𝑖 [2-21] 

Or, solving for �⃗⃗⃗�𝑖: 

 �⃗⃗⃗�𝑖 = −𝑐𝑡 (
1

𝐷𝑖,𝑗
+

1

𝐷𝑖,𝑘
)∇𝑥𝑖 [2-22] 

Eq. [2-22] can be put into a form similar to Fick’s law by defining the bulk diffusivity (𝐷𝑖) 
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as: 

 
1

𝐷𝑖
=

1

𝐷𝑖,𝑗
+

1

𝐷𝑖,𝑘
 [2-23] 

Eq. [2-23] is known as the Bosanquet approximation which combines both molecular and 

Knudsen diffusivity in a simple way and this approximation has been used extensively in catalyst 

layer modeling.55,50,56–59 

There is also a third type of frictional force caused by the bulk movement of the molecules 

known as the viscous friction force. A boundary layer formed near the wall will reduce the net 

driving force and the viscous friction force is typically derived from the Darcy’s law.60 There are 

more sophisticated models combining all three mechanisms such as Binary Friction Model61,62, 

Modified Binary Friction Model63 and controversial Dusty-Gas Model.54 However, these models 

are considered overly complicated for species transport in fuel cells. As it was mentioned before, 

because the primary mechanism for mass transport in catalyst layers is diffusion, Eq. [2-22] is 

the most widely used.  

In open space, the molecular (𝐷𝑖,𝑗)  and Knudsen (𝐷𝑖,𝑘)  diffusion coefficients can be 

obtained using available correlations. For the molecular diffusivity, the Chapman-Enskog 

equation is commonly used: 

 𝐷𝑖,𝑗 =
0.00186 ⋅ 𝑇3/2

𝑃 ⋅ 𝜎𝑖𝑗
2 ⋅ Ω

(
1

𝑀𝑖
+
1

𝑀𝑗
)

1/2

 [2-24] 

where 𝐷𝑖𝑗  is the binary diffusion coefficient of species 𝑖  and 𝑗  measured in cm2/s , 𝑇  is the 

temperature in Kelvin, 𝑃  is the pressure in atmospheres, and 𝑀𝑖  and 𝑀𝑗  are the molecular 

weights of species 𝑖 and 𝑗, respectively. 𝜎𝑖𝑗 and Ω are Lennard-Jones potential parameters from 

the Chapman-Enskog theory where the values for various species are given elsewhere.64 
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For the Knudsen diffusivity, the following equation is available54:  

 𝐷𝑖,𝑘 =
𝑑𝑝𝑜𝑟𝑒
3

√
8𝑅𝑇

𝜋𝑀𝑖
 [2-25] 

where 𝑅 is the gas constant, and 𝑑𝑝𝑜𝑟𝑒 is the average pore diameter calculated from the capillary 

pressure curve data as the volume-averaged pore diameter57: 

 𝑑𝑝𝑜𝑟𝑒 =
1

𝑉𝑇
∑𝑉𝑖𝑑𝑖
𝑖

 [2-26] 

where 𝑉𝑇 is the total pore volume, 𝑉𝑖  is the pore volume at the 𝑖th intrusion step and 𝑑𝑖  is the 

corresponding pore diameter. 

However, in porous materials such as catalyst layers, the mass flux is reduced by the 

presence of solid matrix and the tortuous diffusion pathway. Classically, these two effects have 

been accounted for by defining the effective diffusivity (𝐷𝑒𝑓𝑓) of the porous material: 

 𝐷𝑖
𝑒𝑓𝑓

=
휀

𝜏
𝐷𝑖 [2-27] 

where 휀 and 𝜏 are porosity and tortuosity of a porous medium, respectively. 

 

Figure 2-6  Tortuous diffusion pathway adds resistance to transport of a gas molecule 

Tortuosity is generally thought to be a function of porosity. In general, tortuosity gets higher 



 

 

22 

with lower porosity. There are several correlations to describe tortuosity or effective diffusivity 

as a function of porosity. The first correlation is the Bruggeman correlation which is as follows: 

 𝜏 = 휀−0.5 ⟹𝐷𝑖
𝑒𝑓𝑓
/𝐷𝑖 = 휀

1.5 [2-28] 

The popularity of the Bruggeman equation presumably comes from its simplicity. In a recent 

study by Kim et al.65 have shown that when Bruggeman’s assumptions are satisfied (i.e., random, 

isotropic media with spherical particles), it predicts the effective diffusivity well. However, in 

most engineering cases, particles are not spherically shaped, limiting the usage of the Bruggeman 

correlation. This has been quickly realized by the fuel cell community66–70 and alternative 

correlations are now more commonly used. Some works have used Archie’s law which is a more 

generalized form of the Bruggeman correlation.71,72 Archie’s law uses the exponent in Eq. [2-28] 

as a fitting parameter, i.e., 𝑚 in 𝐷𝑖
𝑒𝑓𝑓
/𝐷𝑖 = 휀

𝑚. Another commonly used correlation is based on 

the percolation concept which states that the transport process cannot occur below a certain 

threshold: 

 𝐷𝑒𝑓𝑓 = (
휀 − 휀𝑝
1 − 휀𝑝

)

𝛼

𝐻(휀 − 휀𝑝) [2-29] 

where 휀 is the porosity, 휀𝑝 is the percolation threshold and 𝛼 is the percolation network constant 

usually fitted to experimental data, 𝐻(휀 − 휀𝑝) is a Heaviside function to let 𝐷𝑒𝑓𝑓  go to zero 

below the percolation threshold. The percolation equation is typically used to estimate the 

effective properties of the fuel cell components made of granular materials (i.e., MPLs and 

CLs).73,74 

From Fick’s law, it can be inferred that higher 𝐷𝑒𝑓𝑓  would result in higher reactant flux to 

the reaction site therefore improving the performance of the fuel cell. It can be also said that, to 

rationally design the catalyst layer, it is crucial to be able to characterize the effective diffusion 
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coefficient. However, probing the transport properties of thin, porous structure poses some 

challenge due to geometric constraints. 

Nonetheless, there has been many efforts to characterize the effective diffusivity 

experimentally. Especially, there has been great progress on the gas diffusion layers. Kramer et 

al.66 have developed a sophisticated approach called electrochemical diffusimetry to measure the 

through-plane and in-plane effective diffusivity using an electrochemical impedance 

spectroscopy (EIS) technique. In their study, GDLs were fully saturated with liquid electrolyte 

and the conductivity of the electrolyte was measured. The contribution from GDL and electrolyte 

were separated by impedance spectroscopy. In their subsequent study, Flückiger et al.67 have 

applied electrochemical diffusimetry to investigate the anisotropy in various commercial GDLs. 

They found that Eq. [2-28] was inadequate for describing the diffusion coefficient in GDLs and 

the Bruggeman correlation substantially overpredicted the effective diffusivity. Baker et al.75 

developed a simple method to measure the effective diffusivity in GDLs by applying a gradient 

in water vapor on one side of the GDL. A water reservoir was placed on one side of the GDL and 

desiccant on the other side. They then measured the humidity to determine the vapor 

concentration gradient and weighed the desiccant to determine water flux. LaManna et al.68 have 

developed a Wicke-Kallenbach type cell where GDL was placed between two channels and 

humidified gas was flowed in one channel and dry gas was flowed in the other channel. The 

method was tested with GDLs with various PTFE treatment. The obtained tortuosity ranged from 

about 2 to 6, depending on the amount of PTFE in GDL. Mangal et al.76 have also developed a 

Wicke-Kallenbach type diffusion cell. They have developed the method so that simultaneous 

analysis of convection and diffusion was possible. Also, they used gas species for their analysis 

instead of water vapor. The diffusibility (𝐷𝑖
𝑒𝑓𝑓
/𝐷𝑖) of GDLs ranged from 0.248 − 0.086 cm2/𝑠 
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which is in good agreement with other reported data. Zamel et al.77,78 have developed a modified 

Loschmidt cell where GDL samples were placed between two compartment. One compartment 

was filled with nitrogen gas whereas the other compartment was filled with air. The GDL sample 

was placed between two compartments and oxygen was allowed to diffuse through GDL. The 

transient response of the oxygen concentration was measured and fitted to the analytical solution 

to obtain the effective diffusion coefficient. In their work, they found that all available 

correlations significantly overpredicted the diffusibility by 2 – 3 times. Rashapov et al.69,70 

developed a technique to measure the in-plane component of the effective diffusivity, which has 

relevance to the  distribution of reactants under the ribs of the flow field. In their study, GDLs 

were clamped between two metal plates with metal spacers placed between the metal plates to 

control the level of compression. One pair of edges were sealed with putty and the other edges 

were left open for diffusion. They initially filled the sample with nitrogen gas and at the start of 

the experiment, the nitrogen flow was stopped, allowing oxygen gas to diffuse into the GDL 

microstructure. The transient response of the oxygen concentration was measured either at the 

center of the sample or at the end of the sample. The transient concentration profile was fitted 

with an analytical solution to obtain the effective diffusion coefficient at different compression. 

They made an attempt to fit the obtained diffusivity data to Tomadakis-Sotirchos correlation by 

fixing 휀𝑝 = 0.11 and only adjusting 𝛼. For Toray samples, 𝛼 was found to be approximately 2.5. 

This method was subsequently used by Tranter et al.79 to study the relative effective diffusivity 

in partially saturated GDLs. 

There is less reported work on the effective diffusivity of MPLs and CLs due to the fact that 

they are not self-supporting making the experiments more challenging. Also, because their 

average pore sizes are in the nanometer range59,80, some of the methods developed for GDL 
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would not work. For example, if the methods developed by Baker et al.75 and LaManna et al.68 

were to be applied to MPLs and CLs, water vapor would condense into the nano-pores due to 

Kelvin effect and therefore the mass flux obtained from the experiment would be misleading. 

Also, most commercial MPLs come sprayed on to GDLs making in-plane measurement 

impossible. For the through-plane measurement, the GDL and MPL contributions need to be 

separated. For catalyst layer, there is additional issue with their extreme thinness (< 10 um) 

where sealing the edges can get extremely difficult. Nonetheless, there have been some efforts on 

measuring the effective diffusivity of MPLs and CLs. Chan et al.81 have used the modified 

Loschmidt cell developed by Zamel et al.77,78 to determine the effective diffusivity of the MPLs. 

They first measure the overall effective diffusivity of the GDL coated with MPL. Then, they 

used resistors-in-series analogy to separate out the MPL contribution. They found the effective 

diffusivity of the MPL was about 7 times lower than the GDLs. Pant et al.62 and Carrigy et al.82 

have used the same type of diffusion cell as Mangal et al.76 to investigate the mass transport 

characteristics in microporous layers. Although, they were successful in obtaining the Knudsen 

contribution of the effective diffusivity, the molecular contribution was not reported. Shen et al.83 

used the modified Loschmidt cell to investigate the effect of CL thickness on the effective 

diffusivity. There were no apparent differences between the obtained diffusion coefficients at 

different thicknesses. They found that the effective diffusivity of CLs was about an order of 

magnitude lower than that of GDLs’. The modified Loschmidt cell was also used in other 

studies84,85 to investigate the effect of catalyst layer composition on the effective diffusivity. Yu 

et al.86 have developed a unique technique to directly measure the in-plane component of the 

effective diffusivity of CLs. CL samples were prepared on ETFE substrate and the samples were 

clamped between a plate with flow field and a blank plate. Air was flowed in the two outer 
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channels and nitrogen gas was passed through the middle channel allowing oxygen to diffuse 

into the CL microstructure in in-plane direction. They measured the concentration of oxygen at 

the nitrogen outlet and calculated the effective diffusivity of different ionomer to carbon (I/C) 

ratio samples at various relative humidity (RH) based on Fick’s first law. They found that at I/C 

= 0.5, decrease in the effective diffusivity was more significant at high RH whereas for I/C = 1.0 

and 1.5, the decrease was insignificant. 

Due to difficulty in experimental measurements of the effective diffusivity of CLs, there has 

also been some computational efforts to estimate the effective diffusivity of CLs. In the work of 

Inoue et al.87, they have reconstructed CL microstructure from FIB-SEM slices and used random 

walk to determine the tortuosity of the catalyst layer. Their result was validated against 

experimental data where they measured the effective diffusivity of CL with diffusion cell similar 

to the one developed by Pant et al.62. Both computed and experimentally measured values were 

in good agreement. They found that the Archie’s law exponent (i.e., 𝑚 in 𝐷𝑖
𝑒𝑓𝑓
/𝐷𝑖 = 휀

𝑚) was 6 

with Knudsen effect and 4 without Knudsen effect. In a recent study by Babu et al.50, they have 

used the nano-computed tomography to obtain various structural and transport properties of the 

non-PGM catalyst layers including the effective diffusion coefficient and the tortuosity. The 

Archie’s law exponent ranged from 2.16 to 2.29 depending on the Nafion™ loading and the 

tortuosity ranged from 2.44 to 2.75. 

2.3. Electrospraying 

2.3.1. Physics of Electrospraying 

The electrospraying (ES) technique is gaining popularity in preparing nanoparticles and thin 

films.88 The electrospraying phenomena was first observed in 1917 by Zeleny when he 
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photographed liquid droplet disintegrating at the tip of capillary tube at high potential. This 

phenomena was theoretically examined by Taylor89 and the cone observed at the tip of the 

capillary needle became known as the Taylor cone. Cloupeau et al.90 have extensively examined 

different modes in the electrospraying process experimentally. According to Cloupeau et al. there 

are three major modes in electrospraying process: 1) dripping mode where the large liquid 

droplet at the capillary tip is accelerated toward the substrate, but the potential is not high enough 

to disintegrate the large droplet. 2) Cone-jet mode where the liquid droplet at the capillary tip is 

elongated to form the Taylor cone followed by a single jet of liquid. This jet further breaks down 

into finer droplets until they hit the substrate. 3) Multi-jet mode where multiple jets are observed 

at the same time, usually at very high potential. In most cases, cone-jet mode is desirable because 

it is most predictable. 

There are several forces acting on the Taylor cone as depicted in Figure 2-7.  

 

Figure 2-7  Several forces acting on liquid jet at cone-jet mode 
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From Figure 2-7, several parameters that has effect on the outcome of electrospraying 

deposition can be determined. Surface tension and viscosity are the characteristics of the liquid 

ink used in the process. Polarization stress and electric field are controlled by how much 

potential is applied between the capillary needle and the substrate. The conductivity of the liquid 

ink will also influence these properties. Another important operating parameter is the velocity of 

the jet which is determined by how fast the liquid is fed into the capillary needle. All these 

processing parameters expected to play part in determining the unique structure of the deposited 

nano-particle layer. 

Figure 2-8 illustrates the mechanism of electrospraying deposition. When high potential is 

applied between the conductive capillary tip and the substrate, the liquid droplet is extended to 

form Taylor cone. The Taylor cone is further elongated to form a single stream of jet and initial 

droplets are detached from the jet. As initial droplets move toward the substrate, the solvent 

evaporates reducing the size of the droplet. At one point, the charges become compact within a 

single droplet and the repulsive force between the charges overcome the surface tension of the 

droplet. The critical limit is known as the Rayleigh limit and once the Rayleigh limit is reached, 

the droplet disintegrates into finer droplets. This process is repeated until they hit the substrate. 

 

 

Figure 2-8  Electrospraying mechanism (assuming positive potential at the needle tip). 



 

 

29 

2.3.2. Application in Fuel Cell Catalyst Layers 

Even though electrospraying allows for highly porous structure with simple adjustments to 

the processing parameters, it has never been used in fabricating non-PGM catalyst layers. The 

use of electrospraying in fabricating PEMFC catalyst layers was first demonstrated by Barturina 

et al.91 with the conventional Pt/C catalyst. They deposited Pt/C catalyst on a membrane using 

the electrospraying technique and the polarization curve was measured to demonstrate that the 

electrospraying technique is suitable for fabricating the catalyst layer for fuel cell. No further 

analysis was performed. Benitez et al.92 subsequently investigated the effect of deposition 

method on the performance. They fabricated Pt/C CL with four different techniques: 

impregnation, air spray, electrospray and commercial E-TEK CL. The CL fabricated by 

electrospraying technique outperformed all the other CLs and this was attributed to improved 

catalytic distribution with electrospraying technique. Chaparro et al.93 have investigated the 

effect of solvent on the morphology of the electrosprayed CL. The solvent used in the study were 

isopropanol (IPA) and a mixture of butylacetate, ethanol and glycerol (BEG). Electrosprayed 

layers prepared with BEG showed a high mass specific area which was attributed to the low 

volatility of the solvent. In their subsequent study, Chaparro et al.94 optimized the ionomer 

content and catalyst loading of the electrosprayed catalyst layer. An optimum Nafion™ loading 

was found to be at 15% which is much lower than that typically observed for catalyst layer 

prepared by standard methods such as air brush/spray. This was attributed to the improved 

ionomer coverage on the catalyst surface. Chaparro et al.95 have published another work on 

electrosprayed CL, including characterization of the structural properties of the electrosprayed 

layers. They performed mercury porosimetry on the air brushed and electrosprayed CLs and 

found that the pore volume of the primary pores increased for the air brushed CLs whereas the 
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pore volume decreased for the electrosprayed layers with respect to the catalyst powder. This 

was attributed to the fact that with electrospraying technique, the agglomerates can be 

disintegrated into a single aggregate allowing more homogeneous coverage of Nafion™ film. 

Martin et al.96 have used the electrospraying technique to prepare ultra-low Pt loading catalyst 

layers. The catalyst loading ranged from 0.1 mgPt/cm
2  down to 0.0125 mgPt/cm

2 . They 

observed that each catalyst loading had different optimum Nafion™ loading. For 0.1 mgPt/cm
2, 

30% Nafion™ was found to be the optimum whereas higher Nafion™ was required for lower 

loadings. The performance of the electrosprayed CLs were compared to the CL prepared by 

impregnation method with 1.0 mgPt/cm
2  catalyst loading. Although, the CL prepared by 

impregnation outperformed the electrosprayed CLs, the Pt utilization was found to be 

substantially higher for the electrosprayed layer. In their subsequent study, Martin et al.97 have 

investigate the effect of Nafon™ loading with ultra-low Pt loaded catalyst layer prepared by 

electrospraying technique. No apparent difference in the performance was observed between 30 

– 50%, but sharp decrease in the performance was observed at Nafion™ loading higher than 

50%. A high Pt utilization was again observed with the optimum Nafion™ loading. Chaparro et 

al.98 have used the electrospraying technique to deposited Pt/C catalyst directly on the Nafion™ 

membrane. Different morphology was observed for the catalyst layer electrosprayed directly on 

the membrane with globular morphology whereas dendritic morphology was observed when 

electrosprayed on to GDL. The CL deposited on the membrane performed better than the one 

deposited on GDL due to better adherence. Takahashi et al.99 have performed an optimization of 

various electrospraying conditions, i.e., needle-collector distance, the applied voltage and the 

nozzle diameter. The optimized electrosprayed CL showed improved ionomer coverage, 

increased electrochemically available surface area (ECSA) and more porous structure. Conde et 
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al.100 have investigated transport properties of the electrosprayed CLs using mass-transport-

resistance measurements. The results revealed that the electrosprayed CLs showed low mass 

transport resistance compared to the conventional layers. 

Based on the literature review, it can be summarized that the electrospraying technique 

improves the mass transport resistance by creating more porous structures as well as improves 

the ionomer coverage by disintegrating the catalyst agglomerate into aggregates. These 

characteristics of the electrospraying technique make electrospraying technique a prime target 

for fabricating non-PGM catalyst layers to compensate for resistances incurred by long transport 

paths. 
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Chapter 3 Numerical Simulation of PEMFC Performance 

to Determine Optimal Composition for Non-PGM 

Catalyst Layers 

3.1. Preface 

In this chapter, the optimal composition of non-PGM electrodes in terms of membrane 

electrode assembly (MEA) performance was investigated using a continuum-based model. A 

comprehensive parametric sweep over a wide range of catalyst loading and Nafion™ loading 

was performed. 

3.2. Abstract 

In the present study, the effect of catalyst layer composition on the performance of non-

Precious Metal Group (non-PGM) cathode was investigated using a single-phase, non-isothermal 

continuum model under practical conditions (70% RH and air). The simulations were analyzed 

and compared at cell voltages 0.76 V and 0.60 V. 0.76 V is the rated voltage set by the United 

States Department of Energy (US DOE) whereas 0.60 V is the typically operating cell voltage in 

the automotive industry. Two cases were considered. For the first case, volumetric catalyst 

loading was held constant so that high loading corresponded to thicker layers. In this case, the 

optimum catalyst loading was found to be between 3.0 mg/cm2 and 4.0 mg/cm2.The optimum 

Nafion™ loading was found to be 70% which is higher than the reported values observed 

experimentally. This was attributed to the fact that most literature uses oxygen with 100% 

relative humidity (RH). At 100% RH, although proton conductivity is maximized, the porous 

layers are prone to water flooding, requiring more porosity than ionomer for better liquid water 
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transport. In the second case study, the thickness was allowed to vary at a fixed catalyst loading. 

Generally, thinner catalyst layers performed better at a fixed loading as expected due to the 

shorter transport lengths. The required amount of Nafion™ for optimal performance was 

somewhat reduced compared to the first case due to thinner electrode, ranging from 50 – 60%. 

There existed optimum porosity and ionomer volume fraction for each operating cell voltage. At 

0.76 V, 20% porosity and 45% ionomer volume fraction were found to be optimal whereas at 

0.60 V, 30% porosity and 35% ionomer volume fraction was the optimal pair. The modeling 

results suggest that a catalyst loading of 4.0 mg/cm2 and Nafion™ loading of 55% with the 

thickness of 50 𝜇m will perform the best at the rated voltage set by the US DOE (i.e., 0.76 V), 

but slightly less Nafion™ loading (i.e., 50%) is better for practical operation at 0.60 V. 

3.3. Introduction 

Polymer electrolyte membrane fuel cells (PEMFCs) are slowly emerging into the market but 

lowering the high cost remains as the last piece of the puzzle for further market penetration. A 

promising option to reduce cost is to completely remove expensive Precious Group Metal (PGM) 

catalysts. Recently, Fe-N/C catalysts, one type of PGM-free catalysts, have shown promising 

results and a great number of Fe-N/C catalysts comparable to conventional Pt/C catalyst have 

been developed27–29,31,41,49,101,102. However, more work is required to further improve the 

performance of the non-PGM cathode. 

To improve the performance of the non-PGM cathodes, essentially two approaches can be 

taken: (1) to improve the active site density of the catalyst and/or (2) to minimize the transport 

losses in the non-PGM electrodes to make up for the low catalytic activity. Approach (1) 

involves increasing the Fe-site density on the catalyst surface and a recent modeling study by 

Babu et al.103 suggests that the active site density needs to be increased by 40 times or more for 
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the non-PGM catalysts to meet the target proposed by the US Department of Energy (DOE). 

However, according to a study by Jaouen et al.104, increasing the active site density above a 

certain limit would be quite challenging meaning the Fe-site density will remain as-is for a while. 

This leaves approach (2) which requires a thorough understanding of transport phenomena in the 

catalyst layer, and a careful optimization of the competing processes occurring in different 

phases present in the microstructure. With the state-of-the-art non-PGM catalysts approaching 

the performance of Pt/C catalyst, it is imperative to start investigating the relationship between 

the structure of the non-PGM cathode and the fuel cell performance for further improvement in 

the performance. 

At the moment, there is a very limited number of published works on electrode architecture 

with respect to non-PGM catalyst. Most work has focused on increasing the catalytic activity of 

the non-PGM catalyst.27,31,101,29,41,102 The reported peak power density ranges from about 0.5 −

1.4 W/cm2 under O2 and 0.2 − 0.6 W/cm2 for air.  These studies either optimized the catalyst 

synthesis process or developed a novel method to synthesize high surface area, high active site 

density catalysts. 

Some works have looked into finding optimal Nafion™ loading or optimizing the integration 

of Nafion™ in the catalyst. Artyushkova et al.105 made an effort to determine the optimal 

Nafion™ loading by fabricating non-PGM cathode with 4 different Nafion™ loadings (33, 50, 

67 and 75%). The catalyst loading was fixed at 4 mg/cm2  and the optimal Nafion™ was 

determined to be at 50% when operated under O2. Stariha et al.47 made a similar attempt with 

three different Nafion™ loadings (25, 35 and 45%), but with various carbon additives 

incorporated in the catalyst ink to improve the electrical conductivity, and found that the optimal 

performance was achieve with 35% Nafion™ loading with no carbon additive. The catalyst 
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loading was fixed at 4 mg/cm2 . Chung et al.28 synthesized non-PGM catalyst using two N 

precursors (cyanamide and polyaniline) which resulted in a hierarchical porous structure. They 

performed fuel cell tests under O2 and air at catalyst loading of 4 mg/cm2 and at three different 

Nafion™ loadings (35, 50, 60%). The max peak power densities were 0.94 W/cm2 and 0.39 W/

cm2 for O2 and air, respectively, with 35% Nafion™ loading. Recently, Uddin et al.45 fabricated 

a high power density non-PGM cathode by optimizing the ionomer integration into the catalyst 

and achieved 1.14 W/cm2 and 0.61 W/cm2 with O2 and air, respectively. 

To the best of authors’ knowledge, only Banham et al.42 looked into the effect of different 

catalyst loading. They fabricated non-PGM cathodes at catalyst loadings 1, 2.5 and 4 mg/cm2 

and tested them under both O2 and air. When tested under air, the lowest kinetic overpotential 

was achieved at 4 mg/cm2 and the highest at 1 mg/cm2 as expected. No distinct difference in 

mass transport loss was observed between 1  and 2 mg/cm2 , but 4 mg/cm2  cathode showed 

significant mass transport loss compared to the other two samples. When tested under O2, a 

substantial performance increase was observed with 4 mg/cm2, but only a mild increase with 1 

and 2 mgcat/cm
2  samples, showing that 4 mg/cm2  sample suffers the most from the mass 

transport loss. They also varied the Nafion™ content (35% and 40%) at 4 mg/cm2 loading to 

investigate whether less Nafion™ would improve the mass transport properties and indeed they 

observed improved mass transport and achieved 0.75 W/cm2 and 0.57 W/cm2 with O2 and air, 

respectively. Overall, this study highlights the importance of rational catalyst layer design, but it 

also suggests that more comprehensive parametric study is required. 

Although useful insights can be gleaned from the above-mentioned works, almost all testing 

was done with fully humidified oxygen gas presumably to minimize the ionic and mass transport 

resistance and to focus on the kinetics of the non-PGM. However, such condition is not practical 
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because stack de-humidifiers incur additional cost, over-humidification creates other issues at the 

stack level such as channel flooding, and supplying pure oxygen is simply not feasible. In the 

present work, to investigate the optimal non-PGM electrode composition for conditions of 

practical relevance, a parametric study over a wide range of design variables (catalyst 

loading/thickness and Nafion™ loading) was carried out using a single-phase, non-isothermal 

model under a realistic fuel cell operating condition, for instance 70% RH inlet gas. The use of a 

single-phase model was justified because all practical fuel cell operation regimes avoid 

formation of liquid water, and the single-phase modeling is more theoretically sound. 

3.4. Model Description 

 

Figure 3-1  Schematic of the model domain and relevant species transport (a) 3D isometric view (b) 2D cross-

sectional view 

The membrane electrode assembly (MEA) was modeled as a simplified cross-the-channel 

two-dimensional geometry. Each electrode consists of a gas diffusion layer (GDL), a 

microporous layer (MPL) and a catalyst layer (CL). Figure 3-1 provides a description of the 
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computational domain and the transport phenomena modeled in the domain. In the GDLs were 

modeled as anisotropic fibrous network whereas other porous layers (MPLs & CLs) were 

assumed to be isotropic. Channels and ribs were treated as boundary conditions and their 

dimensions are provided in Table 3-1. 

Table 3-1  Fuel cell operating conditions and geometric dimensions 

Parameters Value 

Operating Conditions  

Cell temperature [K] 353 

Cathode pressure [kPa] 150 

Cathode RH [%] 70 

Anode Pressure [kPa] 150 

Anode RH [%] 70 

Cell geometry  

Channel width [cm] 0.1 

Rib width [cm] 0.1 

 

3.4.1. Assumptions 

The single-phase, non-isothermal model developed by Bhaiya et al.106 was used in this work. 

The model is based on the following assumptions: 

1. The fuel cell is operated at steady-state and the pressure gradient through the porous 

layers is neglected. 

2. Both anode and cathode catalyst layers are assumed to be homogeneous mixture of 

catalyst particles, ionomer and void space. 

3. Gas flux is entirely diffusive and gas mixtures are assumed to be dilute mixtures (Fick’s 

Law). Gas species behave ideally. 

4. Liquid water transport is neglected. 

5. Due to large interfacial area and low specific heat capacity of the gas, the gas and solid 

phases are assumed to be in local thermal equilibrium throughout all porous layers in the 
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MEA.106 

6. Tafel kinetics is assumed for the ORR and the dual-pathway kinetics model32,107 is used 

for HOR. 

3.4.2. Governing equations 

The transport of oxygen and water vapor were modeled with Fick’s law for all porous layers. 

The transport of electrons and protons were described by Ohm’s law for all porous layers in the 

MEA and electrolyte phase (i.e., CLs and PEM), respectively. The transport of sorbed water was 

solved in CLs and the PEM. The electro-osmotic effect, back diffusion and thermo-osmotic 

effects were considered for sorbed water transport. The thermal transport was solved in all MEA 

components. In thermal transport, it was assumed that conduction and diffusion were the 

dominant transport mechanisms and convection contribution was assumed to be relatively 

small.106 It was also assumed that the thermo-diffusion effect (also known as Dufour effect), heat 

generation due to viscous dissipation were negligible. The modeled domain for each solved 

parameter is presented in Table 3-2 and the governing equations are summarized in Table 3-3. 

 

Table 3-2  Solution domain 

Variable 
aGDL & 

aMPL 
ACL PEM CCL 

cGDL & 

cMPL 

𝑥𝑂2      

𝑥𝐻2𝑂(𝑣)      

𝜙𝑚      
𝜙𝑠      
𝜆      
𝑇      
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Table 3-3  Governing Equations and solved parameters 

Solved  

parameter 
Governing Equation  

𝑥𝑂2 −∇ ⋅ (𝑐𝑡𝐷𝑂2
𝑒𝑓𝑓
∇𝑥𝑂2) = 𝑆𝑂2 

[3-1] 

𝑥𝐻2𝑂(𝑣) −∇ ⋅ (𝑐𝑡𝐷𝐻2𝑂
𝑒𝑓𝑓
∇𝑥𝐻2𝑂) = 𝑆𝐻2𝑂(𝑣) 

[3-2] 

𝜙𝐻+  −∇ ⋅ (𝜎𝑚
𝑒𝑓𝑓
∇𝜙𝑚) = 𝑆𝐻+ 

[3-3] 

𝜙𝑒− ∇ ⋅ (𝜎𝑠
𝑒𝑓𝑓
∇𝜙𝑠) = 𝑆𝑒− 

[3-4] 

𝜆 −∇ ⋅ (𝑛𝑑
𝜎𝑚
𝑒𝑓𝑓

𝐹
∇𝜙𝑚 +

𝜌𝑑𝑟𝑦
𝐸𝑊

𝐷𝜆
𝑒𝑓𝑓
∇𝜆 +

𝐷𝑇
𝑒𝑓𝑓

𝑀𝐻2𝑂
∇𝑇) = 𝑆𝜆 

[3-5] 

𝑇 −∇ ⋅ (𝑘𝑒𝑓𝑓∇𝑇) + ∑ �⃗⃗⃗�𝑗 ⋅ ∇�̅�𝑗
𝑖=𝑔𝑎𝑠,𝜆

 = 𝑆𝑇 
[3-6] 

 

The source terms accounted for the current generated due to electrochemical reactions at both 

catalyst layers. Sorbed water movement between the electrolyte and the void phases by 

evaporation were coupled by 𝑆𝜆. In 𝑆𝜆, 𝑘𝑡 represents a time constant and is set to 10000 s−1 to 

ensure a strong coupling between the membrane and the CL.74,106  The thermal source, 𝑆𝑇 

consisted of various sources of heat including reversible and irreversible heat generation due to 

half-cell reactions, vaporization of water, ohmic heating and water sorption phenomena. The 

source terms are summarized in Table 3-4. Contact resistances between the layers were 

neglected. 
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Table 3-4  Source terms and modeled domain 

Source 

terms 
GDL & MPL ACL CCL PEM 

𝑆𝑂2 0 0 −𝑖/4𝐹 0 

𝑆𝐻2𝑂(𝑣) 0 −𝑆𝜆 𝑖/2𝐹 − 𝑆𝜆  0 

𝑆𝐻+ 0 𝑖 −𝑖 0 

𝑆𝑒− 0 𝑖 −𝑖 0 

𝑆𝜆 0 𝑘𝑡(𝜌𝑑𝑟𝑦/𝐸𝑊)(𝜆𝑒𝑞 − 𝜆) 𝑘𝑡(𝜌𝑑𝑟𝑦/𝐸𝑊)(𝜆𝑒𝑞 − 𝜆) 0 

𝑆𝑇  𝑆𝑜ℎ𝑚 𝑆𝑖𝑟𝑟 + 𝑆𝑟𝑒𝑣 + 𝑆𝑜ℎ𝑚 + 𝑆𝑣𝑎𝑝 + 𝑆𝑠𝑜𝑟𝑝  𝑆𝑖𝑟𝑟 + 𝑆𝑟𝑒𝑣 + 𝑆𝑜ℎ𝑚 + 𝑆𝑣𝑎𝑝 + 𝑆𝑠𝑜𝑟𝑝  𝑆𝑜ℎ𝑚 

𝑆𝑖𝑟𝑟  0 𝑖𝜂 −𝑖𝜂 0 

𝑆𝑟𝑒𝑣 0 (𝑖/2𝐹)[−𝑇(1 − 𝑓𝑂𝑅𝑅)Δ𝑆�̅�𝑣𝑒𝑟𝑎𝑙𝑙] (𝑖/2𝐹)(−𝑇𝑓𝑂𝑅𝑅Δ�̅�𝑜𝑣𝑒𝑟𝑎𝑙𝑙) 0 

𝑆𝑜ℎ𝑚 𝜎𝑠
𝑒𝑓𝑓(∇𝜙𝑠 ⋅ ∇𝜙𝑠) 𝜎𝑠

𝑒𝑓𝑓(∇𝜙𝑠 ⋅ ∇𝜙𝑠) + 𝜎𝑚
𝑒𝑓𝑓(∇𝜙𝑚 ⋅ ∇𝜙𝑚) 𝜎𝑠

𝑒𝑓𝑓(∇𝜙𝑠 ⋅ ∇𝜙𝑠) + 𝜎𝑚
𝑒𝑓𝑓(∇𝜙𝑚 ⋅ ∇𝜙𝑚) 𝜎𝑚

𝑒𝑓𝑓(∇𝜙𝑚 ⋅ ∇𝜙𝑚) 

𝑆𝑣𝑎𝑝 0 0 −(𝑖/2𝐹)�̅�𝑙𝑣 0 

𝑆𝑠𝑜𝑟𝑝  0 𝑆𝜆�̅�𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑆𝜆�̅�𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 0 

 

The volumetric current density in the ACL was determined by the dual-path kinetics model 

proposed by Wang et al.32,107 For the ORR at CCL, a simple Tafel kinetics was used: 

 𝑖 = 𝐴𝑣𝑖0
𝑟𝑒𝑓 (

𝑐𝑂2
𝑛𝑎𝑓

𝑐𝑂2
𝑟𝑒𝑓
)

𝛾

exp (
𝑛𝛼𝐹

𝑅𝑇
𝜂) [3-7] 

where 𝛾  is the reaction order which is typically assumed to be 1, 𝛼  is the charge transfer 

coefficient, 𝐹 is the Faraday constant, 𝑅 is the universal gas constant, 𝑇 is the temperature, 𝜂 is 

the overpotential defined as (𝜙𝑠 − 𝜙𝑚 − 𝐸). The theoretical cell voltage, 𝐸, was calculated using 

the Nernst equation. 𝑐𝑂2
𝑛𝑎𝑓

 represents the concentration of oxygen dissolved in thin Nafion™ film 

at the active site and is given by: 

 𝑐𝑂2
𝑛𝑎𝑓

= 𝑐𝑡𝑥𝑂2/𝐻𝑂2 ,𝑁 [3-8] 

The dimensionless Henry’s law constant, 𝐻𝑂2 ,𝑁 is obtained by: 
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 𝐻𝑂2 ,𝑁 =
�̂�𝑂2 ,𝑁
𝑅𝑇

 [3-9] 

�̂�𝑂2,𝑁 is taken to be 3.52611 × 104 Pa ⋅ m3/mol.108 

The volumetric specific active surface area of the catalyst layer, 𝐴𝑣 , was calculated by 

assuming the entire catalyst surface was available for reaction: 

 𝐴𝑣 = 𝐴0 ⋅ 𝑉𝐹𝑒𝑁𝐶 = 𝐴0
𝑚𝐹𝑒𝑁𝐶

𝛿
 [3-10] 

where 𝐴0 is the specific surface area of the catalyst, 𝑉𝐹𝑒𝑁𝐶  is the catalyst loading per unit volume 

of the electrode, 𝑚𝐹𝑒𝑁𝐶  is the catalyst loading per unit area of the electrode and 𝛿 is the thickness 

of the catalyst layer. 𝐴0 was measured by the gas sorption experiment (Quantachrome Gemini 

VII, US) using the BET equation. 𝐴0 was measured to be 640 m𝐹𝑒𝑁𝐶
2 /g𝐹𝑒𝑁𝐶 . 

3.4.3. Boundary conditions and model parameters 

Table 3-5  Boundary conditions 

Variable AGDL-Ch AGDL-Rib CGDL-Ch CGDL-Rib 

𝑥𝑂2  no flux no flux 𝑥𝑂2 = 𝑥𝑂2,𝑐
∘  no flux 

𝑥𝐻2𝑂(𝑣) 𝑥𝐻2𝑂(𝑣) = 𝑥𝐻2𝑂(𝑣),𝑎
∘  no flux 𝑥𝐻2𝑂(𝑣) = 𝑥𝐻2𝑂(𝑣),𝑐

∘  no flux 

𝜙𝑚 no flux no flux no flux no flux 

𝜙𝑠 no flux 𝜙𝑠 = 0 no flux 𝜙𝑠 = 𝑉𝑐𝑒𝑙𝑙 

𝜆 no flux no flux no flux no flux 

𝑇 𝐧 ⋅ (𝑘𝑒𝑓𝑓∇𝑇) = 0 𝑇 = 𝑇𝑐𝑒𝑙𝑙  𝐧 ⋅ (𝑘𝑒𝑓𝑓∇𝑇) = 0 𝑇 = 𝑇𝑐𝑒𝑙𝑙  

 

The boundary conditions are summarized in Table 3-5. No flux (symmetry) boundary 

conditions were applied at the top and bottom domain. 𝑥𝑂2
∘ , 𝑥𝐻2𝑂(𝑣)

∘ , 𝑇𝑐𝑒𝑙𝑙  and 𝑉𝑐𝑒𝑙𝑙  are the mole 

fraction of oxygen, mole fraction of water vapor, cell temperature and cell voltage which are 

determined based on the operating conditions. 
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The input parameters used in the current study are presented in Appendix from Table A-1 to 

Table A-4. All parameters were either measured or obtained from the literature except for the 

kinetic parameters for the ORR which is unknown given the novel nature of the non-PGM 

catalysts understudy. The reference exchange current density, 𝑖0
𝑟𝑒𝑓

 was adapted from the work of 

Parasarathy et al.109 and the charge transfer coefficient, 𝛼 was assumed to be 0.6. 

3.4.4. Parametric study 

Two cases were considered for the parametric study. For the first case, it was assumed that 

the thickness of the catalyst layer increased linearly with the catalyst loading. This physically 

corresponds to adding material layer by layer with each layer having the same thickness. In other 

words, the volumetric catalyst loading, 𝑉𝐹𝑒𝑁𝐶  in Eq. [3-10], and consequently 𝐴𝑣 , were kept 

constant, as the thickness of the catalyst layer varied. Workman et al.29,41 reported that the non-

PGM catalyst layer fabricated with 3.0 mg/cm2 catalyst loading and 45% Nafion™ loading had 

the thickness of 75𝜇m . To be consistent with the reported value, 𝑉𝐹𝑒𝑁𝐶 = 3.0 mg ⋅ cm
−2/

0.0075 cm = 400 mgFeNC/cm𝐶𝐿
3  was chosen. The catalyst loading, 𝑚𝐹𝑒𝑁𝐶  was calculated based 

on the thickness of the catalyst layer yielding the behavior shown in Figure 3-2. 
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Figure 3-2  Case 1: constant 𝑉𝐹𝑒𝑁𝐶  – linear increase in the catalyst loading with the increasing thickness 

For the second case, it was assumed that the thickness can be varied at the same catalyst 

loading (𝑚𝐹𝑒𝑁𝐶) and Nafion™ loading. This physically corresponds to creating more compact 

structure with fixed amount of catalyst and Nafion™. The second case study was performed 

since it is often of interest to see which combination of phase fractions (i.e., solid, ionomer and 

void) output the best performance. For this stage of the parametric study, at the given catalyst 

loading, both thicknesses and the ionomer loading were varied. 
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Figure 3-3  Case 2: variable 𝑉𝐹𝑒𝑁𝐶  – exponentially increasing catalyst loading per unit volume with decreasing 

thickness at the same catalyst loading per unit area 

The physical and transport properties for GDLs, MPLs, PEM and ACL were kept constant 

for all simulations since the cathode catalyst layer was the primary interest in the current study. 

The RH was set to 70% rather than the often used 100% RH in the literature. The cell voltage of 

0.6 V was used which is of a practical interest in transport applications. The DOE has specified 

target power density at a rated voltage. At 80°C, the rated voltage corresponds to 0.76 V110 

therefore, simulations were also run at 0.76 V. The inlet pressure for both anode and cathode 

were fixed at 150 kPa as suggested by the DOE.110 The operating conditions are summarized in 

Table 3-1. 

3.5. Results and Discussion 

3.5.1. Case Study 1: Constant 𝑽𝑭𝒆𝑵𝑪 

For the first case study, a parametric study was performed with thickness ranging from 10 to 

200 𝜇m with an increment of 10 𝜇m. This corresponds to 0.40 to 6.0 mg/cm2  with constant 
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volumetric catalyst loading, 𝑉𝐹𝑒𝑁𝐶  assumption made in the present study. The Nafion™ loading 

was varied from 10% to 80% with 5% increments. 

3.5.1.1. Operation at 0.76 V 

 

Figure 3-4  Power density at various catalyst and Nafion™ loadings at 𝑉𝑐𝑒𝑙𝑙 = 0.76 V (a) 2-D visualization (b) 

effect of Nafion™ loading on the performance (c) effect of catalyst loading on the performance 

Figure 3-4(a) shows a two-dimensional representation of the power density at corresponding 

catalyst loading and Nafion™ loading. From Figure 3-4(a), it is evident that the performance 

generally increases with higher catalyst loading as well as higher Nafion™ loading. This is likely 

due to the fact that, at 0.76 V, the performance is controlled by the kinetics and proton 

conductivity and less by mass transport. Therefore, higher catalyst and Nafion™ loading led to 

better performance. The power density was plotted against the Nafion™ loading at various 

catalyst loadings in Figure 3-4(b). It can be seen that the performance improves with increasing 

Nafion™ loading until the maximum performance at 𝑦𝑁 = 0.75 for all catalyst loadings. Then, 

the performance sharply decreases at 𝑦𝑁 = 0.80 because mass transport resistance started to 

dominate. In Figure 3-4(c), the power density was plotted against the catalyst loading at various 
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Nafion™ loadings. The performance of the non-PGM cathode increased with the increasing 

catalyst loading. From Figure 3-4(c), the rate of performance increase starts to decay at higher 

loading, hinting that there exists a maximum catalyst loading at 0.76 V; though no optimal 

loading was found within the studied range. This result is somewhat in line with the experimental 

work carried out by Banham et al.42 where increased current density was observed by increasing 

the catalyst loading up to 4.0 mg/cm2  at 0.76 V. However, direct comparison with the 

experimental work by Banham et al. is difficult since the maximum catalyst loading used in their 

study was 4.0 mg/cm2. Also, the differences in kinetic overpotential between 2.5 mg/cm2 and 

4.0 mg/cm2 layers were minimal, which indicates that increasing the catalyst loading further 

may not necessarily cause a decrease in the kinetic overpotential. The possible explanation is the 

difference in the relative humidity in the reactant gas used in each work. In the work of Banham 

et al. 100% RH was used whereas in the present modeling work, 70% RH was used. This is 

actually a crucial difference since with 100% RH, water flooding becomes more severe. At 100% 

RH, as soon as electrochemical reaction takes place, water will start to condense into the pore 

space since the reactant gas is already fully saturated with water and the mass transport 

resistance will definitely be incurred earlier than the cell ran with 70% RH. This is also shown in 

the work of Banham et al. where 4.0 mg/cm2 sample performs slightly better up to 0.75 V, but 

when 𝑉𝑐𝑒𝑙𝑙 < 0.75 V, 2.5 mg/cm2 sample starts to perform better. 
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3.5.1.2. Operation at 0.60 V 

 

Figure 3-5  Power density at various catalyst and Nafion™ loadings at 𝑉𝑐𝑒𝑙𝑙 = 0.60 V (a) 2-D visualization (b) 

effect of Nafion™ loading on the performance (c) effect of catalyst loading on the performance 

Figure 3-5(a) shows the two-dimensional visualization of the power density at 0.60 V with 

respect to the catalyst and Nafion™ loadings. From the simulation results, the optimum power 

density was obtained at catalyst loading of about 4.0 mg/cm2 and the Nafion™ loading of about 

70%. Although, the optimum catalyst loading agreed with most published works, the optimum 

Nafion™ loading was significantly higher. For the conventional Pt/C electrodes, Antolini et al.111 

presented an empirical equation to find the optimal Nafion™ loading for Pt/C electrodes and 

according to the empirical equation presented by Antolini et al., the optimal Nafion™ loading 

was always 36%, irrespective of the catalyst loading. Experimental work by Passalacqua et al.112 

suggested that an optimum Nafion™ loading existed at 33% and the work done by Qi et al.113 

suggested 30%. A single optimal Nafion™ loading is seemingly true according to Figure 3-5(b) 

where the power density is plotted against the Nafion™ loading. In Figure 3-5(b), the power 

density peaks at 70% Nafion™ for all catalyst loadings and experiences a sharp decrease 
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afterwards due to loss in the porosity for the reactants to transport through. For non-PGM 

catalyst layers, Artyushkova et al.105 found that 50% Nafion™ loading was the optimum at the 

catalyst loading of 4 mg/cm2 after testing four different Nafion™ loadings: 33, 50, 67 and 75%. 

Stariha et al. conducted a similar study with 25, 35 and 45% Nafion™, but the optimal Nafion™ 

was found to be much lower at 35%. At 45% Nafion™, the performance was significantly 

reduced at 0.60 V due to increased mass transport resistance. Chung et al.28 also tested their non-

PGM catalyst at three different Nafion™ loadings (35, 50 and 60%) and according to the 

reported polarization curves, 50% Nafion™ performed the best at 0.60 V whereas 60% Nafion™ 

loading performed worse than 35%. Banham et al.42 tested non-PGM electrodes with two 

different Nafion™ loadings and 35% Nafion™ loading was found to be the optimal due to better 

mass transport. Uddin et al.45 found that 44% (I/C = 0.8) was the optimal Nafion™ for their 

catalyst. Although, unlike Pt/C catalyst, the optimal Nafion™ loading varied a lot between 

literature (i.e., from 35% to 50%), the simulation results still show higher Nafion™ loading than 

any other reported optimum Nafion™ loading for non-PGM catalysts. A possible explanation for 

the higher Nafion™ loading in the present study is again the lower relative humidity. As stated 

earlier, most non-PGM CLs are tested at 100% RH to maximize the proton conductivity. 

However, operating at 100% RH would flood the electrode, significantly limiting the 

performance at higher current density. This is especially important given the hydrophilic nature 

of the non-PGM catalysts.103,114 At 70% RH, flooding is less likely to occur except for possibly 

in the micropores within the agglomerate particles due to reduced vapor pressure caused by 

Kelvin effect. The main passageway for the reactants, i.e., inter-agglomerate secondary pores, 

should still be relatively clear of liquid water. However, as a result of lower RH, the proton 

conductivity becomes lower and therefore requiring a higher Nafion™ loading to make up for 
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the lower proton conductivity by increasing the electrochemically active surface area. Although, 

increased Nafion™ content could also increase the thickness of the Nafion™ film around the 

agglomerates, because 0.60 V is generally not regarded as the mass transport limited region, 

increased film thickness would have a small effect on the concentration overpotential. This was 

experimentally shown in the work of Uddin et al.45 where they tested non-PGM MEAs under 60 

and 100% RH. Initially at lower current density, the MEA tested under 100% RH showed lower 

overpotential due to improved kinetics and increased proton conductivity. However, at higher 

current density, the voltage of the MEA tested under 100% RH started to drop quickly and the 

MEA started to perform better with 60% RH. 

The effect of catalyst loading/thickness was also investigated. Figure 3-5(c) shows the power 

density plotted against the catalyst loading. Interestingly, no significant improvement was 

observed with the catalyst loading above about 3.0 mg/cm2 for all Nafion™ loadings, except for 

the case with 75 and 80% Nafion™ loading. For 75% Nafion™ loading, the performance 

increased until about 2.5 mg/cm2 , but further increase in the catalyst loading decreased the 

performance due to added resistance by the thickness. For 80% Nafion™, the performance 

actually increased with decreasing catalyst loading. This is because, at 80% Nafion™ loading, 

due to the loss of pore space, the performance is mass transport limited meaning the performance 

is dominated by the thickness of the CL rather than the kinetics (amount of catalyst). For all 

other Nafion™ loadings, there existed an optimum catalyst loading, although insignificant at 

loading higher 3.0 mg/cm2. 
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Figure 3-6  Polarization curves at various ink compositions: (a) Catalyst loading fixed at 4.0 mg/cm2. Nafion™ 

loading varied from 0.20 to 0.75 (b) Catalyst loading varied from 3.0 to 5.0 mg/cm2. Nafion™ loading fixed at 

0.70. The dashed lines represent where the maximum relative humidity is > 100% 

Figure 3-6(a) shows the polarization curves for catalyst loading fixed at 4.0 mg/cm2 and at 

four different Nafion™ loadings (20, 45, 70 and 75%). 4.0 mg/cm2 was chosen because it was 

found to be the optimal catalyst loading. At low Nafion™ loading (20%), there was an initial 

sharp decrease in the overpotential. This is most likely due to low electrolyte potential caused by 

low proton conductivity (i.e., 𝜂 = 𝜙𝑠 −𝜙𝑚 − 𝐸). The performance improves at 0.76 V and 0.60 

V with increasing Nafion™ loading until 70%. However, with 70% Nafion™ loading, the 

performance was more severely influenced by the mass transport at high current density due to 

low porosity. With 75% Nafion™, the performance started to decrease at 0.60 V, but it still 

outperformed 20 and 45% Nafion™ loaded cathodes in the kinetic region. 

In Figure 3-6(b), Nafion™ loading was fixed at 70% which was found to be the optimum 

Nafion™ loading. The polarization curves for three different catalyst loadings were simulated 

(3.0, 4.0 and 5.0 mg/cm2). At 0.76 V, higher current density was obtained with higher catalyst 

loading, but the improvement was minimal. As it was shown in Figure 3-5(c), a negligible 
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performance gain was observed from depositing catalyst higher than 3.0 mg/cm2 at the kinetic 

regime. In practical terms, increasing the catalyst loading higher than 3.0 mg/cm2 would just 

increase the material cost as well as the transport resistance as observed in Figure 3-6(b) with a 

minimal improvement in the performance. 

In summary when constant volumetric catalyst loading was assumed, regardless of the areal 

catalyst loading, the optimum Nafion™ loading was obtained at 70%. Although, the optimal 

point was obtained at 𝑚𝐹𝑒𝑁𝐶 = 4.0 mg ⋅ cm
−2  and 𝑦𝑁 = 0.70, increasing the catalyst loading 

above 3.0 mg ⋅ cm−2  showed only a negligible performance increase. The obtained optimum 

Nafion™ loading was higher than the ones reported in the literature. This was attributed to the 

fact that lower RH (70%) was used in the present study whereas all the other studies used 100% 

RH, therefore requiring higher Nafion™ loading to make up for ohmic losses. 

3.5.2. Case Study 2: Variable 𝑽𝑭𝒆𝑵𝑪 

In the second case study, an attempt was made to find the optimal phase compositions (i.e., 

void, ionomer and solid) while also incorporating the fact that the catalyst structure can be varied 

by adding pore former etc. To achieve this, thicknesses were varied at a fixed catalyst loading 

(𝑚𝐹𝑒𝑁𝐶) which effectively changes the phase fractions as well as the volumetric catalyst loading 

(𝑉𝐹𝑒𝑁𝐶) as described in Figure 3-3. Controlling the structure of the electrode at fixed catalyst 

loading can be achieved in many ways, for instance by adding a pore former in the catalyst ink to 

form more porous CL structure while reducing the electrode thickness. Or, a secondary 

processing step can be added such as pre-compressing the cathode catalyst layer sprayed on to 

the polymer electrolyte membrane if deemed necessary. At each catalyst loading, the thickness 

was varied from 10 to 200 𝜇m with 10 𝜇m increment. The Nafion™ loading was varied from 20 

to 80% with an increment of 5%. 
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3.5.2.1. Operation at 0.76 V 

 

Figure 3-7  2-D visualization of power density with respect to the CL thickness and Nafion™ loading at fixed 

catalyst loading per unit volume at 0.76 V. Black pixels at low thickness region represents the area where the 

porosity drops below 0. 

Figure 3-7 shows the power density plot with respect to catalyst and Nafion™ loading at 0.76 

V. At all catalyst loading, the thinner electrode showed higher power density which is fully 

expected since it was found that, at 0.76 V, the performance was mostly dominated by the 

kinetics. The thinner electrode would mean more active catalyst in a given volume which 

improves the kinetics. Also, improved transport characteristics caused by the thickness reduction 

further improves the performance. However, at each thickness, there existed an optimum 

Nafion™ loading, which is again generally toward higher Nafion™ loading, beyond which 
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increases in the Nafion™ loading had detrimental effect on the performance. Unlike case study 

1, different catalyst loadings had different optimum Nafion™ loading, although the observed 

differences were small, with the exception of catalyst loading of 1.0 mg/cm2. Generally, the 

optimum Nafion™ loading ranged from 55 to 60% which is closer to what is reported 

throughout the literature. Table 3-6 summarizes the optimum thickness and Nafion™ loading at 

each catalyst loading and Figure 3-8 shows the maximum power density achieved at each 

catalyst loading. 

Table 3-6  Optimum thickness and Nafion™ loading at each catalyst loading (0.76 V) 

Catalyst 

Loading 
Thickness 

Nafion™ 

Loading 
휀𝑠 휀𝑛 휀𝑣 

Power Density 

@ 0.76 V 

[mg/cm2] [𝜇m] [−] [−] [−] [−] [W/cm2] 
1.0 10 0.40 0.430 0.333 0.237 0.06138 

2.0 30 0.60 0.287 0.500 0.213 0.10480 

3.0 40 0.55 0.322 0.458 0.219 0.13535 

4.0 50 0.55 0.344 0.489 0.167 0.15542 

5.0 75 0.60 0.287 0.500 0.213 0.17155 

 

 

Figure 3-8  Maximum power density at each catalyst loading (0.76 V) 
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As it was seen with the first case study, no optimum catalyst loading was found within the 

studied range. Higher catalyst loading resulted in higher power density. 

3.5.2.2. Operation at 0.60 V 

 

Figure 3-9  2-D visualization of power density with respect to the CL thickness and Nafion™ loading at fixed 

catalyst loading per unit volume at 0.60 V. Black pixels at low thickness region represents the area where the 

porosity drops below 0. 

Figure 3-9 shows the power density plot with respect to catalyst and Nafion™ loading at 0.60 

V. A similar trend compared to 0.76 V operation was observed. This is also expected since 

thinner electrodes improve both kinetics and transport characteristics until they become so thin 

that there is not enough porosity for gas phase transport. Table 3-7 summarizes the optimum 

thickness and Nafion™ loading at each catalyst loading and Figure 3-10 shows the maximum 
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power density achieved at each catalyst loading. 

Table 3-7  Optimum thickness and Nafion™ loading at each catalyst loading (0.60 V) 

Catalyst 

Loading 
Thickness 

Nafion™ 

Loading 
휀𝑠 휀𝑛 휀𝑣 

Power Density 

@ 0.76 V 

[mg/cm2] [𝜇m] [−] [−] [−] [−] [W/cm2] 
1.0 10 0.40 0.430 0.333 0.237 0.41440 

2.0 20 0.40 0.430 0.333 0.237 0.50860 

3.0 40 0.50 0.322 0.375 0.303 0.54420 

4.0 50 0.50 0.344 0.400 0.256 0.55448 

5.0 75 0.55 0.287 0.333 0.380 0.55468 

 

 

Figure 3-10  Maximum power density at each catalyst loading (0.60 V) 

At 0.60 V, the maximum achievable power density started to decay from 3.0 mg/cm2. The 

increase in the power density from 3.0 mg/cm2  to 4.0 mg/cm2  was less than 2% after 

optimization of the thickness and Nafion™ loading. This agrees with the findings of the first 

case study where only a minimal performance improvement was observed by adding catalyst 

beyond 3.0 mg/cm2. 

To further investigate the structure-performance relationship, the power density with respect 
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to porosity and Nafion™ volume fraction is plotted in Figure 3-11 where Figure 3-11(a) is the 

power density scatter plot at 0.76 V and Figure 3-11(b) is the power density scatter plot at 0.60 V. 

 

Figure 3-11  Scatter plot of power density with respect to porosity and ionomer volume fraction (a) at 0.76 V and 

(b) at 0.60 V. 

 From Figure 3-11, it can be visually observed that there exists an optimum phase 

composition, indicated by the clusters of white-colored markers. As expected, at either extreme 

(i.e., either high Nafion™ volume fraction or high porosity), the power densities appear to be the 

lowest with dark circles. Also, generally speaking, the power densities were low at high porosity 

region which is expected since both 0.76 V and 0.60 V are not in the mass transport regime. The 

key difference between 0.76 V and 0.60 V is in the optimum phase composition. For 0.76 V, the 

optimum combination is approximately 20% porosity and 45% ionomer phase fraction whereas 

for 0.60 V, the optimum combination is around 30% porosity and 35% ionomer volume fraction. 

As the regime is transitioning from the kinetic to the ohmic by changing the cell voltage from 

0.76 V to 0.60 V, the optimum phase composition shifted. Slightly higher porosity and lower 

ionomer volume fraction was favored at 0.60 V to compensate for lower reactant concentration 

due to due to the impact of mass transfer resistance in the pore. For further clarification, power 
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density was plotted against porosity and ionomer volume fraction at 0.76 V (Figure 3-12(a, b)) 

and at 0.60 V (Figure 3-12(c, d)). From Figure 3-12, it is evident that the porosity at which the 

max power density occurs shifts toward the higher porosity from 0.76 V to 0.60 V whereas for 

the ionomer volume fraction it is the other way around. Note that the optimum porosity and 

Nafion™ volume fraction were wide plateaus rather than sharp peaks. At 0.76 V, the plateaus 

were at 15 – 25% and 30 – 60% for porosity and Nafion™, respectively. At 0.60 V, the plateaus 

were at 25 – 35% and 30 – 50% for porosity and Nafion™, respectively. 

 

Figure 3-12  Power densities plotted against (a) porosity at 0.76 V, (b) Nafion™ volume fraction at 0.76 V (c) 

porosity at 0.60 V and (d) Nafion™ volume fraction at 0.60 V. Dashed lines were placed near the maximum power 

density for each plot. 
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3.6. Conclusion 

In the present study, the effect of catalyst layer composition on the performance of the non-

PGM cathode catalyst layer was investigated using a single-phase, non-isothermal model under 

practical operating condition of 70% RH, 150 kPa and 0.76 V or 0.60 V. 0.76 V is the target set 

out by the US Department of Energy whereas 0.60 V is the typical operating voltage in the 

automotive application. Parametric studies were performed by adjusting catalyst loading, 

Nafion™ loading and thicknesses. For catalyst loading, values up to 6.0 mg/cm2  were 

investigated and Nafion™ loading was varied within 10 – 90%. Thicknesses were varied from 

10 to 200 𝜇m.  The model was implemented in an open-source fuel cell simulation framework 

(OpenFCST).  

Two different cases were investigated. The first case study assumed fixed volumetric catalyst 

loading at 400 mg/cm3 meaning the thickness linearly increases with the catalyst loading per 

unit area (𝑚𝐹𝑒𝑁𝐶) . In this case study, it was found that, at 0.76 V, the performance was 

dominated by the kinetics and ohmic loss. The performance increased with increasing catalyst 

loading as well as Nafion™ loading within the studied range. At 0.60 V, the optimum catalyst 

loading was found to be 4.0 mg/cm2, however, there was only minimal improvement in the 

performance from 3.0 mg/cm2  to 4.0 mg/cm2 . At 0.60 V, optimum Nafion™ loading was 

found to be 70% for all catalyst loadings which is higher than the usual optimum Nafion™ 

loading reported in other studies.105,28,30,45 This was attributed to the fact that most published 

works used fully humidified oxygen reactant which maximizes the proton conductivity but, is 

more prone to water flooding. At 70% RH, the non-PGM CCL is less prone to water flooding, 

however, higher Nafion™ loading was necessary to make up for lower proton conductivity. 

In the second case study, the volumetric catalyst loading was varied at a fixed catalyst 
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loading per unit area. This means that at fixed catalyst loading, the CCL can have different 

thicknesses and in turn different porosities and ionomer volume fractions. The primary purpose 

of this case study was to investigate which combination of porosity and ionomer volume fraction 

would give the best performance given that layer morphologies can be adjusted during 

production. Generally, at all catalyst loading, thinner layer resulted in better performance until 

the layer was too thin that the porosity was too small. This was expected since condensing a 

fixed catalyst loading per unit area will increase the catalyst loading per unit volume. Also, the 

thinner layer would improve the transport characteristics leading to better performance. It was 

again found in the second case study that the optimum catalyst loading was at 4.0 mg/cm2, but 

with minimal improvement beyond 3.0 mg/cm2 . Due to thinner electrodes, the required 

Nafion™ loading was relieved from 70% in the first case study to approximately 50 to 60% 

Nafion™ loading in the second case. This is much closer to what is reported to be the optimum 

Nafion™ loading in a lot of studies.28,30,45,105 There existed optimum porosity as well as ionomer 

volume fraction. At 0.76 V, it was approximately 20% and 45% for porosity and ionomer 

volume fraction, respectively. At 0.60 V, 30% and 35% for porosity and ionomer volume 

fraction, respectively. The difference between the optimum values are due to the shift in the 

operating regime. 0.76 V is closer to the kinetic regime where the amount of catalyst and 

ionomer are more important whereas mass transport effects start to occur at 0.60 V therefore 

requiring slightly higher porosity and less ionomer. In summary, the catalyst loading of 4.0 mg/

cm2 and Nafion™ loading of 55% with the thickness of 50 𝜇m was found to perform the best at 

the rated voltage set by the US DOE (i.e., 0.76 V), but it was also found that slightly less 

Nafion™ loading (i.e., 50%) was better for practical operation at 0.60 V. 
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Chapter 4 Measuring Effective Diffusivity in Porous 

Media with a Gasket-free Radial Arrangement 

4.1. Preface 

The ability to characterize the effective diffusivity of the porous electrode of the fuel cell is 

crucial in designing better catalyst layer. There are several techniques that have successfully 

probed the in-plane and through-plane effective diffusivities of GDL, however, CLs impose 

further challenge due to their thinness and non-self-supporting structure. In the present study, as 

a step toward designing better non-PGM catalyst layer, a novel method for measuring the in-

plane effective diffusivity of thin porous materials was developed. The developed technique is 

particularly appealing for ultra-thin materials such as CLs because it does not require a gasket. 

The developed technique was thoroughly validated by measuring the binary diffusion coefficient 

of open space, and the effective diffusivity of classical porous media, namely a pack of spheres. 

4.2. Abstract 

A simple technique for measuring the effective diffusivity, and ultimately tortuosity, in 

porous media is presented. The method uses a custom-built apparatus, based on a radial 

geometry, which eliminates the need for any gaskets to seal the edge of the sample.  This makes 

it particularly well suited for thin media such as films and layers. The experiment is based on the 

transient response of the oxygen concentration at the center of the sample as oxygen diffuses into 

an initially nitrogen filled domain from the sample perimeter. The analytical solution of Fick’s 

law for transient diffusion in cylindrical coordinates is fitted to the measured oxygen 

concentration profile to obtain the effective diffusivity. To validate the method, binary diffusion 
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coefficients of N2-Air system were measured, and the results show a close match and are 

consistent for a range of experimental parameters like flow rate and domain thickness. The 

classical study of diffusion in porous media based on sphere packing is revisited for further 

validation of the technique. The results show good agreement to the well-known Bruggeman 

correlation as well as to the experimental values reported in the literature. The new technique is 

further applied to other types of thin porous materials and the results indicate that the Bruggeman 

correlation generally overestimates the effective diffusivity of non-sphere packing. 

4.3. Introduction 

The effective diffusivity in thin porous media is of great importance in modern engineering 

applications. Energy conversion and storage devices such as fuel cells130–133 and metal-air 

batteries134 as well as water desalination135,136, filtration and separation137, and gas sensors138,139 

are just a few examples. In many of these applications, the performance of the device is highly 

dependent on the diffusive transport; therefore, accurate ex-situ characterization is crucial to 

producing high performing engineered porous media. Unfortunately, there isn’t yet a well-

established, easy to apply and standardized method for characterizing the effective diffusivity in 

thin porous media due to the geometrical constraints imposed by their thinness. 

Despite the challenge, there has been numerous attempts to develop a technique for 

measuring the effective diffusivity in thin porous media. The Loschmidt apparatus is a classic 

technique140 for measuring binary diffusion coefficient where two gases of interest are filled in 

two separate compartments. The compartments are initially separated by closing the connection, 

then the connection is opened to allow gases to diffuse into one another. The transient gas 

concentrations are measured as a function of time to obtain the binary diffusion coefficient. 

Astrath et al.141 modified the original Loschmidt cell by measuring the gas concentration as a 
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function of time at a fixed position, thereby measuring the diffusivity transiently. Zamel et al.78 

adopted this method and modified it even further to study the effective diffusion in gas diffusion 

layers (GDL) in proton exchange membrane fuel cells (PEMFC). In their work, two gas 

compartments were separated by a GDL, which has a thickness range from 200 – 400 µm, 

effectively adding resistance to the bulk diffusion. The delay induced by the porous sample can 

be used to extract the effective diffusivity. This technique was subsequently used to characterize 

the effective diffusivity in the catalyst layer in PEMFC, though with considerably more 

complexity.142 A significant limitation of the modified Loschmidt cell generally is that it requires 

the sample to be self-standing which might not be possible in some cases. Also, it is questionable 

whether such thin materials will add noticeable resistance to the bulk diffusion process. Another 

classical measurement technique is the Wicke-Kallenbach (W-K) diffusion cell.143 In the W-K 

type cells, a porous sample is placed between two gas flow channels where two different types of 

gases flow in each channel. The concentration gradient across the porous sample drives the gas 

diffusion into the porous sample. Secanell and co-workers62,76,82 adopted the W-K cell and used 

it to measure the effective diffusivity in GDLs. The modified W-K cell was also used by workers 

at General Motors to measure the effective diffusivity in the catalyst layer (CL) of PEMFC.86 

The main drawbacks of the W-K type technique are that careful control of the gas flow rate and 

extremely accurate measurement of the gas concentration is required since the effective 

diffusivity is extracted based on the mass balance around the diffusion cell. Also, because 

materials such as GDLs and CLs are so thin, even a slight pressure difference can cause 

significant convective flow. An alternative approach to measuring diffusivity was used by 

Rashapov et al.69 where they developed a simple technique based on the transient diffusion of 

oxygen into a porous sample initially filled with nitrogen. The concentration of oxygen is 
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measured at a fixed position as a function of time and the analytical solution of Fick’s second 

law is fitted to the experimental data to extract the effective diffusivity. This technique was 

subsequently applied to dry70 and partially saturated79 GDLs. Although quite convenient, this 

technique required application of sealing material on the edges to prevent diffusion and satisfy 

the boundary condition of the analytical solution of 1-D diffusion in a planar sheet. This can be 

problematic for thinner materials such as CL. Perhaps the most well-established method for 

measuring effective diffusivity in porous media is to flood the pore space with liquid brine and 

measure the ionic conductivity. The analogy between Ohm’s law and Fick’s law is used to 

indirectly obtain formation factor. This is generally not applicable in many porous electrodes of 

interest as they are often made with conductive materials, which complicates the interpretation 

and implementation of these experiments considerably.66,67 It is also quite difficult to ensure that 

materials are fully saturated with brine, especially if they’ve been given a hydrophobic treatment 

of some sort.144 

In this work, a novel and simple technique for measuring the effective diffusivity in thin 

porous media is developed. This method is a variation to the earlier work done by Rashapov et 

al.,69 but adopting a radial geometry instead, which has several advantages: 1) no sealing is 

required, therefore it is easily applicable even to ultrathin materials, 2) because no seal is 

required there is no need to apply pressure to the sample holder which might damage or deform 

the sample, and 3) the measurement time is only on the order of minutes. The newly developed 

method was thoroughly validated and applied to classical porous media such as sphere packing. 

4.4. Experimental Methods 

The radial diffusivity apparatus consists of two specially designed sample mounts or 

pedestals (top and bottom), a cylindrical chamber for gas flow and a fiber optic O2 sensor. All 
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components of the apparatus were built in-house except for the optical oxygen sensor which was 

purchased from Pyro-Science (Aachen, Germany). The O2 sensor used in this study was ultra-

fast response sensor (OXR430-UHS) with the response time less than 0.3 seconds according to 

the manufacturer and verified in the lab. 

4.4.1. Diffusion Pedestals 

 

Figure 4-1 (left) Pedestal design for radial diffusivity apparatus (right) Radial diffusivity apparatus system setup 

The top and bottom pedestals were designed and machined as shown in Figure 4-1(left). The 

O2 sensor probe (a fiber optic strand of 0.43 mm diameter) was positioned through the center of 

the top pedestal and the tip of the sensor was aligned with the surface of the top pedestal. A hole 

for the sensor was drilled in two stages where a smaller hole that matched the sensor diameter 

was first made and subsequently a larger hole that was filled with silicone elastomer to seal 

around the fiber. Two levels of holes were necessary as friction fit of the sensor with just a single 

hole resulted in a significant amount leakage into the sample due to gaps between the hole itself 
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and the sensor, which led to error in the measurement. The base of the sample mounts was 

designed with a sliding fit inside the cylindrical chamber to guide and position them, while the 

pedestal portion was slightly smaller. This created a small gap around the perimeter of the 

sample stage for N2 gas to flow by the sample perimeter with high velocity. The neck of the 

pedestal was designed with an angle so that the gas is smoothly supplied to the sample perimeter. 

4.4.2. System Setup and Test Procedure 

The entire system setup in shown in Figure 4-1(right). A porous sample of 1.25-inch in 

diameter was placed on the sample stage of the bottom pedestal and they were placed inside the 

cylindrical chamber. The top pedestal was then slid into the chamber and gently onto of the 

sample. N2 gas was supplied from the bottom and distributed to the system through the holes on 

the pedestal and exited through the top. 

Prior to each experiment, the oxygen sensor was calibrated according to the local 

environmental conditions (i.e. temperature, pressure, humidity) to ensure O2 reading of 20.9%. 

Temperature and pressure were measured externally, and humidity was measured internally by 

the O2 sensor electronics. The porous sample was placed on the bottom pedestal and left under 

the ambient condition for at least half an hour to establish initial oxygen concentration of 20.9% 

everywhere within the porous domain.  

The data logging is initiated at 𝑡 = 0 and approximately after 5 seconds, N2 supply was 

turned on to allow the flow N2 gas past the sample perimeter. N2 gas was supplied at high flow 

rate to ensure nearly instantaneous change in the boundary condition. The depletion of the 

oxygen concentration at the center of the sample was measured and recorded as a function of 

time. After a constant value of 0% oxygen was recorded for at least 20 seconds, data logging was 

stopped. 



 

 

66 

4.4.3. Data Analysis 

The effective diffusion coefficient was extracted by fitting the analytical solution of the 

Fick's second law for cylindrical coordinates to the oxygen concentration profile obtained 

experimentally. Assuming diffusion is everywhere radial within the sample, the Fick’s law of 

transient diffusion is written as: 

 
𝜕𝑐𝑖
𝜕𝑡

=
1

𝑟

𝜕

𝜕𝑟
(𝑟𝐷

𝜕𝑐𝑖
𝜕𝑟
) [4-1] 

where 𝑐𝑖  is the concentration of species 𝑖, 𝑟  is the spatial coordinate along the concentration 

gradient, 𝑡 is time and 𝐷 is the diffusion coefficient. Eq. [4-1] can be solved analytically with the 

following boundary conditions: 

 𝑐(𝑡) = {
 𝑐0, 𝑟 = 𝑅, 𝑡 ≥ 0
 𝑐1, 0 < 𝑟 < 𝑅, 𝑡 = 0

 [4-2] 

where 𝑐(𝑡) is the concentration as a function of time at a fixed position 𝑟, 𝑅 is the radius of the 

sample,  𝑐0 is the constant surface concentration and 𝑐1 is the initial concentration distribution of 

the species within the sample. The analytical solution for such case is provided by Crank145: 

 
𝑐(𝑡) − 𝑐1
𝑐0 − 𝑐1

= 1 −
2

𝑅
∑

exp(−𝐷𝛼𝑛
2𝑡) 𝐽0(𝛼𝑛𝑟)

𝛼𝑛𝐽1(𝛼𝑛𝑅)

∞

𝑛=1

 [4-3] 

where 𝐽0(𝑟) and 𝐽1(𝑟) are the Bessel functions of the first kind of order 0 and 1, respectively. 𝛼𝑛 

is defined in Eq. [4-4] where 𝛼𝑛𝑅 are the nth root of: 

 𝐽0(𝛼𝑛𝑅) = 0 [4-4] 

After obtaining the oxygen concentration profile, 𝑐(𝑡), the only unknown variable in Eq. 

[4-3] is the diffusion coefficient, 𝐷. Therefore, Eq. [4-3] can be fitted to the experimental data by 

the method of least squares. 



 

 

67 

 

Figure 4-2  The analytical solution of Fick’s second law fitted to transient oxygen concentration profile of an open 

air 

Figure 4-2 shows an example of the above analytical solution fitted to the experimental data 

for N2 diffusion in open air. As evident from Figure 4-2, the analytical solution fits well to the 

experimental data. It is also noteworthy that for open air the steady state is expected to be 

reached within 15 seconds. The rapid experimental time can be beneficial especially for samples 

with lower porosity or smaller pore sizes where the diffusion takes place at a much slower rate, 

but it does necessitate the use of a high response time oxygen probe. 

It should also be pointed out that the effective diffusivity obtained from the above procedure 

is not in the same sense as the one most widely used: 

 𝐷𝑖
𝑒𝑓𝑓

= (휀/𝜏)𝐷𝑖 [4-5] 

where 𝐷𝑖
𝑒𝑓𝑓

 is the effective diffusivity in porous media, 𝐷𝑖 is the bulk diffusivity of a binary 

system, 휀 is the porosity and 𝜏 is the tortuosity of the porous sample. 
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This can be explained by performing a transient mass balance around the porous media. 

Assuming incompressible fluid flow with no convection and no reaction, the continuity equation 

in porous media can be expressed as146: 

 휀
𝜕𝑐𝑖
𝜕𝑡

= 𝐷𝑖
𝑒𝑓𝑓
∇2𝑐𝑖 [4-6] 

 In Eq. [4-6], 휀  is multiplied to the transient term (LHS) since, in porous media, the 

volume where gas species can reside is decreased by a factor of 휀. In other words, 𝑐𝑖 is defined as 

mol/m3  of sample, but the gas molecules are confined to the pore space so the oxygen 

concentration measurement is mol/m3 of void space, thus the measured concentration must be 

multiplied by 휀  for application in Eq. [4-6]. On the RHS, the flux is also decreased by the 

presence of solid phase which is already embedded in the definition of the effective diffusivity 

given by Eq. [4-5]. Therefore, substituting Eq. [4-5] into Eq. [4-6] effectively cancels out 휀 on 

both sides, resulting in: 

 
𝜕𝑐𝑖
𝜕𝑡

= (
𝐷𝑖
𝜏
) ⋅ ∇2𝑐𝑖 [4-7] 

 This means that the effective diffusivity obtained from the current technique should be 

interpreted as (1/𝜏)𝐷𝑖 , not as (휀/𝜏)𝐷𝑖 . This is actually one of the interesting aspects of the 

current method where tortuosity, 𝜏, is measured directly, independent of the porosity. 

4.4.4. Sample Preparation 

Three types of porous medium were considered for testing: 1) monodispersed random sphere 

packing, 2) polydispersed agglomerated sphere packing and 3) quartz frits with non-ideal pore 

shape. Tested samples are summarized in Table 4-1. SEM Images of each sample are shown in 

Figure 4-3. 
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Table 4-1  Summary of Porous Samples Tested for Diffusivity Measurement 

Category Material Size [µm] Porosity [-] 

Monodispersed  

Random Sphere 

Glass 
100 0.39* 

1000 0.40* 

Stainless Steel 

3000 0.46* 

2500 0.44* 

1500 0.45* 

1000 0.45* 

Silica 25 0.46* 

Polydispersed  

Agglomerated Sphere 
Alumina 

3.5 – 15 0.79* 

0.3 – 0.8 0.73* 

Quartz Frits Quartz frits 

200 – 300§ 0.627** 

40 – 90§ 0.452** 

4 – 15§ 0.412** 
  * tapped density 

** buoyancy technique147 
§ given by manufacturer 

 

 

Figure 4-3 SEM Images of (a) 0.1 mm glass beads, (b) 1 mm stainless steel balls, (c) 25 µm spherical SiO2, (d) 3.5-

15 µm Al2O3, (e) 0.3-0.8 µm Al2O3, (f) quartz frits with pore size 200 – 300 µm, (g) quartz frits with pore size 40 – 

90 µm, (h) quartz frits with pore size 4 – 15 µm 

Due to the nature of sphere particles not being able to form a rigid structure, a special method 
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for preparing porous disc was adopted. For glass, silica and alumina materials, they were first 

dispersed in water. Then, the dispersion was filtered through a membrane with the average pore 

size of 0.03 µm. The dispersion was stirred as they were being poured into the filtration 

apparatus to achieve a “random” packing of sphere particles. The filtered deposits on the 

membrane were cut into 1.25-inch diameter disc and placed onto the bottom pedestal. The 

membrane was carefully peeled off and the sample was dried at 80°C until constant mass was 

measured. 

For stainless steel (440C type) balls, a sheet of flexible magnet was purchased. Flexible 

magnet was cut into 1.25-in diameter disc and was attached to the sample stage of the bottom 

pedestal. The stainless-steel balls were then poured onto the flexible magnet in a packing die 

made in-house and gently packed, just enough to make the top surface flat. 

30 mm disc of quartz frits of various porosities (Table 4-1) were purchased from Technical 

Glass Products and tested as-received since they were already made into a disc shape.  

4.4.5. Porosity Measurement 

The effective diffusivity is generally a decreasing function of porosity, therefore porosities of 

each sample tested were measured. The method of measuring porosity was also altered according 

to the nature of the sample. For monodispersed spheres (glass, stainless steel and silica) and 

polydispersed agglomerated spherical particles (alumina), “tapped density” was measured and it 

was used to calculate porosity. Particles were measured to a certain weight and they were placed 

in a 10-mL graduated cylinder. The graduated cylinder was repeatedly tapped until there was no 

more volume change. Tapped density of the particles was calculated using Eq. [4-8]. 

 𝜌𝑡𝑎𝑝𝑝𝑒𝑑 =
𝑚𝑠

𝑉𝑡𝑎𝑝𝑝𝑒𝑑
 [4-8] 
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where 𝜌𝑡𝑎𝑝𝑝𝑒𝑑  is the tapped density of the particles, 𝑚𝑠 is the mass of the solid and 𝑉𝑡𝑎𝑝𝑝𝑒𝑑  is the 

final tapped volume. This process mimicked the sample preparation process as filtration of 

randomly dispersed particles will result in “a tight random” packing of the particles. The porosity 

of the sample was calculated using the following equation: 

 휀 = 1 −
𝜌𝑡𝑎𝑝𝑝𝑒𝑑
𝜌𝑠

 [4-9] 

where 휀 is the porosity of the sample from (0 – 1) and 𝜌𝑠 is the density of the pure solid. Since, 

bulk densities of the solids tested are well known, the porosities can also be calculated. 

Porosities of quartz frits were measured using the buoyancy technique.147 Thickness of the 

quartz frits were measured with a micrometer with 1 µm resolution and ±0.1 µm accuracy. The 

sample was then weighed both dry and submerged in highly wetting silicone oil (5 cSt). 

Implementing Archimedes’ principle allowed the determination of the pure solid density and 

ultimately the porosity of the sample. 

4.4.6. Validation with Open Air 

Validity of the radial diffusivity apparatus was analyzed by measuring bulk diffusivity of 

nitrogen-air (N2-Air) binary system with no sample present between the pedestals, only an empty 

gap. To ensure that the diffusion was the only mode of mass transport during the experiment, 

bulk diffusivity measurement was performed with different gap distances between the pedestals 

and with different N2 gas flow rates. 

The results for binary diffusion coefficients of N2-Air system with various gap distance is 

shown in Figure 4-4(left). In Figure 4-4(left), the red line indicates the theoretical bulk diffusion 

coefficient of N2-Air system estimated by the Chapman-Enskog equation 64: 
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 𝐷𝑖𝑗 =
0.00186 ⋅ 𝑇3/2

𝑃 ⋅ 𝜎𝑖𝑗
2 ⋅ Ω

(
1

𝑀𝑖
+
1

𝑀𝑗
)

1/2

 [4-10] 

where 𝐷𝑖𝑗  is the binary diffusion coefficient of species 𝑖  and 𝑗  measured in cm2/s , 𝑇  is the 

temperature in Kelvin, 𝑃  is the pressure in atmospheres, and 𝑀𝑖  and 𝑀𝑗  are the molecular 

weights of species 𝑖 and 𝑗, respectively. 𝜎𝑖𝑗 and Ω are Lennard-Jones potential parameters from 

the Chapman-Enskog theory where the values for various species are given elsewhere.64 

 

Figure 4-4 Diffusion coefficient of N2-Air binary system measured with various gap distances (left) and various 

volumetric flow rates (right). The line indicates the prediction of the Chapman-Enskog equation given in Eq. [4-10] 

The average of binary diffusion coefficients measured at different gap distances with the 

value of 0.203 cm2/s and the deviation of 1.03%. Figure 4-4(right) shows the binary diffusion 

coefficients of N2-Air system tested with various volumetric flow rates of N2 gas. Again, in 

Figure 4-4(right), the red line shows the binary diffusion coefficient of N2-Air estimated by the 

Chapman-Enskog theory. The average value was 0.202 cm2/s with the deviation of 3.31%. The 

results indicate that the binary diffusion coefficient depends neither on the gap distance nor on 
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the volumetric flow rates and confirms that the diffusion is the only mode of the mass transport 

in the experiments. 

One of the challenges in designing a diffusivity experiment is keeping the boundary 

condition constant as oxygen diffusing out of the sample can result in the change in boundary 

condition. This problem was resolved by using the flow rate of 1500 sccm for N2 gas. From 

Figure 4-2, for open air, the steady state is reached approximately 10 seconds after the boundary 

condition has been applied (𝐶𝑂2 = 0). At the flow rate of 1500 sccm N2, the total number of 

moles of N2 entering the sample perimeter is 1.022 × 10−2 mol N2. Assuming the bottom and 

the top pedestals are approximately 2 mm apart, there would be 1.35 × 10−5  mol O2 and 

5.12 × 10−5  mol N2 within the open space initially. After approximately 10 seconds, all O2 

molecules would have diffused out of the open space and the balancing moles of N2 would have 

diffused into the open space from the gas flow. Then, the gas flow leaving the top of the gap 

would have O2 concentration of approximately 0.1% and N2 concentration of 99.9%. The 

concentration change within the gas flow is minimal, therefore it is valid to assume the boundary 

conditions are constant throughout the experiment. This is also illustrated in Figure 4-5. The 

concentration change will be even lower for the thin engineered porous media since their 

thicknesses are generally within micrometer range. Also, the diffusion process is slower for the 

porous materials than it is for the bulk diffusion in the open space. High flow rate will not only 

change the boundary condition instantly, but also will flush away the trace amount of oxygen 

diffusing out of the sample immediately, effectively keeping the boundary condition constant. 
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Figure 4-5 Illustration on justification of the constant boundary condition 

4.5. Results and Discussion 

The radial diffusivity apparatus was tested with various porous media with different pore 

geometries (i.e. shape and size). Spherical particles were extensively tested since sphere 

packings are the most well studied porous media experimentally and theoretically. Agglomerated 

spherical alumina packing and quartz frits were chosen to investigate the ability of the apparatus 

to measure porous media with other types of pore geometry. 
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Figure 4-6 Relative diffusivity (left) and tortuosity (right) of porous media and comparison to the theoretical 

correlations. (Each data point is an average of three measurements. Error bar omitted for clarity) 

Figure 4-6 shows the relative diffusivity (𝐷𝑖
𝑒𝑓𝑓
/𝐷𝑖) of the sphere packing with various sizes 

and materials. The experimental values were compared to the Bruggeman148 and Neale and 

Nader149 approximations. There are many published models for estimating the tortuosity factor 

of porous media, however, the Bruggeman and Neale and Nader were chosen because two 

correlations were specifically developed for random homogeneous isotropic sphere packing. 

Although, the Bruggeman approximation is most commonly used to estimate the effective 

diffusivity, there are numerous reports where the model overestimates the effective diffusivity, 

especially for low porosity.86,130,150,151 What is often overlooked is that the original equation 

derived by the Bruggeman is actually 𝐷𝑖
𝑒𝑓𝑓
/𝐷𝑖 = 휀

(1+𝑛)/𝑛, or simply 𝐷𝑖
𝑒𝑓𝑓
/𝐷𝑖 = 휀

𝑚, where 𝑚 

(or 𝑛) is the shape factor. The most widely used form of the Bruggeman equation (𝐷𝑖
𝑒𝑓𝑓
/𝐷𝑖 =
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휀1.5) is a special instance of the Bruggeman’s original derivation where the particle shape is 

spherical (𝑚 = 1.5).148,151  It is evident from the previous works152–154, as well as the present 

work, when assumptions of the approximation are satisfied (random, isotropic spheres), the 

tortuosity estimated by the Bruggeman agrees well with the experimental measurements. In 

many cases of interest to engineers, however, the shape of the particles is much more complex 

than spheres, hence the Bruggeman equation must be used with caution. Gaseous diffusion in 

glass sphere packing of various particle sizes was experimentally investigated by Currie.153 

Comparison between the values obtained by Currie and the present study is illustrated in Figure 

4-7. The values lie in the higher porosity region are stainless steel sphere packing. For glass 

sphere packing, Currie and the present study showed similar porosity as well as the relative 

diffusivity. Generally, the tortuosity in both studies either followed the Bruggeman correlation or 

were just slightly underestimated by it. 

 

Figure 4-7 Comparison of the relative diffusivity (left) and the tortuosity (right) between Currie153 and the present 

study (m = 1.5) 

The tortuosity of the quartz frits had higher values than what the Bruggeman correlation 
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predicted (Figure 4-6). This problem is commonly encountered when the particle shape of the 

porous media deviates from the ideal spherical shape. This was also seen from Currie’s work 

where higher Bruggeman exponents were obtained for most porous media. Currie attempted to 

calculate the relative surface area (𝑆𝛾) of the tested materials where 𝑆𝛾 was defined as the ratio of 

the surface area of the material to that of a sphere with equal volume. Although, no mathematical 

description was given, the experimental data showed a general trend where with increasing 

relative surface area, the shape factor increased.153 Some works claim that the deviation is 

attributed the anisotropy of the porous structure155, however it is still unclear as to why such 

behavior is observed. An attempt was made to obtain the Bruggeman exponent that fits the 

quartz frits data by least-square method, and 𝑚 = 1.75 was obtained.  

Packing of the agglomerated spherical alumina particles exhibited effective diffusion 

behavior well below the Bruggeman correlation. The effect is even more dramatic than that of 

the quartz frits because Knudsen diffusion is expected to play a significant role due to small pore 

sizes of the alumina packings. From Figure 4-6, it can be seen that the relative diffusivity of 

alumina packing with particle size 0.3 – 0.8 µm deviates even more from the Bruggeman than 

the alumina packing with particle size 3.5 – 15 µm does since alumina packing with 0.3 – 0.8 µm 

particles are expected to have smaller pore size, hence a stronger Knudsen effect was expected. 

Pore size distributions of each Al2O3 particle size were roughly estimated from the SEM images 

and the result is shown in Figure 4-8. As expected, the pore size distribution of 0.3 – 0.8 µm 

alumina packing falls in the lower region with the average pore diameter of approximately 31 

nm. 3.5 – 15 µm alumina packing had larger and broader pore size distribution with the average 

pore diameter of around 103 nm. Fitting the Bruggeman equation here is nonsensical since the 

diffusion in alumina packing is affected by the pore size. In Bruggeman’s equation, pore size 
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effect was never considered therefore should not be used outside of the molecular diffusion 

regime. Nonetheless the experimental data obtained by the present experiment are self-consistent 

and suggest that the tool can be used for effective diffusivity determination in such nanoporous 

media. Although, no further analysis in Knudsen effect was not carried out in this chapter, it is 

more closely looked at in the next chapter with the non-PGM catalyst layers which are also 

nanoporous. 

 

Figure 4-8 Pore size distributions of 0.3-0.8 µm Al2O3 packing (green) and 3.5-15 µm Al2O3 packing (red) 

4.6. Conclusion 

A simple and effective experimental technique for measuring the effective diffusivity of thin 

porous materials has been developed. The apparatus adopted a non-steady state approach of 

measuring the diffusivity with a radial geometry. Samples were initially filled with air, and 

oxygen was allowed to diffuse out of the sample by supplying high flow rate of N2 gas along the 

perimeter of the sample. The transient oxygen concentration profile obtained from the radial 
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diffusivity apparatus was fitted to the analytical solution of the Fick’s law of transient diffusion 

in cylindrical coordinates to obtain the effective diffusivity. The method was validated by 

measuring the binary diffusion coefficient of N2-Air system with various gap distances and flow 

rates and it was shown that the gap distances and the flow rates had no effect on the measured 

binary bulk diffusivity. 

The radial diffusivity apparatus was applied to the classical sphere packing as well as other 

types of porous media such as agglomerated alumina packing and quartz frits. Diffusivity in 

sphere packing showed good agreement with the well-known Bruggeman correlation whereas 

the other types of porous media exhibited lower values than predicted by the Bruggeman 

correlation.  The method is therefore sensitive enough to detect Knudsen effects, though a full 

analysis of this behavior was left out for the next chapter. 

Besides the fact that the current method is exceedingly simple to implement, the other crucial 

advantage of the radial diffusivity apparatus is that it requires no sealing, therefore can be easily 

applied even to ultrathin porous layers. With the recent interest in porous electrode used in 

energy applications such as batteries and fuel cells, the radial diffusivity apparatus can be quite 

powerful as most electrodes are made extremely thin to minimize the mass and charge transport 

limitations. Gas sensing devices are another potential application where a thin porous layer is 

used to detect various hazardous gases and vapors. 

As with most techniques, the radial diffusivity apparatus has certain limitations. The 

technique is only able to measure the effective diffusivity in the in-plane direction, thus if the 

material possesses an anisotropic structure with different in-plane and through-plane properties, 

such as fibrous media, only the in-plane component of the effective diffusivity tensor can be 

obtained. In cases where the in-plane properties vary between the x and y directions, as in fibrous 
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media with aligned fibers, the proposed method would be very difficult to interpret and 

essentially invalid. 
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Chapter 5 Fabrication of PGM-free Catalyst Layer with 

Enhanced Mass Transport Characteristics via 

Electrospraying Technique 

5.1. Preface 

In this chapter, non-PGM catalyst layers were fabricated using the electrospraying technique 

with various operating conditions. The structural properties of the electrosprayed non-PGM 

catalyst layers were extensively characterized experimentally using standard techniques as well 

as the method developed in Chapter 4. Non-PGM CLs with substantially different structural 

properties were obtained with relatively simple adjustments to the operating conditions. 

Tortuosity-porosity relationship was also extracted using Archie’s law from the effective 

diffusivity data. 

5.2. Abstract 

The performance of Precious Group Metal-free (PGM-free) catalyst layers suffers from mass 

transport limitations due to the thickness required to achieve sufficiently high loading to match 

the performance of the Pt-based electrodes. A more detailed understanding of the PGM-free 

electrode structure is of a great importance to further improve their performance, but the nano-

scale structure presents a challenge. In the present study, non-PGM catalyst was synthesized by 

the sacrificial support method and the electrospraying technique was used to fabricate catalyst 

layer electrodes.  Electrodes with substantially different structural properties were obtained by 

varying the electrospraying parameters such as ink flow rate and the distance between the needle 

and the substrate. A wide range of structural properties of these non-PGM electrodes were 
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experimentally measured, including thickness, porosity, pore size distribution, specific surface 

area, and the mass transport characteristics in the form of tortuosity. In general, the non-PGM 

catalyst layers fabricated by the electrospraying technique had much lower tortuosity than 

conventional catalyst layers due to a combination of highly porous structure and larger inter-

agglomerate pores reducing the impact of the Knudsen effect.  Geometric tortuosity was also 

obtained by adjusting the measured effective diffusivity values to remove the Knudsen effect and 

it was found that electrosprayed and conventional layers follow a similar trend with porosity. 

5.3. Introduction 

Polymer Electrolyte Membrane Fuel Cells (PEMFCs) are an essential part of a renewable 

energy economy.1 PEMFCs are particularly appealing for transportation applications because of 

their fast-refueling time, and long driving range per fuel charge. PEMFC powered vehicles are 

now produced at the commercial scale by some of the major automotive companies (i.e. 

Hyundai, Honda, Toyota). Despite the great progress on the development of PEMFC technology, 

the price is still the major barrier for wider adoption of the FC powered vehicles. The Toyota 

2020 Mirai base model is priced 58,550 USD whereas the prices of other Toyota mid-sized 

sedans range from 24,000~28,000 USD.4 One of the primary reasons for the high cost is the use 

of precious platinum (Pt) catalyst in both anode and cathode. According to a report by the 

Department of Energy (DOE) in 2017, Pt can make up as much as 40% of the total 

manufacturing cost.156 Pt is primarily used in the cathode to make up for the sluggish kinetics of 

the oxygen reduction reaction (ORR). 

The high cost of Pt had inspired the development of highly active nano-structured Pt-based 

electrocatalysts, such as Pt-alloy8–11 and core-shell12–19 catalysts, and more recently, shape 

controlled nanocrystals20–22 and nanoframes23–25. Despite this progress, the Pt catalyst loading 
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must still be further reduced for FC technology to become economically competitive with the 

conventional internal combustion engine.26 An alternative path to reduce cost would be to 

completely replace Pt with non-precious group metal (non-PGM) catalysts. Fe-N/C catalyst is a 

promising class of non-PGM catalyst which was discovered by Jasinski37 in 1964 and improved 

by others over the ensuing decades.39,157 Especially, the breakthrough made by Gupta el al. 39 in 

1989, where they synthesized a PGM-free ORR catalyst by heat-treating a mixture of metal salts 

(i.e., Co(II) or Fe(II)), polyacrylonitrile (PAN) and high surface area carbon, gave researchers 

much flexibility in designing the novel non-PGM catalysts.40,27,36,41,29 

Currently, the state-of-the-art Fe-N/C catalysts give performance comparable to conventional 

Pt/C catalyst layers (0.2 – 0.4 mgpt/cm
2 loading) tested under air at the loading around 2 – 4 

mgFeNC/cm
2 when tested under pure oxygen.42 Proietti et al.27 achieved a peak power density of 

0.91 W/cm2  after careful optimization of the heat treatment conditions for iron 

acetate/phenanthroline/zeolitic imidazolate framework-derived catalyst. Shui et al.31 also 

achieved a similar power density, i.e., around 0.9 W/cm2 , with carbon-fiber based Fe-N/CF 

catalyst prepared via electrospinning with Tri-1,10-phenanthroline iron(II) perchlorate (TPI) and 

ZIFs, a subgroup of metal-organic-framework (MOF). Cyanamide-Polyaniline based Fe-N/C 

catalyst prepared by Chung et al.28 exhibited peak power density of around 0.94 W/cm2 . 

Recently, Uddin et al.45 reported a record high peak power density with 1.14 W/cm2  by 

optimizing the primary particle size of the MOF-derived Fe-N/C catalyst. The accurate control of 

the primary particle size allowed the investigation of the relationship between the catalyst 

particle size and the quality of the ionomer infiltration which was, in turn, used to optimize the 

proton and reactant transport. All of the above tests, however, were done under pure oxygen and 

the peak power density under air is reported to be much lower, ranging from 0.2 to 0.6 W/
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cm2.41,29,46–50 This indicates that the non-PGM electrodes suffer severely from mass transport 

limitation due to the excessive thickness required to obtain a sufficient catalyst loading. 

Optimizing the electrode structure to improve the transport processes is a major challenge for 

adoption of non-PGM catalyst layers and requires a thorough understanding of morphological 

features across many scales (i.e., from nano- to micro-scale). With the recent advances in 

imaging techniques, many of the structural and transport properties of the non-PGM catalyst 

layers have been resolved with various imaging techniques.48,50,158,159 However, it is still difficult 

to resolve the material structure at multiple scales due to the trade-off between resolution and 

field of view. It is evident that experimental approaches are still the best path to characterize the 

morphologically dependent transport properties such as tortuosity. In the present study, non-

PGM electrodes are fabricated by electrospraying under a variety of conditions to obtain 

different structures and morphologies to investigate the viability of electrospraying technique on 

producing the target structure proposed in Chapter 3. The structural and mass transport 

characteristics of these non-PGM electrodes were then examined experimentally by measuring 

thickness, porosity, pore size, specific surface area, and in-plane effective diffusivity.65 The 

diffusivity was then further analyzed to extract the tortuosity, which is generally considered a 

structural parameter, from the measurement which was significantly impacted by Knudsen 

diffusion.  The Bosanquet equation was used to account for the Knudsen effect and to evaluate 

the tortuosity from the in-plane effective diffusivity. It was shown that the electrospraying 

technique had the ability to create non-PGM electrodes with distinctive structural properties with 

relatively simple adjustments to the operating conditions, and most importantly, electrodes had 

high porosity and low tortuosity compared to conventionally produced layers, which is expected 

to be essential for the success of non-PGM catalysts. 
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5.4. Experimental 

5.4.1. Material Production 

5.4.1.1. Catalyst Synthesis and Ink Preparation 

Iron-Nicarbazin (Fe-NCB) electrocatalysts were prepared by the sacrificial support method 

(SSM).29,41 In short, the precursors including nicarbazin (12.5 g, Sigma-Aldrich), silica (2.5 g, 

LM-150, Cabot; 2.5 g, Ox-50, Evonik; 1 g, Stöber Spheres, home-made) and iron nitrate (1.2g, 

Sigma-Aldrich) were mixed in water. The water in the suspension was slowly allowed to 

evaporate until a gel was formed. The gel was then completely dried and the remaining solid was 

ground initially by a mortar and a pestle and subsequently by a ball mill, for 30 min, at 45 Hz. 

The solid mix of precursors was subjected to a first pyrolysis at 975 °C, under a 7% H2 after 

atmosphere. Then, the silica particles were etched out with 40% HF for 4 days. The etched 

precursors were washed until the effluent had a neutral pH, then were subjected to a second 

pyrolysis at 950 °C for 30 min. After the second pyrolysis, the resulting electrocatalysts were 

ball-milled for 1 hr. More detailed synthesis parameters can be found elsewhere.29,41 

The catalysts were made into inks by first mixing Fe-NCB electrocatalysts and 5 wt% 

Nafion™ dispersion in isopropyl alcohol (IPA). 5 wt% Nafion™ dispersion was prepared by 

diluting 1000 EW 20 wt% Nafion™ dispersion (D2020, Fuel Cell Store, US) in IPA. The dry 

weight of Nafion™ was adjusted to be 45% of the total solid deposit and the catalyst to solvent 

ratio was 5 mgcatalyst/mLsolvent. The suspension was then subjected to sonication in an ice bath 

for 2 hours. 

5.4.1.2. Preparation of the Catalyst Layers 

Different non-PGM electrodes were fabricated by the electrospraying technique which has 

the ability to create a variety of microstructures with relatively simple adjustments to the 
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process.91,92,97,96,93–95,98–100 The electrospraying technique has been used to fabricate conventional 

Pt/C catalyst layers over the last decade, however, it has never been applied to non-PGM catalyst. 

There are some reports suggesting the electrosprayed catalyst layers show better mass transport 

characteristics99,100 which makes it an appealing deposition technique for non-PGM electrodes.  

In the present work, operating parameters such as flow rate and the distance between the needle 

and the substrate, were varied in an attempt to correlate the electrode characteristics to their 

transport properties. 

 

Figure 5-1  Schematic diagram of electrospraying setup. The setup includes 1) a syringe pump, 2) high voltage 

power supply and 3) XY moving stage 

The electrospraying setup was built in-house with a syringe pump (NE1000, New Era Pump 

Systems Inc.), a syringe stirrer (VP710D3, V&P Scientific Inc.) and a high-voltage power supply 

(MJ30P0400-11, Glassman) as shown in Figure 5-1. The conventional polarity configuration was 

used where the positive pole was connected to the capillary needle and the conductive substrate 

was grounded. The high voltage power supply was remotely controlled via multifunctional I/O 
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device (USB-6001, National Instruments). To ensure a homogeneous deposition, a custom-built 

XY moving stage was used. A conductive aluminum plate was installed on the moving stage.  In 

order to collect a smooth catalyst layer, it was deposited on a 175 𝜇m thick Indium-Tin-Oxide 

coated Polyethylene Terephthalate (ITO/PET) layer. Due to PET’s sturdiness and smooth 

surface, it provided several advantages in handling and characterizing the samples compared to 

the typically used aluminum foil. The entire electrospray system was automated via LabVIEW to 

control the rastering speed and path, pump flow rate, and power supply voltage. The catalyst ink 

was deposited onto the substrate in a serpentine pattern, alternating between the horizontal and 

the vertical direction for a homogeneous coating, at a speed of 15 mm/s with 0.5 mm pitch. The 

ink flow rate (𝑄) and the needle-to-substrate distance (𝑑) were varied for the present study and 

the applied voltage was adjusted until the droplet at the needle tip formed a Taylor cone for the 

stable cone-jet mode. The initial study plan was to include the impact of the applied voltage on 

the microstructure of the catalyst layer, however, only a relatively narrow range of voltages 

allowed a for stable cone-jet operation, so this parameter was not flexible. For the present study, 

the applied voltage ranged from 3.50~4.50 kV, which was determined on a case by case basis to 

establish a stable cone. 

The catalyst loading was checked by measuring the initial and the final weight of the sample 

assuming that the ink stayed homogeneous throughout the deposition. This was a fair assumption 

since the ink was ultrasonicated for 2 hours prior to the deposition and was also stirred 

throughout the whole deposition process. The studied electrospraying parameters and the weight-

based catalyst loadings are summarized in Table 5-1. 
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Table 5-1  A summary of electrospray operating parameters and the catalyst loadings 

Sample Name 
Flow Rate Distance Voltage Catalyst loading 

[mL/hr] [cm] [kV] [mg/cm2] 

Q50D30 0.50 3.0 3.50 2.91 

Q75D30 0.75 3.0 3.50 2.92 

Q100D30 1.00 3.0 3.90 2.93 

Q50D50 0.50 5.0 3.70 2.97 

Q75D50 0.75 5.0 3.70 3.13 

Q100D50 1.00 5.0 4.00 3.12 

Q50D70 0.50 7.0 4.20 3.04 

Q75D70 0.75 7.0 4.40 2.92 

Q100D70 1.00 7.0 4.50 2.98 

 

5.4.2. Electrode Characterization 

5.4.2.1. Porosity and Thickness 

The porosity of each electrode sample was measured using the buoyancy method.116,160 The 

method essentially uses the Archimedes’ principle to obtain the skeletal density of the sample 

from the missing mass between the dry and the submerged weight in a highly wetting fluid. The 

samples were dried at 105℃ for at least 12 hours prior to the measurement to remove any water 

residing in the pore space. The samples were then further dried under vacuum at room 

temperature before being saturated with the wetting fluid. For the current study, 5 cSt silicone oil 

(Clearco Products Co., Inc., US) was used as the wetting fluid. 

To obtain the bulk volume of the catalyst layer samples, the thicknesses of the samples were 

measured using a micrometer with 1 𝜇m  resolution with ± 0.1 𝜇m  readout resolution. The 

micrometer was equipped with friction clutch to ensure the sample was always compressed to the 

same amount of force. The thickness of the substrate was measured before the deposition. The 

substrate was quite smooth and consistent with the average thickness of 175 𝜇m  and the 

deviation of ± 1 𝜇m. The sample thickness was calculated by subtracting the thickness of the 
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substrate from the total thickness.  

Since the catalyst layer samples were in two layers (catalyst layer + substrate), Eq. [5-1] was 

used to calculated the actual porosity of the catalyst layers assuming that the substrate was 

essentially non-porous: 

 휀𝑠𝑎𝑚𝑝𝑙𝑒 = 휀𝑜𝑣𝑒𝑟𝑎𝑙𝑙 ⋅
𝛿𝑜𝑣𝑒𝑟𝑎𝑙𝑙
𝛿𝑠𝑎𝑚𝑝𝑙𝑒

 [5-1] 

where 휀𝑠𝑎𝑚𝑝𝑙𝑒  is the actual porosity of the electrode layer, 휀𝑜𝑣𝑒𝑟𝑎𝑙𝑙  is the overall porosity of 

the electrode and the substrate measured by the buoyancy method, 𝛿𝑜𝑣𝑒𝑟𝑎𝑙𝑙  is the thickness of the 

electrode and the substrate combined and 𝛿𝑠𝑎𝑚𝑝𝑙𝑒  is the thickness of the electrode sample only. 

 The porosity measured by the buoyancy method was cross-checked by calculating the 

theoretical porosity based on the ink composition. The composition-based porosity was estimated 

using the following relations: 

 휀𝑠 =
𝑚𝑐𝑎𝑡

𝛿
⋅
1

𝜌𝑐𝑎𝑡
 [5-2] 

 휀𝑛 =
𝑚𝑐𝑎𝑡

𝛿
⋅

𝜔𝑛
(1 − 𝜔𝑛)𝜌𝑛

 [5-3] 

 휀𝑣 = 1 − 휀𝑠 − 휀𝑛 [5-4] 

where 휀 is the volume fraction of each phase, 𝜌 is the density, 𝑚𝑐𝑎𝑡 is the catalyst loading, 𝛿 

is the thickness of the catalyst layer and 𝜔𝑛  is the Nafion™ loading in mass fraction. The 

subscripts 𝑠, 𝑛 and 𝑣 denote solid (catalyst), Nafion and void, respectively. The density of the 

non-PGM catalyst was measured by gas pycnometer (Ultrapyc 5000 Micro, Quantachrome, US) 

using helium as the working gas. The measured density of the non-PGM catalyst was 2.326 g/

cm2 and 2.0 g/cm2 was used as the density of the Nafion™.73 
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5.4.2.2. Pore Size Distribution 

The pore size distributions of the samples were estimated by mercury intrusion porosimetry 

(PoreMaster® 33, Quantachrome, US). First, the cumulative intrusion curve as a function of 

capillary pressure was obtained and smoothed by weighting each point by its neighboring points 

(4% of the data). Next, the obtained capillary pressure was then converted into an approximate 

pore size using the Washburn equation: 

 𝑑𝑝𝑜𝑟𝑒 = −
4𝛾 cos𝜃

𝑝𝑐
 [5-5] 

where 𝑑𝑝𝑜𝑟𝑒  is the pore diameter estimated by the Washburn equation, 𝛾  is the surface 

tension of mercury (Hg), 𝜃 is the contact angle of Hg and 𝑝𝑐 is the capillary pressure. 0.485 N/

m was used for the surface tension and 140° was used for the contact angle. 

Finally, the cumulative intrusion curve was normalized by the total intruded volume and its 

derivative was used to obtain the pore size distribution, i.e., 

 
𝑑𝑋𝑖

𝑑 ln(𝑟𝑖)
=
1

𝑉𝑇

𝑉(𝑟𝑖) − 𝑉(𝑟𝑖−1)

ln(𝑟𝑖) − ln(𝑟𝑖−1)
 [5-6] 

where 𝑋𝑖  is the normalized volume of pore radius 𝑟𝑖  at 𝑖𝑡ℎ  intrusion step and 𝑉(𝑟𝑖) is the 

cumulative intrusion at 𝑟𝑖. 

When performing the mercury intrusion for thin nanoporous electrodes, such as fuel cell 

catalyst layers, often mercury intrusion is observed during the filling process in the low pressure 

station.160,161 This is attributed to the presence of a void space either between the samples 

themselves or between the sample and the wall of the penetrometer. To avoid this problem, the 

non-PGM electrodes were made into three strips of 70 mm x 9 mm and were loaded into the 

penetrometer in a triangle shape, the substrate side facing the wall of the penetrometer.  
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5.4.2.3. Specific Surface Area 

For the specific surface area, N2  sorption experiments were performed at 77 K  using a 

Gemini VII surface analyzer (Micromeritics, US). All samples were cut into a known shape 

which weighed ~200 mg. They were then cut into smaller pieces to fit into the glass tube. The 

samples were pre-conditioned by purging dry 𝑁2 gas for at least 12 hours at 105℃. The specific 

surface areas were calculated from the standard Brunauer-Emmett-Teller (BET) equation in the 

range of 0.05~0.30 𝑝/𝑝0. The specific surface areas are typically reported in the unit of m2/g. 

Although, this is useful for materials such as catalysts themselves, it is not very informative for 

electrode samples. The more relevant metric for the catalyst layer samples would be the surface 

area per unit volume or per unit area of the catalyst layer. Therefore, the specific surface areas 

were converted into m2/m3 and m2/m2 in this work, using the known geometric properties of 

the samples. 

5.4.2.4. In-Plane Effective Diffusivity 

The radial in-plane effective diffusivity, 𝐷𝑒𝑓𝑓 , of the electrosprayed non-PGM catalyst layers 

were measured using the technique developed and validated previously.65 This technique was 

designed to be applied to thin layers, and has been proven to provide accurate results quickly and 

simply. Briefly, a porous electrode sample is cut in a thin disk and sandwiched between two 

cylindrical pedestals. The sample is initially flushed with N2  to create 𝑐𝑂2 = 0  inside the 

microstructure of the porous sample. Once the sample is completely filled with N2 gas, the 

boundary conditions are changed by flowing air past the outer radius so O2 is allowed diffuse 

into the microstructure of the porous sample. The O2 concentration is measured using a high-

speed fiber optic oxygen probe (OXR430-UHS, PyroScience GmbH, Germany) at the center of 

the sample. The benefit of this technique is that it does not require any gasket119,162,163 which 
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makes it particularly suited for thin porous materials such as catalyst layers.  The resulting data is 

in the form of oxygen concentration vs time.  The effective diffusivity of the sample can be 

obtained by fitting the experimental oxygen vs time data to Fick’s second law with the effective 

diffusivity as a fitting parameter. For the present paper however, this was taken one step further 

to separate the structural tortuosity and the Knudsen effect, as discussed later. 

5.5. Results and Analysis 

5.5.1. Morphology, Thickness and Porosity 

 

Figure 5-2  SEM images of electrosprayed non-PGM catalyst layers (a) Q50D30 (b) Q50D50 (c) Q50D70 (d) 

Q75D30 (e) Q75D50 (f) Q75D70 (g) Q100D30 (h) Q100D50 (i) Q100D70 
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The SEM images of the electrosprayed PGM-free catalyst layers are shown in Figure 5-2. In 

general, the morphology of the electrosprayed layers looked less dense when produced with the 

slower flow rate and became more compact as the flow rate was increased. No difference was 

visually observed between samples with different distances. 

 

Figure 5-3  Thicknesses of non-PGM catalyst layers electrosprayed at various operating conditions. 𝑑 is the needle-

collector distance and 𝑄 is the flow rate of the catalyst ink (NOTE: The total thickness was normalized by the 

catalyst loading to eliminate the loading effect from the analysis) 

Since the thickness of the catalyst layer is a function of the catalyst loading, the total 

thickness was normalized by the actual catalyst loading in Table 5-1. Figure 5-3 shows the 

normalized thicknesses of the electrosprayed non-PGM catalyst layers under various flow rates 

and distances. The thickness of the electrosprayed PGM-free catalyst layers with 3.0 mg/

cm2 target loading ranged from 80 to 270 𝜇m depending on the operating parameter. As an 

indication that the electrospraying technique is indeed creating more porous layers, their 

thickness is generally higher than non-PGM layers made by conventional means. This was also 
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observed by Takahashi et al.99 where the Pt-based catalyst layer always resulted in a thicker layer 

with electrospraying technique compared to the pulse spray coating. Workman et al.29,41 prepared 

the non-PGM catalyst layers with the same type of non-PGM catalyst using an ultrasonic nozzle 

and reported a thickness of around 75 𝜇m  with 3 mg/cm2  loading. Baricci et al.164, also 

fabricated catalyst layers with the same type of catalyst, but with a spray gun and they reported 

much thicker layers with the thickness of 261 𝜇m  with the catalyst loading of 4 mg/cm2 . 

Assuming the thickness increases linearly with the catalyst loading, this would correspond to 

approximately 200 𝜇m-layer with 3 mg/cm2 loading. Clearly the thickness of the catalyst layer 

is a strong function of the deposition method. In the study of Workman et al.29,41, they used a 

high flow rate (i.e. 1 mL/min) suggesting that the deposited layer was not necessarily dry and 

the solvent needed to evaporate afterwards.  

 

Figure 5-4  Comparison of electrospraying technique and other deposition methods 

During solvent evaporation, the tensile stress caused by the capillary force may have pulled 

the catalyst particles closer together, creating more compact and thinner structure. In the 

electrospray deposition, however, the solvent is expected to dry in flight and only relatively dry 
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solid would collide into the substrate causing a thicker and less compact layer. This is illustrated 

in Figure 5-4. The trend is clear from Figure 5-3, where the thickness generally decreases with 

increasing flow rate. This hypothesis is also supported by the SEM images in Figure 5-2. 

However, the trend was not as clear with the needle-collector distance (𝑑). By the same logic, it 

would be expected that as the distance gets larger, the thickness would increase because the 

solvent would have more time to evaporate. Although, this trend was more or less followed when 

the flow rates were 0.75 and 1.0 mL/hr, when the flow rate was 0.50 mL/hr, the thickness of 

the catalyst layer was thicker when the distance was 3.0 cm compared to when the distance was 

5.0 cm. This may indicate that 3.0 cm was enough for the droplet to completely dry with the 

slowest flow rate (0.5 mL/hr).  

 

Figure 5-5  Porosities of non-PGM catalyst layer electrosprayed at various operating conditions 

Figure 5-5 shows the porosity of the electrosprayed PGM-free catalyst layers. There is only 

limited information available on the porosity of the PGM-free catalyst layers in the literature, 

however the packing of nanoparticles with impregnated Nafion™ typically results in 40 to 70% 
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porosity.160,161,165 In Figure 5-5, the porosity of the electrosprayed catalyst layer was as high as 

85% showing its ability to create highly porous structure which is expected to be beneficial for 

reactant transport. By the same reasoning as the analysis of the thickness above, the porosity 

generally increased with the decreasing flow rate. Figure 5-6 shows the comparison between the 

porosity obtained by the buoyancy method and the porosity calculated based on the ink 

composition. Although, the density of 2.0 g/cm3 is typically used for Nafion™, the density of 

Nafion™ can change from 1.40 to 2.0 g/cm3 depending on the water content in Nafion™.166 

Also, it is possible that thin film of Nafion™ has different density than the bulk Nafion™. To 

account for this, the porosity based on a range of possible Nafion™ density is indicated as error 

bar in Figure 5-6. 1.5 g/cm3 was used for the lower error bar and 2.5 g/cm3 was used for the 

upper error bar. The two values were generally in good agreement. 

 

Figure 5-6  Comparison of porosity obtained by two different methods (Buoyancy and composition-based). 𝜌𝑁𝑎𝑓 =

2.0 g/cm3 used for the orange bars. 1.5 and 2.5 g/cm3 are used for lower and upper error bars, respectively. 
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In summary, the electrospraying process resulted in layers that, for the same catalyst loading, 

were up to 3 times thicker compared to other deposition techniques, such as air spraying and 

ultrasonic spraying. A low porosity catalyst layer is undesirable in PGM-free catalyst layers 

since it would worsen the already high mass transport resistance. The electrospraying technique 

can enhance mass transport by creating a more porous structure. 

5.5.2. Pore Size Distribution 

 

Figure 5-7  Capillary pressure curves (a – c) and pore size distributions (d – f) of non-PGM catalyst layers 

electrosprayed under various operating conditions; (a), (d) d = 3.0 cm and Q = 0.50, 0.75, 1.0 mL/hr; (b), (e) d = 5.0 

cm and Q = 0.50, 0.75, 1.0 mL/hr; (c), (f) d = 7.0 cm and Q = 0.50, 0.75, 1.0 mL/hr 

Figure 5-7 shows the capillary pressure curves (a – c) obtained from the mercury intrusion 

porosimetry (MIP) and the pore size distribution (d – f) calculated using the Washburn equation. 

All catalyst layer samples show a bimodal distribution with a sharp peak at 5 − 10 nm, and a 

wide peak spanning a range of 10 nm  to 1 𝜇m . The first peak, around 7 nm  radius, is 

presumably due to the pores within the catalyst particles, while the second, wide pore region is 
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due to the pores between the catalyst agglomerates in the catalyst layer.  

From the synthesis steps, the catalyst prepared by the sacrificial support method is expected 

to have a bimodal pore size distribution with one peak at 5 − 10 nm and the other one around at 

70 nm , the latter being a result of the etched out Stöber spheres. This was confirmed by 

conducting the gas sorption experiment of the non-PGM catalyst and calculating the pore size 

distribution of it using the BJH method, as shown in the left most figure in Figure 5-8. The pore 

size distribution obtained from MIP experiments does not show a clear peak at 70 nm. The 

suppression of the 70 nm peak can be attributed to the fact that the Nafion™ can intrude into the 

pores greater than 30 nm.167 Since the MIP experiments were done on the catalyst layer samples, 

the pores formed from the etched out Stöber spheres are likely intruded by the Nafion™. 

Nafion™ cannot enter into ~7 nm pores, therefore the smaller pores can still be clearly observed 

in the MIP results. The proposed electrode structure is shown in the right figure in Figure 5-8. 

 

Figure 5-8  Left: Pore size distribution of catalyst particles obtained with BJH theory.  Right: Proposed structure of 

the electrosprayed PGM-free catalyst layer based on MIP and BJH pore size distributions.   

From Figure 5-7, it is evident that there is no major difference in the 10 nm peak. This is 

expected since the electrodes have the same catalyst and Nafion™ loading. The slowest flow rate, 
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0.50 mL/hr generally showed the highest macropore volume (i.e., at 1 𝜇m). This coincides with 

the fact that the porosity increased as the flow rate was decreased because macropores contribute 

more to the porosity than the micro- or mesopores. Samples prepared at flow rate 1.0 mL/hr 

with distance 5.0 cm and 7.0 cm  showed an extra peak at ~200 nm. The extra peak could have 

been induced by poor Nafion™ coverage due to high flow rate, but further study is required to 

draw any firm conclusion. 

5.5.3. Specific Surface Area 

 

Figure 5-9  Specific surface area of electrosprayed PGM-free catalyst layers (a) per active area and (b) per active 

volume 

The specific surface area (SSA) of the catalyst itself and the catalyst layer samples were 

measured by the gas sorption experiment. The SSA of the Fe-NCB catalyst was around 650 m2/

g which is similar to the reported value of the same type of catalyst.48 Figure 5-9 shows the areal 

(a) and the volumetric (b) SSA of each catalyst layers samples. The areal SSA of the 

electrosprayed PGM-free catalyst layers were in the order of 104 mBET
2 /melectrode

2 . It is clear 

from Figure 5-9 that the samples made with the slowest flow rate had the highest areal SSA. For 



 

 

100 

the flow rates 0.75 and 1.0 mL/hr, the areal specific surface area stayed more or less the same 

for all distances. The areal SSA generally increased from 3.0 cm  to 5.0 cm , however, the 

samples sprayed at 7.0 cm distance showed the lowest SSA. There seems to be a critical distance 

where the SSA can be increased, however, more study is required. 

Interestingly, when the thickness was considered (i.e. volumetric SSA), the SSA flattened out 

and no clear variation was visible between different flow rates. This can be an important 

consideration when optimizing the electrosprayed electrode since this means that the SSA is 

essentially independent of the flow rate assuming the distance is fixed. Therefore, when 

optimizing the electrospraying parameters, one can expect that the samples electrosprayed at the 

same distance would have similar activation loss and the mass transport losses in the electrode 

(i.e., H+, e−,  reactants and product) are more important considerations. 

5.5.4. Effective Diffusivity 

 

Figure 5-10  Effective diffusivities of the electrosprayed PGM-free catalyst layers at various operating conditions  
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Figure 5-10 shows 𝐷𝑒𝑓𝑓  for the electrosprayed samples fabricated under various conditions, 

with values ranging from 0.02 cm2/s to 0.08 cm2/s. The effective diffusivity values closely 

followed the porosity trend, with samples produced at slower flow rates showing higher effective 

diffusivity. This is expected since the effective diffusivity is known to be strongly dependent on 

the porosity of the material. The measured effective diffusivity values are about an order of 

magnitude higher than the reported values for the conventional Pt-based catalyst 

layers.161,165,87,168,57 This can be attributed to the fact that the electrosprayed PGM-free electrode 

had much larger secondary pores (inter-agglomerate pores) than the conventional Pt-based 

electrodes. The reported peak value of the secondary pore radius of the Pt-based electrode is 

somewhere between 20 − 50 nm  depending on the type of carbon support used and the 

deposition method161,57,169,55 whereas it is as high as 1 𝜇m  for the electrosprayed PGM-free 

catalyst layers according to the MIP results. To illustrate this further the pore size distributions 

obtained for three different types of catalyst layers using MIP are compared in Figure 5-11. The 

Pt/C catalyst layers prepared by the inkjet printing technique5,80, regardless of the type of the 

carbon support used, show maximum pore radii below 100 nm. In contrast, the secondary pores 

in the electrosprayed PGM-free catalyst layer are much larger so consequently the electrosprayed 

PGM-free electrode will have less Knudsen resistance. In addition, the higher diffusivity 

observed in the present electrosprayed samples can be partly attributed to the fact that they had 

higher porosity that those reported for conventional CLs. 
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Figure 5-11  Comparison of conventional inkjet printed Pt/C catalyst layer and the electrosprayed PGM-free 

catalyst layer – Black: Inkjet printed Pt/C (Vulcan) catalyst layer, Red: Inkjet printed Pt/C (Ketjenblack) catalyst 

layer and Blue: Electrosprayed PGM-free catalyst layer. 

5.5.5. Tortuosity 

In Chapter 4, the analysis of Knudsen effect of the nanoporous alumina packing was left out 

to focus on the viability of the technique developed on measuring the effective diffusivity of thin 

porous media. To fill the knowledge gap, the effect of Knudsen friction on the effective 

diffusivity and tortuosity is further analyzed in this section. The effective diffusivity is an 

important transport property, but it depends on the surrounding conditions as well as the pore 

sizes of the material. The tortuosity, however, depends only on the morphology of the porous 

media. Once the tortuosity is obtained for a particular material, it can be used to calculate the 

effective diffusivity of the material under any conditions, including the Knudsen regime. 

In Table 5-2 the average pore diameter and the corresponding Knudsen numbers (Kn =

𝜆/𝑑𝑝𝑜𝑟𝑒) for all samples tested here are listed (𝜆 is the mean free path defined as 𝑘𝐵𝑇/√2𝑝𝜋𝑑𝑔
2 
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where 𝑘𝐵  is the Boltzmann constant, 𝑇  is the temperature, 𝑝  is the pressure and 𝑑𝑔  is the 

effective diameter of the gas molecule). Since the Knudsen numbers fall between 0.1 and 10 the 

Knudsen resistance is present in all the experimental data.  Therefore, in order to obtain the true 

geometric tortuosity owing purely to the structure of the produced materials, this resistance must 

be removed from the measured effective diffusion values.   

 

Table 5-2  Average pore diameter, Knudsen number, molecular diffusivity and Knudsen diffusivity of 

electrosprayed non-PGM catalyst layers 

Sample Name 
𝑑𝑝,𝑎𝑣𝑔 Kn 𝐷𝑖𝑗 𝐷𝑖𝑘  

[nm] [−] [cm2/s] [cm2/s] 

Q50D30 357 0.2132 0.2039 0.5277 

Q75D30 306 0.2488 0.2039 0.4523 

Q100D30 279 0.2729 0.2039 0.4124 

Q50D50 289 0.2634 0.2039 0.4271 

Q75D50 202 0.3769 0.2039 0.2986 

Q100D50 294 0.2589 0.2039 0.4345 

Q50D70 330 0.2307 0.2039 0.4877 

Q75D70 274 0.2778 0.2039 0.4050 

Q100D70 287 0.2653 0.2039 0.4242 

 

There are only a limited number of studies that have attempted to remove the Knudsen 

resistance from experimentally obtained values to produce a geometric tortuosity. Pant et al.170 

developed a diffusion bridge technique that could simultaneously measure the permeability and 

the Knudsen diffusivity of microporous layers which have similar structure and pore sizes to 

CLs.171,172 They used the binary friction model to account for the Knudsen effect. Yu et al.161 and 

Inoue et al.87 used a simpler approach based on the Bosanquet equation. This latter approach was 

used in the present work to determine the geometric tortuosity for the electrosprayed catalyst 

layers.  

The standard definition of tortuosity is given as: 
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 𝜏𝑜𝑏𝑠 = 휀 ⋅ (
𝐷𝑖,𝑗

𝐷𝑖
𝑒𝑓𝑓
) [5-7] 

where 𝐷𝑖
𝑒𝑓𝑓

 is the experimentally observed effective diffusivity as discussed in the previous 

section, and 𝐷𝑖,𝑗 is the binary diffusivity of the diffusing species in open air.  This definition of 𝜏 

is denoted as observed since it is based on the uncorrected observed 𝐷𝑖
𝑒𝑓𝑓

 values. 

 

Figure 5-12  Tortuosity-Porosity plot of the electrosprayed PGM-free catalyst layers. (Lines indicate the power-law 

fit whereas the markers are the experimental data). *Note: The observed tortuosity from the work of Yu et al.161 was 

calculated based on the information given. Others are plotted as given in the work. 

 Figure 5-12 shows the 𝜏𝑜𝑏𝑠 values computed using Eq. [5-7] as a function of porosity. This 

figure also shows the published results of Yu et al.161 and Inoue et al.87 for their conventional 

catalyst layers, and the observed tortuosity is notably higher than the electrosprayed materials.  

Not only do the conventional materials have generally lower porosity, but their trend with 

porosity is offset substantially upwards compared to the electrosprayed materials, due to the 

higher Knudsen resistance present in their much smaller pores. 
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The true geometric tortuosity (𝜏𝑔𝑒𝑜) of these materials was found by adjusting for the impact 

of the Knudsen resistance as follows: 

 𝜏𝑔𝑒𝑜 = 휀 ⋅ (
𝐷𝑖

𝐷𝑖
𝑒𝑓𝑓
) [5-8] 

where 𝐷𝑖 is the prevailing gas diffusion coefficient in the experiment owing the combination of 

molecular diffusion and Knudsen effects, and was estimated using the Bosanquet equation: 

 𝐷𝑖 = (
1

𝐷𝑖,𝑗
+

1

𝐷𝑖,𝑘
)

−1

 [5-9] 

where 𝐷𝑖,𝑗  is the binary molecular diffusivity between species 𝑖 and 𝑗 and 𝐷𝑖,𝑘  is the Knudsen 

diffusivity of the species 𝑖. The Knudsen diffusivity was evaluated as:  

 𝐷𝑖,𝑘 =
𝑑𝑝𝑜𝑟𝑒
3

√
8𝑅𝑇

𝜋𝑀𝑖
 [5-10] 

where 𝑅 is the gas constant, and 𝑑𝑝𝑜𝑟𝑒 is the average pore diameter calculated from the capillary 

pressure curve data as the volume-averaged pore diameter57: 

 𝑑𝑝𝑜𝑟𝑒 =
1

𝑉𝑇
∑𝑉𝑖𝑑𝑖
𝑖

 [5-11] 

where 𝑉𝑇 is the total pore volume, 𝑉𝑖  is the pore volume at the 𝑖th intrusion step and 𝑑𝑖  is the 

corresponding pore diameter. Figure 5-10(b) shows the 𝜏𝑔𝑒𝑜  for both the electrosprayed and 

conventional CLs calculated using Eq. [5-8].  Unlike the 𝜏𝑜𝑏𝑠 values, in this case it can be seen 

that both materials follow a common trend, which suggests that they have similar pore structures.  

This is to be expected given the similarities in the constituent materials (carbon power and 

Nafion™ ionomer). The 𝜏𝑔𝑒𝑜  values follow the expected power-law function with porosity; 

therefore, an attempt was made to fit the power law function to the experimental data, yielding:  
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 𝜏𝑔𝑒𝑜 = 휀
−1.716 [5-12] 

Eq. [5-12] can be used in conjunction with Eq. [5-8] to obtain an actual effective diffusivity 

value for a given electrosprayed catalyst layer material with known porosity and pore size 

distributions, for use in modeling studies for instance. 

5.6. Conclusion 

In the present work, the electrospraying technique was explored to fabricate fuel cell catalyst 

layers with a PGM-free electrocatalysts. Several operating parameters that are known to have a 

strong impact (flow rate and distance) on the resulting porous structure were varied. The 

structures of the electrosprayed PGM-free catalyst layers were extensively characterized and it 

was confirmed that relatively simple adjustments to the production parameters resulted in 

catalyst layers with a variety of characteristics which makes it an appealing deposition technique 

to tailor the CL microstructure as suggested in the second case study in Chapter 3. The 

characterized properties included the thickness, porosity, pore size distribution, specific surface 

area and tortuosity. It was found that the electrosprayed layers generally resulted in thicker and 

more porous structure compared to the catalyst layer fabricated by other techniques such as air 

spray and ultrasonic spray. This was attributed to the fact that the electrospray technique enables 

the solvent to evaporate completely in-flight between the nozzle and the substrate resulting in 

thicker and looser structure. Also, the flow rate seemed to have more impact on the resulting 

structure than the needle-collector distance. Generally, slower flow rate resulted in thicker and 

more porous structures whereas higher flow rate resulted in thinner and more compact porous 

structures. The pore size distribution of the PGM-free catalysts synthesized by the sacrificial 

support method was evaluated to be bimodal at 10 nm and 70 nm. When the PGM-free catalysts 



 

 

107 

were made into catalyst layers, most of the 70 nm pores disappeared and a new pore at 1 − 2 𝜇m 

range formed. It is highly likely that 1 − 2 𝜇m pores are inter-agglomerate pores formed after the 

deposition and 70 nm pores are mostly covered up by Nafion™ since Nafion™ can only intrude 

into pores larger than 30 nm. 

The effective diffusivity of the non-PGM catalyst layers were experimentally measured and 

were higher for the slower flow rate and decreased with increasing flow rate. The effective 

diffusivities of the electrosprayed non-PGM catalyst layers were an order of magnitude higher 

than the conventional Pt/C catalyst layers which is attributed to larger inter-agglomerate pore 

size leading to a significantly reduced Knudsen effect. The geometric tortuosity was evaluated 

and was found to follow a similar trend to catalysts prepared by traditional methods. 
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Chapter 6 Concluding Remarks 

6.1. Summary 

This thesis aimed at providing better understanding of how to design, produce, and 

characterize improved non-PGM catalyst layers. 

In Chapter 3, the optimal composition of non-PGM catalyst layers was examined using 

numerical simulation of fuel cell performance. A comprehensive parametric study was 

performed varying the catalyst loading between 0.5 to 6 mg/cm2 and the Nafion™ loading from 

10% to 90%. The simulations were performed under realistic operating conditions, for example 

70% relative humidity inlet gas. The optimum catalyst loading was found at 4.0 mg/cm2 , 

however there was only a minimal improvement in the performance between 3.0 and 4.0 mg/

cm2 catalyst layers. The optimum Nafion™ loading was generally higher than the ones reported 

in the literature. In the literature, the optimum Nafion™ loading was generally found at 50%, 

however, in this study 70% Nafion™ was found to be the optimum. This was attributed to the 

fact that all published works on non-PGM uses 100% RH inlet gas to enhance the Nafion™ 

conductivity but is more prone to water flooding. Therefore, higher porosity and less Nafion™ 

loading is favored to mitigate the water flooding, but this is not a practical approach for cell 

operation. Also, for 70% RH, proton conductivity of the non-PGM CL is expected to be lower 

due to lower RH, therefore requiring higher Nafion™ loading. 

In Chapter 4, a novel method for measuring the effective diffusivity in thin porous materials 

was developed. The method was validated by measuring the binary diffusion coefficient of the 

working gases, i.e., nitrogen and air, in open space. The experimentally measured binary 

diffusivity was compared with the Chapman-Enskog correlation and they were in good 
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agreement. The method was further validated by measuring the effective diffusivity of a pack of 

spheres. The effective diffusivity obtained for sphere packs agreed well with the reported 

effective diffusivity for these well-defined structures. It is well known that the Bruggeman 

correlation significantly overpredicts the effective diffusivity in complex porous materials like 

catalyst layers. However, in this study, it was found that when the assumptions of the Bruggeman 

equation are satisfied, namely the structure was composed of monomodal spheres, the 

Bruggeman correlation predicted the effective diffusivity well. For polydisperse spheres or non-

spherical solids, the data could be fit using Archie’s law, which has the same functional form as 

the Bruggeman equation, but the exponents are treated as a fitting parameter.  Values of 1.75 

were required, compared to 1.5 for the standard Bruggeman approximation.  

In Chapter 5, the non-PGM catalysts were fabricated via electrospraying technique at various 

processing conditions. The resulting set of non-PGM catalyst layers were extensively examined 

with existing tools (porosity, BET, etc) as well as the diffusivity tool developed in Chapter 4. It 

was found that, with relatively simple adjustment to the process parameter, catalyst layers with 

substantially different structural characteristics were produced, suggesting that the ES technique 

holds promise for yielding an optimized layer for use in fuel cells. Electrosprayed non-PGM 

catalyst layers showed improved mass transport characteristics owing to higher porosity as well 

as larger average pore sizes. Also, in this study, tortuosity-porosity relationship was empirically 

derived. 
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6.2. Future works 

6.2.1. Through-plane Effective Diffusivity/Tortuosity 

Although, catalyst layers are generally regarded as isotropic and in-plane measurement of the 

effective diffusivity can principally be applied in all direction, it is still recommended that a new 

technique be developed for measuring the through-plane effective diffusivity. Currently, there 

are two methods that have the capability to measure the effective diffusivity in through-plane 

direction: 1) Loschmidt cell and 2) Diffusion bridge (Wicke-Kallenbach). In both techniques, 

samples are stacked in multiple layers to add resistances or to increase the mass flux, but multi-

layers add additional resistances at the interface and make extracting the effective diffusivity 

challenging. Also, the diffusion bridge method requires careful control of the pressure and flow 

rates on each face of the sample. For thin materials, even a slight pressure gradient may cause 

convective mass transfer. Therefore, direct measurement of the through-plane effective 

diffusivity of a single layer is desired. 

6.2.2. Measurement of Other Effective Properties 

In Chapter 5, characterization mostly focused on the structure. The ability to measure other 

transport characteristics such as electrical, ionic and thermal conductivity would further improve 

the understanding of the electrospray non-PGM catalyst layers. This requires modification of the 

electrospraying setup. Currently, the non-PGM catalyst is electrosprayed on conducting 

substrates (i.e., ITO or copper sheet). However, to be able to measure in-plane electrical and 

thermal conductivities, the sample needs to be deposited on electrically and thermally insulating 

substrate, for example PTFE. 
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6.2.3. Hydrophobic Non-PGM Electrode 

Non-PGM electrodes are more prone to water flooding than the conventional Pt/C due to 

their hydrophilic nature173 and reduced water saturation have shown to improve the 

performance103,174 as well as the durability.175 One way to reduce the water saturation is to 

impregnate the electrode with hydrophobic material such as PTFE. However, this approach is 

likely to have adverse effect on the FC performance since PTFE does not participate in any 

transport process. PTFE is known to be electrically, ionically and thermally insulating and its 

presence reduces the porosity. A better approach would be either to synthesize hydrophobic 

catalysts directly or to surface-treat the catalyst as a post-processing step, though this might 

damage the Nafion™ ionomer. 

6.2.4. Non-PGM Performance Test under Lower Relative Humidity 

In Chapter 3, it was found that non-PGM catalyst layers had different optimal composition 

under lower relative humidity due to issues related to liquid water. It is recommended that the 

electrosprayed non-PGM electrodes with low to high Nafion™ content are fabricated and tested 

under lower humidity. The performance under lower humidity should be compared against a cell 

run with fully humidified air which would provide useful insights into practical design of the 

non-PGM catalyst layers. 
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Appendix 

Table A-1  Model parameters for gas diffusion layers (SGL25BC) 

Parameter Correlation/Value 

Structural properties  

Thickness59,115 [𝜇m] 190 (compressed) or 109 (uncompressed) 

Porosity59,116 [−] 0.882 (compressed) or 0.81 (uncompressed) 

Gas transport  

Molecular diffusivity65 [cm2/s] Chapman-Enskog 

Effective diffusivity  

(through-plane)117,118 [cm2/s]  

Tomadakis-Sotirchos correlation 

휀𝑣,𝑇𝑃
𝑡ℎ = 0.11 (fixed) 

𝜇 = 3.479 (fitted) 

Effective diffusivity  

(in-plane)117,119 [cm2/s] 

Tomadakis-Sotirchos correlation 

휀𝑣,𝑇𝑃
𝑡ℎ = 0.11 (fixed) 

𝜇 = 2.579 (fitted) 

Electron transport  

Effective electrical conductivity 

(through-plane)115 [S/cm] 
180 

Effective electrical conductivity 

(in-plane)115 [S/cm] 
3.75 

Thermal transport  

Effective thermal conductivity  

(through-plane)120,a,b [W/(cm ⋅ K)] 

𝑘𝑇𝑃
𝑒𝑓𝑓

= 𝑀(𝑇𝑐)𝑘𝑦
𝑒𝑓𝑓

 

 

𝑀(𝑇𝑐) = −1.495 × 10
−11𝑇𝑐

5 + 2.601 × 10−9𝑇𝑐
4 − 6.116 × 10−8𝑇𝑐

3

− 9.829 × 10−6𝑇𝑐
2 + 8.754 × 10−4𝑇𝑐 + 0.0664 

Effective thermal conductivity 

(in-plane)121,a,b [W/(cm ⋅ K)] 𝑘𝐼𝑃
𝑒𝑓𝑓

= −7.166 × 10−6𝑇𝑐
3 + 2.24 × 10−3𝑇𝑐

2 − 0.237𝑇𝑐 + 20.1  

a 𝑇𝑐[℃] = 𝑇[K] − 273 
b −50℃ ≤ 𝑇𝑐 ≤ 120℃ (through-plane), −20℃ ≤ 𝑇𝑐 ≤ 120℃ (in-plane) 
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Table A-2  Model parameters for microporous layers (SGL25BC) 

Parameter Correlation/Value 

Structural properties  

Thickness115 [𝜇m] 45 

Porosity115 [−] 0.40 

Average pore radius59 [nm] 56 

Gas transport  

Molecular diffusivity65 [cm2/s] Chapman-Enskog 

Knudsen diffusivity [cm2/s] 𝐷𝑖,𝑘 =
𝑑𝑝
3
√
8𝑅𝑇

𝜋𝑀𝑖

 

Bulk diffusivity [cm2/s] 
1

𝐷𝑖
=

1

𝐷𝑖,𝑗
+

1

𝐷𝑖,𝑘
 

Effective diffusivity122 [cm2/s] 
Percolation equation 

휀𝑣
𝑡ℎ = 0.118 

𝜇 = 2 

Electron transport  

Effective electron conductivity115 
[S/cm] 

0.823 

Thermal transport  

Effective thermal conductivity115 
[W/(cm ⋅ K)] 

0.005 

 

 

Table A-3  Model parameters for polymer electrolyte membrane (NR-211) 

Parameter Correlation/Value 

Thickness123 [𝜇m] 25 

EW [g/mol] 1100 

Back-diffusion coefficient for 

water124  [cm2/s] 
𝐷𝜆 = {

3.10 × 10−3𝜆(−1 + 𝑒0.28𝜆)𝑒−2436/𝑇 for 0 < 𝜆 ≤ 3

4.17 × 10−3𝜆(1 + 161𝑒−𝜆)𝑒−2436/𝑇 for 3 < 𝜆 ≤ 17
 

Electro-osmotic drag coefficient125  

[molH2O/mol𝐻+] 
𝑛𝑑 =

2.5𝜆

22
 

Diffusion coefficient for thermal 

osmosis126 [g/(cm ⋅ s ⋅ K)] 
𝐷𝑇 = −1.04 × 10

−4 exp (−
2362

𝑇
) 

Proton conductivity122 [S/cm] 𝜎𝑚 = (−1.0125 × 10−4𝜆2 + 0.01052𝜆 − 0.020634)𝑒
6248
𝑅

(
1
303

−
1
𝑇
)
 

Thermal conductivity127,128 
[W/(cm ⋅ K)] 

0.0015 
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Table A-4  Model parameters for catalyst layer (anode = Pt/C, cathode = non-PGM) 

Parameter 
Correlation/Value 

Anode Cathode 

Physical Constants   

Density of platinum73, 𝜌𝑃𝑡  [g/cm
3] 21.5 - 

Density of carbon59, 𝜌𝐶  [g/cm
3] 1.25 - 

Density of Fe-N/C, 𝜌𝐹𝑒𝑁𝐶  [g/cm
3] - 2.326 

Density of Nafion™73, 𝜌𝑁 [g/cm
3] 2.0 2.0 

Primary particle radius59, 𝑟𝑝 [nm] 39.5 - 

%Pt supported on carbon, 

𝑦𝑃𝑡 [%𝑤𝑡] 
0.46 - 

Ionomer loading, 𝑦𝑁  [%𝑤𝑡] 0.30 Variable (0.10 – 0.90) 

Structural properties   

Thickness, 𝛿 [𝜇m] 4 Variable (10 − 120 𝜇m) 

Solid phase fraction, 휀𝑠  [−] 휀𝑠 =
𝑚𝑃𝑡

𝛿
(
1

𝜌𝑃𝑡
+
1− 𝑦𝑃𝑡
𝑦𝑃𝑡𝜌𝐶

) 휀𝑠 =
𝑚𝐹𝑒𝑁𝐶

𝛿

1

𝜌𝐹𝑒𝑁𝐶
  

Ionomer phase fraction, 휀𝑛  [−] 휀𝑛 =
𝑚𝑃𝑡

𝛿

𝑦𝑛
(1 − 𝑦𝑛)𝑦𝑃𝑡𝜌𝑛

 휀𝑁 =
𝑚𝐹𝑒𝑁𝐶

𝛿

𝑦𝑁
(1 − 𝑦𝑛)𝜌𝑛

 

Porosity, 휀𝑣 [−] 휀𝑣 = 1− 휀𝑠 − 휀𝑛  

Average pore radius59, 𝑟𝑘  [nm] 𝑟𝑘 = 𝑟𝑝(1.66휀𝑣
1.65 + 0.289) 300 

Gas transport  

Molecular diffusivity, 𝐷𝑖,𝑗  [cm
2/s] Chapman-Enskog 

Knudsen diffusivity, 𝐷𝑖,𝑘  [cm
2/s] 𝐷𝑖,𝑘 =

𝑑𝑝
3
√
8𝑅𝑇

𝜋𝑀𝑖

 

Bulk diffusivity, 𝐷𝑖  [cm
2/s] 

1

𝐷𝑖
=

1

𝐷𝑖,𝑗
+

1

𝐷𝑖,𝑘
 

Effective diffusivity122,  

𝐷𝑖
𝑒𝑓𝑓
 [cm2/s] 

Percolation equation 

휀𝑣
𝑡ℎ = 0.25884 

𝜇 = 2 

Archie’s law 

𝑚 = 2.714 

 

Dissolved water transport  

Sorption isotherm129,  

𝜆𝑒𝑞 [mol𝐻2𝑂/mol𝑆𝑂] 
𝜆𝑒𝑞 = [1 + 0.2352𝑎𝑤

2 (
𝑇 − 303

30
)] (14.22𝑎𝑤

3 − 18.92𝑎𝑤
2 + 13.41𝑎𝑤) 

Effective diffusion coefficient of  

water through Nafion™106,124 
[cm2/s] 

𝐷𝜆
𝑒𝑓𝑓

= 휀𝑛
1.6𝐷𝜆 

Electro-osmotic drag coefficient125  

[molH2O/mol𝐻+] 
𝑛𝑑 =

2.5𝜆

22
 

Effective diffusion coefficient for 

thermal osmosis106,126 
[g/(cm ⋅ s ⋅ K)] 

𝐷𝑇
𝑒𝑓𝑓

= 휀𝑛
1.6𝐷𝑇 

Proton transport   
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Proton conductivity through 

Nafion™ thin film, [S/cm] 

𝜎𝑚,𝑡ℎ𝑖𝑛 = (1.931 × 10
−7𝑎𝑤

3 − 6.735 × 10−6𝑎𝑤
2 + 0.00075𝑎𝑤

− 0.008)𝑒
6248
𝑅

(
1
353

−
1
𝑇
)
 

 

where 

𝑎𝑤 = {
100(0.000094𝜆3− 0.00865𝜆2+ 0.1832𝜆 − 0.1254) if 𝜆 < 13
100 else

 

Effective proton conductivity106, 
[S/cm] 𝜎𝑚

𝑒𝑓𝑓
= 휀𝑁

1.6𝜎𝑚,𝑡ℎ𝑖𝑛  

Electron transport  

Electron conductivity59, 𝜎𝑠  [S/cm] 88.84 

Effective electron conductivity, 

𝜎𝑠
𝑒𝑓𝑓
 [S/cm] 

Percolation equation 

휀𝑠
𝑡ℎ = 0.118 

𝛼 = 2 

Percolation equation 

휀𝑠
𝑡ℎ = 0.05 

𝛼 = 2 

Thermal transport  

Effective thermal conductivity, 

𝑘𝑒𝑓𝑓 [W/cm] 
0.00334 

Kinetic parameters  

Thermodynamic potential, 𝐸 [V] 0 1.20 (Nernst Equation) 

Overpotential, 𝜂 [V] 𝜙𝑠 −𝜙𝑚 −𝐸 

𝛼 - 0.6 

𝑛 - 4 

𝛾73 1.2 1 

Volumetric catalyst loading, 

𝑉𝑐𝑎𝑡  [mg/cm
3] 

400 Variable 

Volume specific surface area of the 

catalyst layer, 𝐴𝑣 [cm
2/cm3] 

1.2 × 105 Variable 

𝑗0𝑇  [A/cm
2] 0.4732,73 - 

𝑗0𝐻  [A/cm
2] 0.0132,73 - 

𝑖0
𝑟𝑒𝑓
 [A/cm2]109 - 2.707 × 10−8 

𝑐𝑟𝑒𝑓 [mol/cm3] 
𝐻2 (anode)108, 𝑂2  (cathode)  

0.59 × 10−6 0.836 × 10−5 

 

 


