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ABSTRACT 

Hydrogen based energy generation devices, especially fuel cells are expected to 

play a dominant role in stationary and portable power systems in the future. However, fuel 

cells have a few bottlenecks and performance degradation factors, which needs to be 

understood and addressed to make fuel cells a commercial success. The membrane 

electrode assembly (MEA) acts as the heart of the fuel cell system and the performance 

limitations occurring in MEAs need to be addressed for ensuring its durability. The MEA 

consists of catalyst layers (CLs), gas diffusion layers (GDLs), and proton exchange 

membrane (PEM). The focus of this thesis can be described as two objectives – 1) the 

understanding of performance limitation factors and 2) developing methodologies to 

mitigate these factors.  

Initially an attempt was made to understand the degradation of Pt catalysts using a 

first principles model accounting for the dissolution behavior. The results indicated that 

dissolution of Pt could not account for a major portion or the trend in catalyst activity loss. 

A semi-empirical model was developed to understand the dissolution behavior of Pt. To 

further understand the factors, which contribute to the degradation of Pt, experimental 

studies were carried out to understand the contribution of various degradation factors such 

as agglomeration due to Ostwald ripening, sintering of Pt and dissolution. In order to 

deconvolute the confounding mechanisms, image analysis was applied in addition to 

various physical and chemical characterization techniques. Pt sintering was simulated 

using mesoscale simulations to understand the effect of applied potential on Pt degradation.  

Our next goal was to mitigate the impact of flooding in fuel cells by removing the 

excess water produced in the system. Simulations were performed with testing the effect 

of flow rate change of reactant gases, as an agent to remove the excess water, by monitoring 

the voltage drop in the system with and without the use of a zero-dimensional first 

principles model. An attempt has also been made to eliminate the drying of PEM and 

flooding of GDL by controlling the humidity of the reactant gases fed to the system. A 

model was developed to find the humidification of gases under both isothermal and non-

isothermal conditions. Experimental results were gathered and the deviation between the 
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model and experimental data were analyzed. A conventional PID controller has been 

applied experimentally under both isothermal and non-isothermal conditions.  

In high temperature PEM fuel cells, which transfer protons using phosphoric acid 

in the PEM, acid leaching is a major issue. An attempt has been made to conceptualize the 

fundamental processes that leads to acid leaching in the membranes. Experiments were 

performed to understand the onset of acid leaching and a model was conceptualized for the 

same.  

The advantages of using modeling and simulation alongside experimental data to 

recognize and predict the various factors reducing the performance of fuel cells can be 

appreciated. A discussion of the various possible experiments and simulations for data 

collection and verification, focused towards performance improvement of fuel cell MEA 

has been provided. 
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CHAPTER 1 

INTRODUCTION 

 

FUEL CELLS 

A Fuel cell is an electrochemical device that converts chemical energy to electrical 

energy by consuming hydrogen as its fuel. Fuel cells have gained importance as a clean 

source of electrical power for both stationary and automotive applications to counteract the 

increasing concerns over pollution and greenhouse effect caused by fossil fuels [1]. There 

are various kinds of fuel cells namely [2,3]: 

1. Polymer electrolyte membrane fuel cells (or) Proton exchange membrane fuel cells 

(PEMFC) 

a. Direct methanol fuel cells (DMFC) 

b. Low temperature proton exchange membrane fuel cells (HTPEMFC) 

c. High temperature proton exchange membrane fuel cells (HTPEMFC) 

2. Alkaline fuel cells (AFC) 

3. Phosphoric acid fuel cells (PAFC) 

4. Molten carbonate fuel cells (MCFC) 

5. Solid oxide fuel cells (SOFC) 

6. Reversible fuel cells (RFC) 

Proton exchange membrane fuel cells (PEMFCs) operate with a proton exchange 

membrane (PEM) as the electrolyte material. It helps in the transfer of protons from the 

anode to cathode side. Direct methanol fuel cells (DMFCs) are a subset of PEMFCs that 

operate with liquid methanol as the fuel for producing electricity. DMFCs have their 

advantages in storage of fuel. High temperature proton exchange membrane fuel cells 

(HTPEMFCs) contain phosphoric acid doped in polybenzimidazole (PBI) membrane as 

the proton exchange medium.  

Alkaline fuel cells (AFCs) have anion exchange medium, which is mostly an alkaline 

solution that helps to transfer OH- ions from cathode to anode end. Phosphoric acid fuel 

cells (PAFCs) contain phosphoric acid supported in silicon carbide matrix as the proton 
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exchange medium. Molten carbonate fuel cells (MCFCs) have a molten carbonate salt 

medium as the electrolyte being supported in ceramic lithium aluminium oxide matrix. 

Solid oxide fuel cells (SOFCs) have a non-porous ceramic material as the electrolyte. 

Reversible fuel cells (RFCs) can act both as an electricity producing device and the 

electrical load, where the former is used to produce electrical power and the latter is used 

to produce the reactants consumed while producing power. In this thesis, most of the 

attention will be paid on PEMFCs that work with hydrogen as fuel.  

PROTON EXCHANGE MEMBRANE FUEL CELLS 

PEMFCs take hydrogen and oxygen as fuel and oxidant and produce electricity. 

PEMFCs can work at a range of temperatures. LTPEMFCs work at <100 ˚C, since they 

need liquid water molecules to conduct protons in the PEM. HTPEMFCs work in the 

temperatures range 100 - 160 ˚C and contain phosphoric acid as the proton exchange 

medium. Low temperature PEMFCs are a favorable option for automotive applications 

[1,4] as they work at temperatures below 100 °C. Also LTPEMFCs are seen as a great 

option towards powering portable electronic devices such as personal computers and 

mobile phones as low temperature operation is essential in these consumer electronic 

products [5,6].  

Parts of a proton exchange membrane fuel cell 

A PEMFC consists of the following parts [3,7]: 

 Flow fields, where the reactants enter and products exit 

 Gas diffusion layer, which helps in distributing the gases to the catalyst layer  

 Catalyst layer, where the reactions of interest takes place and 

 Polymer electrolyte membrane, which helps in the transport of protons from 

anode to cathode 

 Current collector, to help carry the current produced from the fuel cell and transfer 

it to the external circuit 

The part of the fuel cell comprising of the gas diffusion layer, catalyst layer and the 

proton exchange membrane is called the membrane electrode assembly (MEA). 

These parts (excluding the current collector) are shown in Figure 1. 
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PEMFC operation  

In a PEMFC, hydrogen is fed at the anode and oxygen/air is fed at the cathode as fuels 

through the gas flow fields. These gases get distributed through the gas diffusion layers, 

which are made of carbon cloth or carbon sheets. These reactants then reach the catalyst 

layer at the anode and cathode side respectively. In the catalyst layer, platinum catalyst 

strips the hydrogen’s electrons to form protons at the anode. The protons travel through the 

proton exchange membrane due to concentration and potential gradients, and reach the 

cathode side of the catalyst layer. The electrons travel through an external circuit and reach 

the cathode. At cathode, the protons and electrons combine with oxygen molecules on the 

platinum catalyst surface to produce water [8,9]. The passage of electrons through the 

external circuit due to the potential difference creates electrical power output from a fuel 

cell [10]. The unused reactant gases and the product water exits through the flow field. A 

schematic of a PEMFC is given in Figure 1. 

Classification of PEMFCs 

In this thesis, two types of PEMFCs have been considered. 

1. Low Temperature PEM Fuel Cells (LTPEMFCs) and 

2. High Temperature PEM Fuel Cells (HTPEMFCs) 

Figure 1  Parts of PEMFC with the catalyst layers, diffusion layers and flow fields. The short arrow denotes the 
proton transport direction and the green arrow denotes the electron flow direction. The long arrows denote the 
reactant gas flows. 
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In a fuel cell, since chemical energy is converted to electrical energy, increasing the 

temperature increases the reaction kinetics and hence the performance of the fuel cell. The 

temperature of PEM fuel cells cannot be increased to very high values, to avoid 

performance limitations and degradation of the MEA. 

LTPEMFCs operate at temperatures around 80 ˚C, and use Nafion (developed by 

DuPont) as the proton exchange membrane. In Nafion, liquid water fills the pores of the 

membrane and acts as the proton conducting medium. The temperature at which the fuel 

cell can be operated is limited by the proton conduction process, since water evaporates at 

100 ˚C and proton conductivity ceases.  

This temperature limitation can be overcome by HTPEMFCs. HTPEMFCs use 

polybenzimidazole (PBI) membrane filled with phosphoric acid as the proton exchange 

medium and can be operated up to 200 ˚C [11]. HTPEMFCs have advantages such as 

improved reaction kinetics, easy water management, and increased CO tolerance [11,12].  

PERFORMANCE REDUCTION IN FUEL CELLS 

A fuel cell’s performance degrades over time due to degradation of different 

components of the fuel cell. In particular, the MEA of the fuel cell is exposed to voltages 

that are created by the movement of protons and electrons, which leads to potential (or) 

voltage cycling of the catalyst layer at startup and shutdown conditions [13]. Fuel cell 

performance degrades due to various reasons such as chemical decomposition, membrane 

imperfections, reducing and oxidizing atmosphere created by the presence of hydrogen and 

oxygen, low pH and high humidity [1,14]. Abnormal operating conditions such as 

starvation of hydrogen, reverse current phenomenon due to fuel crossover, oxidation of 

carbon support and start-stop events lead to enhanced degradation of fuel cells [15].  

The proton exchange membrane degrades by both physical and chemical methods. 

PEM can degrade due to the presence of mechanical imperfections such as perforations 

and cracks, thermal degradation due to the softening of the membrane at its glass transition 

temperature, and chemical/electrochemical attack by the peroxide and hydroperoxide 

radicals produced by the reactions [10]. The gas diffusion layer’s properties namely 

conductivity and hydrophobicity degrade over time. The electrocatalyst and the catalyst 
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layer degrades due to reasons such as dissolution of Pt, agglomeration of Pt crystallites and 

the corrosion of carbon matrix in which the Pt is supported [1]. In order to improve the 

performance of the fuel cells, these degradation processes have to be understood and 

improved upon.  

In this thesis, an attempt has been made to understand the various methods by which 

the performance of the fuel cell degrades. A schematic of the various degradation processes 

discussed in this thesis are shown in Figure 2.  These mechanisms along with strategies for 

improving the performance will be discussed in further detail in the upcoming chapters.   

 

Electrocatalyst degradation in PEMFCs 

Electrocatalyst acts as the heart of the fuel cell and its degradation leads to performance 

reduction. Alternative and inexpensive catalysts are under research and development stage 

since they cannot match the performance and stability of Pt catalysts [16,17]. Hence, Pt is 

the de-facto catalyst used in most PEMFCs. In order to increase the effectiveness of catalyst 

usage, Pt nanoparticles are deposited on carbon matrix, which tremendously increases the 

active surface area of Pt catalyst [18–20]. This catalyst material is denoted as ‘platinum 

supported on carbon (Pt/C)’ and is a widely used catalyst for PEMFCs. 

In a PEMFC, the MEA contains Pt/C deposited on both sides of a proton exchange 

membrane. The rate of reactions on the catalyst surface depends on the surface area of Pt 

Figure 2 Schematic of the various degradation phenomena in fuel cells that are focused in this thesis 
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available for reactions and it is denoted as the electrochemical surface area (ECSA) [21,22]. 

Nano-sized platinum catalysts increase the ECSA but the durability of Pt is still a concern 

since the catalyst degrades by various mechanisms over time, leading to loss of efficiency 

in fuel cells. As a result, achieving the requirement of 5000 h for automobiles to 40000 h 

for stationary applications remains a challenge[20,23].  

The degradation of Pt catalyst over time acts as a barrier in the widespread acceptance 

of PEMFCs as a stationary and mobile power source. Hence, understanding the degradation 

of Pt catalyst is of vital importance, in order to develop catalysts of various compositions 

and structures. In addition to this, non – invasive catalyst layer diagnosis techniques are 

not well developed to understand the various degradation phenomena that occurs in Pt. 

Simpler diagnostic tools are necessary to characterize the various degradation mechanisms 

[24,25]. An attempt to create such a diagnostic tool with potential cycling patterns is made 

and it will be discussed in more detail in the forthcoming sections.  

Platinum catalyst degrades by various mechanisms such as dissolution, agglomeration, 

and carbon corrosion, which ultimately leads to the loss of performance of a fuel cell over 

time [1,14,20]. Dissolution is a mechanism of degradation where Pt gets converted to Pt2+ 

and the free ions diffuse out of the Pt particles and either get washed away or deposited by 

reduction in the PEM. The size of the platinum particles increases due to agglomeration, 

which in turn leads to the reduction of catalyst surface area and performance loss. 

Agglomeration can happen in two ways – by the aggregation of Pt nanoparticles and by 

the dissolution and redeposition of Pt on larger Pt nanoparticles. Carbon corrosion is the 

phenomenon in which the carbon support breaks along with the Pt it bears [14]. It is 

essential to mitigate the degradation of catalyst in a fuel cell to retain performance for a 

longer period of time and make fuel cells more durable.  

The first step towards this goal is to understand the various ways in which the 

degradation of Pt happens in a fuel cell and quantify the mechanisms through simulation 

and experiments. Once a clear phenomenological understanding of the processes 

underlying degradation is achieved, this knowledge can be used in the development and 
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evaluation of new catalyst designs. One of the major difficulties in evaluating new catalysts 

is the long life-cycle time that is required before the degradation performance can be 

quantified [19,26,27]. To address this issue, accelerated test protocols are being 

investigated [27,28]. Platinum degrades by several mechanisms that occurs together and 

accelerated test protocols cannot resolve these mechanisms. Also, for commercial systems, 

it will be crucial to estimate the long term degradation behavior under standard operating 

conditions using short time accelerated degradation protocols [27,29]. The aim of this work 

is to replicate the long term degradation using fast potential cycling patterns. It will be of 

use to discriminate the percentage loss in catalyst performance due to various mechanisms, 

so that better catalysts that are aimed towards mitigating specific factors in catalyst 

degradation can be developed. 

The objectives of this research are two-fold. The first objective is the development of 

test protocols for preferentially isolating the various degradation mechanisms of Pt and a 

phenomenological understanding of these mechanisms. The second objective is to study 

the effect of different voltage cycles and use of the performance loss data to identify and 

attribute the losses to the various degradation mechanisms. Isolating the effect of various 

degradation mechanisms would pave a way to develop test protocols and analyze new 

catalysts for their effectiveness to withstand degradation due to each mechanism 

separately. This can potentially accelerate the catalyst discovery process when compared 

to the use of current catalyst testing protocols, which require prolonged operation of the 

fuel cell [29,30].  

Even though dissolution of Pt along with Pt crystallite size changes in fuel cells has 

been studied in literature [31,32], the various molecular processes occurring on Pt particles 

at high cycling rates are not dealt with in detail. This work aims at providing fundamental 

understanding of molecular processes associated with the various degradation mechanisms 

based on experimental observations and simulations.  

Simulation of platinum catalyst degradation 

Simulations of Pt catalyst degradation are essential to predict the performance of fuel 

cells over time. Also modeling serves as a cost effective methodology towards testing the 
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conceptualizations and promising ideas, as a primer to resource intensive experiments. The 

modeling of fuel cell degradation can be carried out at two levels of detail: 

1. First principles mechanistic modeling, which considers the physics and chemistry 

that leads to Pt degradation and accounts for them in detail. This type of modeling 

helps us in understanding the various molecular processes and helps us to draw 

insights and conclusions that can be used further in developing strategies to limit 

Pt degradation. 

2. Empirical modeling, where a set of equations can be used to predict the Pt 

degradation behavior, which matches the experimental observations. These models 

are quick to solve and helps in predicting the degradation that should have occurred 

in the catalyst, but lack the ability to provide molecular insights of the system.  

Both modeling approaches have been attempted in this thesis. This modeling gives us the 

handle to separate the effect of dissolution of Pt from the overall degradation of Pt.  

Platinum agglomeration 

The increase in the size of Pt particles is termed as agglomeration. Agglomeration leads 

to the loss in the real and active surface area of the platinum catalyst, thereby leading to 

performance drop of fuel cells [1,33]. Platinum agglomeration proceeds by two 

mechanisms - Ostwald ripening and aggregation. Ostwald ripening is the agglomeration 

mechanism where Pt ions dissolved from smaller Pt particles, preferentially redeposit on 

larger Pt particles to achieve higher stability. It has to be noted that Pt dissolution is a step 

that precedes Ostwald ripening. Aggregation is the phenomenon of surface area loss of 

electrocatalysts, where adjacent Pt particles collide together and fuse to form a cluster of 

Pt particles [19,20].  

It is essential to understand the agglomeration of Pt in a piecewise manner so that newer 

catalyst that can either resist Ostwald ripening or aggregation can be developed. With this 

motivation, an attempt was made to simulate the aggregation of platinum nanoparticles 

under potential cycling conditions. Various potential cycling patterns can be provided in 

the simulation and their effect of aggregation on surface area loss can be calculated 

exclusively by this approach. This would help in the direct verification of Pt nanoparticle 
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size changes based on experimental observations. The Pt nanoparticle size can be measured 

before and after potential cycling experiments using TEM imaging. The average size of Pt 

nanoparticles after simulations were compared with that of the experiments. The 

simulations were repeated several times to get a statistical mean of the particle radius. This 

modeling approach helps us separate the effect of aggregation of Pt particles from the 

overall Pt catalyst degradation.  

Simulation of platinum dissolution 

Simulation of Pt dissolution has been carried out by both first principles approach and 

empirical approach.  

First principles approach 

Pt dissolution was first modelled by Darling and Meyers [34]. This work considered 

three basic mechanisms of platinum surface reactions namely (i) dissolution of platinum, 

(ii) oxidation of platinum surface and (iii) redeposition of platinum from the solvent. This 

model considered Pt dissolution as a competitive process between these three surface 

restructuring mechanisms and obtained the rate of dissolution of platinum. Several 

researchers have followed up with enhancement in the model to see the effect of particle 

size change and the deposition of Pt in Nafion [31,35]. 

In our work, Pt catalyst supported on carbon was taken as the system of interest and 

the dissolution of platinum was modelled conceptualizing the diffusion of Pt2+ ions from 

the surface of platinum particles as seen in an electrochemical cell.  

Empirical approach 

Topalov et al. [36,37] studied the dissolution of platinum in situ using a flow 

electrochemical cell coupled to an ICP-MS. They had reported the amount of platinum 

dissolved when the platinum surface was exposed to various potential cycling rates, 

potential cycling limits and potential cycling patterns. Developing an empirical model that 

can account for the amount of platinum dissolved could directly help in the quantification 

of platinum when platinum nanoparticles are exposed to various potential cycling patterns. 
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Also, this model would greatly reduce the computational complexity involved in predicting 

the degradation of platinum due to various mechanisms.  

High temperature PEM fuel cell degradation 

HTPEMFCs show better reaction kinetics since they operate at elevated temperatures 

in comparison to LTPEMFCs. Phosphoric acid doped in PBI membrane acts as the proton 

transport medium in HTPEMFCs [38]. The phosphoric acid doping acts plays a crucial role 

of the HTPEMFCs, and higher levels of doping leads to elevated proton conductivities in 

the fuel cells [12,39]. These membranes suffer from acid leaching, which leads to an 

irreversible loss in the performance of the fuel cells.  

Acid leaching in HTPEMFCs 

It was observed that it is essential to maintain a higher level of H3PO4 in the membrane 

for efficient performance of HTPEMFCs. However, HTPEMFCs undergoes an irreversible 

loss of acid from the membrane over prolonged operation. This process is called ‘acid 

leaching’ [40]. In this thesis, a first principles model of the acid leaching process and 

focusing on the adverse effects of acid leaching is provided. A few ideas on membrane 

preparation methods that can be used to moderate acid leaching will also be discussed.  

Humidification issues in LTPEMFCs 

In a fuel cell, protons travel from anode to cathode through the proton exchange 

membrane. The PEM contains water molecules that act as the channels for conduction of 

protons. An optimum amount of water is required to soak the PEM so that all the pores are 

connected by water channels [3,10]. A reduction in the quantity of water leads to 

unconnected pores where protons cannot travel and this adversely affects the proton 

conductivity of the PEMFC. If the amount of water exceeds the quantity of water required 

in PEM, the excess water accumulates in the catalyst layer and gas diffusion layer, which 

clogs the passage of reactant gases to the catalyst layer. Hence, controlling humidity in 

PEM fuel cells is of great importance since lower humidity in fuel cells leads to a drop in 

protonic conductivity, while excessive humidity leads to leads to inefficient gas transport 

and blockage of gas flow [41,42]. This results in a dramatic drop in the power output from 

fuel cells, which adversely affects its performance.  
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In this work on humidity control, an attempt has been made to track a desired level of 

relative humidity of air stream by mixing specific amounts of dry and wet air. Conventional 

control algorithms have been applied on the system in order to maintain a specific level of 

relative humidity.  

Flooding issues in LTPEMFCs 

Flooding of water in a LTPEMFC blocks the flow of reactants and leads to a drop in 

performance. In order to ensure a smooth supply of reactants to the catalyst layers, the 

excess water formed in the fuel cell has to be removed rapidly. The reactants flowing 

through the gas channel has been shown to drag liquid water along with them. This concept 

has been simulated and used as the method of preventing flooding in a fuel cell. The 

simulation study utilizes a model towards controlling the flow rate of reactants in 

appropriate quantities so as to remove the excess water from the GDL, thereby maintaining 

the desired output from the LTPEMFCs.  

OVERVIEW  

There are several mechanisms by which a fuel cell’s MEA degrades during its 

functioning and it is important to mitigate degradation in order to obtain maximum efficacy 

and to extend the useful life of fuel cells. There are several more mechanisms by which a 

fuel cell degrades but they are not the focus of this thesis. Improving the durability of fuel 

cells has several advantages. (i) It helps in the reduction of operating cost of fuel cells, (ii) 

maintenance free operation of fuel cells over a longer period of time, and (iii) It helps in 

recouping the benefits of a green power source over a longer period of time.  

In the upcoming chapters, the factors that affect fuel cell performance as outlined 

earlier will be discussed with further details in the following order: 

1. Electrocatalyst degradation,  

2. Acid leaching in HTPEMFCs and  

3. Humidification control.  

Mathematical modeling will be used as a tool towards understanding the system under 

consideration. With simplifying assumptions, an attempt has been made to obtain insights 

about the process through theoretical analysis. Experimental analysis at appropriate places 
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will be used to validate the claims and consequences of the theoretical studies. Unless 

specified, all the experimental data were trend analysis obtained without any repeat 

experiments. The uncertainty in the data obtained (errors) are from the instruments used in 

data collection.   
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CHAPTER 2 

MODELLING OF PLATINUM DISSOLUTION 

 

INTRODUCTION 

As a first step towards understanding the degradation of Pt under potential cycling, an 

attempt was made to simulate the dissolution of Pt. In this work, the dissolution and 

diffusion of Pt ions from catalyst particles when they are exposed to different potential 

cycling patterns using existing electrochemical Pt degradation models [34,43] is studied. 

Even though dissolution of Pt along with Pt crystallite size changes has been simulated in 

the literature [31], the various molecular processes occurring on Pt particles are not clearly 

classified. This work aims at providing a fundamental understanding of dissolution of Pt 

based on experiment and simulations. The diffusion equation was solved to study Pt loss 

due to transport from the catalyst layer through Nafion. Square and triangular potential 

wave patterns were applied to the model and the dissolution of Pt catalyst with subsequent 

diffusion were simulated. Experiments were performed with the square and triangular 

waves at the same frequency as in simulations and the degradation was calculated. The 

electrochemical surface area loss from simulations and experiments were compared and 

associated with the degradation mechanisms. Based on recent literature, an empirical 

model was also developed to predict the dissolution of Pt when the nanoparticles are 

exposed to voltage patterns. The insights from these simulations shows that several 

molecular mechanisms other than dissolution plays a major role in the degradation of Pt 

catalysts, and serve as the building blocks for upcoming works provided in this thesis. 

FIRST PRINCIPLES MODELLING  

Model Formulation 

Fig 2 shows a schematic of the reactions and processes leading to platinum catalyst 

degradation as modeled and the mechanism of focus is the diffusion of Pt2+ ions through 

Nafion membrane. The diffusion behavior was analyzed by Fick’s 2nd law of diffusion [44], 

which is a second order partial differential equation as given in equation (1). 
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𝜕𝐶Pt2+ 

𝜕𝑡
= 𝐷𝑒𝑓𝑓

𝜕2𝐶Pt2+ 

𝜕𝑥2
 

(1) 

Here, 𝐶𝑃𝑡2+  is the concentration of Pt2+ ions, 𝐷𝑒𝑓𝑓 is the effective diffusivity of Pt2+ 

under conditions of applied potential, t is the time, and 𝑥 is the distance from the catalyst 

layer.  

 

It was assumed that the 1-dimensional diffusion represents the diffusion of Pt2+ in 

Nafion membrane to simplify the calculations. The time dependent 2nd order PDE was 

converted into a set of ODEs by the method of lines described by Cutlip and Shacham [45]. 

The thickness of the Nafion layer was assumed to be 100 µm. The entire thickness of the 

Nafion membrane was divided into 1000 grid points that serve as the 1-dimensional grid 

across which the diffusion of Pt2+ ions take place.  

 

    

    

    

 

 

 

 

 

 

 

  

 

             

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 
 

 

 

 

 

 
 

 

              

  
  
                

      
      

               

                
  
                

      
          

  
  
               
              

  
  

 

                 
 
    

     

  
 
  

        
            

Figure 3 Schematic of the processes modeled. (i) Oxidation of Pt to PtO by reaction with water and (ii) Formation 

of Pt2+ by dissolution of Pt and (iii) Diffusion of Pt2+ through Nafion layer. The chemical dissolution of PtO is 

not shown since its contribution is low. All the processes are considered on the surface of the C/Pt deposited on 

the electrode. The interior layer processes are not shown here. 
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The diffusion equation was discretized using finite differences. At the grid point 

defining the contact with Pt surface, the concentration of Pt2+ was taken to be the 

concentration in the catalyst layer (𝐶𝑃𝑡2+
0 ). In grid points that are not in the boundaries, 

central difference formula given by equation (2) was applied to convert the PDEs into 

ODEs 

𝑑𝐶𝑖

𝑑𝑡
=

𝐷𝑒𝑓𝑓

Δ𝑥2
(𝐶𝑖+1 − 2𝐶𝑖 + 𝐶𝑖−1) 

(2) 

where 𝐶𝑖 denotes the concentration of Pt2+ in the ith grid point. At the last grid point, 

the Nafion membrane is in contact with the bulk liquid phase (in CV experiments). In 

water, the Pt2+ ions diffuse at a rate, which is three orders of magnitude higher than that of 

the Nafion membrane [31] and so the concentration of Pt2+ at the interface of water was 

taken to be zero. 

The boundary condition for solving the PDE requires us to find the amount of Pt2+ ions 

produced due to various reactions occurring at the Pt surface. This is obtained by solving 

the dissolution model from literature at various potentials [34,43] . The initial Pt2+ 

concentration was taken to be zero.  

The platinum catalyst dissolution and oxidation occurs primarily by the reactions 

described by the equations (i), (ii) and (iii) [34,43,46]. 

Platinum dissolution:   𝑃𝑡 ↔ 𝑃𝑡2+ + 2𝑒−          (i) 

Platinum oxide formation:  𝑃𝑡 + 𝐻2𝑂 ↔ 𝑃𝑡𝑂 + 2𝐻+ + 2𝑒−   (ii) 

Chemical dissolution of platinum: 𝑃𝑡𝑂 + 2𝐻+ ↔ 𝑃𝑡2+ + 𝐻2𝑂        (iii) 

The rate equations for the three reactions are as follows: [31,47].  

Rate of platinum dissolution reaction (i) is given by the equilibrium equation (3), 

𝑟1 = 𝑟𝑃𝑡,𝑑𝑖𝑠𝑠 − 𝑟𝑃𝑡2+ ,𝑟𝑒𝑑 (3) 

Here 𝑟1 is the rate of Pt dissolution reaction, 𝑟𝑃𝑡,𝑑𝑖𝑠𝑠 is the rate of dissolution of Pt to 

Pt2+, and 𝑟𝑃𝑡2+,𝑟𝑒𝑑 is the rate of redeposition of Pt2+ ions on Pt. Further, the dissolution of 

Pt to Pt2+ is given by the equations (4) and (5). 
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𝑟𝑃𝑡,𝑑𝑖𝑠𝑠 = 𝑘1,𝑓𝑤𝑑 (𝐸). 𝜃𝑃𝑡 (4) 

𝑘1,𝑓𝑤𝑑(𝐸) = 𝑘1 𝑒𝑥𝑝 (
𝛼𝑎1𝑛1𝐹

𝑅𝑇
(𝐸 − 𝑈𝑇𝐷𝑃)) 

(5) 

Here 𝑘1,𝑓𝑤𝑑(𝐸) is the forward reaction rate constant at an applied potential ‘E’, 𝜃𝑃𝑡 is 

the fraction of available Pt surface area, 𝑘1 is the rate constant of reaction (i), 𝛼𝑎1 is the 

anodic transfer coefficient for Pt dissolution, 𝑛1 is the number of electrons transferred 

during Pt dissolution, F is the Faraday’s constant, R is the gas constant, T is the temperature 

of operation, UTDP is the corrected thermodynamic potential for Pt dissolution reaction.  

The rate of platinum redeposition is given by the equations (6) and (7). 

𝑟𝑃𝑡2+,𝑟𝑒𝑑 = 𝑘1,𝑏𝑤𝑑(𝐸). 𝜃𝑃𝑡 . (
𝐶

𝑃𝑡2+

𝐶
𝑃𝑡𝑟𝑒𝑓

2+
)  

(6) 

𝑘1,𝑏𝑤𝑑(𝐸) = 𝑘1 exp(−
αc1𝑛1𝐹

𝑅𝑇
(E − 𝑈𝑇𝐷𝑃)) 

(7) 

Here 𝑘1,𝑏𝑤𝑑(𝐸) is the potential dependent rate constant for Pt oxidation to PtO, 𝐶𝑃𝑡𝑟𝑒𝑓
2+  

is the reference concentration of Pt2+, 𝑛1 is the number of electrons transferred in the Pt 

dissolution reaction, and 𝛼𝑐1 is the cathodic transfer coefficient for Pt dissolution. UTDP is 

given by equations (8) and (9). 

U𝑇𝐷𝑃 = 𝑈𝑇𝐷𝑃
0 −

Δ𝜇𝑃𝑡

2𝐹
 

(8) 

Δ𝜇𝑃𝑡 =
𝜎𝑃𝑡𝑀𝑃𝑡

𝑟𝜌𝑃𝑡
 

(9) 

Here 𝑈𝑇𝐷𝑃
0  is the Standard dissolution potential of Pt dissolution reaction in bulk phase, 

Δ𝜇𝑃𝑡 is the change in chemical potential of Pt,  𝜎𝑃𝑡 is the surface tension of Pt, 𝑀𝑃𝑡 is the 

molecular weight of Pt, r is the radius of platinum particles, and 𝜌𝑃𝑡 is the density of Pt 

respectively.  

Similarly, for Pt oxidation reactions (ii), the rate expressions are given by equation 

(10) 

𝑟2 = 𝑟𝑃𝑡,𝑜𝑥 − 𝑟𝑃𝑡𝑂,𝑟𝑒𝑑 (10) 
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Here 𝑟2 is the rate of Pt oxidation reaction, 𝑟𝑃𝑡,𝑜𝑥 is the rate of oxidation of Pt to PtO, 

and 𝑟𝑃𝑡𝑂,𝑟𝑒𝑑 is the rate of reduction of PtO to Pt. The rate of oxidation of Pt is given by 

the equations (11) and (12). 

𝑟𝑃𝑡,𝑜𝑥  =  𝑘2,𝑓𝑤𝑑(𝐸) . exp (−
𝜔𝜃𝑃𝑡𝑂

𝑅𝑇
)  

(11) 

𝑘2,𝑓𝑤𝑑(𝐸) = 𝑘2  exp (
αa2𝑛2𝐹

𝑅𝑇
(E − 𝑈𝑇𝑂𝑃)) 

(12) 

Here 𝑘2,𝑓𝑤𝑑(𝐸) is the potential dependent rate constant of Pt oxidation to PtO, 𝜔 is the 

PtO – PtO interaction coefficient, 𝜃𝑃𝑡𝑂 is the fraction of Platinum surface covered by PtO, 

𝑘2 is the rate constant of electrochemical oxidation of Pt to PtO, αa2 is the anodic transfer 

coefficient for PtO formation, 𝑛2 is the number of electrons transferred in the Pt oxidation 

reaction, and 𝑈𝑇𝑂𝑃 is the corrected thermodynamic potential for Pt oxidation reaction.  

The rate of reduction of oxide formed on the surface of Pt is given by the equations 

(13) and (14).  

𝑟𝑃𝑡𝑂,𝑟𝑒𝑑 = 𝑘2,𝑏𝑤𝑑. 𝜃𝑃𝑡𝑂 . (
𝐶𝐻+

2

𝐶𝐻+,𝑟𝑒𝑓
2 ) 

(13) 

 𝑘2,𝑏𝑤𝑑(𝐸) = 𝑘2 exp (−
αc2𝑛2𝐹

𝑅𝑇
(E − 𝑈𝑇𝑂𝑃)) 

(14) 

Here 𝑟𝑃𝑡𝑂,𝑟𝑒𝑑 is the rate of reduction of PtO to Pt, 𝑘2,𝑏𝑤𝑑 is the potential dependent rate 

constant of PtO reduction to Pt, 𝐶𝐻+ is the proton concentration in membrane, 𝐶𝐻+,𝑟𝑒𝑓 is 

the reference proton concentration, αc2 is the cathodic transfer coefficient for PtO 

formation. UTOP is given by equations (15) and (16). 

𝑈𝑇𝑂𝑃 = 𝑈𝑇𝑂𝑃
0 +

Δ𝜇𝑃𝑡𝑂

2𝐹
−

Δ𝜇𝑃𝑡

2𝐹
 

(15) 

Δ𝜇𝑃𝑡𝑂 = Δ𝜇𝑃𝑡𝑂
0 + 

𝜎𝑃𝑡𝑂𝑀𝑃𝑡𝑂

𝑟𝜌𝑃𝑡𝑂
 

(16) 

where 𝑈𝑇𝑂𝑃
0  is the standard dissolution potential of Pt oxidation reaction in bulk phase, 

Δ𝜇𝑃𝑡𝑂 is the change in chemical potential of PtO, Δ𝜇𝑃𝑡𝑂
0  is the standard chemical potential 
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change for the oxidation reaction, 𝜎𝑃𝑡𝑂 is the surface tension of PtO, 𝑀𝑃𝑡𝑂 is the molecular 

weight of PtO, 𝜌𝑃𝑡𝑂 is the density of PtO respectively.  

The rate of dissolution of PtO is given by the equations (17) to (20).  

𝑟3 = 𝑟𝑃𝑡𝑂,𝑑𝑖𝑠𝑠 − 𝑟𝑃𝑡2+,𝑜𝑥 (17) 

𝑟𝑃𝑡𝑂,𝑑𝑖𝑠𝑠 = 𝑘3𝜃𝑃𝑡𝑂𝐶𝐻+
2  (18) 

𝑟𝑃𝑡2+,𝑜𝑥 =
𝑘3𝐶𝑃𝑡2+

𝐾3
 

(19) 

𝐾3 = 𝑒𝑥𝑝(
𝐹

𝑅𝑇
(𝑛1𝑈𝑇𝐷𝑃 − 𝑛2𝑈𝑇𝑂𝑃)) 

(20) 

Here 𝑟3 is the rate of dissolution of PtO, 𝑟𝑃𝑡𝑂,𝑑𝑖𝑠𝑠 is the rate of dissolution of PtO to 

Pt2+, 𝑟𝑃𝑡2+,𝑜𝑥 is the rate of formation of PtO from Pt2+, 𝑘3 is the rate constant of PtO 

dissolution reaction, and 𝐾3 is the equilibrium constant of PtO dissolution to Pt2+.  

The surface oxide coverage of Pt particles is given by equation (21). 

𝜃𝑃𝑡𝑂 =
𝐴𝑃𝑡𝑂

𝐴𝑃𝑡
 

(21) 

Here 𝐴𝑃𝑡𝑂 is the surface area of Pt covered by PtO and 𝐴𝑃𝑡 is the surface area of Pt 

available for reaction. The mass balance for surface coverage of platinum oxide is given 

by equation (22). 

𝑑𝜃𝑃𝑡𝑂

𝑑𝑡
= (

𝑟2 − 𝑟3
Γ𝑚𝑎𝑥

) − (
2𝜃𝑃𝑡𝑂

𝑟
) (

𝑑𝑟

𝑑𝑡
) 

(22) 

where Γ𝑚𝑎𝑥 is the active catalyst sites per unit Pt surface area, 
𝑑𝑟

𝑑𝑡
 is the rate of change 

of radius of platinum particles obtained from the mass balance for Pt as shown in equation 

(23). 

𝑑𝑟

𝑑𝑡
=  −

𝑀𝑃𝑡

𝜌𝑃𝑡

(𝑟1 + 𝑟2) 
(23) 
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A Nafion layer covers the Pt/C catalyst deposited on the glassy carbon electrode. On 

potential cycling, Pt2+ that leaving the Pt particles supported on carbon should travel 

through the Nafion layer before getting dissolved in the bulk (H2SO4 solution). Hence, an 

attempt was made to model this process as a simple diffusion. Fick’s law of diffusion was 

combined with the Pt2+ dissolution model to study the effect of voltage patterns on Pt 

catalysts. The modified catalyst degradation model obtained was used to analyze the effect 

of various signal patterns.  

The surface areas of the Pt particles are completely assumed to be available for reaction. 

The platinum particles are assumed to be of the same size [47] and a particle size 

distribution was not considered for the simulations. A multilayer of platinum oxide can be 

formed on the Pt particles and the reactions are not limited by the monolayer oxide 

coverage[48]. The inner layers of Pt are accessible for oxide formation reaction even after 

covered by layers of oxide, which allows prolonged degradation of Pt particles until all the 

Pt is lost by dissolution and oxidation. The simulations are carried out in 1-dimension and 

the behavior was assumed to be the same over 3-dimensional space. The total surface area 

of Pt particles was considered to be equivalent to the ECSA of Pt/C. The concentration of 

protons in the Nafion phase was assumed to be equal to the concentration of sulphuric acid 

solution, since there was no supply of hydrogen in the membrane to generate H+ 

(𝐶𝐻+,𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 = 𝐶𝐻+,𝑏𝑢𝑙𝑘). 

The rate of change of platinum concentration is given by the difference in the amount 

of Pt2+ that got dissolved from the Pt particles due to dissolution and the amount of Pt that 

diffused through the Nafion layer. The mass balance considering the Pt2+ ions in catalyst 

layer results in equation (24) and (25). 

𝑑𝐶𝑃𝑡2+
0

𝑑𝑡
= 4𝜋𝑟2𝑁(𝑟1 + 𝑟3) (

1

𝜖𝑐𝑎𝑡
)

+ 𝐷𝑒𝑓𝑓 ((
𝐶𝑃𝑡2+

1 − 𝐶𝑃𝑡2+
0

Δ𝑥
) 𝜖𝑁𝑎𝑓 (

𝐴𝐶𝑆

𝑉𝑣𝑜𝑖𝑑,𝑐𝑎𝑡
))  

(24) 
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𝑑𝐶𝑃𝑡2+
𝑖

𝑑𝑡
=

𝐷𝑒𝑓𝑓

Δ𝑥2
(𝐶𝑃𝑡2+

𝑖−1 − 2𝐶𝑃𝑡2+
𝑖 + 𝐶𝑃𝑡2+

𝑖+1 )  ∀  0 < 𝑖 < 𝑛 
(25) 

𝐶𝑃𝑡2+
𝑛 = 0 (26) 

Where ‘n’ denotes the number of grid points in the Nafion membrane. N is the number 

of Pt particles in unit catalyst volume given by 

𝑁 =
𝐶𝑎𝑡𝑎𝑙𝑦𝑠𝑡 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎 𝑝𝑒𝑟 𝑔𝑟𝑎𝑚 𝑜𝑓 𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡

𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎 𝑝𝑒𝑟 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒
 =

𝐴𝑃𝑡,𝑖𝑛𝑖𝑡𝑖𝑎𝑙

4𝜋𝑟2
 

(27) 

The model described in equations (24) and (25) forms a set of coupled ODEs, with 

equation (26) being the initial condition. These equations are solved numerically using stiff 

ODE solver ODE23S in MATLAB.  

Two boundary conditions and one initial condition are required to solve the differential 

equations.  One of the boundary condition is fixed, i.e., 𝐶𝑃𝑡2+
𝐿 = 0 ∀ 𝑡 , the other boundary 

condition is variable, i.e, 𝐶𝑃𝑡2+
0 (𝑡) is a function of the applied voltage and time. The initial 

condition for 𝐶𝑃𝑡2+
𝑖>0 (𝑡 = 0) = 0. Similarly, the initial oxide coverage and radius changes 

were taken to be 0. 

𝐶𝑃𝑡2+
0  depends on voltage and time and as ‘E’ changes, 𝐶𝑃𝑡2+

0  and 𝐶𝑃𝑡2+
𝑖  both change 

dynamically. The sampling time for solving the ODE’s was chosen to be 0.1 s. The initial 

conditions for solving the ODEs at the next sampling interval were taken to be the solutions 

of the ODEs at the previous time interval. This can be represented mathematically as shown 

in equation (28). 

(𝐶𝑃𝑡2+
0

,𝐶𝑃𝑡2+
𝑖

, 𝜃𝑃𝑡𝑂 , 𝑟)|
𝑚𝑡𝑠

= (𝐶𝑃𝑡2+
0

,𝐶𝑃𝑡2+
𝑖

, 𝜃𝑃𝑡𝑂 , 𝑟)|
𝑚𝑡𝑠−𝛿

 ∀ 𝑚 ≥ 1 (28) 

In these set of equations, Deff is an unknown constant that has to be estimated. 

Expected outcomes 

The aim of this work is to check if the degradation of Pt and its loss in ECSA could be 

explained by dissolution of Pt and its subsequent loss from the catalyst layer. This has been 

carried out in two steps. First, an estimate of the diffusivity of dissolved Pt from the catalyst 

layers was obtained, by matching the ECSA from experiments and simulations. The fitted 
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diffusivity values was used to check if dissolution and diffusion explains the trend observed 

in ECSA loss under other potential cycling patterns. A match in ECSA trend for all the 

potential cycling pattern experiments and simulations corroborates that dissolution and 

diffusion is a major method of degradation in Pt nanocatalysts.  

Diffusivity estimation 

Since the Pt2+ concentration in solution is a function of potential to which the particles 

are exposed, it was expected that when the Pt particles are maintained at a constant voltage, 

the diffusion of dissolved Pt2+ would be the only mechanism of Pt loss for short time scales. 

The concentration of Pt2+ was assumed to remain constant at a given potential. The system 

under this assumption becomes a diffusion problem with constant boundary conditions – 

𝐶0 being the constant concentration at one boundary and the other boundary being 

maintained at concentration zero. The diffusivity was fitted to the experimental results by 

utilizing Ficks 2nd law given by equation (1) to find the concentration distribution and by 

Ficks 1st law given by equation (31) to find the loss of Pt from the catalyst particles [49]. 

𝐽 = −𝐷𝑒𝑓𝑓

𝜕𝐶𝑃𝑡2+

𝜕𝑥
|
𝑥=0

 
(29) 

Here 𝐽 is the flux of Pt2+. C0 was numerically found for a particular voltage using 

simulations, C(x,t) was calculated analytically and the corresponding Pt loss was found at 

various instances. 

Table 1 Parameters used in simulations 

Parameter Value used Source [31,50] 

𝑈1
0 1.188 V 

From Literature 
𝑈2

0 0.98 V 

𝜎𝑃𝑡 2.37 J/m2 

𝜎𝑃𝑡𝑂 1 J/m2 

𝛼𝑎1 0.5 

Fitted 𝛼𝑎2  0.425 

𝛼𝑐1 0.5 
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𝛼𝑐2 0.15 

𝜔 30 kJ/mol 

Δ𝜇𝑃𝑡𝑂
0  -40 kJ/mol 

𝑘1 7 x 10-7 mol/m2.s 

𝑘2 1.5192 x 10-8 mol/m2.s 

𝐷 2.244×10-11 m2/s  

𝑘3 3.2 x 10-20 mol/m2.s Assumed 

𝑟 1.1 x 10-9 m From catalyst vendor 

 

Table 2 List of constants 

Symbol Expansion Value  [31,50] Unit 

F Faradays constant 96500 C/equiv 

R Gas constant 8.314 J/mol.K 

𝑀𝑃𝑡 Molecular weight of Platinum 0.195078 kg/mol 

𝑀𝑃𝑡𝑂 Molecular weight of Platinum Oxide 0.211 kg/mol 

𝑀𝐻2𝑂 Molecular weight of water 0.018 kg/mol 

𝜌𝑃𝑡 Density of Platinum 21090 kg/m3 

𝜌𝑃𝑡𝑂 Density of Platinum Oxide  14100 kg/m3 

𝑛1, 𝑛2 No of electrons transferred in the 

reaction 

2 - 

Γmax Maximum surface coverage on platinum 2.18 x 10-5 mol/m2 

 

Experimental methods 

The catalyst slurry was prepared using 20% Pt/C powders and 5% nafion solution 

purchased from Fuel Cell Store (www.fuelcellstore.com). Briefly, 10 mg of catalyst 

powder was mixed with 1 mL deionized water and 1 mL isopropyl alcohol (IPA) and 

ultrasonicated in a bath for 30 mins. 10 𝝁L of this catalyst slurry was coated on a circular 

http://www.fuelcellstore.com/
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glassy carbon electrode of diameter 5 mm purchased from Pine research instruments 

(www.pineresearch.com). The catalyst was dried and coated with 5 𝝁L of nafion solution 

prepared by mixing 1 mL of 5% aqueous nafion with 1 mL IPA and dried. The 

voltammetery and ECSA analysis were performed using a Wavenow potentiostat by Pine 

research instruments. The results were analyzed in MATLAB software. 

Results and discussions  

The experimental results when performing voltage cycling by square and triangular 

waves, along with constant voltage signals are shown and compared with each other. The 

effective diffusivity calculation using constant voltage signal and the oxide formation and 

Pt2+ concentration change during potential cycling simulations replicating constant 

potential, SWV and TWV are discussed. The experimental and simulated ECSA available 

for reaction on potential cycling by SWV and TWV are compared with each other. The 

reasons for mismatch between the simulations and experimental ECSA are qualitatively 

discussed and explained based on inter-particle transport dominating the ECSA loss in 

square wave potential cycling.  

Experimental Results 

Our objective was to observe the variation in accelerated degradation on the catalysts 

and calculating the ECSA was chosen as the method to keep track of the amount of 

available catalyst surface for reaction, and hence relate the amount of degraded Pt catalyst. 

The experimental ECSA calculated for the Triangular and Square wave signals at a sweep 

rate of 1 V/s and between 0.5 V and 1 V is shown in Figure 4. From the experiments, it 

was noted that the ECSA loss was higher for the SWV when compared to the TWV at the 

same frequency of cycling. This result is in agreement with the ECSA loss trend published 

by Hiraoka et al. [51]. Potential cycling removes native surface oxide and exposes more Pt 

surface for reaction. To make the comparison easy, the % ECSA available on Pt particles 

after potential cycling was obtained as shown in equation (30). 

% 𝐸𝐶𝑆𝐴 =
𝐸𝐶𝑆𝐴𝑡

𝐸𝐶𝑆𝐴0
 

(30) 

Here, 𝐸𝐶𝑆𝐴𝑡 is the electrochemical surface area at time ‘t’ and 𝐸𝐶𝑆𝐴0 is the initial 

electrochemical surface area of Pt. 

http://www.pineresearch.com/
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It was noted that the catalyst performance retained is the maximum for TWV, followed 

by constant potential and SWV. The constant voltage signal at 1 V gives a lower ECSA 

loss when compared to the square wave potential signal between 0.5 V to 1 V. The 

experimental ECSA loss was higher for the SWV than the TWV (for the same cycling rate 

and cycling time) and Constant voltage signal as shown in Fig 3. It can also be noted that 

the available ECSA remains nearly constant after initial degradation when Pt/C is exposed 

to a constant potential.  

 

Finding effective diffusivity of Pt2+ 

The diffusivity of an ion in a medium determines the ability of those ions to move 

swiftly through that particular medium. The diffusivity can be calculated by tracking the 

amount of the substance of interest that crosses a boundary, while maintaining the 
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Figure 4 Experimental ECSA remaining at various cycles for constant voltage, square and triangular waves. 

Cycling was performed using Square and Triangular waves between 0.5 V to 1 V at a scan rate of 1 Hz and 1 V/s. 

For constant voltage signal, the electrode was maintained at 1 V throughout the experiment. The ECSA was 

obtained using a CV at 50 mV/s from 0 to 1.2 V SHE. 
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concentration of that substance at the ends of the boundary to be a constant. In this case, it 

was assumed that the ECSA loss in Pt was due to dissolution as the sole mechanism of 

degradation. Applying a higher potential to the Pt catalyst provides enough energy to strip 

the electrons off in some of the Pt atoms and pushes them into the solution for stabilization 

by solvation [52]. As the diffusivity of Pt2+ is taken to be significantly low in Nafion, the 

ions cannot diffuse quickly and they accumulate in the catalyst layer around the Pt particles. 

As the voltage is maintained at a constant, the energy provided by this potential generates 

more Pt2+, which tends to saturate at sufficiently longer times.  Thus, fitting the diffusivity 

of Pt2+ ions across a Nafion boundary layer at constant voltage would provide a measure 

of the effective diffusivity of Pt2+ across Nafion. The experimental ECSA at constant 

voltage signal was fitted with the simulated ECSA loss using equation (31) assuming a 

constant concentration of Pt2+ at one interface, to obtain the effective diffusivity values of 

Pt2+ in Nafion membrane. 𝐶0 was estimated to be 1 mol/m3 based on the simulated 

concentration of Pt2+ in a non-diffusing system. The fitted diffusivity was 2.244×10-11 m2/s. 
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Figure 5 Theoretical and Experimental ECSA values available for reaction when exposed to a constant voltage 
signal of 1 V. The theoretical values are calculated with the least squares fitted diffusivity of 2.244×10-11 m2/s. 
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The experimental and simulated ECSA values for the fitted diffusivity are shown in Figure 

5. 

Simulation results 

Simulated oxide coverage and its effect on ECSA 

The surface oxide coverage for the constant potential, square and triangular waves are 

shown in Figure 6. The oxide coverage initially increases and attains an equilibrium during 

cycling for both the triangular and square waves. It can be noted that the oxide coverage of 

SWV is more than that of the TWV. The percentage of Pt surface area covered by oxide 

layer is obtained by equation (31). 

𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑂𝑥𝑖𝑑𝑒 𝐶𝑜𝑣𝑒𝑟𝑎𝑔𝑒 % = 𝜃𝑃𝑡𝑂  × 100 (31) 

 

The steep drop in oxide coverage after 1000, 2000 and 3000 s are due to the CV 

experiments performed to calculate the ECSA, which reduces the surface oxide.  
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Figure 6 Simulated oxide coverage for constant, square and triangular wave signals over 3000 s 
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Analysis of simulated oxide coverage 

In literature, potential cycling due to square wave signals had been found to provide 

more degradation than triangular wave signals [51]. The enhanced degradation of Pt on 

SWV was explained with the notion that TWV leads to the formation of a protective oxide 

layer before exposing the surface to the peak potential, which is absent in SWV [51,53]. 

Our simulations of oxide coverage shown in Figure 6 indicates that the PtO formed on the 

surface for both square and triangular signals reaches an equilibrium consistently and does 

not get reduced significantly to Pt due to lack of sufficient time for PtO reduction in the 

reverse half cycle. Also, the simulation of oxide coverage on cycling with square wave 

potentials was always higher than that of the triangular wave cycling. Hence, at the highest 

potential more Pt surface is exposed to the peak potential in TWV than in SWV. Therefore, 

the oxide layer protection effect does not explain this experimental result. It can be 

Figure 7 Comparison of concentration of Pt2+ in the catalyst layer when excited with constant, square and 
triangular signals for 1000 s. The inset shows a blown up image of the Pt2+ concentration in a single cycle of 
TWV and SWV 
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anticipated that other forms of degradation might be dominating in the system during SWV, 

which are not significant in TWV. 

Simulated concentration 

The simulated concentration in the catalyst layer during potential cycling is shown in 

Figure 7. It can be noted that the concentration is high in case of constant potential signals 

while its comparatively very low in TWV and SWV.  

Simulated electrochemical surface area 

Oxide formation and dissolution along with diffusion are the mechanisms of Pt 

degradation upon which the model is based. The simulated ECSA available on applying 

the triangular, square and constant potential signal are given in Table 3. The particle radius 

obtained from the simulation is directly used for the calculation of ECSA. In order to 

compare the ECSA obtained from the experiment and the simulations, the surface area 

Figure 8 Comparison of the ECSA available on Pt particles from experiments and simulation after 3000 cycles of 

potential cycling with triangular, square and constant potential signals. Inset shows a blow up of the ECSA remaining 

in the SWV and TWV simulations (for better visibility). 
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obtained was normalized in both cases by finding the ratio of the surface area available at 

time ‘t’ to the initial surface area as given by equation (32). Figure 8 compares the 

simulated ECSA loss with that of the experiments for 5000 cycles during square, triangular 

and constant potential voltammetry experiments.  

Comparison of experimental and simulated ECSA 

On comparing the voltammetry experiments with that of the simulations, a close 

agreement was found between the experimental ECSA loss and the simulated ECSA loss 

for TWV at 1 V/s cycling rate and constant potential signal. The ECSA loss due to SWV 

cycling, had a larger degree of mismatch. The simulated and experimental ECSA available 

are tabulated in Table 1. 

Table 3 Experimental and Simulated % of ECSA available for square, triangular and constant potential signals 

Cycles Square Signal Triangular Signal Constant Potential 

 Simulation Experiment Simulation Experiment Simulation Experiment 

Initial 100 100 100 100 100 100 

1000 97.94505 101.2399 97.94672 101.5462 97.29721 96.87 

2000 97.94482 94.23938 97.9467 99.98589 96.88559 96.96 

3000 97.9446 88.85143 97.94669 98.3017 96.48126 96.53 

 

EMPIRICAL MODELLING OF PT DISSOLUTION 

A semi-empirical model was developed to understand the dissolution of Pt. Pt 

dissolution studies by Topalov et al. [37,54] showed dissolution behavior under both 

forward and reverse potential cycles, as shown in Figure 9. The dissolution during reverse 

potential sweep was found to be approximately an order of magnitude higher than the 

dissolution during the forward sweep. An attempt was made to capture this behavior using 

a simple model. The model equations are as follows. 

Modelling approach 

A conceptualization for the dissolution of Pt was developed using a semi empirical 

approach. It was suggested by Topalov et al. [37], that Pt forms surface oxide during the 

forward cycle of the potential sweep, which during the reverse cycle of the potential sweep 
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disintegrates leading to enhanced dissolution of Pt. An attempt has been made to use this 

information and develop a model.  

First, it has been assumed that oxygen atoms that are available dissolved in the 

electrolyte, or the ones obtained by the splitting of water molecules during potential cycling 

are the ones available for oxidizing the surface. For the oxidation of subsequent layers of 

Pt in the metal surface, the oxygen atoms are made available by the layers above the native 

Pt layers, which are either exposed to the electrolyte or already oxidized. This oxidation of 

Figure 9 Experimental Pt dissolution as reported in literature by Topalov et al. 
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Pt occurs during the forward potential cycle. It was assumed that when several atoms of 

oxygen tend to squeeze through the Pt lattice, they displace some of the Pt atoms thereby 

dissolving them into the electrolyte. A threshold potential of 1.05 V was chosen, based on 

the observed dissolution behavior. The threshold was chosen to be the potential above 

which Pt dissolution occurs in the forward cycle. During the reverse cycle of potential 

sweep, the reduction of PtO is assumed to remove the Pt atom to which the oxygen atom 

was strongly bound. These reactions were assumed to be reversible reactions. The rate of 

oxidation of Pt is given by equation (32). 

𝑑[𝑃𝑡𝑂]𝑖
𝑑𝑡

= 𝑘𝑓𝑤𝑑[𝑂]𝑖−1 − 𝑘𝑟𝑒𝑣[𝑂]𝑖 
(32) 

Here, 𝑘𝑓𝑤𝑑 and 𝑘𝑟𝑒𝑣 denotes the rate of oxidation of Pt and the rate of reduction of PtO. 

The subscript ′𝑖′ denotes the layer of Pt under consideration. The forward reaction rate 

equation has a subscript ′𝑖 − 1′ denoting that the oxygen that attacks the Pt comes from the 

previous layer of oxide or from the dissolved oxygen in electrolyte. Similarly, the rate of 

Pt dissolution can be given by equation (33).  

𝑑[𝑃𝑡]𝑑𝑖𝑠,𝑖

𝑑𝑡
=

1

10
𝑘𝑓𝑤𝑑[𝑂]𝑖−1 + 𝑘𝑟𝑒𝑣[𝑂]𝑖 

(33) 

The dissolved Pt from all the layers is considered to be ejected into the electrolyte in 

this conceptualization. Since the amount of Pt is an order of magnitude lower in the forward 

cycle, it has been accounted for by dividing the first term by a factor of 10. The forward 

and reverse reaction rates are given by the equations (34) to (36). 

𝑘𝑓𝑤𝑑 = 𝑘0 exp [−(
𝛼𝑛𝐹

𝑅𝑇
) 𝜂] 

(34) 

𝑘𝑟𝑒𝑣 = 𝑘0 exp [(
𝛼𝑛𝐹

𝑅𝑇
) 𝜂] 

(35) 

𝜂 = 𝑉𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 − 𝑉𝑎𝑝𝑝𝑙𝑖𝑒𝑑 (36) 

Here, 𝑘0 denotes the coefficient of rate constant, 𝛼 is the transfer coefficient and 𝜂 is 

the over-potential. In this simulation the values of 𝑘0 and 𝛼 were taken to be 10-12 and 0.5 

respectively. The initial oxygen concentration in the electrolyte was chosen to be 0.5 

mmol/L.  
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Results 

 

The simulated Pt concentration obtained from the simulations are shown in Figure 10. 

An exact quantitative match has not been obtained for the Pt concentration values. 

Nevertheless, it has to be noted that the concentration range of dissolved Pt was close to 

the values reported in literature.  

Figure 10 Simulated Pt concentration under potential cycling using the empirical modelling approach. 
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CONCLUSIONS 

The results indicate that dissolution of Pt could not explain to a complete level of 

certainty that dissolution is the sole mechanism of Pt degradation. The first principles 

dissolution model will need to be modified to predict the dissolution observed in 

experimental systems. Further work will be needed to conceptualize the dissolution 

mechanisms thoroughly and simulate them. Considering the simplicity and computational 

efficiency of the empirical model, a better theory can be proposed to predict the dissolution 

of Pt, which gives rise to a similar set of dissolution equations. Optimization and fitting 

have to be applied to obtain a quantitative match of dissolution data. Further predictions 

need to be performed using this dissolution model to match all the dissolution profiles 

provided in literature. This extensive prediction once successfully applied, can pave the 

way for integrating the dissolution model into other complex models of Pt degradation.  

  



Texas Tech University, Srinivasan Raman, May 2018 

 

 

34 

 

CHAPTER 3 

ANALYSIS OF THE DEGRADATION OF PLATINUM ON CARBON 

NANO-CATALYST BY FAST POTENTIAL CYCLING PATTERNS 

 

INTRODUCTION 

Fuel cells have gained importance as a clean source of electrical power for both 

stationary and automotive applications to counteract the increasing concerns over pollution 

and greenhouse effect caused by fossil fuels [1]. Proton exchange membrane fuel cells 

(PEM-FC) are a favorable option for automotive applications [1,4] as they work at 

temperatures below 100 °C. The platinum catalyst strips hydrogen’s electrons to form 

protons at the anode. The protons travel through the proton exchange membrane and reach 

the cathode side of the catalyst layer, while electrons travel through an external circuit and 

reach the cathode. At cathode, the protons and electrons combine with oxygen molecules 

on the catalyst surface to produce water [8,9]. The passage of electrons through the external 

circuit due to the potential difference creates electrical power output from a fuel cell [10]. 

Fuel cell performance degrades due to various reasons such as chemical decomposition, 

membrane imperfections, reducing and oxidizing atmosphere created by the presence of 

hydrogen and oxygen, low pH and high humidity [1,14]. Abnormal operating conditions 

such as starvation of hydrogen, reverse current phenomenon due to fuel crossover, 

oxidation of carbon support and start-stop events lead to enhanced degradation of fuel cells 

[15]. The rate of reactions on catalyst surface depends on the surface area of Pt available 

for reactions, denoted as the electrochemical surface area (ECSA). Nano-sized platinum 

catalysts increase the ECSA but the durability of Pt is still a concern because the catalyst 

degrades over time, leading to loss of efficiency in fuel cells. Fuel cells are also exposed 

to voltages that are created by the movement of protons and electrons and this leads to 

potential (or) voltage cycling of the catalyst layer on the membrane at startup and shutdown 

conditions, augmenting its degradation [13]. As a result, achieving the requirement of 5000 

h for automobiles to 40000 h for stationary applications [23] remains a challenge.  
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Platinum catalyst degrades by various mechanisms such as dissolution, agglomeration, 

and carbon corrosion, which ultimately leads to loss of performance of a fuel cell over time 

[14]. Dissolution is a mechanism of degradation where Pt gets converted to Pt2+ and the 

free ions diffuse out of Pt particles and either get washed away or deposited by reduction 

in the PEM. The size of the platinum particles increases due to agglomeration, which in 

turn leads to the reduction of catalyst surface area and performance loss. Carbon corrosion 

is the phenomenon in which the carbon support breaks along with the Pt it bears [14]. It is 

essential to mitigate the degradation of catalyst in a fuel cell to retain performance for long 

periods of time and make fuel cells durable. 

The first step towards this goal is to understand various ways in which degradation of 

Pt happens in a fuel cell and quantify the underlying degradation mechanisms through 

simulation and experiments. Once a clear phenomenological understanding is achieved, 

this knowledge can be harnessed in the development and evaluation of new catalyst 

designs. One of the major difficulties in evaluating new catalysts is the long life-cycle time 

that is required before the degradation performance can be quantified [19,26,27]. To 

address this issue, accelerated test protocols are being investigated [27,55]. While 

prescriptive tests and analysis procedures have been developed, fundamental 

underpinnings of these tests have not been clearly advocated. Further, since there are 

several degradation mechanisms possible, it is also incumbent on the test protocol to be 

able to resolve the total surface area loss into various possible degradation mechanisms. 

This is a difficult problem to address. In addition, it is necessary to replicate the long-time 

degradation behavior under standard operating conditions as closely as possible using short 

time voltage cycles for accelerated testing. 

In order to test the effectiveness of new fuel cell catalysts, voltammetry techniques are 

used. Voltammetry, when performed in an acidic environment, can replicate the fuel cell 

conditions in an electrochemical cell [56,57]. In an electrochemical cell, it is easy to isolate, 

evaluate and understand catalyst behavior exclusively as the effects of fuel cell components 

other than the catalyst can be excluded. On voltage cycling, the catalyst degradation 

accelerates and leads to higher performance drop of the fuel cell. As various voltage 
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patterns can provide different energies for the molecules, the degradation varies for each 

signal pattern [51]. These effects can be studied in an electrochemical cell, as an alternative 

to direct fuel cell testing.  

The objectives of this research are two-fold. The first objective is obtaining a 

phenomenological understanding of the various degradation mechanisms of Pt. The second 

objective is the development of accelerated test protocols for preferentially isolating and 

studying the effect of different voltage cycles on Pt catalyst. Isolating the effect of various 

degradation mechanisms and developing accelerated test protocols would help in analyzing 

new catalysts for their effectiveness to withstand degradation due to each mechanism 

separately. This can potentially improve catalyst discovery process when compared to the 

use of current catalyst testing protocols, which require prolonged fuel cell operation 

[29,30].  

Even though dissolution of Pt along with Pt crystallite size changes in fuel cells have 

been studied in literature [31], the various molecular processes occurring on Pt particles 

are not clearly classified. This paper aims at providing fundamental understanding of 

molecular processes associated with the various degradation mechanisms. This is achieved 

with the help of chemical, physical and image analysis results. Experiments were 

performed with square and triangular waves at the same frequency and catalyst degradation 

was calculated. The electrochemical surface area loss from the experiments were compared 

and associated with the degradation mechanisms. An analysis of the results for the potential 

cycling patterns at a frequency of 1 Hz and between 0.5 V to 1 V is presented with 

qualitative insights into molecular processes occurring when the Pt particles are exposed 

to these voltage patterns. The possibility of using various potential cycling patterns to 

separate the degradation mechanisms was tested. This work can pave a way for the 

designing of potential cycling patterns to test the degradation and durability of catalyst to 

a specific mechanism.  

Fuel cell catalyst testing is generally performed with potential cycling experiments and 

by measuring the current and voltage during the procedure. This methodology has a major 
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bottleneck that several catalyst degradation mechanisms that play in the background cannot 

be resolved with just the conventional current-voltage-charge data, since the end results are 

a combination of various concurrent degradation processes. There are several accelerated 

degradation studies performed on fuel cells and electrochemical cells with different 

potential signal patterns in literature [53,58,59], which provides some insights into various 

degradation processes that occur in the catalyst layers. Many of these studies have 

extensive results of various electroanalytical methods, Pt dissolution analysis with various 

chemical analysis methods such as mass spectrometry and quartz crystal nano balance, and 

microscopy images. Physical and structural analysis have not been provided in detail in 

many of these works. This work aims at understanding the degradation of Pt under fast 

potential cycling with morphology changes observed from XRD and TEM image analysis, 

in addition to chemical analysis for dissolved platinum. Understanding of these molecular 

phenomena is necessary in order to obtain insights into the degradation mechanisms and 

develop a unified mechanistic model for Pt catalyst degradation in fuel cells, so that time 

consuming and expensive degradation studies can be carried out using simulations.  

The novelty of this work lies in associating the various physical and chemical analysis 

results relating to Pt catalyst degradation, to the results obtained using image analysis. The 

application of image processing to analyze Pt nanoparticle property descriptors for catalyst 

degradation has been minimal in literature, and a wealth of information can be gathered 

from the analysis of Pt nanoparticles in TEM images before and after catalyst degradation. 

Our work suggests that image processing can serve as an important auxiliary tool and can 

help in understanding degradation mechanisms when coupled with other instrumental 

methods of analysis. Additionally, the various mechanisms of degradation such as 

dissolution, Ostwald ripening and sintering of Pt particles, have been qualitatively 

separated using the results from various physical and chemical analysis techniques.  
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MATERIALS AND METHODS 

A three-electrode electrochemical cell as shown in Figure 11 (a), was utilized for the 

voltammetry experiments. A glassy carbon plate (SPI supplies) of size 1 cm × 3.5 cm 

covered with PTFE leaving a slot of area 1.44 cm2 (0.8 cm × 1.8 cm active glassy carbon 

electrode surface) was used as the working electrode, where the reactions of interest takes 

place. This active area was covered by a layer of Pt/C catalyst and Nafion during the 

experiments. The counter electrode was a gold wire, which helps in completing the circuit 

and Ag/AgCl electrode (Pine instruments: RREF0021) was used as the reference electrode 

against which all the potentials are measured. 20 wt% Pt/C catalyst (Item No: 591278) and 

10% Nafion solution (Item No: 592363) purchased from Fuel cell store 

(www.fuelcellstore.com) were used for the experiments. Nitrogen gas (99.9% – SKGA) 

was used as the purge gas. A Potentiostat (Model: Wavenow – Pine instruments) was used 

to perform all the voltammetric analysis. The accuracy of potential applied to the electrode 

was ±1 mV and the accuracy of the measured current was ±0.2 mA, as specified by the 

 d  c 

 a  b 

Figure 11 a) Voltammetry setup used in the accelerated degradation experiments showing the electrochemical cell 
with gold counter electrode, glassy carbon working electrode and Ag/AgCl reference electrode, b) Constant potential 
signal at 1 V, c) Triangular wave pattern between 0.5 V – 1 V at 1 Hz and d) Square wave pattern between 0.5 V – 1 V 
at 1 Hz. 
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potentiostat manufacturer. Unless specified by a negative sign, all unsigned potentials are 

positive and are denoted against RHE.  

Constant, triangular and square potential signals as shown in Figure 11 (b – d), were 

applied using the potentiostat to the working electrode and the output current was analyzed. 

Square wave voltammetry is abbreviated as SWV, and triangular wave voltammetry as 

TWV in the subsequent sections. A potential hold at a specific value, is referred as constant 

wave voltammetry (CWV). The CWV experiments serve as the control for analyzing the 

results with SWV and TWV experiments and to see the effects of accelerated degradation 

due to potential cycling. Since the voltammetry experiments are invasive, for a potential 

cycling experiment, several samples are prepared from the same catalyst powder. The 

catalyst was well mixed to ensure that all the samples come from the same population of 

material. Each of these samples were subjected to various amounts of cycling time. In this 

manner, the degradation of the sample for various times of cycling is determined. Multiple 

repeats of this procedure were performed to get several values for the same amount of 

cycling time so that one could derive statistically meaningful results. The potential signals 

were applied directly without following any initial catalyst conditioning protocols in 

literature [60,61], to avoid any unintentional morphological changes induced by 

conditioning which cannot be corroborated with the signal patterns used.   

Catalyst ink was prepared by mixing 10 mg of Pt/C with 200 µL isopropyl alcohol 

(IPA) and 200 µL water and ultrasonicated for 30 min. 100 µL of this catalyst ink was 

spread on the glassy carbon electrode and dried at room temperature. Nafion solution for 

experiments was prepared by mixing 1 mL of aqueous Nafion with 1 mL of IPA and stirring 

at 50 °C for 30 min. The catalyst layer deposited on glassy carbon electrode was covered 

by 100 µL of this Nafion solution and dried at room temperature. The Nafion layer acts as 

the proton exchange membrane and helps to protect the catalyst layer from falling off the 

electrode. This electrode serves as the working electrode for the voltammetry signaling 

experiments.  
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The working electrode was immersed in 90 mL of 0.5M H2SO4 solution along with the 

Au counter and Ag/AgCl reference electrodes in an electrochemical cell. Nitrogen gas was 

bubbled through the acid for 15 min to remove the air present in the electrochemical cell 

and create an inert environment to study the behavior of catalyst degradation on potential 

cycling.  

The electrochemical surface area (ECSA) was obtained from the hydrogen adsorption 

region of the cyclic voltammetry (CV)  experiment [22,62,63]. Initial ECSA of the catalyst 

was obtained by performing CV on the electrode containing freshly deposited Pt/C catalyst. 

Immediately after CV, the desired potential cycling pattern at a fixed frequency was 

provided to the catalyst layer. The catalyst particles gain energy from the potential supplied 

and degrade if the potentials are higher than the threshold potential required for 

degradation. CV, at a sweep rate of 50 mV s-1 from 0 – 1.2 V vs. NHE, was performed to 

calculate and analyze the ECSA for constant potential, TWV and SWV experiments at 

regular intervals (i.e., after every 1000 cycles). CV was repeated twice and ECSA was 

calculated from the second CV cycle since any contaminations present on the surface of Pt 

gets removed during the first CV. The ECSA values are shown after every 5000 cycles of 

potential signal patterns for clarity.  

For triangular wave voltammetry, a fresh catalyst layer was deposited on the glassy 

carbon electrode and immersed in a fresh solution of 0.5M H2SO4. CV was performed at a 

sweep rate of 50 mV s-1 for 2 cycles, from 0 – 1.2 V vs. NHE to calculate initial ECSA. 

Triangular wave voltammetry was run from 0.5 V to 1 V at a sweep rate of 1 V s-1 for 5000 

cycles, with intermediate CV measurements after every 1000 TWV cycles, at a sweep rate 

of 50 mV s-1. (Note: TWV is also a type of CV, but abbreviated with a different name to 

differentiate between the experimental signals, against the CV used for intermittent ECSA 

analysis). To perform Square wave voltammetry, the same procedure used for triangular 

signals was adopted except that instead of Triangular potential signals, Square wave 

potential signal was provided to the system between 0.5 V and 1 V at a frequency of 1 Hz. 

For constant potential experiment, a potential of 1 V vs. NHE was applied to the working 

electrode and the ECSA was calculated at the fresh catalyst layer and at regular intervals 
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of 1000 s. The catalyst layer from the working electrode, after 15000 s of potential cycling 

was dissolved in ~10 mL of IPA by ultrasonic aided cleaning of the glassy carbon electrode 

plate.  

The collected Pt/C catalyst was analyzed under Transmission Electron Microscope 

(TEM) (JEOL 3010). The instrument was calibrated before each trial to obtain a proper 

focus on the sample. Several TEM images were taken at various resolutions and in various 

locations of the TEM grid, ranging from 100 nm to 5 nm. The images in the resolution 

range of 20 nm and 10 nm were chosen from the set for each of the samples and were 

cropped to remove the areas without any Pt/C catalyst slurry as a standardization 

procedure. The standardized pictures were then analyzed using ImageJ software. The TEM 

images were filtered to select the dark pixels that denote Pt nanoparticles, and were then 

analyzed to calculate the average particle size, area coverage, circularity, Feret diameters 

and perimeter changes that have occurred due to the different forms of potential cycling. 

The image analysis was performed at different locations to obtain an ensemble average of 

the particle properties. The corresponding statistical errors associated with these 

measurements were calculated.  

The catalyst particles collected after experiments were then analyzed using X – Ray 

powder diffraction (XRD) (D8 Bruker Discover), to obtain the crystallite size of the 

residual catalyst particles using Scherer formula. The instrument used a 2.2 kW Cu anode 

for X-ray generation at 40 kV and 40 mA, and had an accuracy of ±0.02º. 

The H2SO4 solution in the electrochemical cell was collected and analyzed in an 

inductively coupled plasma – optical emission spectroscopy (ICP-OES) (Perkin Elmer 

Optima 5300 DV) at 265.945 nm, to find the amount of Pt dissolved in solution.  

The error bars in the analysis were obtained by calculating the standard error using 

equation (37). 
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𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑒𝑟𝑟𝑜𝑟 =
𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛

√𝑛
 

(37) 

where ′𝑛′ denotes the number of samples used in the analysis.  

RESULTS AND DISCUSSIONS  

The aim of this work is to gain an overall understanding of the Pt degradation processes, 

such that this knowledge can be used towards improving the catalyst design and durability. 

The experimental results when performing voltage cycling by square and triangular waves, 

along with constant voltage signals are shown and compared with each other. The results 

are qualitatively discussed and explained based on dissolution, particle clustering and inter-

particle redistribution of Pt dominating the ECSA loss in constant, triangular and square 

wave potential signals. These observations are further extended towards the possibility of 

qualitatively separating degradation mechanisms using various potential signal patterns. 

The feasibility of designing potential cycling patterns where a particular mechanism of 

degradation influences the ECSA loss is highlighted.  

Choice of potential cycling intervals 

Since the aim of this work is to understand and isolate the degradation mechanisms 

using potential cycling patterns, it will be helpful to have as few degradation mechanisms 

as possible in the experimental system so that confounding effects on these potential 

cycling patterns are minimized. To ensure this, 0.5 V to 1 V was chosen as the interval for 

potential cycling in both SWV and TWV experiments. Jackiewicz et al. showed that 

platinum forms a reversible chemisorbed oxide layer when the applied potential is < 1.1 V 

[64]. The chemisorbed catalyst surface can be recovered when the Pt catalyst is subjected 

to potentials of 0.65 V or lower [1,65] and so 0.5 V was chosen as the lower limit of 

potential cycling. Dissolution of Pt is maximized at 1.1 V [1,19] but it also increases the 

possibility of Pt oxidation, which can act as a protective layer preventing dissolution of Pt 

as discussed by Hiraoka et al. [51]. Xing et al. [66] observed that the electro dissolution of 

Pt is significant when the difference between the upper and lower potential limits (ΔE) was 

in the range 0.4 to 0.7 V. Xing et al.’s work on Pt dissolution using a set of ICP – MS data 

[66], reveals that Pt dissolves in small quantities at potentials lower than 1.2 V and the 

amount of dissolved platinum increases rapidly with the increase in potential cycling rate. 
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Sugawara et al. [67] reported that the ECSA loss was higher when the upper potential was 

1 V when compared to 1.4 V at a sweep rate 10 mV s-1, even though the dissolved Pt was 

lower in the former case. Hence 1 V was chosen as the upper potential limit to study Pt 

dissolution and ΔE = 0.5 V falls in the range of potential difference that provides significant 

dissolution and ECSA change. 

Experimental and simulation studies in literature demonstrate that Pt dissolves from 

smaller particles and settle on larger particles due to electrochemical Ostwald ripening 

[20,50,68–70]. Kinoshita et al. [70] suggested that Pt dissolution and redistribution have 

similar rates when potentials are lower than 1.07 V. Parthasarathy and Virkar [68] studied 

the electrochemical Ostwald ripening of Pt and Ag nanoparticles and concluded that the 

initial size of nanoparticles increased over time due to the transfer of Pt and Ag ions from 

smaller to larger nanoparticles. Hiraoka et al. [69] simulated the degradation of platinum 

catalyst utilizing a dissolution – redeposition model and concluded that the smaller 

platinum particles dissolve and redeposit on larger particles up to a threshold, after which 

the particle size distribution equilibrates. Also, carbon corrosion was assumed to be 

negligible since the electrochemical cell was operated at room temperature and the 

potential applied was lower than 1.2 V as suggested by Mathias [71]. Thus, it can be 

concluded that the mechanisms that actively contribute to the degradation of Pt catalyst in 

the potential intervals considered are dissolution of Pt, electrochemical Ostwald ripening, 

and aggregation of Pt particles. Xing et al. [66] determined the amount of Pt dissolved 

under potential sweep rates from 25 mV s-1 to 500 mV s-1, and showed that the amount of 

Pt dissolved in a given time increases with the increase in potential cycling rate. The studies 

by Topalov et al. [37] and Xing et al. [66] on the dissolution of polycrystalline Pt at various 

cycling rates showed that the Pt dissolved per cycle increases with a decrease in the cycling 

rate. 

Additionally, the thickness of catalyst layers has been considered while choosing the 

potential cycling form and rate. The diffusion coefficient of Pt2+ ions were estimated from 

the literature values of diffusion coefficients of lead ions in water [72], using equation (38) 

[73] 
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𝐷𝑃𝑡2+

𝐷𝑃𝑏2+
= √

𝑊𝑃𝑏

𝑊𝑃𝑡
 

(38) 

Where 𝐷𝑃𝑡2+ and 𝐷𝑃𝑏2+ are the diffusivity coefficients of Pt and Pb ions in water and 

𝑊𝑃𝑡 and 𝑊𝑃𝑏 are their respective atomic weights. The effect of tortuosity and the porous 

structure that impedes the diffusion process was considered by finding the effective 

diffusion coefficient of Pt2+ (𝐷
𝑃𝑡2+
𝑒𝑓𝑓

) in the catalyst layer using the equation (39) 

𝐷
𝑃𝑡2+
𝑒𝑓𝑓

= 𝐷𝑃𝑡2+ (
𝜖

𝜏
) 

(39) 

Here 𝜖 is the porosity and 𝜏 is the tortuosity of the system under consideration. The porosity 

of Pt on Vulcan support was found to be 0.62 [74] and the tortuosity value was taken to be 

3 [73]. The effective diffusion coefficient value for Pt2+ was found to be ~2×10-10 m2/s. 

The penetration depth ‘z’ for this value of 𝐷
𝑃𝑡2+
𝑒𝑓𝑓

 is calculated as shown in equation (40) 

𝑧 =  √4 𝐷
𝑃𝑡2+
𝑒𝑓𝑓

 𝑡 
(40) 

where ‘t’ is the time of diffusion process. The penetration depth was calculated to be ~28.25 

µm for t = 1 s. The thickness of the catalyst layer on the electrode was estimated as ~80 

µm. Since the aim of this work is to understand the degradation of Pt/C under fast potential 

cycling, 1 Hz was chosen as the potential scan rate, as the dissolved Pt particles will not 

have enough time to completely diffuse out of the catalyst layers after dissolution during 

the redeposition phase, thereby simultaneously promoting the other agglomerative 

degradation mechanisms. It is expected that CWV would lead to Pt dissolution only, while 

SWV would provide enhanced dissolution and redeposition, and TWV would have 

intermediate dynamics. Also, 1 V s-1 had been used in several previous studies of Pt 

degradation [37,66,75] for TWV and can hence act as a benchmark for SWV.  



Texas Tech University, Srinivasan Raman, May 2018 

 

 

45 

 

Potential cycling experiments – analysis of ECSA 

The available ECSA, during accelerated degradation of Pt/C catalyst using the potential 

cycling patterns, were calculated by finding the charge transferred in the hydrogen 

adsorption region. The procedure for calculating the ECSA was followed as detailed in 

literature [22,62,63] (the individual voltammograms are not shown). The ECSA helps to 

keep track of the amount of available catalyst surface for reaction, and relates the activity 

loss of Pt catalyst with time.  

To make the comparison easy, the % ECSA available on Pt particles after potential 

cycling was obtained using equation (41). 

Active catalyst ratio =
𝐸𝐶𝑆𝐴𝑡

𝐸𝐶𝑆𝐴0
 

(41) 

Here 𝐸𝐶𝑆𝐴0 and 𝐸𝐶𝑆𝐴𝑡 denotes the initial electrochemical surface area and the 

electrochemical surface area at time ‘t’, respectively.  

The experimental active catalyst ratio calculated at regular intervals after exposure to 

constant potential hold at 1 V, triangular and square wave signals at a frequency of 1 Hz 

and between 0.5 V and 1 V is shown in Figure 12. From the results, it can be noted that the 

ECSA loss was higher for SWV when compared to TWV at the same frequency of cycling 

as shown in Figure 12. It can be seen from the active catalyst ratio data that the available 

ECSA increased from their initial values after 5000 s of potential cycling for all the three 

voltammetry techniques. The ECSA increase is much pronounced in CWV, followed by 

SWV and TWV, respectively. It can be noted that the ECSA retained is at the maximum 

level when Pt/C was subjected to CWV.  
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In literature, the rate constant of ECSA loss in Pt/C was shown to be higher in SWV in 

comparison to TWV by Hiraoka et al. [51]. The enhanced degradation of Pt on SWV was 

explained with the notion that TWV leads to the formation of a protective oxide layer 

before exposing the surface to the peak potential, which is absent in SWV [51,53]. The 

initial increase in ECSA can be attributed to the oxidation of impurities and removal of 

protective surface oxides present on the native Pt catalyst surface exposing the active 

catalyst beneath them. After all the impurities are reduced, the ECSA drops with potential 

cycling due to the degradation of Pt catalyst. Topalov et al. [36,37] showed that Pt 

dissolution is negligible when subjected to potential hold, in comparison to a change in 

potentials, which explains the reduced ECSA loss in CWV, where the electrode is always 

exposed to peak potentials. 
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Figure 12 ECSA change during potential cycling experiments carried out with TWV, SWV and CWV. TWV was 
performed at a sweep rate of 1 V s-1 and SWV was performed at 1 Hz between the potentials 0.5 and 1 V. CWV 
experiments were carried out at a potential of 1 V. The values shown are averaged over three experiments.  
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It is expected that the enhanced dissolution of Pt in TWV cycling clears the Pt surface 

from native oxides and the catalyst enters the degradation phase relatively fast, when 

compared to SWV and CWV signals, thus resulting in the lowest retention in ECSA after 

5000s in TWV. After initial dissolution dominating the ECSA loss, the enhanced loss of 

ECSA in SWV is expected to be dominated by other degradation mechanisms.  

Physical and chemical characterization of catalyst after potential cycling 

Crystallite size analysis 

The catalyst particles collected after the voltammetry experiments were subjected to 

XRD analysis. The size of platinum crystallites were calculated from the XRD data using 

Scherrer formula, given in equation (42). 

𝐷𝑝 =
𝑘 𝜆

𝛽 cos 𝜃
 

(42) 

here, 𝑘 is the dimensionless shape factor, 𝐷𝑝 is the crystallite size, 𝜆 is the wavelength of 

X–rays, 𝛽 is the full width of the spectrum at half the maximum intensity (also called as 

‘line broadening’), and 𝜃 is the Bragg angle. For copper target, the wavelength (𝜆) of 

X-rays (denoting Kα line of copper's spectrum) is 1.54060 Å and the value of 𝑘 was chosen 

to be 0.94 (assuming that the crystallites will be almost spherical, even when the overall 

particle morphology can be irregular). The value of 𝛽 was calculated in each XRD 

spectrum by finding the line broadening from the peak at the 2𝜃 value around 40° [76] 

(Vulcan was found to have its XRD peak at around 45°). It has to be noted that the 

crystallites are different from the nanoparticles themselves since the particles can have 

various crystal phases in a polycrystalline material. While analyzing the XRD results, the 

background spectrum produced by the glass slide used for holding the sample was 

subtracted from all the XRD intensity data to isolate the changes in catalyst layer. The XRD 

spectrum of the Pt/C catalyst before and after potential cycling experiments are shown in 

Figure 13. The crystallite size changes with potential cycling are shown in Figure 14 (a).  

The increase in crystallite size denotes degradation by Ostwald ripening, which 

involves the redistribution of dissolved Pt – from smaller to larger Pt nanoparticles. The 

crystallites would be misaligned during Pt sintering, and hence, this process will not 



Texas Tech University, Srinivasan Raman, May 2018 

 

 

48 

 

contribute to an increase in crystallite size. The decrease in Pt crystallite size can happen 

only when the Pt crystallites break or dissolve from the larger crystallites or if smaller Pt 

nanocrystals are formed at the expense of larger ones. Since breaking of metallic 

nanoparticles requires very high energy, dissolution of larger nanoparticles or formation of 

seed crystals should be a dominant factor for the reduction in crystallite size. The processes 

that leads to crystallite size changes are tabulated in Table 4 and a schematic of the same 

is shown in Table 6.  

It can be seen from Figure 14 (a) that the Pt crystallite size increases initially in all the 

experiments. The crystallite size increases continuously when SWV potential cycling was 

carried out, while it reduces after an initial increase in TWV, and remains almost the same 

in CWV. 

The continuous increase in crystallite size denotes the degradation of Pt by Ostwald 

ripening in SWV. In CWV experiments, it is expected that the larger crystallites might be 

covered by oxide layers which impedes the redeposition of Pt on them, resulting in minimal 

changes to crystallite size. The decrease in crystallite size in TWV experiments might be 

due to the formation of new Pt nuclei that aids the growth of smaller Pt crystallites, thus 

reducing the overall crystallite size.  

Table 4 Possible reasons for XRD crystallite size change 

Crystallite size Increase  Electrochemical Ostwald ripening 

Decrease  Dissolution 

 Formation of Pt nuclei 

 



Texas Tech University, Srinivasan Raman, May 2018 

 

 

49 

 

 

Figure 13 Comparison of the XRD spectrum of native Pt/C catalyst with that of the samples obtained from various 
voltammetry experiments. (a) TWV, (b) SWV, (c) CWV. For clarity, the y-axis has been shifted for the 5000 s, 10000 s 
and 15000 s samples from the base values. 
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Figure 14 (a) Platinum crystallite size change on potential cycling as observed under XRD for TWV, SWV and CWV 
potential cycling experiments, and (b) Platinum dissolution on potential cycling under TWV, SWV and CWV experiments. 
(The TWV Pt concentration value at 10000 s is expected to be shifted from the trend due to experimental error). 
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Dissolved Pt analysis 

The H2SO4 remaining in the electrochemical cell was collected and subjected to ICP – 

OES analysis, to find the amount of Pt dissolved in solution. Dissolution of Pt under our 

experimental conditions was confirmed by ICP – OES data shown in Figure 14 (b). 

Verification of the species generated and standard potentials of each of the processes 

involved is beyond the scope of this work. Xing et al. [77] showed the dominant species in 

electro dissolution of Pt to be Pt2+, and so the dissolved Pt was considered to be in ‘2+’ 

oxidation state in this work. It can be seen from Figure 14 (b), that the amount of Pt 

dissolved is comparable to each other. The amount of Pt dissolved is higher in TWV when 

compared to CWV and SWV. The amount of Pt dissolved remains almost a constant under 

each of the voltammetry techniques, which is similar to the results in literature where the 

amount of Pt dissolved from the catalyst particles is independent of the scan rates but 

dependent only on the number of potential cycles [1]. Topalov et al. concluded from an in 

situ ICP – MS experiment that Pt dissolved only when there was a change in potentials 

[36,37], which explains the slightly higher dissolution of Pt arising under a continuous 

change in applied potential in TWV.  

The amount of Pt dissolved being close to one another in all the three voltammetry 

techniques might be an indication of the equilibrium reached between the dissolution and 

subsequent redeposition of platinum. The changes in crystallite sizes of Pt shown in Figure 

14 (a), indicates extensive redistribution of Pt and corroborates with the hypothesis of Pt 

redeposition over time. The dissolution study on Pt polycrystalline surfaces by Topalov 

[37] concluded that the oxide formed in the forward potential scan dissolves during reverse 

potential sweep, resulting in the dissolution of Pt. Hence, it can be anticipated that the CV 

performed for finding the ECSA could have led to the dissolution of Pt under CWV. 

Nevertheless, more controlled experiments will be needed to understand the dissolution 

behavior in Pt/C completely.  

Particle size and digital image analysis 

The TEM images of the Pt/C catalyst before and after potential cycling at are shown in 

Figure 15 (a – d). The TEM images were analyzed using ImageJ software and several 

properties defining the two-dimensional projection of Pt nanoparticles were obtained. The 
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TEM pictures were converted into a black and white image showing only the Pt particles 

by filtering the background and thresholding. The shape descriptors and related image 

properties were obtained from the processed image in ImageJ with the ‘analyze particles’ 

menu. A schematic of the procedure adopted for image analysis is shown in Figure 15 (e). 

The analysis of particles provides information on the descriptors of Pt particles in the image 

such as size, perimeter, number of particles in the analyzed area, the ratio of area occupied 

by the particles in the image and circularity of particles. The circularity of particles is 

defined as a normalized ratio of the area to the square of perimeter of particles given by 

4π (
area of particle

perimeter of particle2). The circularity gives information on the elongated shape of the 

particle with decreasing circularity denoting an increase in elongation of particles. The 

results of particle analysis on the TEM images are shown in Figure 16. Information on the 

number of particles and the total surface area analyzed from TEM images are presented in 

Table 5.  

Table 5 Total area and the number of particles of Pt/C analyzed from the TEM images in native catalyst, TWV, SWV 

and CWV experiments 

TEM image sample Total area analyzed (nm2) Total number of particles 

Native Pt/C catalyst 35.61 × 103 993 

TWV experiment 52.43 × 103 872 

SWV experiment 62.98 × 103 628 

CWV experiment 47.78 × 103 893 
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Figure 15 TEM images of Pt/C catalyst. (a) As obtained Pt/C catalyst, (b) After 15000 s of TWV cycling, (c) After 
15000 s of SWV cycling, (d) After 15000 s of CWV experiment. (e) Schematic of the image analysis performed and the 
information obtained from particle 
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 On analyzing the TEM images after 15000 s of potential cycling experiments with 

TWV, SWV and CWV signals using ImageJ software, several interesting trends were 

observed. From the analysis of the properties, it could be noted that each of the Pt particle 

properties trend (increase or decrease) follows a similar pattern for all the TWV, SWV and 

CWV as shown in Figure 16. The particle size analysis in Figure 16 (a) shows that the Pt 

particle size increase is the maximum in SWV, followed by TWV. The least increase in 

particle size occurs in CWV. The number of particles in a given area decreases in all the 

TWV, SWV and CWV experiments as shown in Figure 16 (b). The decrease in the number 

of particles is the highest in SWV, followed by TWV and CWV respectively. The area 

occupied per particle increases after the voltammetry experiments as shown in Figure 16 

(c). The increase is minimal under CWV, followed by TWV and SWV. The average 

perimeter of a particle after voltammetry experiments also follows the same trend as the 

area coverage per particle and is shown in Figure 16 (d). When comparing the percentage 

of area covered by the Pt particles in the TEM images after potential cycling experiments, 

the area retained was maximum for TWV experiment and the area retained was the least 

after SWV experiment. The area retained after CWV experiment was close to that of the 

SWV experiment. This trend is shown in Figure 16 (e). It has to be noted that this area is a 

2–dimensional projection of the 3–dimensional particles as obtained from TEM images, 

and should not be confused with the ECSA. The mean circularity of Pt particles, shown in 

Figure 16 (f), increased the most after SWV, followed by CWV and TWV experiments 

respectively. A schematic of the processes that occurs during the degradation of Pt 

nanoparticles and the corresponding effects that are reflected in the TEM images are shown 

in Table 6. The changes in the properties of Pt nanoparticles obtained on analyzing the 

TEM images and the corresponding processes that contribute to these changes are detailed 

in Table 7.  
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Table 6 Effect of the various molecular processes that occur on Pt catalyst degradation, with their corresponding effect on the properties observed on the TEM image of the 

particles. The TEM image is a 2-D projection of the 3-D nanoparticles present in Pt/C catalyst 

Process Schematic Effect in particle image properties 

Uniform 

dissolution 
 

 Particle size decreases 

 Area occupied per particle 

decreases 

 Circularity of particles remains 

the same 

 

 Particle size considerably 

reduces 

 Area occupied by particles 

drops 

 Number of particles in a given 

area reduces 
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Agglomeration 
 

 Mean particle size decreases 

 Total area occupied by particles 

decreases 

 Circularity of particles remains 

constant or increases 

 Size of larger particles 

increases 

 

 Particle size increases 

 Total area occupied by particles 

remains the same 

 Circularity of particles 

decreases 

Nucleation and 

growth 

 

 Particle size decreases 

 Total area occupied by particles 

increases 

 Circularity of particles remains 

constant or increases 
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Figure 16 Analysis of TEM images showing the results after 15000 s of potential cycling experiments. (a) Particle size 
change, (b) Number of particles per 1000 nm2, (c) Area coverage per particle, (d) Average perimeter of particles, (e) Area 
covered by the particles in catalyst slurry, and (f) Circularity of particles. 
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Table 7 Particle properties observed from TEM image analysis. The highlighted fields denote the trend observed in 

this work. 

Property 

observed 

Trend Possible cause Plot 

Particle size Increase  Electrochemical Ostwald ripening 

 Sintering of nanoparticles 

Figure 17 

Decrease  Dissolution 

Number of 

particles per 

unit area 

Increase  Nucleation of new particles Figure 16 (b) 

Decrease  Dissolution 

 Sintering of nanoparticles 

Area coverage 

per particle 

Increase  Electrochemical Ostwald ripening 

 Sintering of nanoparticles 

Figure 16 (c) 

Decrease  Dissolution 

Perimeter per 

particle 

Increase  Electrochemical Ostwald ripening 

 Sintering 

Figure 16 (d) 

Decrease  Dissolution 

Total area 

coverage of 

particles 

Increase  Nucleation  Figure 16 (e) 

Constant  Mild sintering 

Decrease  Dissolution  

 Sintering and fusion of particles 

Circularity  Increase   Electrochemical Ostwald ripening 

 Dissolution of irregular particles 

Figure 16 (f) 

Decrease  Sintering  
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Figure 16 (a), (c) and (d) shows an increase in average particle size, area coverage 

per particle and the perimeter per particle, which can occur by either particle sintering 

or electrochemical Ostwald ripening of Pt. A reduction in the number of particles per 

unit area in Figure 16 (b) denotes either a complete dissolution of small particles that 

occurs on applying high potentials, or sintering due to the collision of Pt nanoparticles. 

The decrease in the overall Pt coverage denotes dissolution or Ostwald ripening of the 

nanoparticles and is shown in Figure 16 (e). The increase in circularity of Pt particles as 

shown in Figure 16 (f), denotes either electrochemical Ostwald ripening or dissolution 

of irregular particles. Excessive sintering of particles leads to an irregular or elongated 

shape, thereby decreasing the circularity of particles. 

The particle size distribution trend shown in Figure 17, indicates a decrease in the 

number of particles for all the TWV, SWV and CWV experiments in comparison to the 

native Pt/C catalyst. The number of particles in a given area decreases the least in CWV, 

followed by TWV and SWV respectively. The decrease in the particles with smaller 
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Figure 17 Comparison of particle size distribution of Pt nanoparticles before and after the voltammetry 
experiments 
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diameter is much pronounced in SWV, followed by TWV and CWV respectively. Also, 

the particle numbers at diameters above the average particle size, remains almost the 

same in CWV when compared to native Pt/C catalyst. However, in TWV and SWV, 

significant changes in the particle size trends were observed. The number of particles in 

the larger diameter range of 4 – 8 nm, increased in SWV, followed by TWV.   

Study of degradation mechanisms 

Ostwald ripening 

During Ostwald ripening type mechanism of Pt degradation, Pt atoms dissolve from 

smaller Pt crystallites when exposed to high potentials and redeposit on larger Pt 

crystallites in order to reduce their surface energy [69]. The chemical potential gradient 

(Δ𝜇𝑃𝑡) that exists for this material transfer in a Pt particle of radius ‘r’ is given by 

equation (43) [50]. 

Δ𝜇𝑃𝑡 =
𝜎𝑃𝑡𝑀𝑃𝑡

𝑟𝜌𝑃𝑡
 

(43) 

where 𝜎𝑃𝑡, 𝑀𝑃𝑡 and 𝜌𝑃𝑡 are the surface tension of Pt particles, molecular weight and 

density of Pt respectively. This clearly shows that smaller Pt particles are more 

susceptible to dissolution when compared to larger particles. Also, Pt redeposition is 

expected to be favored in the high curvature regions in order to reduce the surface energy 

as given by equation (43).  

Figure 18 Schematic of the redeposition process in Ostwald ripening leading to an increase in crystallite size of 
Pt particles 
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Particle size increase during Ostwald ripening of Pt particles can occur by two 

mechanisms: growth of individual nanoparticles by redepositing Pt2+ ions, and bridging 

of Pt nano crystallites during growth. Further redeposition of Pt2+ ions on irregular 

particles would also tend to make the particles spherical with an induced grain boundary 

[78], since this gives a lower surface area and stability to the nanoparticles. These 

processes are schematically described in Figure 18 and Figure 20. It has to be noted that 

these processes lead to an increase in crystallite size of the system, which can be 

observed by the increase in Pt peak intensity in XRD plots. Thus, it can be resolved that 

Ostwald ripening leads to an increase in crystal size and circularity of the particles. Both 

these signatures are seen evidently in SWV results shown in Figure 14 (a) and Figure 

16 (f). It was hence concluded that the major mechanism of Pt degradation in SWV is 

Ostwald ripening based agglomeration.  

 

Dissolution and nucleation 

Dissolution of Pt will be the maximum at the peak potential of 1 V, which occurs in 

CWV and SWV. The dissolution of irregular particles can also result in the dissolution 

of small grains in the nanoclusters, leading to an increase in circularity of the particles 

as shown in Figure 19. Experimentally this trend was observed in SWV and CWV as 

shown in Figure 16 (f). The dissolution of free standing smaller particles by exposure at 

peak potential will lead to a reduction in the area occupied by particles in both CWV 

and SWV, which is seen in Figure 16 (e).  

Figure 19 schematic of dissolution process, resulting in the dissolution of smaller grains of an irregular particle, 
resulting in an increased circularity of particles. 
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The ICP–OES data indicates that only ~2% of the Pt was dissolved in solution and 

this does not corroborate with the ECSA loss. It was hypothesized that at lower 

potentials, the dissolved Pt can also form Pt nuclei, which can then take part in further 

degeneration. The nucleation of Pt is indicated in TWV by the decrease in Pt crystallite 

size after the initial increase in Figure 14 (a) and by the high surface area coverage in 

Figure 16 (e). These small nuclei would dissolve immediately in SWV, which 

henceforth does not show any reduction in crystallite size.  

Sintering 

In order to understand the sintering of particles, the process of Pt particles getting 

close to one another in the presence of an applied electric potential has to be considered. 

When an electric potential is applied on the electrode, the Pt particles attain a charge 

and act as capacitors. The energy provided by applied potential leads to the movement 

of Pt particles and the charge on Pt surface leads to repulsive forces. When the Pt 

Figure 20 Schematic of Ostwald ripening process leading to the bridging of multiple particles and resulting in an 
increase in circularity to reduce surface energy. It has to be noted that these proceeses occur with an increase in 
crystallite size of Pt. The direction of lines filling the particles denote the alignemnt of atoms leading to crystal 
structure and grain boundaries in polycrystalline particles.  
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particles collide, the probability of sintering of Pt at an applied potential ‘V’ i.e. 

(𝑃(𝑠))
𝑉

, can be given assuming the particles to be equivalent to colloidal systems [79], 

using equation (44). 

(𝑃(𝑠))
𝑉

= exp (−
𝑉𝑟,𝑃𝑡

𝑘𝐵𝑇
) and 0 < (𝑃(𝑠))

𝑉
< 1 (44) 

Here, 𝑉𝑟,𝑃𝑡 is the total force acting on Pt particles, 𝑘𝐵 is the Boltzmann constant and 

T is the temperature. In this analysis, it was assumed that the Pt particles did not come 

close enough to experience the Vander Waals force of attraction. Thus, the electrostatic 

interactions between particles is assumed to be the only contributing force. Additionally, 

it was assumed that the system attains equilibrium instantaneously (faster than the rate 

of potential cycling), which enables the use of equation (44). To derive insights into this 

process, consider a simplified case of two isolated Pt particles with radius 𝑟1 and 𝑟2, 

separated by a distance ‘d’ as shown in Figure 21.  

𝑉𝑟,𝑃𝑡 is the electrostatic potential energy, acting between the particles and is given by 

equation (45) [80]. 

𝑉𝑟,𝑃𝑡 = 𝑘
𝑞1𝑞2

𝑑
 

(45) 

Where k is Coulomb’s constant, 𝑞1 and 𝑞2 are the charge on particles 1 and 2, 

respectively. The charges can be obtained by equating it to the capacitance of Pt 

particles as given in equations (46) - (48) . 

Figure 21 Schematic of the Pt particles considered for analyzing the effect of applied potential 



Texas Tech University, Srinivasan Raman, May 2018 

64 

𝑞𝑖 = 𝐶𝑖𝑉 (46) 

𝐶𝑖 = 4𝜋𝜖0𝑟𝑖 = 𝑙 𝑟𝑖 (47) 

→ 𝑞𝑖 = 𝑙 𝑟𝑖 𝑉 (48) 

Here 𝑞𝑖 , 𝐶𝑖 and 𝑟𝑖 are the charge, capacitance and radius of particle ‘i’ respectively, 

𝜖0 is the permittivity of free space and ′𝑙′ is a constant. Assuming the Pt particles’ radii 

and the distance of separation to be a constant during this process, these factors can be 

accumulated into the constant term resulting in equation (49). 

𝑉𝑟,𝑃𝑡 = 𝑘
𝑙2 𝑟1 𝑟2 𝑉

2

𝑑
= 𝑘′𝑉2  (49) 

In order to find the effectiveness of various values of potential on sintering of Pt, 

the ratio of probabilities of sintering was found using equation (50). 

(𝑃(𝑠))
𝑉1

(𝑃(𝑠))
𝑉2

=
{exp(−

𝑉𝑟,𝑃𝑡
𝑘𝐵𝑇

)}
𝑉1

{exp(−
𝑉𝑟,𝑃𝑡
𝑘𝐵𝑇

)}
𝑉2

  

(50) 

(𝑃(𝑠))
𝑉1

(𝑃(𝑠))
𝑉2

= {exp [(−
𝑉𝑟,𝑃𝑡

𝑘𝐵𝑇
)
𝑉1

− (−
𝑉𝑟,𝑃𝑡

𝑘𝐵𝑇
)
𝑉2

]} = exp [(−
𝑘′(𝑉1

2−𝑉2
2)

𝑘𝐵𝑇
)]  

(51) 

Consider  

𝑥 =
𝑉2

𝑉1
 𝑤ℎ𝑒𝑟𝑒 𝑉1 > 𝑉2 

(52) 

 (𝑃(𝑠))
𝑉2

= {(𝑃(𝑠))
𝑉1

}
𝑥2

 
(53) 

Since the values of (𝑃(𝑠))
𝑉1

 and 𝑥 are both ≤1. 

(𝑃(𝑠))
𝑉2

> (𝑃(𝑠))
𝑉1

  (54) 
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Equation (54) shows that the probability of sintering of approaching Pt particles is 

more at lower potentials than at higher potentials. This process occurs due to a collection 

of Pt particles and needs further simulations considering a realistic system in order to 

understand these dynamics completely. Simulating this process is beyond the scope of 

this work and will be addressed separately. 

This analysis indicates that the sintering of Pt will be the lowest in CWV and the 

sintering in SWV is lower at 1 V when compared to 0.5 V. Also, the energy input to the 

electrode at 0.5 V might not be enough to move the larger particles from their stable 

positions. Conversely, in TWV, the elevated potentials might be able to move the larger 

particles and at the same time have lower repulsions, resulting in sintering. During 

sintering, the crystallite sizes does not increase as shown schematically in Figure 22. 

 As it can be inferred from the XRD analysis in Figure 14 (a), the crystallite size 

does not increase continuously. This might be because of small redistributions of Pt2+ 

that occurs during the reverse cycling.  Additionally, the projected area of Pt particles 

will be conserved during sintering. This effect is seen for the % area coverage results 

for TWV shown in Figure 16 (e). Further, the circularity of particles in Figure 16 (f) 

remains the lowest in TWV indicating the possibility of sintering. From all these 

signatures, it was concluded that the dominant mechanisms of Pt degradation in TWV 

is sintering.  

Proposed mechanism of platinum degradation in CWV, SWV and TWV 

Based on these conclusions in the previous section, the mechanism of degradation 

for the signal patterns has been hypothesized. From the results, in all voltammetry 

Figure 22 Schematic of sintering, with different crystallite faces getting in contact during the process. 
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techniques, the initial dissolution of Pt leads to a high concentration of Pt2+ ions in the 

vicinity of the catalyst particles. Since the concentration of Pt in the electrolyte solution 

was comparable in all three voltammetry techniques, indicating the transport of Pt ions 

from the catalyst layers into the solution to be slow resulting in comparable 

concentrations of Pt that is invariant with the type of potential signal. Since there is no 

external agitation to move the Pt2+ ions instantly from the catalyst layer, they can 

redeposit on the Pt nanoparticles when the applied potential is reduced.  

In CWV, it is expected that initial redistribution of Pt occurs until the particles attain 

stability after which redistribution is minimal under a constant potential hold. The small 

enhancement in perimeter of the particles shown in Figure 16 (d) might be due to this 

electrochemical Ostwald ripening. This dissolution also leads to enhanced circularity of 

particles as shown in Figure 16 (f). The drastic reduction in the area covered by Pt 

particles as shown in Figure 16 (e), might be due to the complete dissolution of smaller 

Pt particles when exposed to 1 V. Hence the crystallite size initially increases and then 

remains almost constant with time, as shown in Figure 14 (a). As the electrode is 

maintained at a fixed potential in CWV, the Pt particles would repel each other due to 

electrostatic forces and avoid sintering and hence the area covered per particle shows a 

minimal increase in comparison to TWV and SWV as shown in Figure 16 (c). Since the 

potentials are not reduced to a lower value in CWV, the possibility of nucleation of Pt 

ions to form newer Pt nanoparticles is minimal.  

In SWV, the smaller nanoparticles dissolve when the working electrode is exposed 

to 1 V in the forward potential cycling. When the potential falls to 0.5 V in the reverse 

cycle of SWV, the dissolved Pt2+ ions can redeposit on the free Pt surface or form new 

nuclei of Pt nanocrystals on the carbon support. The newer nuclei of Pt formed on the 

carbon support will be immediately dissolved in the cathodic sweep at 1 V and hence 

nucleation and growth of Pt nanoparticles are expected to be much lower in SWV. This 

can be seen from the drastic reduction in the number of Pt particles remaining and the 

area covered by Pt after SWV, when compared to TWV and CWV experiments as 

shown in Figure 16 (b) and (e).  
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In TWV, the dissolution is maximum since there is a continuous change in potentials 

and the electrode is maintained at oxidative potentials (> 0.85 V) for a shorter period, 

which decreases the formation of protective oxide on Pt surface. Since the potential 

change is linear and not abrupt in TWV, the dissolved Pt can form newer nuclei on the 

carbon surface during ramp down of potential. The dissolved Pt ions can redeposit 

during the cathodic sweep (potential ramp down), on both the larger Pt nanoparticles 

and the Pt nuclei formed on the carbon surface. This process might eventually lead to 

the dissolution of larger nanocrystals (with lower oxide coverage) and the growth of 

smaller nanoparticles with time, resulting in the increase and subsequent decrease in 

crystallite size as shown in Figure 14 (a). Formation of Pt nuclei and its growth leads to 

an enhancement in the area coverage by Pt particles in TWV, when compared to SWV 

and CWV as captured in Figure 16 (e). The presence of smaller Pt nuclei might lead to 

enhanced clustering of the larger Pt nanoparticles and the smaller nuclei, thus leading 

to a lower circularity of particles in comparison to SWV and CWV, which is shown in 

Figure 16 (f).  

A simple set of mechanisms are proposed for the degradation of Pt catalyst during 

the potential cycling experiments, which are shown schematically in Figure 23. In CWV 

– the smaller Pt particles dissolve and initially redistribute towards an equilibrium 

particle size. Sintering, nucleation and Ostwald ripening are minimal in CWV 

experiments and hence can be used to characterize the loss of Pt activity due to 

dissolution. In TWV – the smaller Pt particles dissolve and newer nuclei of Pt can be 

formed. The redistribution of Pt from smaller to larger particles, along with the growth 

of newer Pt particles occur. These smaller Pt particles can move around on the surface 

of carbon support and get sintered among themselves or with the larger Pt particles. In 

SWV – holding the applied potential at the peak value dissolves both the smaller Pt 

nanoparticles, and any nuclei formed. This effectively leads to particle redistribution 

and size increase by Ostwald ripening. 
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Figure 23 Schematic of the processes leading to Pt degradation in (a) CWV, (b) TWV and (c) SWV 
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Application of potential cycling patterns  

Signals in the order of magnitude at which molecular processes occur, can be used 

to probe the mechanisms at those particular scales and analyze them effectively [81,82]. 

Based on the experimental analysis, it is expected that SWV can be used to probe the 

degradation of Pt catalyst due to Ostwald ripening, CWV can be used to obtain the 

catalyst degradation due to platinum dissolution, and TWV can be used to understand 

the contribution of sintering of particles in electro catalyst degradation. This opens the 

possibilities of generating various signals that can be used in rapid characterization and 

electrochemical separation of the degradation mechanisms in Pt catalysts. 

Understanding the nucleation of catalyst particles can help us design optimum signals 

towards regenerating the catalyst particles, thereby acting as a technique for enhancing 

the life of MEAs in fuel cells. Revival of catalyst by potential pulses is already 

documented in literature. Thomason [83], Lu [84], and Saunders [85] have provided 

experimental evidence where carbon monoxide (CO) poisoning in fuel cell catalysts can 

be mitigated by periodic pulsing of potential. Potential pulses oxidize the CO present in 

the catalysts that act as a catalyst poison, and revives the catalyst area for desirable 

reactions. It can be hypothesized that potential cycling patterns of the proper form and 

rate if applied to chemically modified substrates, can help in reviving the Pt catalyst, 

thus enhancing the durability of fuel cells.  

This work also leads to several open questions on the optimum fuel cell operating 

potentials and Pt nanoparticle size for minimal catalyst dissolution and agglomeration, 

appropriate Pt particles sizes and distribution that resists sintering and Ostwald ripening, 

optimal distribution of Pt to minimize Ostwald ripening, and possible substrate 

modifications to regenerate the catalysts for enhanced durability. Further experiments 

and theoretical studies will be needed to understand Pt/C catalyst degradation. Thus 

appropriate potential cycling when coupled with newer techniques for catalyst 

regeneration can lead to enhancement in durability of Pt/C catalysts.  

CONCLUSIONS 

The degradation of Pt in Pt/C catalyst depends on the peak potential and voltage 

cycling pattern used. Image analysis serves as a novel and powerful tool towards 

understanding the various structural properties of Pt catalyst that arises due to 
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degradation. It was concluded from the experiments that when Pt catalyst is exposed to 

a constant potential, the catalyst degradation was largely due to dissolution of Pt. At 

higher cycling rates, the degradation occurring on triangular wave potential signals 

might be predominantly due to Pt particle sintering and Ostwald ripening. In case of 

square wave potential, the degradation was predominantly due to agglomeration by 

Ostwald ripening. Thus, the rate and form of potential cycling can be used as a tool in 

understanding the various degradation mechanisms, devising mitigation strategies that 

might help in enhancing the durability of Pt/C catalysts. Though the degradation of 

platinum catalyst occurs by different mechanisms simultaneously, image analysis with 

other physical and chemical analysis techniques can help towards gaining insights into 

the molecular processes and in understanding the degradation of platinum catalysts. 

Further experiments and simulations to quantify these observations, and designing 

potential signal patterns towards the deconvolution of degradation mechanisms is 

essential.  
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CHAPTER 4 

SIMULATION OF PLATINUM SINTERING UNDER 

ELECTROSTATIC INTERACTIONS 

 

INTRODUCTION 

Sintering of Pt and other catalysts occur due to the movement of nanoparticles from 

their positions in the substrate and collisions during this motion [86]. The movement of 

nanoparticles in the substrate depends on a few factors. The binding force between the 

nanoparticle and the substrate determines the ease of movement of the particles on the 

substrate [87,88], the forces acting on the nanoparticles determine the direction and 

speed of motion [89], the mass of the nanoparticle plays a significant role on the inertial 

resistance to movement, and the relative arrangement of nanoparticles [90] determines 

the average displacement needed before another nanoparticle is encountered. A 

theoretical analysis to determine nanoparticle agglomeration should consider all these 

factors. Since it is very difficult to get the distribution effect of nanoparticles into 

conventional macroscale modeling of materials, molecular modeling approach was 

chosen to simulate the system. Additionally, the level of detail involved in the 

simulations are not atomistic and our simulations are mesoscale in nature. The 

agglomeration of two Pt nanoparticles have been simulated using molecular dynamics 

approach in literature [91], but mesoscale simulations considering several nanoparticles 

are not widely studied. Thus, it can be stated that our aim is to predict the agglomeration 

of Pt using molecular simulations methodology. The energy from the applied potential 

results in the movement of nanoparticles from their positions on the substrate, resulting 

in sintering of nanoparticles [92]. It was chosen to test the ideas on a 2-dimensional 

simulation for reducing the computational complexity of the system under 

consideration. Once the results are established on a 2-D simulation, it is easy to extend 

them to 3-dimensions. The procedure adopted for this simulation is similar to that of 

molecular simulation techniques. This simulation is mesoscale in nature and serves as a 

toy model to predict the electrochemical agglomeration of nanoparticles. It has to be 

noted that this methodology can be applied for predicting properties of materials and 

can help predicting nanoparticle behavior under applied potential.  
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CONCEPTUALIZATION 

A numerical simulation methodology requires a clear conceptualization of the 

various processes involved. This simulation of agglomeration has a few underlying 

processes, which gives rise to the dynamics of the system. Broadly, the processes 

involved can be categorized as follows:  

1. Nanoparticle arrangement 

2. Charge accumulation 

3. Force calculations 

4. Particle displacement 

5. Monte-Carlo decision making 

6. Agglomeration 

7. Momentum balance calculations 

These processes are detailed in the following sections. 

Choice of units and scaling 

In this work, an attempt was made to model and simulate the time evolution of 

agglomeration of Pt particles. In order to avoid too large or small numbers in the 

simulations, it will be favorable to have dimensionless units system. Hence, for this 

work the units were made dimensionless by appropriately scaling the variables used in 

the simulations. Scaling of units also results in a generic system of simulations, the 

results of which can be extrapolated to various materials and conditions. The readers 

are directed to note that all the equations in this chapter are dimensionless and are 

obtained after scaling. 

The normalized units are obtained as follows: 

𝑥∗ =
𝑥

𝑅𝑝
 

(55) 

where 𝑥∗ is the normalized length, 𝑥 is the length scale in the system and 𝑅𝑝 is the 

mean initial radius of particles.  

𝑈∗ =
𝑈

𝜖
 

(56) 
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where 𝑈∗ is the normalized potential, 𝑈 is the potential under consideration and 𝜖 is 

the depth of Lennard-Jones potential well. 

Nanoparticle arrangement 

In order to test the agglomeration characteristics for various initial configurations of 

the system, the simulations were repeated with different initial arrangements of the 

nanoparticles. The simulations were performed with 48 different initial configurations 

of the nanoparticle system. The algorithm used for randomly arranging the nanoparticle 

systems were as specified by Frenkel and Smit [93]. The method can be briefly 

described as follows. A specified number of particles with a given size distribution was 

generated. The mass of these particles were calculated according to their size 

distribution using the equation (57).  

𝑚𝑖 = 𝜌𝑖𝐴𝑖
𝑝

 (57) 

Here 𝜌𝑖 denotes the area based density of the material and 𝐴𝑖
𝑝
 denotes the area of 

particle ‘i’. It has to be noted that area based calculations are used since this is a 2-

dimensional simulation.  

These particles were initially arranged in a regular grid pattern. A particle was 

chosen and moved to a random position by choosing a random direction and a random 

distance. Inter particle distances were calculated after each particle movement to make 

sure that there are no overlapping particles in the system. In case of overlaps occurring 

due to the movement of nanoparticles, the movement was voided and the particle was 

returned to the previous position. This procedure was repeated several times for each 

particle until an acceptable random distribution was obtained. Several such distributions 

were generated to calculate the average properties as needed.  

Charge accumulation 

The simulations are devised to study the electrochemical sintering of Pt particles. 

Electrochemical methods proceed by holding an electrode containing the material of 

interest under certain conditions of potential and current. This work intends to help in 

understanding the effect of applied potential on catalyst particles embedded in a support 

material. This method where an electrode is maintained at a constant potential, falls 
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under a category of techniques named ‘voltammetry’. Even though voltammetry 

techniques involve the measurement of flow of current under conditions of applied 

potential, this situation has been ignored in this simulation for simplicity. Thus, the 

simulations just conceptualizes the application of potential on the electrodes. It was 

assumed that the entire surface of the electrode will be at the same applied potential in 

this case, even though minor variations might exist in experimental systems. This 

assumption makes the entire catalyst material to be exposed to the same applied 

potential.  

Consequently, the individual nanoparticles were considered to be capacitive centers, 

holding charge on them due to the external potential applied on the electrode. The 

amount of charge accumulating on the particles depend on the capacitance of the 

material under consideration and the magnitude of applied potential. This is given by 

equation (58). 

𝑞 = 𝐶𝑉 (58) 

 

where C is the capacitance, V is the applied potential and q denotes the charge per unit 

area on the particle. The particles have different sizes and hence the surface area of the 

particles have to be considered while calculating the charge. Thus, the relation for 

finding the charge accumulated on each particle can be given by equation (59). 

𝑞𝑖 = 𝐴𝑖
𝑝
𝐶𝑉 (59) 

where 𝑞𝑖 denotes the charge accumulated on particle ‘i’.  

The charge accumulated on each nanoparticle can be calculated in this manner. Note 

that the amount and sign of the charges accumulated depends on the applied voltage.  

Periodic Boundary Conditions 

In order to consider the effects of a continuous section of the system, periodic 

boundary conditions as detailed by Frenkel and Smit is utilized.  
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Force calculations 

Electrostatic forces in the box 

There are several forces that acts on the metal nanoparticles at this juncture. The 

charges accumulating on the metal nanoparticles repel each other since the whole 

electrode is exposed to the same applied potential. The charge on individual particles 

vary based on the size of particles, since the charges accumulate on the surface of 

nanoparticles. Due to this variation in the amount of charges on individual particles, the 

repulsive forces experienced by them varies significantly from one particle to another. 

The force experienced by individual nanoparticles depends on the size and arrangement 

of nanoparticles surrounding the particle under study.  

The electrostatic force experienced by the particles can be calculated using 

coulombic repulsion given by equation (60). 

𝐹𝑒 = (
1

4𝜋𝜖0
) (

𝑞𝑖𝑞𝑗

𝑟𝑖𝑗
2 ) {exp(−𝑘𝑟𝑖𝑗)}(1 + 𝑘𝑟𝑖𝑗) 

(60) 

Here 𝐹𝑒 is the electrostatic force experienced by a nanoparticle due to charge 

accumulations of 𝑞𝑖 and 𝑞𝑗 on their surface, at a distance 𝑟𝑖𝑗 apart, and ‘k’ denotes the 

inverse Debye length, which considers the effect of solvent screening on charges. This 

form of equation has been considered since electrochemical systems have an electrolyte 

or solvent in their vicinity, which affects the electrostatic forces experienced by 

particles.  

The corresponding electrostatic potential ‘𝑈𝑒,𝑖𝑗’ experienced by the particles and the 

inverse Debye length 𝜅, are given by equations (61) and (62). 

𝑈𝑒,𝑖𝑗 = (
1

4𝜋𝜖0
) (

𝑞𝑖𝑞𝑗

𝑟𝑖𝑗
2 ) {exp(−𝑘𝑟𝑖𝑗)} 

(61) 

𝜅2 =
�̃�𝑖𝑞𝑖

2

𝜖0𝜖𝑟𝑘𝐵𝑇
 

(62) 

where �̃�𝑖 is the concentration of charged particles. Since several neighboring 

particles contribute to the electrostatic forces acting on each particle, equation (61) can 

be rewritten as follows. 
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Here 𝐹𝑒,𝑖𝑗 denotes the electrostatic force acting on particle ‘𝑖’ due to particles ‘𝑗’. 

This methodology is utilized for calculating the electrostatic force on each particle due 

to other individual particles in the box considered. At each instance the force 

experienced by individual nanoparticles due to the applied potential was calculated.  

Long range force calculations 

Some of the forces considered in the simulations (electrostatic and attractive forces) 

are long range in nature [94]. These long range forces are handled in molecular 

simulations using ‘Ewald summation’ methodology [95–97]. In order to reduce the 

computational complexity involved in Ewald summation, a simple methodology similar 

to ‘center of mass’ calculation approach has been utilized in this simulation. This 

approach is a simplification of the method detailed by Ding et al. [98]. Several boxes in 

each direction are considered for the long range force calculations. The extent of the 

number of boxes in each direction denotes the distance up to which long range forces 

are expected to act in the system.  

Electrostatic long range force 

The center of charge on each box has been calculated using equation (64). 

𝑐𝑞 =
Σ𝑐𝑖𝑞𝑖

Σ𝑞𝑖
 

(64) 

Here 𝑐𝑞 denotes the coordinates of center of charge (𝑥𝑞 𝑜𝑟 𝑦𝑞), 𝑐𝑖 denotes the 

coordinates of particle ‘i’ and 𝑞𝑖 denotes the charge on particle ‘i’. Several such boxes 

are considered in the four directions of the simulation box under consideration to 

evaluate the effect of long range interactions.  

It is also useful to evaluate the center of mass of the entire simulation box under 

study. This can be accomplished using equation (65). 

𝑐𝑚 =
Σ𝑐𝑖𝑚𝑖

Σ𝑚𝑖
 

(65) 

𝐹𝑒,𝑖𝑗 = ∑(
1

4𝜋𝜖0
) (

𝑞𝑖𝑞𝑗

𝑟𝑖𝑗
2 )

𝑗

 
(63) 
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Here, 𝑐𝑚 denotes the coordinates of center of mass (𝑥𝑚 𝑜𝑟 𝑦𝑚) and 𝑚𝑖 denotes the 

mass of particle ‘i’.  

Once the ‘center of charge’ for a box is calculated, the force acting on particle ‘i’ 

due to the charges in a distant box ‘l’ can be calculated using equations (66) and (67).  

𝐹𝑒,𝑙𝑖
𝐿𝑅 = ∑(

1

4𝜋𝜖0
) (

𝑞𝑖𝑄

𝑟𝑖𝑙
2 )

𝑙

 
(66) 

𝑄 = ∑𝑞𝑖

𝑖

 
(67) 

where 𝐹𝑒,𝑙𝑖
𝐿𝑅  denotes the long range electrostatic force acting on particle ‘𝑖’ due to 

particles in box ‘𝑙’, Q is the total charge of the particles in the box and 𝑟𝑖𝑙 is the distance 

between the particle ‘i’ and the center of charge of box ‘l’. This procedure is repeated 

to find the long range electrostatic force on each particle due to all the boxes considered.  

Inspiration from colloidal systems 

In this simulation, several ideas have been borrowed from the research and 

understanding of colloidal materials, as described by Cosgrove [79]. Colloidal materials 

have stabilizing chemicals such as surfactants on the surface. These surfactants 

molecules act as charges on the particles, stabilizing them from coalescence during 

random collisions. Analogously, the nanoparticles with charges on their surface can be 

considered to be similar to colloidal particles. Two major concepts are borrowed from 

colloidal systems namely, the attractive forces between the particles and the probability 

of coalescence based on surface charge. 

Attractive forces acting on particles 

The nanoparticles have attractive forces acting on them under close proximity. The 

equations describing the attractive forces experienced by the nanoparticles are borrowed 

from colloidal theory. The attractive potential ‘𝑈𝑎,𝑖𝑗’ between two nanoparticles is given 

by equation (68). 

𝑈𝑎,𝑖𝑗 = −
𝐴

12
[

1

𝑥(𝑥 + 2)
+

1

(𝑥 + 1)2
+ 2 ln

𝑥(𝑥 + 2)

(𝑥 + 1)2
] 

(68) 
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𝑥 =
ℎ𝑖𝑗

2𝑎
 

(69) 

𝑎 =
(𝑎𝑖 + 𝑎𝑗)

2
 

(70) 

Here, A is Hamaker’s constant, ‘h’ is the inter particle distance and ‘a’ is the mean 

particle radius. The attractive force ‘𝐹𝑎,𝑖𝑗’ acting between the particles due to this 

potential is given by equation (71). 

𝐹𝑎,𝑖𝑗 = −
𝐴

6
[

𝑥 + 1

𝑥2(𝑥 + 2)2
+

1

(𝑥 + 1)3
−

2{(𝑥 + 1)2 − 𝑥(𝑥 + 2)}

𝑥(𝑥 + 1)(𝑥 + 2)
] 

(71) 

 

The overall force acting on each particle is obtained by the summation of forces due 

to every other particle on the particle of interest.  

Long range attractive forces 

Colloidal theory assumes the attractive forces to be active to a distance comparable 

to the size of the colloids. In our simulations, the attractive forces have been assumed 

to be a long range force. When several atoms forms a molecular cluster resulting in the 

formation of nanoparticles, there is an increase in the distance over which the attractive 

forces are experienced. In a simplistic manner, the attractive forces were considered to 

be long range interactions, applying the same concepts as in the long range electrostatic 

force calculations.  

The long range attractive forces are calculated using the mean size particle approach 

as described in the electrostatic force calculations. The equations (72) to (74) provides 

the method used for long range attractive force calculations.  

𝑈𝑎,𝑖𝑙
𝐿𝑅 = −

𝐴

12
[

1

𝑥(𝑥 + 2)
+

1

(𝑥 + 1)2
+ 2 ln

𝑥(𝑥 + 2)

(𝑥 + 1)2
] 

(72) 

𝑥 =
ℎ𝑖𝑙

2𝑎
 

(73) 

𝑎𝑙 = √
∑ 𝐴𝑖

𝑝
𝑖

𝜋
 

(74) 
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Displacing forces 

The displacing forces in this simulation defines the forces that act on the 

nanoparticles, towards displacing them from the current position. In this work, 

electrostatic and attractive forces acting on the particles alone have been considered as 

the displacing forces as shown in equation (75).  

𝐹𝑑,𝑖 = 𝐹𝑎,𝑖 + 𝐹𝑒,𝑖 (75) 

Here 𝐹𝑑,𝑖 denotes the displacing force acting on particle ‘i’.  

The corresponding total displacing potentials acting on the particles is given by 

equation (76).  

𝑈𝑑,𝑖 = 𝑈𝑎,𝑖 + 𝑈𝑒,𝑖 (76) 

Here 𝑈𝑑,𝑖 denotes the displacing potential acting on particle ‘i’.  

Resistive forces 

Once displacing forces are taken into account, the forces that resist the motion of 

nanoparticles have to be accounted for. The individual particles experience friction from 

the substrate and drag force due to the solvent or the medium in which they are moving. 

Hence, these resistive forces needs to be calculated in order to find the displacement of 

particles under conditions of applied potential.  

Frictional force 

A force of friction is considered to act between the nanoparticles and the substrate 

[87,99]. The frictional force acting on the particles is given by equation (77). 

𝐹𝑓,𝑖 = 𝜇𝑁𝑖 (77) 

where 𝐹𝑓,𝑖 denotes the frictional force acting on particle ‘i’, 𝜇 is the coefficient of 

friction offered by the substrate for the movement of nanoparticle on its surface and 𝑁𝑖 

is the normal force acting on the substrate due to particle ‘i’ resting on it.  

The normal force acting on the substrate is assumed to be the interaction arising due 

to the Van der Waals forces acting between the nanoparticle and substrate [100]. This 

is given by equation (78). 
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𝑁𝑖 = 𝐹𝑉𝐷𝑊𝐴𝑖
𝑝
 (78) 

Here 𝐹𝑉𝐷𝑊 denotes the Van der Waals force per unit area acting on the substrate. 

Drag force 

The drag forces acting on nanoparticles due to the presence of solvent has been 

approximated using Stoke-Einstein equation, as given in equation (79). 

𝐹𝑑,𝑖 = 6𝜋𝜂𝑎𝑖𝑣𝑖 (79) 

Here 𝐹𝑑,𝑖 denotes the drag force acting on particle ‘i’, 𝜂 is the viscosity of medium 

through which the particle moves and 𝑣𝑖 is the velocity of particle ‘i’. the drag force is 

also a part of resistive forces. 

The velocity of particle can be estimated using the forces acting on the particle at 

every time step before the movement of particle commences (given by 𝐹𝑚𝑜𝑣𝑒𝑚𝑒𝑛𝑡,𝑖) and 

its mass. The equations used for the incipient velocity estimation are given in (80) to 

(82). 

𝐹𝑚𝑜𝑣𝑒𝑚𝑒𝑛𝑡,𝑖 = 𝐹𝑒,𝑖 + 𝐹𝑎,𝑖 − 𝐹𝑓,𝑖 (80) 

𝑣𝑖 =
𝑐𝑖(𝑡 + Δ𝑡) − 𝑐𝑖(𝑡 − Δ𝑡)

2Δ𝑡
 

(81) 

𝑐𝑖(𝑡 + Δ𝑡) = 2𝑐𝑖(𝑡) − 𝑐𝑖(𝑡 − Δ𝑡) +
𝐹𝑚𝑜𝑣𝑒𝑚𝑒𝑛𝑡,𝑖(𝑡)

𝑚𝑖
Δ𝑡2 

(82) 

where ‘t’ is the time instant of simulation.  

Net force and distance calculation 

The resultant force (𝐹𝑟,𝑖) acting on the nanoparticle ‘i’, which finally moves it from 

one point to another on the substrate can be found as shown in equation (83). 

𝐹𝑟,𝑖 = 𝐹𝑚𝑜𝑣𝑒𝑚𝑒𝑛𝑡,𝑖 − 𝐹𝑑,𝑖 (83) 

 

The resultant forces acting on the nanoparticles are used for calculating the new 

position of particles as given by equation (84). 
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𝑐𝑖(𝑡 + Δ𝑡) = 2𝑐𝑖(𝑡) − 𝑐𝑖(𝑡 − Δ𝑡) +
𝐹𝑟,𝑖(𝑡)

𝑚𝑖
Δ𝑡2 

(84) 

Agglomeration due to collision 

The movement of particles subjected to the resultant force of displacing and resistive 

forces, leads to collision where some results in agglomeration. The particles which do 

not agglomerate, move away from each other due to the result of momentum balance 

between the colliding nanoparticles.  

The probability of agglomeration of colliding particles is adopted from theory of 

colloidal stability, and is given by equation (85) 

𝑝𝑟𝑒𝑙
𝑎𝑔𝑔

= exp (−
𝑈𝑟

𝑇
) 

(85) 

where 𝑝𝑟𝑒𝑙
𝑎𝑔𝑔

 denotes the probability of agglomeration of nanoparticles, 𝑈𝑟 is the total 

repulsive potential, T is the temperature.  

𝑈𝑟 = 𝑈𝑒 + 𝑈𝑎 (86) 

 

A Monte-Carlo step was performed in the simulations in order to determine the 

particles that agglomerate or repel from one another.   

Momentum balance calculations 

The particles that do not agglomerate were made to move away from one another 

using momentum balance calculations. The algorithm is developed such that the time 

of movement that leads to overlap in particles are calculated and the particles are moved 

to a new location using momentum balance. The distance between particles is again 

checked to make sure that the particles are devoid of overlap. If new overlapping 

particles are present, a Monte-Carlo move was again performed to decide the 

agglomeration of particles. This procedure is repeated until no particles overlap in the 

simulation moves for that time step.  
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Simulation approach 

The simulation steps described in the previous sections are repeated over several 

time steps to determine the time evolution of particle distribution. The same simulation 

is repeated for different initial configurations of the system to understand the effect of 

particle distribution on agglomeration behavior. The average change in system 

properties is calculated over the different configurations for analysis.  

RESULTS AND DISCUSSIONS 

In order to check the effect of electrostatic potential, simulations was carried out 

equating the Hamaker’s constant to zero units. This makes the particles free from any 

attractive forces, and the effect of electrostatic interactions can be seen clearly. A simple 

simulation with a single configuration was run in this case to show the results. It has to 

be noted that the particles in these simulations with varying conditions of electrostatic 

potentials have the same initial configuration of nanoparticles.  

Effect of electrostatic potential 

The particles were subjected to various electrostatic potentials from 0 units to 2 

units, and the simulations were performed. On increasing the electrostatic potential, the 

mean electrostatic force experienced by the particles increases. This trend is shown in 

Figure 25 and Figure 24 respectively. This result as expected under standard conditions, 

since increasing the electrostatic potential leads to an increase in the accumulation of 

charges on the nanoparticle surface, for the same capacitance of material under 

consideration. This increase in the amount of charges leads to an increase in electrostatic 

repulsive forces, since the charges accumulating in the surface are of the same sign 

(positive or negative) as the applied potential. Further, the charges on individual 

nanoparticles increases with the increase in size of nanoparticles.  
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Figure 24 Electrostatic potential experienced by particles under non-agglomerating conditions 

Figure 25 Change in initial electrostatic force experienced by the particles with changes in applied potential 
at the electrode 
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Interaction potentials 

The change in electrostatic interaction potential with changes in applied potential is 

shown in Figure 26. It can be seen from Figure 26 that when no potential is applied to 

the electrode, the electrostatic interaction potential vanishes. When a potential is applied 

to the system, the initial interaction potential increases and reaches a peak value and 

decreases with further increase in applied potential. Since simulations were performed 

at discrete values of applied potential, the exact applied potential where this shift occurs 

is unknown.  

 

Change in Debye length 

The changes in mean initial Debye length of the system with changes in applied 

potential is shown in Figure 27. It can be seen from the figure that the Debye length of 

the particles increases monotonously with increase in applied potential, in the potential 

range considered. Debye length denotes the distance up to which the electrostatic forces 

are felt by the adjacent particles. This also denotes the screening effect of the solvent in 

Figure 26 Change in initial electrostatic interaction potential with applied potential on electrode 
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the system. The increase in Debye length physically suggests that as more charges 

accumulate on the surface of the particles, their effect is felt for a longer distance in the 

system. This increase in Debye length has consequences in the interaction between 

particles as discussed in the upcoming sections.  

Agglomeration probability 

The probability of agglomeration is related to the repulsive potential as given in 

equation (85). It has to be noted that the probability of agglomeration changes with 

interaction potentials. Since attractive potentials have been removed from these 

simulations, the only interaction in the system is electrostatic repulsion. The effect of 

applied potential on the probability of agglomeration is shown in Figure 28. Initially, in 

the absence of applied potential, the probability of agglomeration is unity. This is due 

to the absence of any repulsive forces in the system. From equation (85), it can be noted 

that the probability of agglomeration initially remains at zero at lower values of applied 

electrostatic potential. This is due to the smaller values of Debye length, which leads to 

Figure 27 Change in mean Debye length of the nanoparticles with applied potential. 
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higher average interaction potentials. This can be physically interpreted as the inability 

of the solvent layer to get adsorbed on the nanoparticle due to the lower amounts of 

charge accumulated on the nanoparticles. This results in ineffective shielding of 

charges, resulting in higher repulsive interactions between the nanoparticles, leading to 

a reduction in the approaching of nanoparticles and in the probability of agglomeration. 

 

At higher applied potentials, large number of solvent molecules can be adsorbed on 

the nanoparticles, which effectively shields the electrostatic potentials, thereby reducing 

the repulsive potential between particles. This leads to a lower interaction potential 

between particles, which thereby increases the probability of agglomeration. The 

increase in agglomeration probability is noted at potentials above 1.5 units in Figure 28.  

Particle agglomeration 

At higher potentials, the electrostatic force experienced between particles increases, 

while the interaction potential decreases. The increase in electrostatic force leads to 

Figure 28 The effect of applied potential on initial agglomeration probability 
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enhanced movement of nanoparticles resulting in a higher frequency of collision 

between nanoparticles. Meanwhile, the decrease in interaction potential and 

consequently the increase in agglomeration probability leads to enhanced agglomeration 

of nanoparticles when they encounter each other. In order to understand the 

agglomeration of nanoparticles, time evolution of number of particles under these 

applied potential conditions have to be looked into. This information is shown in Figure 

29. Agglomeration of nanoparticles were not observed at applied potentials up to 1.6 

units. As expected, at higher potentials of 1.75 and 2 units, a steep drop in the number 

of particles was observed due to agglomeration. The simulation was performed for 100 

time steps. At an applied potential of 1.75 units, 2 particles remained at the end of 100 

time steps. While using 2 units of applied potential for simulating the system, only one 

particle remained after 48 time steps. These preliminary results shows the enhanced rate 

of agglomeration at higher values of applied potential.  

Figure 29 Evolution of number of particles with time under various applied potentials. 
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Particle radius 

The mean radius of particles follows a trend, which is opposite to that of particle 

number. As the particle number decreases due to agglomeration, particle radius 

increases as shown in Figure 30. It can be seen from Figure 30 that the rate of increase 

of particle radius is higher at higher values of applied potentials.  

Agglomeration probability change with particle sintering 

It is essential to know if the rate of agglomeration of nanoparticles would decelerate 

when particles start agglomerating. To obtain this information, the change in 

agglomeration probability with time was plotted and analyzed for various applied 

potentials and the corresponding data is shown in Figure 31. It can be seen from the plot 

that the overall trend for the probability of agglomeration increases with time for applied 

potentials of 1.75 and 2 units. These potentials also correspond to the ones where 

nanoparticle agglomeration occurs in the system. Based on the observed trend, it can be 

concluded that the probability of agglomeration increases with agglomeration of 

particles. This is in agreement with the previous discussions, since agglomeration leads 

Figure 30 Time evolution of particle radius 
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to an increase in particle size, which in turn leads to an increase in the amount of charge 

accumulated on the surface of nanoparticles. This results in a smaller Debye length of 

solvent screening, allowing particles to get closer to one another and thereby resulting 

in increased agglomeration probability.  

Figure 31 Time evolution of agglomeration probability at various applied potentials 
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Figure 32 Effect of attractive forces introduced by Hamaker's constant in the simulations. Plot shows the 
comparison between the simulations without and with attractive forces in the system (a) at applied potential 
of 1.5 units and (b) at applied potential of 1.75 units 
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Effect of attractive potential 

In considering colloidal theory, an attempt was made to add the attractive potentials 

to the system. The attractive forces are expected to accelerate the agglomeration process 

leading to a reduction in particle numbers very quickly. They also result in the 

agglomeration of particles in the time scales considered in this simulation at applied 

potential values where no agglomeration was observed without attractive forces. These 

effects are shown in Figure 32 (a) and (b). 

CONCLUSIONS 

It can be seen from the simulation results that Pt sintering is more pronounced at 

higher values of applied potentials. The role of attractive potential in accelerating the 

agglomeration of nanoparticles under applied potentials was analyzed. Further matching 

of the simulation data with experiments is required to enhance the utility of these 

simulations. Once this simulation methodology is made reliable, they can be used as a 

tool to simulate the durability of various support materials, catalyst particles and the 

effect of chemical species interacting with the catalysts. This mesoscale simulation 

methodology can be used towards understanding material properties in various other 

fields in addition to electrochemical systems. These mesoscale simulations act as the 

starting point towards testing various conceptualizations of physical processes that 

occur in materials, and can be used as a predictive tool in understanding material 

behavior and in designing experiments focused towards testing specific properties.  
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CHAPTER 5 

STRATEGIES FOR REDUCING THE IMPACT OF GDL 

FLOODING IN LOW TEMPERATURE PEM FUEL CELLS – A 

THEORETICAL STUDY 

 

Ineffective water management causes material and performance degradation in 

PEMFCs. One of the major performance reduction factors in PEMFCs is the flooding 

of GDL by liquid water produced due to the reactions in the system. In this work, the 

use of a simple first principles dynamic model for PEMFC system simulations and 

associated water management strategies are studied. Control strategies for improving 

fuel cell performance in the presence of flooding are simulated using this model. The 

following sections are excerpts from the published work by Raman et al. [101], 

reproduced with permission from the international journal of hydrogen energy. 

INTRODUCTION 

Polymer electrolyte membrane (or) proton exchange membrane fuel cell (PEMFC) 

is one of the highly researched fuel cell types due to its applications in automotive, 

stationary and small scale devices [102,103]. Fuel cells convert chemical energy to 

electrical energy directly through the reaction between H2 and O2. Since fuel cells 

produce water as the end product, they are attractive as an environment friendly energy 

source.  

Fuel cell models are essential to understand the functioning of fuel cells and in 

estimating their power output. First principles models of PEMFCs allow us to 

understand and analyze the effects of complex processes occurring in fuel cells, such as 

mass and heat transfer, electrochemical reactions, ionic and electronic transport. A 

fundamental understanding of the underlying physics and experimental observations 

form a first principles model. These models can be used as theoretical laboratories for 

virtually testing various possible designs, operational conditions, and extracting 

information to enhance the performance of fuel cells. Thus, fuel cell models can be 

mechanistic (accounting the various processes in fuel cells) or empirical (equations 

fitted to predict experimental data), and range from zero dimensional (0-D) to three 
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dimensional (3-D) models [104]. Computational fluid dynamics based models, focused 

towards flow visualization and design analysis have also gained popularity with the 

increase in powerful computing devices [105–107]. 

Several models have been developed in literature to understand the performance of 

fuel cells and a classification of these models has been provided by Weber and Newman 

in their review [102]. Several models for PEM fuel cells have been published in 

literature, such as the ones by Bernardi and Verbrugge [108], Springer et al. [109], 

Bernardi [110] to name a few. Overall, these models and the ones derived from these 

models have been used to study various factors such as catalyst utilization, gas diffusion 

layer (GDL) porosity effects, proton conductivity, material composition effects, 

humidification, transport properties, water balance, multi–phase flow and other 

transient processes in fuel cell systems, to mention a few [111–115]. Models focusing 

on different PEM fuel cell geometries and various catalyst layer designs  have also been 

developed [116–119]. Detailed analytical models of fuel cells and mechanistic models 

of fuel cell components have been developed by Eikerling and Kulikovsky [120,121]. 

Computationally simple models are needed for implementing diagnostics and control in 

real time [122,123].  

Since fuel cells produce water as their product, it is essential to remove water 

appropriately to ensure its proper functioning. The fuel cell membrane requires 

hydration for proton conduction, while the GDL needs to be devoid of water to allow 

the reactant gases to flow to the surface of the catalyst layer. Removal of water from the 

membrane beyond a permissible limit leads to drying of the membrane, which results in 

a drop in ionic conductivity; whereas an excessive presence of water blocks the pores 

in GDL thereby restricting the reactant gases from reaching the electrode surface. This 

intricate balance in the water content that needs to be maintained during the operation 

of the fuel cell is called water management, and improper water management leads to 

performance loss. Several experimental studies on water balance are available in 

literature [124–126]. Fuel cell models dealing with water management issues in 

PEMFCs are of considerable importance due to their practical application potential. The 

water balance issues in low temperature PEMFCs have been reviewed by Dai et al. [127] 
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and Yousfi-Steiner et al. [128]. Several models dealing with water management issues 

have been developed by Fuller and Newman [129], Misran et al. [130], and Lee et al. 

[131].  

To improve the durability of the fuel cell operation and for better water management, 

a simple dynamic model was used. Simple models that include liquid water, particularly 

in a dynamic fashion are necessary online control calculations. In this work, a 

computationally efficient dynamic zero-dimensional model of PEMFC developed by 

Iyeswaria [101] has been utilized for simulating control applications focusing on water 

management. 

Smart systems respond to changes in the operating conditions and environment, and 

trigger specific tasks to be executed based on stimuli received [132]. They can diagnose 

and activate a set of instructions to be carried out in order to protect the system under 

adverse conditions. Smart systems are becoming increasingly common in various 

electronics and consumer products. For successful implementation and operation of a 

fuel cell, smart systems that can diagnose and take corrective action towards getting the 

best performance from a fuel cell is necessary. Simple models can form an integral part 

of smart systems as they can be used to forecast the output from the fuel cell for 

implementation of appropriate remedial control actions. A schematic of the fuel cell 

system has been shown in Figure 33.  

Figure 33 Schematic diagram of PEMFC cross section 
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DYNAMIC ZERO-DIMENSIONAL MODEL OF PEMFC  

A simple dynamic model accounting for transient behavior of low temperature PEM 

fuel cell has been developed in the present work. The schematic representing fuel cell 

cross-section considered in the development of the model is shown in Figure 33. The 

anode feed is pure hydrogen and the cathode feed stream is pure oxygen. In practice, 

the feed gases pass through a humidifier before entering the gas channel in order to 

humidify the PEM for proton conductivity.  

The various simplifying assumptions made in the model are the following: 

1. Ideal gas behavior was assumed for all gaseous components in the system. 

2. Perfectly mixed flow pattern was assumed in the gas channel (GC) and gas 

diffusion layer (GDL). Each of these units were considered as a single block and the 

pressures and concentrations of components in these blocks are assumed to be same 

throughout.  

3. The polymer electrolyte membrane (PEM) is assumed to be fully hydrated. Thus, 

no water enters the membrane from both cathode and anode side, since the concentration 

gradient acting as the driving force for water flux is absent.  

4. The temporal delay for the movement of protons in the PEM is assumed to be 

negligible in this work. Thus, protons formed on the cathode side are assumed to be 

available immediately for reaction in the anode side.  

5. Catalyst layer (CL) is assumed to follow planar catalyst layer model, and the 

spatial distribution of reactants and products in the catalyst layer are not considered.  

6. Isothermal conditions were considered throughout the fuel cell (operating at 

60 ̊ C). 

7. Water generated from the reaction is considered to be present completely in liquid 

form. The evaporation of water into the gaseous stream is neglected.  

8. Water produced by reaction is assumed to be removed completely from the GDL 

on cathode side only.  

9. Water from CL is assumed to be transported into the GDL by capillary forces.  

10. The water produced in CL is assumed to be completely removed from the 

catalyst particles instantaneously. Thus, the blockage of catalyst particle surfaces is not 

accounted for in this model.  
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11. The removal of water from GDL into GC was assumed to be due to drag forces. 

Evaporation of water in the inlet gas stream is neglected.  

12. The GDL is treated as a single element with superficial velocity accounting for 

the transport of components through the porous medium.  

13. Some of the parameters used in the simulations have been adopted from high 

temperature PEM fuel cell literature, with the assumption that these properties have 

negligible variation at the lower temperature considered in this work. 

Model Description 

 

Gas Channel 

Pressure of gases in the GC was assumed to be constant assuming perfectly mixed 

reactor conditions inside the GC. Pure components were assumed for the gases in the 

reactant and product sides, which makes the partial and total pressures to be identical as 

shown in equation (87).  

Figure 34 Schematic of the transport of (a) H2 in anode flow channel, (b) H2 in anode gas diffusion layer, (c) O2 
and H2O in cathode gas diffusion layer, and (d) O2 and H2O in cathode gas channel. 
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𝑝𝑖
𝐺𝐶 = 𝑃𝐺𝐶  𝑎𝑛𝑑 𝑝𝑖

𝐺𝐷𝐿 = 𝑃𝐺𝐷𝐿 (87) 

here ‘GC’ represents gas channels, ‘i’ refers to the species considered (H2 at anode 

and O2 at cathode), ‘p’ is the partial pressure, ‘P’ is the total pressure. ‘Q’ is the 

volumetric flowrate of reactants and products. A schematic of the anode and cathode 

gas channels are given in Figure 34 (a) and (d) respectively. 

Gas diffusion layer 

Gas diffusion layer (GDL) is a porous layer that helps in the distribution of reactants 

and the conduction of electrons to and from catalyst layer, respectively. The transfer of 

molecules in the GDL is considered to occur by two mechanisms, namely: diffusion and 

convection. Diffusion transfer arises due to concentration gradient (Fick’s law) and 

convective transfer arises due to pressure gradient (Darcy’s law) [133]. In case of water, 

capillary action was assumed to be the only mode of removal of product water from 

catalyst layer.  

A schematic of transport in anode and cathode gas diffusion layers are given in 

Figure 34 (b) and (c) respectively. The transport equation for gases considering both 

diffusive and convective transfer is shown in equation (88).  

𝑁𝑖,𝑖𝑛
𝐺𝐷𝐿 = −(

𝐷𝑖
𝑒𝑓𝑓

𝑅𝑇

(𝑝𝑖
𝐺𝐷𝐿 − 𝑝𝑖

𝐺𝐶)

δ
+

𝐾𝑖
𝑒𝑓𝑓

𝑝𝑖
𝐺𝐷𝐿

𝑅𝑇µ𝑖,𝑡𝑜𝑡𝑎𝑙

(𝑝𝑖
𝐺𝐷𝐿 − 𝑝𝑖

𝐺𝐶)

δ
) 

 

(88) 

𝑁𝑖,𝑜𝑢𝑡
𝐺𝐷𝐿 (∀ t) = �̂�𝑖

𝐶𝐿 

 

Here, ‘R’ is the universal gas constant, ‘T’ is the operating temperature, 𝐾𝑖 is the 

permeability of the GDL for gases, µ𝑖,𝑡𝑜𝑡𝑎𝑙is the gas viscosity for each species under 

consideration, ‘N’ represents the flux across the GDL and δ is the thickness of GDL. 

The term′�̂�𝑖
𝐶𝐿′ denotes the reaction of specific species. ‘𝑅�̂�’ is the reaction term denoting 

the consumption of reactants and generation of products, whose values depends on the 

species under study and the superscript ‘CL’ refers to catalyst layer where the reactions 

(
𝑑𝑝𝑖

𝐺𝐷𝐿

𝑑𝑡
) = −𝑅𝑇 (

𝑁𝑜𝑢𝑡
𝐺𝐷𝐿 − 𝑁𝑖𝑛

𝐺𝐷𝐿

δ
) 

 

(89) 

𝑝𝐶𝐿 = 𝑝𝐺𝐷𝐿 
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of interest take place. The expressions for �̂�𝑖
𝐶𝐿 for various species involved in the 

reactions are given by equation (90). 

�̂�𝐻2

𝐶𝐿 =
𝑖𝑟
𝑎

2𝐹
; �̂�𝑂2

𝐶𝐿 =
𝑖𝑟
𝑐

4𝐹
; �̂�𝐻2𝑂

𝐶𝐿 = −
𝑖𝑟
𝑐

2𝐹
 

(90) 

where F is Faraday’s constant, 𝑖𝑟 is the reaction current density, which is calculated 

using Butler – Volmer equation as shown in equation (91) [103]: 

 𝑖𝑟 =  𝑖0 (
𝑝𝑖

𝐶𝐿

𝑝𝑖
𝐺𝐶)

γ

(𝑒
𝛼𝑛𝐹ɳ𝑎𝑐𝑡

𝑅𝑇 − 𝑒−
(1−𝛼)𝑛𝐹ɳ𝑎𝑐𝑡

𝑅𝑇 ) 
(91) 

where, ‘ 𝑖0’ is the exchange current density, ‘𝛼’ is the transfer coefficient and ‘γ’ is the 

reaction order. ‘ɳ𝑎𝑐𝑡’ represents the activation over potential, which is the potential loss 

incurred to overcome the activation energy barrier of the electrochemical reactions 

[134]. The activation over potential has to be calculated separately for anode and 

cathode electrodes.  

To solve the mass balance equations, initial and boundary conditions are necessary. 

It was assumed that the reactants in GDL are initially in equilibrium with the GC. The 

initial conditions for solving the differential equations are given in equation (92) 

(∀ t) 𝑝𝑖
𝐺𝐶 = 1.3 𝑎𝑡𝑚  

(92) at 𝑡 = 0, 𝑝𝑖
𝐺𝐷𝐿 = 𝑝𝑖

𝐺𝐶 

The accumulation of water in GDL is calculated using water balance. The velocity 

of water flow is taken to be related to the gas flow [135] as shown in equation  (93).  

�⃗� 𝐻2𝑂,𝑜𝑢𝑡 µ𝐻2𝑂

𝛽𝐻2𝑂
𝑒𝑓𝑓

=
�⃗� 𝑂2,𝑜𝑢𝑡 µ𝑂2

𝐾𝑂2

 
(93) 

Here 𝛽𝑒𝑓𝑓 is the permeability of liquid water in GDL, 𝜇 is the viscosity of species 

considered. The liquid water flux incoming and outgoing in the GDL is given by 

equation (94). 

𝑁𝐻2𝑂,𝑖𝑛
𝐺𝐷𝐿,𝑐 = �̂�𝐻2𝑂  (94) 

𝑁𝐻2𝑂,𝑜𝑢𝑡
𝐺𝐷𝐿,𝑐 = �⃗� 𝐻2𝑂,𝑜𝑢𝑡 𝑆𝐻2𝑂 𝜖𝑜

𝜌𝐻2𝑂

𝑀𝐻2𝑂
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The rate of accumulation of water in GDL is given by the change in saturation of 

water in the GDL, where saturation (S) is defined in equation (95).  

𝑆 =
𝑉𝐻2𝑂

𝑉𝑖𝑛𝑖𝑡𝑖𝑎𝑙,𝑝𝑜𝑟𝑜𝑢𝑠
 

(95) 

where 𝑉𝐻2𝑂 is the volume of water occupying the pores of GDL and 𝑉𝑖𝑛𝑖𝑡𝑖𝑎𝑙,𝑝𝑜𝑟𝑜𝑢𝑠 is the 

total porous volume of the GDL. 𝜖 is the porosity and 𝜖0 is the initial porosity of GDL 

as defined in equation (96). 

𝜖 =
𝑉𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒,𝑝𝑜𝑟𝑜𝑢𝑠

𝑉𝐺𝐷𝐿
 

(96) 

𝜖0 =
𝑉𝑖𝑛𝑖𝑡𝑖𝑎𝑙,𝑝𝑜𝑟𝑜𝑢𝑠

𝑉𝐺𝐷𝐿
 

 

The rate of change of porosity is given by equation (97).  

𝑑𝜖𝐺𝐷𝐿

𝑑𝑡
= (

𝑀𝐻2𝑂

𝜌𝐻2𝑂
)(

𝑁𝐻2𝑂,𝑜𝑢𝑡
𝐺𝐷𝐿 − 𝑁𝐻2𝑂,𝑖𝑛

𝐺𝐷𝐿

δc
) 

(97) 

The porosity and saturation of water in GDL are related by equation (98). 

𝑆 = 1 −
𝜖

𝜖0
 (98) 

where 𝑀𝐻2𝑂 and 𝜌𝐻2𝑂 are the molar mass of water and density of liquid water 

respectively. 𝐷𝑖
𝑒𝑓𝑓

 is the effective diffusivity of individual component 𝑖, obtained using 

Bruggeman expression shown in equation (6) [136]. 𝐷𝑖
𝑟𝑒𝑎𝑙 is the corresponding real 

diffusivity of the species under consideration and ε is the porosity of GDL.  

𝐷𝑖
𝑒𝑓𝑓

= 𝐷𝑖
𝑟𝑒𝑎𝑙ε1.5 (99) 

The effective permeability of gases and liquids in the GDL are given by equation 

(100), where 𝐾0 and 𝛽0 are the intrinsic permeability of the gases and water respectively.  

𝐾𝑖
𝑒𝑓𝑓

= 𝐾0(1 − 𝑆)4 and 𝛽𝐻2𝑂
𝑒𝑓𝑓

= 𝛽0𝑆
4 (100) 
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Output voltage calculation 

The maximum potential that can be obtained from the fuel cell is given by the 

thermodynamically predicted voltage (𝐸𝑡ℎ). However, various losses encountered by 

the system under different conditions lead to an operating potential that is much lower 

than this thermodynamic prediction. This is the real voltage obtained from a fuel cell 

(𝑉), and is obtained by finding the difference of the various voltage losses (ɳ𝑎𝑐𝑡 – 

activation loss, ɳ𝑜ℎ𝑚 – Ohmic loss, ɳ𝑐𝑜𝑛 – concentration loss), from the thermodynamic 

potential, as shown in equation (101). 

𝑉 = 𝐸𝑡ℎ − ɳ𝑎𝑐𝑡 − ɳ𝑜ℎ𝑚 − ɳ𝑐𝑜𝑛 (101) 

The thermodynamic voltage of the fuel cell is given by the chemistry of the system 

and was obtained using Nernst equation given in equation  (102), 

𝐸𝑡ℎ = 𝐸0 +
 ΔS

nF
(𝑇 − 𝑇𝑟𝑒𝑓) −

𝑅𝑇

𝑛𝐹
ln(

1

(𝑝𝐻2

𝐶𝐿,𝑎 𝑝𝑂2

𝐶𝐿,𝑐)
1
2

) 

 

(102) 

where  𝐸0 is the standard state reversible fuel cell voltage, ΔS is the entropy change, ‘n’ 

represents the number of electrons transferred (n = 2), and 𝑇𝑟𝑒𝑓 is the reference 

temperature (25 ̊ C).  

The Ohmic loss is due to the energy lost to overcome the resistance to protonic and 

electronic conductivity by membrane and electrodes respectively and is given by 

equation (103), 

𝜂𝑜ℎ𝑚 = 𝑖𝑐𝑒𝑙𝑙 ((
𝛿𝑚

𝑘𝑚
) + (

𝛿𝑎

𝜎𝑎
) + (

𝛿𝑐

𝜎𝑐
)) 

(103) 

where, 𝑖𝑐𝑒𝑙𝑙 is the current density of the fuel cell due to external load, 𝑘𝑚 is the 

protonic conductivity, σa 𝑎𝑛𝑑 σc are the electronic conductivities of the anode and 

cathode respectively. 𝛿𝑚, 𝛿𝑎 and 𝛿𝑐 denotes the thickness of the membrane, cathode 

and anode layers respectively. 

A capacitive current has been considered to be influencing the activation loss in 

transient conditions since the electrons and protons accumulate on the reacting surface. 
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This causes the output current density (𝑖𝑐𝑒𝑙𝑙) to be different from that of the reaction 

current density ( 𝑖𝑟), and it is calculated using the relation (104). 

𝑖𝑐𝑒𝑙𝑙 = 𝑖𝑟 + 𝐶𝑑𝑙

𝑑ɳ𝑎𝑐𝑡

𝑑𝑡
 

  

(104) 

where 𝐶𝑑𝑙 is the capacitance of either the anode or cathode. 

The depletion of the reactant species in the fuel cell leads to performance loss called 

the concentration loss ( ɳ𝑐𝑜𝑛) as given by equation (105).  

where  𝑐̅ is a constant given by relation (106). 

𝑐̅ =
𝑅𝑇

𝑛𝐹
(1 +

1

𝛼
) 

(106) 

here 𝑗𝐿 is the limiting current density i.e., the current density produced when the 

reactant concentration in the catalyst layer drops to zero due to consumption of all 

reactants, and is given by equation (107). 

𝑗𝐿 =
𝑛𝐹𝐷𝑒𝑓𝑓

𝑅𝑇
(
𝑝𝑖

𝐺𝐶

𝛿
) 

(107) 

Solution Methodology 

The equations given from (87) - (107), form a coupled set of ODEs as given in 

equation (108) and (109). 

At anode: 

𝑑𝑝𝐻2

𝐺𝐷𝐿

𝑑𝑡
= 𝑓(𝑝𝐻2

𝐺𝐶 , 𝑝𝐻2

𝐺𝐷𝐿 , 𝜂𝑎𝑐𝑡
𝑎 ) 

 

(108) 𝑑𝜂𝑎𝑐𝑡
𝑎

𝑑𝑡
= 𝑓(𝜂𝑎𝑐𝑡

𝑎 , 𝑝𝐻2

𝐺𝐶 , 𝑝𝐻2

𝐺𝐷𝐿 , 𝑖𝑐𝑒𝑙𝑙) 

At cathode: 

𝑑𝑝𝑂2

𝐺𝐷𝐿

𝑑𝑡
= 𝑓(𝑝𝑂2

𝐺𝐶 , 𝑝𝑂2

𝐺𝐷𝐿 , 𝜂𝑎𝑐𝑡
𝑐 , 𝜖) (109) 

𝜂𝑐𝑜𝑛 = 𝑐̅ 𝑙𝑛 (
𝑗𝐿

𝑗𝐿 − 𝑗
) 

(105) 
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𝑑𝑛𝐻2𝑂
𝐺𝐷𝐿

𝑑𝑡
= 𝑓(𝑝𝑂2

𝐺𝐶 , 𝑝𝑂2

𝐺𝐷𝐿 , 𝑄𝑂2,𝑖𝑛, 𝜂𝑎𝑐𝑡
𝑐 ) 

𝑑𝜂𝑎𝑐𝑡
𝑐

𝑑𝑡
= 𝑓(𝜂𝑎𝑐𝑡

𝑐 , 𝑝𝑂2

𝐺𝐶 , 𝑝𝑂2

𝐺𝐷𝐿 , 𝑖𝑐𝑒𝑙𝑙) 

𝑑𝜖

𝑑𝑡
= 𝑓(𝑛𝐻2𝑂

𝐺𝐷𝐿) 

The nonlinear ODEs are solved simultaneously for the anode and cathode regions 

separately using ode15s routine in MATLAB. Current density, inlet pressure at the gas 

channels and initial porosity of the GDL are provided as the input to the model and the 

ODEs are solved for obtaining the gas pressures in the GDL, activation overpotentials, 

amount of water accumulated and porosity of GDL after a given time step. With this 

output, the potential at the given operating condition is calculated. This procedure is 

repeated for various inlet conditions.  

This model considers a simplified case of a two phase flow and an attempt has been 

made to derive insights into the flooding conditions in the system. Note that the model 

does not account for the presence of water in the membrane explicitly and hence cannot 

provide information on the performance loss due to drying of the membrane. However, 

the focus of our studies are in the flooding region, and this model is adequate for the 

intended purpose. The parameter values used to evaluate the model are given in Table 

1.  

Table 8 Parameters used to evaluate the model 

Parameters Symbol Value Units Source 

Operating temperature T 333 K - 

Reference temperature Tref 303 K - 

Pressure at anode and cathode Pa, Pb 131722 Pa Assumed 

Membrane proton conductivity kcon 0.090 × 102 S/m 
MEA 

Specification 

GDL electrical conductivity σa, σc 2.2 × 102 S/m [137] 
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GDL thickness at anode and 

cathode 
δa, δc 410 × 10-6 m 

MEA 

Specification 

Polymer electrolyte membrane 

thickness  
𝛿𝑚 50.8 × 10-6 m 

MEA 

Specification 

Anode transfer coefficient 𝛼𝑎 0. 7 - 
Fitted 

Cathode transfer coefficient 𝛼𝑐 0.46 - 
Fitted 

Anode and cathode capacitance 𝐶𝑑𝑙
𝑎 ,𝐶𝑑𝑙

𝑐  50, 500 F/m2 [137]  

Reaction order at anode γa 0.5 - - 

Reaction order at cathode γc 1 - - 

Anode exchange current density  𝑗0
𝑎 0.4 × 104 A/m2 [137] 

Cathode exchange current 

density 
 𝑗0

𝑐 8 × 10-2 A/m2 
Fitted 

GDL gas permeability 𝐾0 5.8 × 10-12 m2 
[137,138] 

GDL water permeability 𝛽0 6 × 10-15 m2 Fitted 

Initial porosity of anode and 

cathode GDL 
𝜖0 0.6 - 

MEA 

Specification 

MEA active area A 25 × 10-4 m2 
MEA 

Specification 

Real diffusivity of H2 𝐷H2

𝑟𝑒𝑎𝑙 5.564 × 10-6 m2/s [137] 

Real diffusivity of O2 𝐷O2

𝑟𝑒𝑎𝑙 14 × 10-7 m2/s [137] 

Viscosity of H2 µ𝐻2
 1.1354 × 10-5 Pa.s [139] 

Viscosity of O2 µ𝑂2
 2.7255 × 10-5 Pa.s [139] 

Viscosity of N2 µ𝑁2
 2.331 × 10-5 Pa.s [139] 

Viscosity of H2O µ𝐻2𝑂 8.90 × 10-4 Pa.s [139] 
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Standard state reversible cell 

voltage 
𝐸0 1.18 V 

[103] 

Gas channel dimensions (length, 

breadth, depth) 
- 47, 0.5, 1 mm Measured 

 

RESULTS AND DISCUSSIONS 

The experimental validation of the model and the steady state results obtained using 

this model are provided elsewhere [101]. The dynamic results and application of the 

model towards preventing flooding is described in detail in this thesis.   

Effect of cathode and anode gas flowrate 

The effect of anode and cathode flowrate on voltage output and porosity at various 

constant current values are shown in Figure 36 and Figure 35. It can be noted that the 

porosity changes continuously with change in cathode flow rate. The potential drops 

Figure 35 Voltage and porosity profiles for various constant current operations for a given step input in flowrate 
rate on the anode side (Pure H2 stream). (a) Anode flow rate profile, (b) Potential profile, and (c) Porosity profile. 
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steeply below acceptable limits when the flow rate is stepped down at high current value 

of 330 mA/cm2. This is due to the high amounts of water produced and the insufficient 

flow rate of cathode gas to drag the water from the cathode GDL, upon step down in 

flow rate. Also, the reactants are insufficient to sustain the constant current operation at 

low cathode flow rates. There is no change in porosity of the GDL on anode side due to 

flow rate changes since the model assumes a dry GDL on anode side. 

 

 

Flooding prevention strategies 

The use of this dynamic model for predicting and rectifying failures due to water 

logging in the fuel cell system is described with an example in this section. Since the 

focus of this work is on understanding and eliminating the flooding effect of water, 

Figure 36  Voltage and Porosity profiles for various constant current operations for a given step input in 
flowrate rate on the cathode side (Pure O2 stream). (a) Cathode flow rate profile, (b) Potential profile, and 
(c) Porosity profile. 
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emphasis will be on the use of the model towards forecasting the adverse effects of 

water on performance at a specific operating current density of the fuel cell and possible 

mitigation strategies in this case. In particular, the model was used for predicting the 

steady state voltage outputs and its rectification by flow rate modifications.  

Due to the degradation of GDL material with usage, the hydrophilic and 

hydrophobic characteristics of the MEA changes with time, which leads to a reduction 

of permeability to water at GDL. This leads to a reduction in the performance of the fuel 

cell below the initial steady state values. The water management system manipulates 

the flow rate of the input reactant gases by a particular level, when the potential drops 

below the required potential output due to material degradation or improper operation, 

thus facilitating the removal of water from the GDL. The flow rate required to provide 

a higher water removal from the GDL can be achieved either by continuously altering 

the flow rates or by a step change in the flow rates. These conditions are simulated in 

the forthcoming sections by considering a drop in the permeability of GDL to water 

from 6 × 10-15 m2 to 1 × 10-15 m2. The time steps used in the following simulations have 

been taken to be 10 ms for convenience, which is the same as in the previous sections. 

It should be noted that valve dynamics and other slower processes will play a limiting 

role in the choice of simulation time steps. Nevertheless, the methodology described 

here is generic and can be altered prior to implementation to suit various experimental 

conditions such as data collection rates, data transfer speeds, regulatory circuit 

tolerances, and disturbances in the system.  

Dynamic feedback control 

Flow rate pulsing effect 

The objective of this pulsed flow rate simulation is to understand the operating 

conditions needed to maintain the potential output above a certain threshold potential 

(Vtracking), at a constant current. Whenever the potential drops below this specified value, 

the flow rate is manipulated from the existing flow rate in the system. Once the potential 

reaches the required limit, the flow rates are reverted to their initial levels, as shown in 

equation (110). The disadvantage of this approach is that it does not consider the 

decrease in voltage accompanied by the increase in load. When flow rate pulsing is used 

to recover the fuel cell voltage without considering the steady state potentials for a 
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particular load, the fuel cell system might not be able to recover the potential at high 

current operation even when extreme pressure spikes are applied. This occurs when the 

tracking potential is considerably higher than the steady state potentials for that 

particular operating condition. Thus a model is necessary to obtain the steady state 

potentials for a given operating condition, which can then provide an acceptable range 

for the voltage.  

Here, Vcell denotes the potential output and Vtracking is the desired output potential, 

Qcathode,t+1 is the flow rate to be provided for the time instant ‘t+1’ and Qcathode,t 

If Vcell < Vtracking, 𝑄𝑐𝑎𝑡ℎ𝑜𝑑𝑒,𝑡+1 = 𝑄𝑐𝑎𝑡ℎ𝑜𝑑𝑒,𝑡 × (1 +
% 𝑖𝑛𝑐𝑟𝑒𝑎𝑠𝑒 𝑖𝑛 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒

100
 ) (110) 

else, 𝑄𝑐𝑎𝑡ℎ𝑜𝑑𝑒,𝑡+1 = 𝑄0,𝑐𝑎𝑡ℎ𝑜𝑑𝑒 

Figure 37 Voltage, porosity and cathode flowrate profile for various constant current operations in 
continuous feedback system. (a) Potential profile, (b) Porosity profile and (c) Flow rate pulse input 
profiles for various operating currents. The permeability of water in the GDL was taken to be 1 × 10-15 m2 
and the flowrate at the anode was Qin,a= 3.33 × 10-6 m3/s. 
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denotes the flow rate provided to the cathode at the time instant ‘t’. ‘% increase in flow 

rate’ is a parameter that changes the magnitude of cathode flow rate. 

The effect of flow rate pulsing towards maintaining the potentials are given in Figure 

37. Figure 37 (a) and (b) show the variations in potential and porosity at different values 

of current densities. Figure 37 (c) shows the operating flow rates that help in maintaining 

the potential at required values. In this approach, when potential drops below the 

tracking potential, flow rate is increased by a percentage of the flow rate at that instant. 

The increase in cathode gas flow rate removes a larger quantity of water from the pores 

of the GDL, thereby increasing the porosity of the GDL and making the CL accessible 

to the reactants. This in turn leads to increase in output potential from the fuel cell at the 

same load.  This process is repeated until the fuel cell potential reaches the tracking 

potential, after which the flow rate is reverted back to the initial cathode gas flow rate. 

The reduction in flow rate of cathode gas (O2) leads to a reduction in the velocity of 

gases and subsequently leads to a drop in the amount of water removed from the fuel 

cell. The GDL again floods and the potential drops below the desired tracking potential, 

which in turn triggers the increase in flow rate of cathode gas. This process iterates 

continuously resulting in the fuel cell system being maintained above the desired 

tracking potential.  

When the operating current is increased, the corresponding steady state potential 

and the tracking potential values decrease as shown in Figure 37 (a). A higher porosity 

in the GDL is needed to maintain larger quantity of reactants in the CL, in order to 

increase the output current. Thus the porosity of the GDL is higher at higher current 

values as shown in Figure 37 (b). Also, the quantity of water produced at higher currents 

is significantly higher than the water produced at lower currents. This increase in the 

water production at elevated currents leads to an increase in the amount of water 

entering the GDL. This larger quantity of water entering the GDL pores requires a 

higher flow rate of gases for their removal. This trend is captured in Figure 37 (c), where 

the flow rates required to maintain the tracking potential becomes progressively higher 

with increase in operating current. In this simulation, cathode flow rate has been stepped 

up from its current value by 15%, whenever the potential falls below 95% of the tracking 
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voltage. Though this approach stops further performance drop in the fuel cell, our 

simulations indicate that oscillations would occur from the point where corrective action 

is implemented. These oscillations can lead to wear of control valves as they experience 

constant stress.  

Flow rate step change 

Figure 38 shows the potential and porosity variation in the system when flowrate 

change is implemented as a step, in contrast to a pulse input. The trends in potential, 

porosity and cathode flow rates shown in Figure 38 (a) – (c), are similar to the trends 

seen in Figure 37 (a) – (c). As discussed in the previous section, this is due to a drop in 

potential of the fuel cell with increase in load, the higher porosity needed to maintain 

the larger currents and the higher gas flow rates required at elevated current loads to 

remove the water formed in the CL respectively. After providing a step change in flow 

rate (15% increase in cathode flow rate from the current value), the gas flow is not 

brought back to the initial values once the tracking potential is attained.  

Equation (111) is used in the implementation of step change in flow rate, where 

′Qcathode,t+′ denotes the flow rate of gas at cathode GC at all time instances after ‘t’. 

From simulations, it can be noted that this method leads to a smooth transition of 

potentials and circumvents oscillations. However, this approach leads to wastage of 

reactant gases, thereby leading to inefficient operation. This brings in an interesting 

trade-off between these two strategies. In one case (pulse), actuator wear is a downside, 

whereas in the step case, wastage of reactants is an issue. It might be possible to use a 

combination of these strategies that could minimize these problems to some extent. 

Explicit optimization formulations to identify promising flow profiles are also another 

possibility that can be explored in the future. 

If Vcell < Vtracking, 𝑄𝑐𝑎𝑡ℎ𝑜𝑑𝑒,𝑡+ = 𝑄𝑐𝑎𝑡ℎ𝑜𝑑𝑒,𝑡 × (1 +
% 𝑖𝑛𝑐𝑟𝑒𝑎𝑠𝑒 𝑖𝑛 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒

100
 ) (111) 
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Rectification with model 

When a model is used to rectify decrease in potential, the model calculates steady 

state potential values at a given load applied to the fuel cell. Also, the voltage output 

from the fuel cell is measured continuously and compared with the corresponding steady 

state potentials. Based on the level of deviation of potential output from the steady state 

values, the controller applies flow rate pulses as given in equation (112). This system is 

a proportional controller system for reducing the adverse effects of flooding. The 

controller can also be tuned to maintain potentials within a threshold range around the 

steady state potentials.  

𝑄𝑐𝑎𝑡ℎ𝑜𝑑𝑒 = 𝑄𝑖𝑛 + (𝑉𝑠𝑡𝑒𝑎𝑑𝑦 𝑠𝑡𝑎𝑡𝑒 ×
100 − 𝑡𝑜𝑙𝑒𝑟𝑎𝑛𝑐𝑒 %

100
− 𝑉𝑜𝑏𝑡𝑎𝑖𝑛𝑒𝑑)

× 𝑄𝑔𝑎𝑖𝑛 

(112) 

Figure 38 Voltage, porosity and cathode flowrate profile for various constant current operations in single 
feedback system. (a) Potential profile, (b) Porosity profile and (c) Flow rate step input profiles for various 
operating currents. The permeability of water in the GDL was taken to be 1 × 10-15 m2 and the flowrate at the 
anode was Qin,a = 3.33 × 10-6 m3/s. 
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The reliability would be better in a model based approach in comparison to the 

model–free approach, since the system can decide the potential to maintain based on the 

steady state values obtained from the model. In these simulations, a tolerance of 5% 

from the steady state potential and a Qgain of 1 × 10−5 were chosen as the parameters to 

maintain the potential at various values of current by the model based control system. 

Figure 39 demonstrates a simulated tracking of various current densities near their 

steady state potentials, using the pulsating flow rate input method discussed in section 

0. The current densities to be maintained are shown in Figure 39 (a). Figure 39 (b) shows 

steady state potentials to be maintained, as obtained by solving the model for a simulated 

time span of 10 seconds at each current value. A tolerance of 5% from the steady state 

values were allowed while tracking the steady state potentials. This leads to bias 

between output voltage and reference potentials as shown in Figure 39 (b). The 

simulated porosity profiles and the flow rate input pulses to maintain the voltage within 

the given threshold around the steady state values are shown in Figure 39 (c) and (d) 

respectively. While the flow pulsing method described in section 5.1 always uses a pulse 

with 15% increase, this ad-hoc pulse size is avoided in the model based rectification, 

where the increase will be proportional to the voltage difference. As a result, this 

strategy is likely to be robust to a larger range of current densities. Further, the pulsing 

is also reduced in this case, which will be beneficial from wear viewpoint. A similar 

model rectification strategy may also be explored with the step flow change. 

Output power regulation 

It has to be noted that the output power from the fuel cell will need to be fed through 

a power electronics circuit to regulate the output before distribution to a device or 

appliance. Development of the electronics involved in this power regulation process is 

beyond the scope of this work. The voltage and power regulation devices for fuel cells 

have been considered in detail by Yu et al. [140] and Schenck et al. [141]. In particular, 

Schenck, Lai, and Stanton [141] showed that voltage from the fuel cell could be 

maintained at a constant value under sinusoidal loads at 50 and 60 Hz, with the help of 

ultra-capacitors. Power conditioning circuits incorporating ultra-capacitors that can 

charge instantly and discharge very slowly will be desirable to maintain a constant 
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potential at the output. With the advent of fast acting ultra-capacitors that can switch 

polarity at few nanoseconds [142], the maximum allowed frequency of valve operations 

during control applications are limited only by the MFC response times. This drawback 

can be minimized by utilizing fast acting valves and MFCs, which have response times 

in the order of few milliseconds. Since voltage and power regulation are mature 

technologies used under conditions of varying loads such as power stations, generators, 

and inverters, it is expected that the control methodology discussed in this work using 

gas flows should be implementable in conjunction with proper choice of power 

electronic devices.  

Figure 39 Model based rectification approach showing (a) current density profile, (b) voltage profile, (c) porosity 
profile, and (d) cathode flow rate profiles. The permeability of water in the GDL was taken to be 1 × 10-15 m2 and 
the flowrate at the anode was Qin,a = 3.33 × 10-6 m3/s. 
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CONCLUSION 

A simplified dynamic one-dimensional model for PEMFC considering the effects 

of liquid water in the GDL has been developed, and used to predict the performance 

under different operating conditions. Water blockage of GDL and its adverse effects on 

performance of the fuel cell have been discussed. The utility of the developed model as 

a prediction tool to choose suitable operating conditions and GDL materials for a fuel 

cell has been highlighted. Usefulness of the model as a diagnostic tool to provide 

corrective actions and reduce inefficiency in dynamic fuel cell applications was studied 

using simulations. The possibility of the model being a part of a smart control system 

was tested. It can be concluded that a model based rectification strategy can be used in 

performance monitoring, diagnosing failure modes and as a vital tool in developing 

smart fuel cell systems that provide consistent performance. Using a simple model could 

help in developing standalone rectification systems that can periodically monitor fuel 

cells with specific input signal patterns to quantify specific forms of degradation. 

Considerable future work is required to study the utility of the proposed model more 

rigorously. In all our studies, the actual fuel cell behavior was also simulated using the 

simplified model. One might use a more detailed model as a surrogate for the 

experimental fuel cell. The model could also be tested in an actual fuel cell experiment 

to study its utility. Nonetheless, such simple models are likely to be an integral part of 

any online smart model-based water management system for fuel cells. The reasons are 

two-fold: one, computational tractability offered by such models is critical for fast 

online calculations and two, any modeling inaccuracy inherent in these simple models, 

if not severe, can be addressed through integral action in a feedback controller. 
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CHAPTER 6 

RAPID HUMIDITY REGULATION BY VARYING THE 

PERCENTAGE OF WET AIR FLOW WITH FEEDBACK 

CONTROL 

 

INTRODUCTION 

The protons in a fuel cell are transferred from the anode to the cathode side with the 

help of proton exchange membrane (PEM). The PEMs conduct protons with the help of 

negative charge centers present in their polymer backbone. The most commonly used 

PEM is Nafion. Proton exchange membranes consists of polyfluorosulphonicacid 

(PFSA) units, which have a high affinity for water and they permeate water based on 

the difference in partial pressure of water on either sides of the membrane. This property 

leads to the retention of liquid water in PEMs in their hydrated state, while keeping the 

reactant gases separated on either side. The liquid water retained in the membrane forms 

interconnected channels that act as the pathway for proton conduction in PEMs. 

Humidification of fuel cell reactants is necessary in order to maintain the water content 

in proton exchange membrane.  

Fuel cells take humidified reactant gases at the inlet and transfers some of its water 

content to the proton exchange membrane to enable the humidification and conduction 

of protons. When the amount of water in the membrane drops to low values, that the 

water channels gets disconnected leading to a drop in the proton conductivity of the 

membrane [143,144]. This situation is called ‘drying’. An alternative situation called 

‘flooding’ occurs when the amount of water produced in the fuel cell during its operation 

is much higher than the amount of water produced in the membrane. Flooding occurs 

due to improper removal of liquid water from the fuel cell during operation, which leads 

to the clogging of pores that takes the reactant gases to the catalyst layer. Both the 

reduction in proton conductivity by membrane drying and the clogging of pores by 

flooding leads to a reduction in performance of the fuel cells. Hence, there is a need for 

maintaining the water at its optimum level in a fuel cell to ensure the proper functioning 

of fuel cells. This process of maintaining the amount of liquid water at its optimum level 

in a fuel cell system is termed as ‘water management’.  
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Addition and removal of water in fuel cells 

To ensure a high protonic conductivity, the PEM needs to be maintained at proper 

levels of hydration. The water required for hydrating the membrane is provided in the 

fuel cell by humidifying the reactant gas streams. The PEM retains the water that it 

obtains from the reactant streams forming liquid water channels, enabling proton 

conduction. The water produced because of reaction between H2 and O2 is in liquid form 

in low temperature PEMFCs. This product water is removed from the catalyst layers 

and eventually from the fuel cells by capillary action and subsequent evaporation and 

drag by the reactant gases flowing towards the outlet.  

NEED FOR HUMIDITY CONTROL 

The discussion of humidification and water removal processes show that the reactant 

gases need initial humidification to ensure proton conductivity and to avoid drying. 

However, during high current operations, it is desirable to have a lower humidity in the 

gas streams so that the water produced can be removed from the fuel cell with ease. 

Since both flooding and drying leads to performance reduction, at various operating 

conditions a proper humidity in the reactant gas streams is desirable. Thus, the water 

level has to be maintained at an optimum during operation and this procedure is termed 

as ‘water balance’ in fuel cell.  

Under low current operations, the amount of water produced in the fuel cell is low 

and when more water is removed from the fuel cell than the amount of water produced 

by reactions and supplied by humidification, the membrane loses its water content and 

starts drying out. This leads to a reduction in proton conductivity and performance loss. 

The repeated drying of membranes during operation leads to fatigue and failure of the 

PEMs [145].  

When the reactants are blocked due to the presence of water in the GDL and GC due 

to flooding, the performance of the fuel cell drops and pressure builds up due to the 

blockage of incoming gases [146]. This increase in pressure leads to the removal of 

water from the GC and GDL, leading to a surge in the performance of the fuel cell. 

Unfortunately, this retention of performance is temporary and it drops once water fills 

the pores of GDL [147,148]. The drop and surge in performance occurs recursively and 
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is a characteristic of flooding in fuel cells. Additionally, excessive water buildup in the 

GDL and CL leads to stresses in the MEA resulting in the degradation of electro-catalyst 

and carbon supports [149–151].  

Several experimental investigations on the effect of humidity on fuel cell 

performance is available in literature [152–156]. Simulation studies on fuel cells also 

stress the importance of proper water management, and indicate the importance of 

controlling the humidity at the inlet of fuel cells [157]. Therefore, it is beneficial to 

rapidly control the humidity of the inlet gas streams to avoid extremities in the presence 

of liquid water during operations. 

HUMIDIFICATION METHODS 

Humidification of gases has been in use in medical equipment such as ventilators, 

short term breathing devices, respiratory drug delivery and oxygen masks, where dry 

gases leads to damage in skin and drying of mucous membrane. The humidification of 

reactant gases in fuel cells in lab scale is carried out using one of the two simple 

methods.  

Direct humidification using water 

In this method, water is bubbled through liquid water maintained at a particular 

temperature using a sparger. The gas bubbles coming in contact with water gets 

humidified by the transport of water into the gas bubbles through the gas – liquid 

interface. The humidification can continue until the gases reach saturation at the 

temperature of water column [158].  

Membrane based humidification 

This method utilizes the property of semi permeable membranes that allow water to 

selectively pass through them [159].  A membrane that selectively permeates water 

vapor, while blocking other gases and liquids to pass through is chosen as the material 

for the interface separating the gases and liquid water. A tubing made of such a material 

is either kept immersed in liquid water as a gas transfer path, or used to hold water in a 

gas chamber, in order to humidify the gases of interest. Water vapor gets transferred 

from the bulk liquid side of the membrane to the gas side thereby humidifying the gases 



Texas Tech University, Srinivasan Raman, May 2018 

117 

flowing through the membrane. The humidification setup configuration in this method 

generally consists of a humidity bath with water held at a desirable higher temperature 

and the gases to be humidified are passed through the tubing. Nafion is generally used 

as the membrane of choice for the tubing material due to its property of transporting 

water in non-bulk vapor form. The gases passing through Nafion tubing can reach near 

saturation humidity with short length and smaller residence times. For example, at a 

flow rate of 0.5 L/min, near saturation humidity can be attained with ~30 cm Nafion 

tube (as per the manufacturer specifications listed in Perma Pure LLC.).  

Drawbacks  

The humidification systems discussed in the previous sections have a stable 

operation when humidified gases are needed at a particular dew point for long periods 

of time. When a change in dew point (i.e. change in RH) is needed, the humidifier bottles 

are either heated or allowed to cool down, to reach the desired temperatures. Heating 

the water in humidifier bottles is accomplished by the presence of heaters and 

maintaining these at a particular temperature is achieved with insulation. Cooling the 

humidifier down to a lower temperature takes a long time (in the order of tens of minutes 

for lab scale humidifiers) due to absence of active cooling mechanisms and the presence 

Figure 40 Schematic of humidification methods for fuel cells. (a) Direct humidification of gases passing through 
liquid water, (b) Humidification using pervaporating membrane tubes. 
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of insulators that traps heat for a longer time. The humidifier bottle setup does not offer 

a simple method for maintaining the humidity at a particular level or the ability to 

control the humidity rapidly, which will be desirable in a fuel cell under varying load 

conditions.  

Heat and humidity recovery 

It is desirable to recover heat and humidity from exhaust gases of fuel cells so that 

higher overall efficiencies can be attained during operation of fuel cells. Two main 

technologies that have been demonstrated recently to recover heat and humidity are 

enthalpy wheel and membrane based humidity transfer [159–161].  

The enthalpy wheel is a method of heat and moisture recovery used in HVAC 

systems of buildings. It consists of a porous or corrugated wheel coated with a desiccant, 

which is kept rotating at a low speed such that half of the wheel is in contact with the 

inlet gases and the other half is in contact with exhaust as shown in Figure 41. The 

enthalpy wheel collects moisture and heat with the help of desiccant from the exhaust 

stream and transfers it to the inlet gases by its rotation. This methodology can be used 

in fuel cells to recycle the heat and moisture from exit stream to the inlet stream, and 

has been found to be highly efficient (~70 to 85% efficiency) in commercial systems.  

Figure 41 Schematic of the enthalpy wheel setup used in transferring heat and moisture from the product stream 
to reactant stream of fuel cells 
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The membrane based humidity transfer shown in Figure 42 is based on the 

permittivity of PFSA membranes that transfer water vapor from the regions of higher 

partial pressure to the one with lower partial pressure. This is the same mechanism as in 

the humidification of gases in membrane based humidifiers. Membrane based humidity 

recovery has a lower efficiency since it is dependent on several factors such as flow 

rates, temperatures and humidity of the inlet and exit gas streams.  

These methodologies, even though helpful in recovering heat and humidity, lack the 

ability to be controlled as per requirement. This imprecise control can also lead to excess 

humidification of reactant gases under flooding conditions, thus adding to the water 

management problem. A few attempts to control the humidification of gases entering 

the fuel cells are carried out in literature [157,162–164], but they suffer from sluggish 

response and inability to control the gas flow rate alongside humidity.  

The desired humidity of gases in this work has been obtained by the mixing of dry 

and saturated gases in this work. While, this method of mixing dry and wet gases have 

been presented for various uses in patents, there is little to no application of this method 

for active control methodologies towards maintaining the proper operation of fuel cell.  

Figure 42 Schematic of the membrane based heat and moisture transfer from product to reactant streams 
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MATERIALS AND METHODS 

A humidification setup for investigating rapid and precise humidity control by 

combining saturated (wet) and dry gases was developed as shown in Figure 43.  Gas 

cylinders purchased from SKGA, Chennai were used for the experiments. Initially, the 

gases from the storage cylinders were split into two streams for use as dry and wet gas 

respectively. Since the flow of wet and dry gases has to be controlled precisely in order 

to achieve the desired humidity levels, the inlet gas streams were connected to mass 

flow controllers (MFCs) purchased from Cole-Parmer, to obtain the desired flow rates. 

One of the gas streams coming out of the MFCs was passed through a humidification 

bottle to obtain wet gas stream, while the other non-humidified gas stream serves as dry 

gas. Nafion membrane based humidifiers purchased from ‘Fuel Cell Technologies Inc.’ 

(HF-HBA), which were rated to provide >95 %RH at up to four liters per minute of gas 

were used for the experiment. The two gas streams are then mixed to obtain a single gas 

stream and passed through a heated gas transfer lines, which is then fed through a casing 

containing a temperature – humidity sensor module (DHT-22) to check the 

humidification level in the mixed air. The set point to the mass flow controllers were 

provided by interfacing them with MATLAB and the data from the temperature and 

humidity sensor was collected using an Arduino UNO board interfaced to MATLAB. 

The DHT-22 is a digital sensor with capacitive type humidity sensing element and a 

thermistor for temperature sensing. DHT-22, as per the manufacturer specification 

works in the temperature range of -40 to 80 ºC, between 0 to 100% relative humidity 

Figure 43 Schematic of the humidification setup used for data collection. In the picture, MFC denotes mass flow 
controllers used for controlling the flow rate of air. 
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(RH) with an accuracy of ±5 %, and provides data at 0.5 Hz. A schematic of the 

humidification setup is shown in Figure 43. 

MODEL DEVELOPMENT  

Relative humidity of mixed stream of gases under isothermal conditions 

Humidity (H) and Relative Humidity (RH) are defined as shown in equation (113) 

and (114).  

𝐻 =
𝑀𝑎𝑠𝑠 𝑜𝑓 𝑤𝑎𝑡𝑒𝑟 𝑣𝑎𝑝𝑜𝑢𝑟

𝑀𝑎𝑠𝑠 𝑜𝑓 𝑑𝑟𝑦 𝑎𝑖𝑟
 

(113) 

𝑅𝐻% =
𝐻𝑢𝑚𝑖𝑑𝑖𝑡𝑦

𝐻𝑢𝑚𝑖𝑑𝑖𝑡𝑦 𝑎𝑡 𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛
× 100  

(114) 

where humidity at saturation denotes the maximum amount of water vapor that can be 

present in air at a particular temperature.  

From the ideal gas law given in equation (115), it follows that the volumetric flow 

rate is proportional to the mass flow rate under specific conditions of temperature and 

pressure.  

𝑃�̇� = �̇�𝑅𝑇 =
�̇�

𝑀
𝑅𝑇 

(115) 

→ �̇� 𝛼 �̇� (116) 

Here P is the pressure, �̇� is the volumetric flow rate of gas, �̇� is the molar flow rate, 

R is the gas constant, T is the temperature of operation, �̇� is the mass flow rate, and M 

is the molecular weight of the component considered. The relative humidity of gases 

can be written as shown in equation (117). 



Texas Tech University, Srinivasan Raman, May 2018 

122 

𝑅𝐻 =

(
�̇�𝑤𝑎𝑡𝑒𝑟 𝑣𝑎𝑝𝑜𝑟

�̇�𝑑𝑟𝑦 𝑎𝑖𝑟
)

(
�̇�𝑤𝑎𝑡𝑒𝑟 𝑣𝑎𝑝𝑜𝑟 𝑎𝑡 𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛

�̇�𝑑𝑟𝑦 𝑎𝑖𝑟
)

 

(117) 

Let �̇�1 be the volumetric flow of dry air that passes through the humidification 

chamber and �̇�2 be the volumetric flow of dry air that bypasses the humidifier. The total 

volumetric flow rate of dry air, �̇�𝑑𝑟𝑦,𝑡𝑜𝑡𝑎𝑙 is given by equation (118).  

 �̇�𝑑𝑟𝑦,𝑡𝑜𝑡𝑎𝑙 = �̇�1 + �̇�2 (118) 

The mass of water vapor taken by dry air (�̇�𝑤𝑎𝑡𝑒𝑟 𝑣𝑎𝑝𝑜𝑟) at a particular temperature 

is proportional to the volumetric flow rate of dry air. Thus, the amount of water vapor 

taken by the stream is proportional to �̇�1, which leads to equation (119). 

�̇�𝑤𝑎𝑡𝑒𝑟 𝑣𝑎𝑝𝑜𝑟 = 𝑘 �̇�1 (119) 

By this argument,  

�̇�𝑤𝑎𝑡𝑒𝑟 𝑣𝑎𝑝𝑜𝑟 𝑎𝑡 𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛 = 𝑘 (�̇�1 + �̇�2). (120) 

𝑅𝐻 =

(
�̇�𝑤𝑎𝑡𝑒𝑟 𝑣𝑎𝑝𝑜𝑟

�̇�𝑑𝑟𝑦 𝑎𝑖𝑟
)

(
�̇�𝑤𝑎𝑡𝑒𝑟 𝑣𝑎𝑝𝑜𝑟 𝑎𝑡 𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛

�̇�𝑑𝑟𝑦 𝑎𝑖𝑟
)

=

𝑘 �̇�1

�̇�1 + �̇�2

𝑘 (�̇�1 + �̇�2)

�̇�1 + �̇�2

=
�̇�1

(�̇�1 + �̇�2)
 

(121) 

This shows that any required value of relative humidity can be achieved by taking 

humid and dry air and mixing them in proper proportions. Note that there are two 

unknowns but only one equation. The value for one of unknowns has to be fixed to solve 

these equations, and the total flow rate was fixed at a given value resulting in equation 

(122). 
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𝑅𝐻 =  
�̇�1

�̇�𝑡𝑜𝑡𝑎𝑙

 
(122) 

Keeping the total flow rate at a fixed value, the volumetric flow rate of the wet air 

required to maintain a given humidity can be calculated. If the inlet air has some 

humidity present in it already, then the assumption of having a dry air does not hold, 

resulting in equation (123) and (124). 

𝑅𝐻𝑖𝑛𝑖𝑡𝑖𝑎𝑙 =

�̇�𝐻2𝑂 𝑖𝑛 �̇�2

�̇�2

�̇�𝐻2𝑂 𝑖𝑛 �̇�2 𝑎𝑡 𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛

�̇�2

=
�̇�𝐻2𝑂 𝑖𝑛 �̇�2

�̇�𝐻2𝑂 𝑖𝑛 �̇�2 𝑎𝑡 𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛
 

(123) 

 �̇�𝐻2𝑂 𝑖𝑛 �̇�2 =  𝑅𝐻𝑖𝑛𝑖𝑡𝑖𝑎𝑙 × �̇�𝐻2𝑂 𝑖𝑛 �̇�2 𝑎𝑡 𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛

=  𝑅𝐻𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ×  𝑘�̇�2 

(124) 

Thus, the relative humidity of the mixed stream of air is given by equations (125), 

which on further simplification results in equation (128). 

𝑅𝐻𝑚𝑖𝑥𝑒𝑑 𝑠𝑡𝑟𝑒𝑎𝑚 =

(
�̇�𝑤𝑎𝑡𝑒𝑟 𝑣𝑎𝑝𝑜𝑟

�̇�𝑑𝑟𝑦 𝑎𝑖𝑟
)

(
�̇�𝑤𝑎𝑡𝑒𝑟 𝑣𝑎𝑝𝑜𝑟 𝑎𝑡 𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛

�̇�𝑑𝑟𝑦 𝑎𝑖𝑟
)

 

(125) 

=

(
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑤𝑎𝑡𝑒𝑟 𝑣𝑎𝑝𝑜𝑟 𝑖𝑛 𝑡ℎ𝑒 𝑤𝑒𝑡 𝑠𝑡𝑟𝑒𝑎𝑚

+
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑤𝑎𝑡𝑒𝑟 𝑣𝑎𝑝𝑜𝑟 𝑖𝑛 𝑡ℎ𝑒 𝑑𝑟𝑦 𝑠𝑡𝑟𝑒𝑎𝑚

)

𝑡𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑤𝑎𝑡𝑒𝑟 𝑣𝑎𝑝𝑜𝑟 𝑎𝑡 𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑏𝑜𝑡ℎ 𝑠𝑡𝑟𝑒𝑎𝑚𝑠
 

(126) 

= 

𝑘 �̇�1 +  𝑅𝐻𝑖𝑛𝑖𝑡𝑖𝑎𝑙 × 𝑘�̇�2

�̇�1 + �̇�2

𝑘 (�̇�1 + �̇�2)

�̇�1 + �̇�2

=
�̇�1 +  𝑅𝐻𝑖𝑛𝑖𝑡𝑖𝑎𝑙 × �̇�2

(�̇�1 + �̇�2)
 

(127) 
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𝑅𝐻𝑚𝑖𝑥𝑒𝑑 𝑠𝑡𝑟𝑒𝑎𝑚 = 
�̇�1 + (𝑅𝐻𝑖𝑛𝑖𝑡𝑖𝑎𝑙 × �̇�2)

(�̇�1 + �̇�2)
 

(128) 

Relative humidity of mixed stream of gases under non-isothermal 

conditions 

 In a fuel cell system, the humidification at various levels has to be maintained as 

necessary for performance enhancement. Unfortunately, heating the humidification 

system can be achieved much faster than cooling, due to the presence of insulation that 

enhances heat retention. Also, the presence of flowing gas streams help in quick 

temperature drop in gas tubes whereas the temperature drop is very slow in humidifiers. 

Thus, a non-isothermal condition exists for humidification systems and hence a model 

to predict the RH under non-isothermal conditions is essential. With this requirement in 

mind, a non-isothermal model to predict the RH and temperature of the mixed gas under 

non-isothermal condition was developed.  

Assumptions 

1. Both air and water vapor behave like ideal gases 

2. The air passing through the humidifier gets heated to the temperature of the 

humidifier and gets saturated with water vapor at the humidifier temperature.  

 Consider that the initial gas streams are completely dry. Let �̇�𝑎𝑖𝑟 be the total 

volumetric flow rate of dry air. This stream is split into two streams: one that passes 

through the humidifier (�̇�𝑎𝑖𝑟,1) and the other bypassing the humidifier (�̇�𝑎𝑖𝑟,2). The two 

gas streams (�̇�𝑎𝑖𝑟,1 𝑎𝑛𝑑 �̇�𝑎𝑖𝑟,2) are mixed to obtain a tunable humidified stream. 

�̇�𝑎𝑖𝑟 = (�̇�air,1 + �̇�𝑎𝑖𝑟,2) (129) 

 The inlet pressure (𝑃𝑖𝑛) and temperature (𝑇𝑖𝑛) are known before humidification. The 

molar flow rate of gases was found using ideal gas law using equation (130). 

𝑃𝑖𝑛�̇�𝑎𝑖𝑟 = �̇�𝑎𝑖𝑟𝑅𝑇𝑖𝑛 (130) 

 Since the volumetric flow of air through each of the two MFCs can be adjusted, the 

total air and the amount of air passing through the humidifier can be tuned as necessary. 

Thus, the number of moles of air in each stream, �̇�𝑎𝑖𝑟,1 and �̇�𝑎𝑖𝑟,2 can be calculated.  
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 In the humidifier maintained at 𝑇ℎ, it is assumed that the air gets heated and gets 

saturated with water vapor. The saturation vapor pressure of water (𝑝𝑤
𝑠𝑎𝑡) (in Pa) at the 

humidifier temperature (in °𝐶) can be calculated using Buck equation (131). 

𝑝𝑤
𝑠𝑎𝑡 = 611.21 × exp ((18.678 −

𝑇

234.5
) (

𝑇

257.14 + 𝑇
)) 

(131) 

 Since the system is exposed to a constant pressure at the outlet, the total pressure was 

assumed to be 𝑃𝑜𝑢𝑡𝑙𝑒𝑡. 𝑝𝑎𝑖𝑟,3, the pressure of air after passing through the humidifier 

where it gets heated to 𝑇ℎ can be found using equation (132). 

𝑃𝑜𝑢𝑡𝑙𝑒𝑡 = 𝑝𝑎𝑖𝑟,3 + (𝑝𝑤
𝑠𝑎𝑡)𝑇= 𝑇ℎ

 (132) 

Here ′𝑃′ denotes total pressure and ′𝑝′ denotes partial pressure. Since the air and water 

vapor occupy the same volume to give rise to the total pressure 𝑃𝑜𝑢𝑡𝑙𝑒𝑡,  the molar flow 

rate of water vapor in the humidified stream (�̇�𝑤𝑎𝑡𝑒𝑟) can be found using the equations 

(133) to (136). 

𝑃𝑜𝑢𝑡𝑙𝑒𝑡�̇�𝑡𝑜𝑡𝑎𝑙 = �̇�𝑡𝑜𝑡𝑎𝑙𝑅𝑇ℎ (133) 

𝑝𝑎𝑖𝑟�̇�𝑜𝑐𝑐𝑢𝑝𝑖𝑒𝑑 = �̇�𝑎𝑖𝑟,1𝑅𝑇ℎ (134) 

𝑝𝑤
𝑠𝑎𝑡�̇�𝑜𝑐𝑐𝑢𝑝𝑖𝑒𝑑 = �̇�𝑤𝑎𝑡𝑒𝑟𝑅𝑇ℎ (135) 

𝑝𝑎𝑖𝑟

𝑝𝑤
𝑠𝑎𝑡

=
�̇�𝑎𝑖𝑟,1

�̇�𝑤𝑎𝑡𝑒𝑟
 

(136) 

 It has to be noted this molar flow rate of water exists also after the humid stream 3 

and dry air stream 2 mix together. The temperature of the mixed stream is necessary to 

find the relative humidity after mixing of humid and dry air streams, which are at 

different temperatures. The heat gained by the humid stream while passing through the 

humidifier is distributed between the humid and dry air stream when they mix, resulting 

in a new temperature (𝑇𝑚𝑖𝑥𝑒𝑑) that can be found by energy balance as shown in equation 

(137). 

{�̇�𝑎𝑖𝑟,1𝐶𝑝,𝑎𝑖𝑟(Δ𝑇ℎ𝑢𝑚𝑖𝑑𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛) + �̇�𝑤𝑎𝑡𝑒𝑟𝐶𝑝,𝑤𝑎𝑡𝑒𝑟(Δ𝑇ℎ𝑢𝑚𝑖𝑑𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛)}

= {�̇�𝑎𝑖𝑟,𝑡𝑜𝑡𝑎𝑙𝐶𝑝,𝑎𝑖𝑟(Δ𝑇𝑚𝑖𝑥𝑖𝑛𝑔)  

+ �̇�𝑤𝑎𝑡𝑒𝑟𝐶𝑝,𝑤𝑎𝑡𝑒𝑟(Δ𝑇𝑚𝑖𝑥𝑖𝑛𝑔)} 

(137) 
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�̇�𝑎𝑖𝑟,𝑡𝑜𝑡𝑎𝑙 = �̇�𝑎𝑖𝑟,1 + �̇�𝑎𝑖𝑟,2 (138) 

Δ𝑇ℎ𝑢𝑚𝑖𝑑𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛 = 𝑇ℎ𝑢𝑚𝑖𝑑𝑖𝑓𝑖𝑒𝑟 − 𝑇𝑖𝑛 (139) 

𝑇𝑚𝑖𝑥𝑖𝑛𝑔 = 𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛 (140) 

here �̇�𝑖 is the mass flow rate of species i, Δ𝑇ℎ𝑢𝑚𝑖𝑑𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛 is the temperature differential 

of the humidified air stream and Δ𝑇𝑚𝑖𝑥𝑖𝑛𝑔 is the temperature differential of the mixed 

and dry air streams. The mass flow rates of air and water vapor can be calculated using 

the molecular mass of the species under consideration (𝑀𝑖) given by equation (141). 

�̇�𝑖 = �̇�𝑖 × 𝑀𝑖 (141) 

From the energy balance equation, the outlet temperature of the streams after mixing 

(𝑇𝑜𝑢𝑡), can be calculated.  

 Since relative humidity is the ratio of partial pressure of gas to the vapor pressure of 

gas at the given temperature, 𝑝𝑤 and 𝑝𝑤
𝑠𝑎𝑡 at 𝑇𝑜𝑢𝑡 has to be found. 𝑝𝑤 can be calculated 

using the equations (142) and (143). 

𝑝𝑤|𝑇= 𝑇𝑜𝑢𝑡

𝑃𝑜𝑢𝑡𝑙𝑒𝑡
=

�̇�𝑤𝑎𝑡𝑒𝑟

�̇�𝑡𝑜𝑡𝑎𝑙
 

(142) 

 

�̇�𝑡𝑜𝑡𝑎𝑙 = �̇�𝑎𝑖𝑟,1 + �̇�𝑎𝑖𝑟,2 + �̇�𝑤𝑎𝑡𝑒𝑟 (143) 

𝑝𝑤
𝑠𝑎𝑡|𝑇= 𝑇𝑜𝑢𝑡

 can be found using Buck equation. With this information, relative humidity 

can be found using equation (144). 

𝑅𝐻% = (
𝑝𝑤

𝑝𝑤
𝑠𝑎𝑡

)
𝑇= 𝑇𝑜𝑢𝑡

× 100 
(144) 

 

RESULTS AND DISCUSSIONS 

Effect of gas flow rate 

 For a desired set of RH set point profiles, the total flow rate of gases were set to 

various values from 50 sccm to 500 sccm at room temperature. The wet air and dry air 
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flow rates were calculated and passed as input to the mass flow controllers accordingly. 

The humidity sensor tracks the temperature and humidity of air at the outlet. The air 

coming out of the humidifier is assumed to be saturated since the humidifier used in this 

work is rated for up to 4 L/min of gas flow rates. The gases coming out of the humidifiers 

are also assumed to be of the same temperature as the temperature of water in the 

humidifier. The ambient temperature and the total flow rates used in the experiments 

are given in Table 9. 

Table 9 Temperature of mixed air under isothermal conditions for various flowrates 

Case Total flow rates (sccm) Temperature of the system (°C) 

1 50 30 

2 100 30.5 

3 200 29.5 

4 300 30 

5 400 30.5 

6 500 31 

Open loop step response for flow rates under isothermal conditions 

 The deviation in RH values from the set point during open loop response tests have 

been calculated and shown in Figure 44 and Figure 45. It can be seen from the results 

that as the flow rate increases, the deviation of obtained RH from the set point decreases 

considerably. It can noted that the deviation is much lower when the flow rates are 

higher than 200 sccm and so total flow rate was maintained at a value >200 sccm to 

reduce the bias in the obtained RH values. It is expected that this artifact at lower flow 

rates might be due to the presence of ambient air, which is not displaced sufficiently, 

leading to enhanced bias in the RH values observed.  

Open loop step response for flow rates under non-isothermal conditions 

The RH predictions obtained for various values of wet air flow rate was tested 

experimentally. The experimental results in Figure 46 shows excessive deviations from 

set points under the non-isothermal conditions chosen.  
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Figure 44 Effect of flow rates on attaining the RH set points under isothermal humidification by mixing dry and 
wet air 

Open loop step response of RH outputs under various flow rates 
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RH deviation: Theory vs Experiment
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Figure 45 Comparison of deviation of relative humidity from theoretical values calculated based on gas mixing 
under isothermal conditions 
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Figure 46 RH vs. time profile when dry air, wet air and insulated tube are at 30℃, 40℃ and 45℃ respectively. 
The mixed air was transported in the tube with a slightly higher temperature to avoid condensation.  

RH response under non-isothermal conditions 
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Need for control in humidification 

 It can be noted that under isothermal conditions, the RH obtained was near set points 

with the usage of model to control the ratio of wet and dry gases. However, under non-

isothermal conditions, the RH output has significant deviations from the predictions of 

split ratio model. Thus, there is a need to implement a controller for controlling the 

humidity levels under both isothermal and non-isothermal conditions. In this work, PI 

controller was chosen to maintain various RH set point profiles.  

Controller implementation 

 

A step change in the humidity of gases would help in understanding the response of 

the system to changes in the flow rate of humid air. In the set of experiments performed, 

the total flow rate of air was fixed to be 500 sccm. Initially, dry air at 500 sccm was 

supplied to the humidity sensor and the humidity response was observed. The humidity 

sensor was maintained in an insulated casing at 60 ºC, in order to maintain the humidity 

sensor at near fuel cell conditions. At steady state, it was noted that the relative humidity 

of the dry air was ~8.5%. The flow was switched from dry air to wet air at 500 sccm. 

This constituted the step input in wet air flow rate and the response of the humidity 

sensor to the step change was observed until the system reached a steady state under 

open loop conditions. It was noted that the RH% reaches up to a maximum of ~77%. It 

was concluded that the RH set points needs to be between 20 to 75% to have achievable 

humidity profiles with the available setup. The system showed a time delay of ~4 s, 

Figure 47 Schematic of the control scheme used for obtaining the required RH set points under non-isothermal 
conditions in the humidification system 
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which was due to the time taken by the dry air to pass through the humidification 

chamber and reach the humidity sensor.  

The system’s RH% response was approximated to be a first order system with time 

delay. Since time delay exists in the system, a controller and a tuning method that can 

handle time delays need to be used. Cohen-Coon controller tuning method was chosen 

for this purpose. The initial parameters of the PI controller namely the time constants 

(𝜏𝐼) and gain (𝐾𝑐𝑃𝐼
) were calculated using the step response of RH% under open loop 

conditions by Cohen-Coon controller tuning rules.  

The Cohen – Coon process transfer function is given by equation (145). 

𝐺𝑃𝑟𝑜𝑐𝑒𝑠𝑠 =
𝑦𝑚(𝑠)

𝑢(𝑠)
≅

𝐾𝑒−𝑡𝑑𝑠

𝜏𝑠 + 1
 

(145) 

where 𝑦𝑚(𝑠) is the steady state output from the process, 𝑢(𝑠) is the input and 𝐾 is the 

process gain. 

𝐾 =
Δ𝑦

Δ𝑢
 

(146) 

Figure 48 Schematic of step response and the approximations used in Cohen-Coon rule calculations 
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Here Δ𝑦 denotes the change in output and Δ𝑢 denotes the change in input. 𝑡𝑑 is the time 

delay in the system and 𝜏 is the time constant of the process (i.e. the time taken for the 

output to reach 63.5% of its final value).  

Controller design using Cohen – Coon rules 
 

Table 10 Cohen - Coon rules for calculating controller parameters 

 𝐾𝑐 𝜏𝐼 𝜏𝐷 

P 1

𝐾

𝜏

𝑡𝑑
 (1 +

𝑡𝑑
3𝜏

) 
- - 

PI 1

𝐾

𝜏

𝑡𝑑
 (0.9 +

𝑡𝑑
12𝜏

) 
𝑡𝑑

(30 +
3𝑡𝑑
𝜏 )

(9 +
20𝑡𝑑

𝜏 )
 

- 

PID 1

𝐾

𝜏

𝑡𝑑
 (

4

3
+

𝑡𝑑
4𝜏

) 
𝑡𝑑

(32 +
6𝑡𝑑
𝜏 )

(13 +
8𝑡𝑑
𝜏 )

 𝑡𝑑  (
4

11 +
2𝑡𝑑
𝜏

) 

 

A step change in RH from 20% to 60% RH was given to the system and the humidity 

output was observed as shown in Figure 50. The output RH was read using a humidity 

sensor at intervals of 2 s, and was coupled in close loop with the PI controller. For step 

input from 20% to 60% RH, the open loop step response provided 𝑘 = 0.99 and 𝜏𝑑 = 4.4 

s. The open loop response of the relative humidity to step change in input wet air flow 

is shown in Figure 49.  
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Figure 50 Open loop step response of relative humidity when the wet air flow rate was changed from 100 
sccm to 300 sccm, used to calculate the controller parameters. According to the model, these flow rates 
correspond to 20% and 60% RH respectively. 

Figure 49 Wet air flow rate and RH change during open loop response 

Comparison of wet air flow rate and RH output 
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Humidity control under isothermal conditions 

The controller parameters using Cohen-Coon rules were calculated and a PI 

controller was implemented on the humidification system. The system output shows the 

presence of initial oscillations while trying to track a step change in RH set point. It can 

be noted that RH tracks the step input with the oscillations dying down with time as 

shown in Figure 51.  

Similarly, square wave signals and ramp signals were used as the set points to track 

humidity profiles. The square signal tracking of RH using PI controller is shown in 

Figure 52. Similarly, ramp signals were provided as the set points for RH and were 

tracked using PI controller as shown in Figure 53.  

Figure 51 PI controller tracking of relative humidity for step change in RH input. 

Application of PI controller for humidity tracking 
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Figure 52 Experimental PI controller tracking of relative humidity for square wave RH input. 

Tracking of square wave RH set points 

Figure 53 PI controller tracking of relative humidity for ramp wave RH input.  

Tracking of triangular wave RH set points 
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Humidity control under non-isothermal conditions 

A PI controller with the same parameters were implemented on a non-isothermal 

condition, where the wet and dry streams were kept at different temperatures before 

mixing. The humidity bottle was heated to a temperature of 50 °C making the wet stream 

attain this temperature, and the dry air was heated to ~40 °C. the mixed stream in this 

case was found to attain ~45 °C. The results of this control experiment is shown in 

Figure 54. From the results, it can be concluded that the PI controller is robust and can 

be used for controlling the humidity of gases under both isothermal and non-isothermal 

conditions.  

  

Figure 54 PI controller tracking of humidity under non-isothermal conditions 

Tracking step changes in RH set points 
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CONCLUSIONS 

A simple first principles model was developed to predict the relative humidity of a 

mixed stream of gases comprising of dry and saturated streams under isothermal 

condition. The utility of this model to control the relative humidity of air stream under 

isothermal conditions was demonstrated. The drawbacks of these simple models under 

non-isothermal conditions was shown and the need for dynamic control of humidity was 

presented. A simple PI controller was implemented to control the relative humidity of 

gases under isothermal conditions. The tracking of various set point profiles using PI 

controller demonstrates the ability of this method to provide precise and fast control of 

humidity. This also shows that the control of humidity in inlet gases to fuel cells can 

help in achieving better water management, thereby improving the performance of fuel 

cells. This methodology can also be used to control the humidity of gases under non-

isothermal conditions.  
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CHAPTER 7 

CONCEPTUALIZATION OF ACID LEACHING IN HIGH 

TEMPERATURE PEM FUEL CELLS 

 

HIGH TEMPERATURE PEM FUEL CELLS 

High temperature PEM Fuel Cells (HT-PEMFCs) are fuel cells that operate at 

temperatures above 100  ̊C. HT-PEMFCs are  a favorable option to solve some of the 

issues associated with low temperature operation of the fuel cells. Some of the 

advantages of high temperature operation of fuel cells are the following [38,165] 

1. Improved kinetics of reactions at the electrode. 

2. Simplified water management since the product water will be present in gaseous 

state. 

3. Both the reactants and products are in the same phase. 

4. Simplified cooling system since high temperature operation is used. 

5. Recovery of waste heat for practical usage such as heating of the inlet gases. 

6. Increased CO tolerance of the fuel cell helping the utilization of low purity H2 

fuel. 

Considerations for high temperature operation 

Since Nafion requires liquid water in the membrane for its proton conduction, HT-

PEMFCs need a different electrolyte and supporting membrane for its operation. 

Polybenzimidazole (PBI) membrane is an appropriate option for high temperature 

operation since these membranes are stable at high temperatures. PBI membranes have 

a high glass transition temperature and adding an appropriate electrolyte that can 

conduct protons at high temperature would make them usable in HT-PEMFCs. This is 

achieved by utilizing Phosphoric acid (H3PO4) as electrolyte, as it can conduct protons 

by Grotthuss mechanism. Also Phosphoric acid has a high boiling point of 158  ̊C that 

makes it a suitable electrolyte for HT-PEMFCs [166]. 
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ELECTRODE DEGRADATION MECHANISMS OF HIGH TEMPERATURE PEM FUEL 

CELLS 

Fuel cell electrodes degrade for several reasons such as the degradation of GDL, 

catalyst layer and membrane. In this work, the acid leaching in membrane is considered 

in detail with considerations given to catalyst layer degradation and overall fuel cell 

operation.  

Catalyst layer degradation mechanisms 

The catalyst layer degrades by various mechanisms such as [1] 

1. Pt dissolution 

2. Pt agglomeration 

a. Ostwald ripening 

b. Aggregation 

3. Pt oxidation 

4. Carbon corrosion  

The exposure of catalyst layer to the voltages during operation leads to enhanced 

degradation of the catalysts. These catalyst degradation mechanisms are discussed in 

earlier chapters.  

Membrane degradation 

Structural and Chemical degradation 

HT-PEMFC membranes at high temperatures experience structural and chemical 

degradation. At high temperatures, morphological changes occurs in the polymer when 

the temperatures of operation and local temperatures (created by heated spots due to 

imperfections in the membrane) reach near the glass transition temperature (Tg) of the 

polymer. This leads to structural degradation of the membrane. Also at elevated 

temperatures, phosphoric acid electrolyte leads to degradation of the membrane due to 

acid etching – a form of chemical corrosion of the membrane. Also the membrane is 

exposed to protons that lead to chemical degradation of the membrane [165].  

Acid Leaching 

One of the membrane degradation mechanisms of primary importance in a 

phosphoric acid based HT-PEMFC is acid leaching. Acid leaching is the loss of 
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phosphoric acid from PBI membrane of a HT-PEMFC. Since phosphoric acid is the 

proton conducting electrolyte in these fuel cell systems, the loss of acid leads to an 

irreversible reduction in the proton conductivity of the membrane and eventually leads 

to failure of the fuel cell [167]. This is contrary to the proton conductivity reduction in 

low temperature fuel cells due to the loss of water (proton conducting medium), where 

the proton conductivity can be regained by replenishing the lost water molecules in 

Nafion membrane.  Thus, it is essential to run the fuel cell under conditions where acid 

leaching is minimized or completely stopped, in order to maintain the performance of 

the fuel cell.  

The fuel cell needs to be operated under conditions where the various forms of 

degradation can be minimized or eliminated. Rapid degradation of fuel cell components 

leads to increased maintenance cost and reduced reliability of the fuel cell system. Acid 

leaching, the loss of phosphoric acid from the proton conducting membrane, is an 

important degradation phenomenon that leads to an irreversible loss in the performance 

of HT-PEMFCs. An attempt had been made to develop a model for predicting the acid 

leaching of PBI membrane.  

EXPERIMENTAL ANALYSIS 

In order to understand the effect of acid leaching from PBI membranes, experiments 

were designed and carried out. The details of the experiments and experimental setup 

are detailed by Mandar [168]. Briefly, the experiments tried to capture the conditions at 

which acid leaching occurs in the system. Phosphoric acid doped PBI membranes were 

kept in a humidified gas flow above a container of deionized water. A stream of nitrogen 

gas was passed over the membrane to carry any acid that leaches out of the system. Acid 

that leaches out of the membrane flows into the water, making the water acidic. The 

acidity of water was constantly monitored to recognize the level and time of acid 

leaching from the membrane.  
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A drop in the pH of water denotes acid leaching from the membrane and a range of 

factors affecting acid leaching can be studied in this manner. Specifically, the effect of 

flowrate of gases, the humidity of gas stream used and temperature of the system on 

acid leaching were studied. The experimental results as reported by Mandar [168] are 

summarized in Figure 55, Figure 57 and Figure 56.  

From Figure 55, it can noted that acid leaching has an early onset , and the amount 

of total acid leaching from the PBI membrane decreases with the increase in flow rate 

of gases. Also, acid leaching decreases with the decrease in humidification of gases and 

acid loss ceases under complete drying of inlet gas stream as shown in Figure 57. It can 

also be noted that the onset of acid leaching occurs later at lower operating temperatures 

as shown in Figure 56. A model corroborating these results will be of immense use in 

gathering insights for enhancing the durability of HTPEMFCs.  

 

Figure 55 Effect of flow rate of nitrogen saturated with water vapor, on the acid loss from PBI 
membranes. 
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Figure 57 Effect of relative humidity of flowing nitrogen on acid leaching from PBI membrane. In the figure, RH 
denotes Relative Humidity of nitrogen. 

Figure 56 Effect of temperature of operation on acid leaching from PBI membrane. The flow rate of nitrogen was 
fixed at 500 sccm and the inlet gases were saturated at room temperature before entering the fuel cell setup. 
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CONCEPTUALIZATION OF ACID LEACHING 

The acid leaching model has been developed with an assumed mechanism in the 

following subsections 

HTPEMFC Membrane 

HTPEM Fuel cell membrane made of Polybenzimidazole (PBI) and filled with 

phosphoric acid is considered for this work [169]. PBI membranes can adsorb upto 9 

units of phosphoric acid (H3PO4) molecules per PBI unit and upto 3.3 units of water per 

PBI unit respectively and this is denoted as the doping level of H3PO4 and water [39].  

Thus, the amount of phosphoric acid present in the membrane varies with doping level. 

H3PO4 has very good proton conductivity and the high boiling point of H3PO4 makes it 

a natural choice of electrolyte for high temperature operations. Since PBI has a great 

affinity for H3PO4 and can withstand degradation at high temperatures, it was the choice 

of membrane material for the HTPEMFCs.  

In order to develop a simplified model, the doping levels have not been considered, 

but it is possible to extend the model and its conclusions to the doping levels of H3PO4 

in the membrane. All analysis has been performed considering the weight percentage of 

acid in the membrane. Accordingly, PBI membrane can absorb upto 600 mole % of 

H3PO4 depending on the doping level [169], but in this work, it has been assumed that 

the amount of H3PO4 is limited by the liquid density of H3PO4.  

Acid Leaching Mechanism considered 

There are no acid leaching models available in literature to the best knowledge of 

the author. Hence, the acid leaching model had to be developed from scratch. The 

following process has been assumed to be the mechanism of acid leaching occuring in 

the PBI membrane.  

1. Water is formed on the cathode catalyst layer of the HTPEMFC. Since the catalyst 

layer is in close proximity with the membrane, the water molecules which are in 

gaseous state due to high temperature operation can readily access the acid doped 

PBI membrane.  

2. Initially, it is assumed that the PBI membrane is filled completely with pure liquid 

H3PO4 only. The amount of H3PO4 was taken to be 100%.  
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3. H3PO4 has a great affinity for water and is miscible with water in any proportions. 

Thus, the water molecules that get in contact with the PBI membrane combine with 

the acid. 

4. The water molecules combining with the acid are assumed to be retained in the 

liquid state inside the membrane since the whole electrolyte is supposed to be in 

liquid state for proton conduction.  

5. The water molecules diffuse in the membrane to the cathode end of the membrane 

by concentration gradient.  

6. It is assumed that the water molecules cannot go beyond the membrane since the 

force of attraction between the water molecules and H3PO4 is strong enough to bind 

H2O with H3PO4 in the membrane. 

7. The fuel cell reaction acts as the source of H2O resulting in more and more water 

getting into the membrane by absorption and subsequent diffusion. 

8. It was assumed that the membrane does not swell due to the addition of water. 

9. The PBI membrane is a polymer cast into a thin film. Thus, the membrane is made 

of porous structure, where the acid and water molecules reside.  

10. As more and more water gets into the membrane, the acid gets diluted and the 

viscosity of acid in the pores drop and the volume of acid increases due to dilution.  

11. The acid gets filled in the GDL and as the volume of acid increases, tiny droplets of 

acid also protrude into the gas channels.  

12. Surface tension holds the acid in the GDL against the drag force that tends to drive 

the acid out of the membrane.  

13. As acid gets diluted, the viscosity and so the surface tension drops. The volume of 

diluted acid is higher than the volume of initial acid. This makes the protruding 

droplets of the diluted acid to grow in size.   

14. After a certain amount of dilution, the electrolyte cannot be held in the membrane 

by the surface tension. The drag force dominates over the surface tension and acid 

droplets get detached from the GDL surface.  

15. As acid gets leached out of the membrane, the proton conductivity of the membrane 

drops, which leads to an irreversible degradation of the fuel cell membrane. The 

performance can only be regained by replenishing the lost acid in the membrane. 
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Many of these aspects needs detailed developments and the modeling aspects are 

explained below.  

Assumptions 

1. A constant temperature operation of fuel cell is assumed. 

2. Thermodynamics and heat generations due to reactions and acid dilution are 

neglected. It is assumed that the fuel cell is being maintained at a constant 

temperature and the excess heat generated will be removed or heat required for 

maintaining the temperature will be supplied.  

3. Imperfections in operations such as reactant gas crossover are neglected and 

assumed to be absent. 

4. A limited amount of H3PO4 is present in the membrane.  

5. The inlet gases are assumed to be pure and dry H2 and O2. 

6. Initially, the PBI membrane contains pure liquid H3PO4. 

7. Water absorbed by the acid in membrane is in liquid state while the water produced 

by reaction at the cathode is in gaseous state. 

8. Water molecules absorbed in the acid cannot go beyond the membrane since the 

force of attraction between the water molecules and H3PO4 is strong enough to bind 

H2O with H3PO4 in the membrane. 

9. The membrane does not swell due to the absorption of water. 

10. Proton conductivity is the only parameter affected due to acid leaching and this leads 

to the loss in performance of fuel cell. 

11. Proton conduction occurs in the PBI membrane only due to the presence of acid and 

water molecules. 

12. Water molecules absorbed into the acid doped PBI membrane, solvates the protons 

from acid to stabilize and forms cluster consisting of 3 molecules each. 

13. A single solvation layer of water alone is present around the protons that are 

solvated. 
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DEVELOPMENT OF ACID LEACHING MODEL 

Amount of H3PO4 present initially 

  The amount of phosphoric acid present in the membrane was calculated as follows 

[170]: 

Density of PBI = 1.512 g/cc 

Volume swelling due to addition of acid = 118% ~ 100% 

 Volume of acid = Volume of membrane = 50%, after acid doping in membrane 

Considering the fuel cell data, Vmembrane = Vacid = Area of membrane x Thickness of 

membrane 

Mass of membrane = Density of membrane x Volume of membrane 

Thus, 𝑀𝑎𝑠𝑠 𝑜𝑓 𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒 = 0.033264 𝑔. 

Mass of H3PO4 adsorbed in membrane = 𝜌𝐻3𝑃𝑂4
. 𝑉𝐻3𝑃𝑂4

= 1.88
𝑔

𝑐𝑐
× (4.4𝑐𝑚2 ×

50𝜇𝑚) = 0.04136 𝑔 

Number of moles of H3PO4 adsorbed = 4.22×10-4 mol = NH3PO4 

Proton conduction in PBI membrane 

 PBI membrane contains H3PO4 that conducts protons by Grotthuss mechanism [171], 

as shown in Figure 58. According to Grotthuss mechanism, the protons do not 

physically diffuse through electrolytes that are capable of producing protons, but instead 

hop from one molecule to the other. This happens in such a way that the proton forms a 

bond with the electrolyte and another proton breaks its bond from the same electrolyte 

molecule. So the proton conductivity is exceptionally high in the electrolytes where 

Grotthuss mechanism occurs.  

PBI membrane is also capable of conducting protons to a small extent in the absence 

of H3PO4 but this feeble proton conductivity is neglected. The proton conductivity is 

assumed to be due to the combination of the conductivities from water and phosphoric 

acid.  
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Model Development 

The effective proton conductivity (keff) of membrane is assumed to arise from the 

combination of the proton conductivities of H3PO4 and H2O [39].  

The conductivity contributions from phosphoric acid and water are taken to be of 

the functional form 

Thus,  

𝜎𝑒𝑓𝑓,𝐻3𝑃𝑂4
= 𝐾𝐻3𝑃𝑂4

× 𝑁𝑜 𝑜𝑓 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝐻3𝑃𝑂4 × 𝜎𝐻3𝑃𝑂4
× 𝑥𝐻3𝑃𝑂4

 (149) 

𝜎𝑒𝑓𝑓,𝐻2𝑂 = 𝐾𝐻2𝑂 × 𝑁𝑜 𝑜𝑓 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝐻2𝑂 × 𝜎𝐻2𝑂 × 𝑥𝐻2𝑂 (150) 

where 𝐾𝐻3𝑃𝑂4
 is the inverse of the initial number of moles of 𝐻3𝑃𝑂4 𝑎𝑛𝑑 𝐾𝐻2𝑂 is the 

inverse of the number of moles of water that would be present if the membrane was 

filled with water instead of acid. Effectively these constants convert the bulk 

conductivity values into molar conductivities. 

𝐾𝐻3𝑃𝑂4
=

1

𝑁𝐻3𝑃𝑂4,𝑖𝑛𝑖𝑡𝑖𝑎𝑙
 

𝐾𝐻2𝑂 =
1

𝑁𝐻2𝑂,𝑖𝑛𝑖𝑡𝑖𝑎𝑙
 

 

(151) 

𝑘𝑒𝑓𝑓 = 𝜎𝑒𝑓𝑓,𝐻3𝑃𝑂4
+ 𝜎𝑒𝑓𝑓,𝐻2𝑂 (147) 

𝜎𝑒𝑓𝑓,𝐻3𝑃𝑂4
= 𝑓(𝑁𝑜 𝑜𝑓 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝐻3𝑃𝑂4, 𝜎𝐻3𝑃𝑂4

, 𝑥𝐻3𝑃𝑂4
) 

𝜎𝑒𝑓𝑓,𝐻2𝑂 = 𝑓(𝑁𝑜 𝑜𝑓 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝐻2𝑂, 𝜎𝐻2𝑂 , 𝑥𝐻2𝑂) 

(148) 

Figure 58 Grotthuss mechanism for proton conduction. Protons conduction in electrolytes 
proceed by proton hopping. 
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During acid leaching, the mole fraction of the components might remain the same 

and just the number of moles of acid and water keeps changing. Also absorption of water 

leads to the increase in number of moles of water in the membrane. These constant 

values help in normalizing the numbers accordingly to keep track of both the increase 

in conductivity due to water absorption and eventual loss in conductivity due to acid 

leaching. The model has been developed so as to reproduce the experimental results 

from the work by Mandar [168], and also to physically incorporate the performance 

drop in fuel cell with acid leaching. The values of KH3PO4 and KH2O were found to be 

2.3697×103 and 818.3306 respectively. 

Diffusion of water in PBI membrane 

Water once absorbed on the PBI membrane diffuses due to concentration gradient. 

This is a simple diffusion problem in one dimension and can be solved by Fick’s 1st and 

2nd laws [44], that are given in equation (152) and (153). 

𝐽 = 𝐷
𝑑𝐶

𝑑𝑥
 

(152) 

𝜕𝐶

𝜕𝑡
= 𝐷

𝜕2𝐶

𝜕𝑥2
 

(153) 

In order to solve these equations, the diffusivity of water in phosphoric acid is 

necessary. The diffusivity of water in phosphoric acid has not been reported in literature 

to the knowledge of the author. Hence, this diffusivity value had to be estimated. 

Estimation of diffusivity of H2O in H3PO4 

The equation suggested by Akgerman et al. [172], for the prediction of diffusivity 

of a solute A in solvent B was utilized in this work.  

𝐷𝐴𝐵 =
𝑘𝑇

𝜁𝐴𝜇𝐵
 (

𝑁

𝑉𝐵
)

1
3
 (

𝑀𝐵

𝑀𝐴
)

1
2
exp (

𝐸𝜇𝐵 − 𝐸𝐷𝐴𝐵

𝑅𝑇
) 

(154) 

Here, k – Boltzmann constant, T – Temperature in ‘K’, A – Solute, B – Solvent, MA 

– Molecular weight of solute (here water), MB – Molecular weight of solvent (here 

phosphoric acid), 𝜁𝐴 - No of molecules of B solvating around a central A molecule, VA 

and VB – Molar volumes of A and B.  
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𝜁𝐴 = 6(
𝑉𝐴

𝑉𝐵
)

1
6
 

(155) 

It was assumed that the acid can dissociate and produce protons and phosphate ions 

when water comes in contact with the acid in the membrane. Once this happens, the 

water molecules solvate the protons with 3 molecules of water clustering around each 

proton and with 13 molecules of water around each phosphate ion for solvation 

[173,174]. This assumption allows for the calculation of 𝜁𝐴 from literature data. Thus, 

based on 1st solvation layer estimates 

𝜁𝐴,𝐻+ = 𝜁𝐴,𝐻2𝑂 = 3 (156) 

𝜁𝐴,𝐻𝑃𝑂4
− = 13 (157) 

Due to the large size of phosphate solvated by water molecules, it was assumed that 

the diffusion of this cluster would be very slow and almost negligible in comparison to 

that of proton cluster.  

𝐸𝜇𝐵 − 𝐸𝐷𝐴𝐵 is the activation energy difference given by 

𝐸𝜇𝐵 − 𝐸𝐷𝐴𝐵 = 𝐸𝐵𝐵𝑗 {1 − (
𝐸𝐴𝐴

𝑗

𝐸𝐵𝐵𝑗
)

1
𝜁𝐴+1

} 

 

(158) 

𝐸𝐴𝐴
𝑗

= 5875 × 𝑀𝐴
−0.186 

(159) 

𝐸𝐵𝐵
𝑗

=
(−𝑅 ln (

𝜇2

𝜇1
) +

𝑅
2 ln (

𝑇2

𝑇1
))

1
𝑇1

−
1
𝑇2

 

 

(160) 

where 𝜇1 𝑎𝑛𝑑 𝜇2 are the viscosities of phosphoric acid at temperatures T1 and T2 

respectively. 

The molar volume of phosphoric acid is calculated as follows: 

𝜌𝐻3𝑃𝑂4
=

𝑀𝑎𝑠𝑠 𝑜𝑓 𝐻3𝑃𝑂4

𝑉𝑜𝑙𝑢𝑚𝑒
 

(161) 

𝜌𝐻3𝑃𝑂4

𝑀𝐻3𝑃𝑂4

=
𝑀𝑜𝑙𝑒𝑠 𝑜𝑓 𝐻3𝑃𝑂4

𝑉𝑜𝑙𝑢𝑚𝑒
=

𝑁𝐻3𝑃𝑂4

𝑉
 

(162) 
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𝑀𝐻3𝑃𝑂4

𝜌𝐻3𝑃𝑂4

=
𝑉

𝑁𝐻3𝑃𝑂4

= 𝑉𝐵 
(163) 

Thus, the density of phosphoric acid as a function of the temperature effect is 

required.  

𝜌𝐻3𝑃𝑂4,𝑇 = 𝜌𝐻3𝑃𝑂4,80 + 6.94 × 10−4(80 − 𝑇) (164) 

Here 𝜌𝐻3𝑃𝑂4,80 is the density of phosphoric acid at 80 ̊C, (i.e) 1.827 g/cc and T is the 

temperature in  ̊C.  

Based on these equations, the diffusivity of water in pure liquid phosphoric acid was 

estimated to be 3.2567×10-11 m2/s (i.e) 3.2567×10-8 cm2/s. The diffusivity varies in the 

tortuous path inside the membrane from the absolute diffusivity calculated in liquid 

phosphoric acid given by [73] 

𝐷𝑒𝑓𝑓 =
𝜖𝐷

𝜏
 

(165) 

where 𝜖 = 0.5, is the void fraction and 𝜏 = 3, is the tortuosity of the membrane. Hence, 

the effective diffusivity of water in phosphoric acid becomes 

𝐷𝑒𝑓𝑓 =
𝐷

6
= 5.4278 × 10−8 𝑐𝑚2/𝑠 

(166) 

Water diffusion boundary conditions 

Since, the diffusion of water molecules over time is defined by PDEs, two boundary 

conditions are required to solve the system of equations. As the water molecules are 

assumed to accumulate in the membrane, the boundary conditions become 

No flux boundary at anode end of membrane:                      𝐽𝐻2𝑂 = 0 (167) 

Constant source boundary at cathode end of membrane: 𝐶𝑠𝑜𝑢𝑟𝑐𝑒 =

𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 

(168) 
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Acid Leaching Conditions 

It has been assumed that the capillary forces hold the acid inside the membrane due 

to surface tension between the pores in PBI and acid. The pressure due to the supply of 

reactant gases, tend to push the acid out of the membrane while the surface tension acts 

against it to hold the acid intact. H3PO4 is an extremely viscous acid in the native dry 

state, which loses its viscosity and gets thin with dilution. As more and more water gets 

into the membrane, the acid becomes thin and the surface tension being dependant on 

viscosity decreases with time. Eventually, the pressure forces dominate over the surface 

tension and the acid starts dripping out of the membrane. This was assumed to be the 

process behind acid leaching, even though literature discussions on acid leaching along 

with mechanisms were not available to the best knowledge of the author. Some literature 

suggest that the proton conductivities are stable over extended time periods while 

extreme loss of fuel cell performance have been demonstrated by de Beer et al. [167].  

 

Figure 59 Process assumed for acid leaching model. The surface tension near the pore surfaces tries to pull the 
electrolyte droplet (here acid), while the drag force from the reactant flow tends to push the electrolyte out of the 
pores 

Figure 60 Schematic of the drag force experienced by the droplets. The smaller particles experience a low drag force 
while the larger particles experience a high drag, due to the change in exposed cross sectional area to the gas flow. 
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Acid leaching process 

The conceptual understanding of acid leaching used for explaining the experimental 

results are shown schematically in Figure 59 and Figure 60. 

The surface forces and drag forces acting on a capillary of radius ‘r’ are given by 

[175] 

𝐹𝑠𝑢𝑟𝑓𝑎𝑐𝑒 = Γ. 2𝜋𝑟 (169) 

𝐹𝑑𝑟𝑎𝑔 =
1

2
𝜌𝑢2𝐶𝐷𝐴 

(170) 

where Γ is the surface tension, 𝑟 is the droplet radius, 𝜌 is the density of the diluted acid, 

𝐶𝐷 is the drag coefficient of the droplet and 𝐴 is the cross sectional area of the droplet. 

In this work, the droplets are assumed to be hemispheres for convenience. A balance 

between the surface forces and pressure forces yield, 

𝐹𝑠𝑢𝑟𝑓𝑎𝑐𝑒 = 𝐹𝑑𝑟𝑎𝑔 (171) 

Γ. 2𝜋𝑟 =
1

2
𝜌𝑢2𝐶𝐷𝐴 

(172) 

Γ =
𝜌𝑢2𝐶𝐷𝐴

4𝜋𝑟
=

𝜌𝑢2𝐶𝐷 (
𝜋𝑟2

2 )

4𝜋𝑟
=  

𝜌𝑢2𝐶𝐷𝑟

8
 

(173) 

If the size of droplets are assumed to be equal to the diameter of pores in the GDL, 

the viscosity at which acid leaching occurs can be identified. Further thermodynamic 

models have to be analyzed in order to predict the volume changes with diffusion of 

water vapor in the acid. This will lead to a better understanding of the process, thereby 

facilitating the quantification acid lost form the membrane.  

Acid leaching in relation to fuel cell performance 

The volume of electrolyte lost from the membrane is calculated and the number of 

moles of H3PO4 and H2O lost can be calculated from the concentration data. This is then 

used to find the remaining moles NH3PO4 and NH2O in the conductivity equation. As acid 

is lost, NH3PO4 and NH2O decreases and in turn the conductivity decreases. This can be 

directly used in a fuel cell model to predict the loss in performance of HTPEMFCs. In 
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the following sections, the effect of acid leaching on fuel cell performance is simulated 

by assuming lower values of proton conductivity in the PBI membrane using the model 

provided by Boaventura et al. [137].  

RESULTS AND DISCUSSIONS 

Performance of HTPEMFC at different conductivities 

 Figure 5.1 shows the simulated I-V curve for the HTPEMFC at different 

conductivity values. The power output is given by the equation 

𝑃𝑜𝑤𝑒𝑟 𝑜𝑢𝑡𝑝𝑢𝑡 = 𝑉𝑜𝑙𝑡𝑎𝑔𝑒 × 𝐶𝑢𝑟𝑟𝑒𝑛𝑡 = 𝑉 × 𝐼 (174) 

Thus, it can be noted that for the same current output, the voltage drops drastically 

as conductivity drops. Hence it can be concluded that the performance of fuel cell drops 

with reduction of conductivity. This is consistent with the assumption made while 

developing the acid leaching model. 

Proton conductivity variation with electrolyte loss 

The electrolyte loss in the membrane was simulated and it was found that the 

proton conductivity of the membrane drops with the loss of electrolyte from the 
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Figure 61 Plot of proton conductivity of membrane against the loss of electrolyte due to acid leaching 
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membrane. This in turn leads to loss of conductivity and a reduction in fuel cell 

performance as shown in Figure 61 and Figure 62. 

Strategies for reducing acid leaching 

According to this conceptualization, it can be concluded that having a low flowrate 

of reactant gases and by avoiding the diffusion of product water into phosphoric acid in 

PBI. Having a reduced flow rate of gases reduces the drag forces on acid droplets when 

they are formed on the surface of GDL, thereby deferring their detachment. It can be 

concluded that removing any trace of water from the inlet reactants is essential. 

However, water is formed during the operation of fuel cell. Thus, looking for newer 

reactions that utilize the protons can be a direction for performance improvement. It will 

be desirable to have the end product of the reactions to be chemicals that are immiscible 

with phosphoric acid. This might reduce acid leaching issues, resulting in highly durable 

fuel cells. Operating temperature plays a critical role in acid leaching from PBI 

membranes. Even though it is desirable to operate the fuel cells at a lower temperature, 
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the drop in the efficiency due to reduction in reaction rate, might not be worth this 

measure.  

CONCLUSION 

It can be concluded from the results that diffusion of water in the membrane leads 

to decrease in viscosity. The diluted acid can withstand acid leaching up to a certain 

point, as determined by the surface tension between the membrane and electrolyte. The 

conceptualization developed in this chapter explains the experimental results observed 

during acid leaching studies. A few conceptual directives for reducing acid leaching are 

also provided in this chapter.  
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CHAPTER 8 

CONCLUSIONS 

 

The various degradation and performance limiting factors of a fuel cell’s MEA have 

been detailed. The importance of mitigation strategies towards ensuring the optimal 

performance of fuel cell has been discussed. The studies performed in this thesis can be 

grouped into three sections – catalyst degradation studies, humidification and water 

management studies and membrane degradation studies. Experiments and simulations 

have been performed to gather data and to develop a theoretical understanding of 

various processes involved in the degradation process. Mitigation strategies have been 

provided for some of the performance limiting factors, based on simulation and 

experimental results.  

CATALYST DEGRADATION STUDIES 

The first section of catalyst degradation studies was focused towards understanding 

the degradation of Pt catalyst in MEA. The catalyst degradation analysis is aimed at 

understanding the dissolution and agglomeration behavior of Pt.  

A first principles model of Pt dissolution was adopted from literature and modified 

to include dissolution of Pt as the only degradation mechanism. Simulations were 

performed and the results were fitted to experimental catalyst activity loss under 

conditions of constant applied potential. Using the fitted data, simulations of triangular 

and square wave potentials were performed and the predicted catalyst activity loss were 

found to be inconsistent with the results obtained from experiments. This led to the 

conclusion that more degradation mechanisms in addition to dissolution have to be 

studied in order to understand the degradation of Pt. A semi empirical model of Pt 

dissolution was developed to fit the dissolution behavior of Pt as observed in 

experiments. A qualitative match for the dissolution of Pt was obtained using this simple 

model.  
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A set of physical and chemical analysis of Pt degradation has been performed to 

understand the degradation of Pt catalyst due to potential cycling. Physical 

characterization such as XRD, TEM, and CV were performed on the catalyst to know 

the crystallite size, particle size distribution and ECSA respectively. The dissolved Pt 

was analyzed using ICP-OES, which served as the chemical analysis technique used in 

this work. To isolate the degradation mechanisms, a conceptualization of the various 

processes and their signatures expected in TEM images has been developed. With this 

information, the TEM images were analyzed to look for characteristics that define the 

various degradation methods. It was found that the circularity and the area coverage of 

catalyst particles will be of immense importance in characterizing the agglomeration of 

nanoparticles. With the insights obtained from image analysis, a mechanism for the 

degradation of Pt under square, triangular and constant potential signaling was 

proposed. The possibilities of diagnosis and reducing catalyst degradation using the 

potential signals at regular intervals has been highlighted.  

To further understand the effect of agglomeration of Pt nanoparticles under potential 

cycling, mesoscale simulations were performed. The simulations account for the 

electrostatic repulsion and attractive interactions between particles. The simulations 

indicated that the agglomeration probability increases with an increase in applied 

potential, thereby resulting in the agglomeration of colliding particles.  

HUMIDIFICATION AND WATER MANAGEMENT STUDIES  

The focus of the next section is on the water based issues in fuel cells. Both excessive 

and insufficient water are detrimental to fuel cell performance. Flooding mitigation and 

humidity regulation strategies in were implemented in this work.  

Our first task was to mitigate the effect of GDL flooding. In order to achieve this, a 

methodology involving the regulation of gas flow rates was simulated using a zero 

dimensional model of PEMFCs. Pulse and step inputs in reactant gas flowrates were 

simulated to see their effectiveness in improving the performance of fuel cells. The pulse 

inputs required repeated gas flow spikes to regulate the power output at desired levels, 

while step inputs were able to maintain the required output based on a single change in 
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reactant gas flow. A model based flow rate regulation of reactants was also attempted 

to maintain the fuel cells’ performance at a particular level. The merits and limitations 

of these strategies have been discussed in detail. 

It was then attempted to control the relative humidity at a desired level rapidly, for 

applications in fuel cell systems. The method adopted was the mixing of dry and 

completely humidified gases in proper proportions to achieve the required relative 

humidity. A simple model under ideal conditions to predict the humidification level 

under isothermal and non-isothermal conditions were developed. The isothermal model 

was found to predict the humidification of air to an acceptable accuracy at room 

temperature and the deviations were found to increase at higher temperatures. The non-

isothermal model also suffered wide deviations from the predicted humidity values. 

These deviations developed the need for active control. PI controller was applied to 

regulate the humidification of mixed stream of air at the outlet, and was found to 

successfully control the humidity under both isothermal and non-isothermal conditions.  

MEMBRANE DEGRADATION STUDIES 

PEM is an integral part of the MEA and serves as the barrier separating the cathode 

and anode, and helps in transferring the protons between them with the help of an 

electrolyte. In HTPEMFCs, PEM is made of Polybenzimidazole material and the 

electrolyte facilitating the proton transfer is phosphoric acid. This phosphoric acid 

leaches out of the membrane leading to performance reduction in HTPEMFCs. To 

understand acid leaching, a set of experiments with acid doped PBI membranes were 

carried out. Nitrogen gas under different levels of humidification were passed around 

the membrane on the two sides of the membrane. The resulting acid removed by the 

gases were made to flow to a chamber of deionized water. Thus acid leaching was 

recorded by pH measurements of the water chamber. From our experiments, it was 

evident that gaseous water plays a major role in acid leaching from the membrane. A 

conceptualization for modeling the processes involved in acid leaching has been 

proposed in this part of the thesis.  
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Even though several other factors leading to performance reduction in MEAs such 

as catalyst support corrosion and catalyst poisoning exist, developing mitigation 

strategies for all of them is beyond the scope of this thesis. Further work considering all 

these factors is necessary to improve the performance and durability of fuel cell MEAs.  
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CHAPTER 9 

DIRECTIONS FOR FUTURE WORK 

 

In this section, a brief overview of the various possible experimental and theoretical 

studies are outlined. This can serve as a blueprint for anyone who intends to build on 

the various research topics discussed in this thesis.  

CATALYST DEGRADATION STUDIES 

Understanding catalyst degradation is essential to develop catalysts that are durable 

and efficient. The studies developed in this thesis have several bottlenecks, which can 

be addressed by better instrumentation and analysis procedures. Extensive data 

collection and evidence gathering, by isolating each aspect of a problem, should be 

practiced in experimental studies. The theoretical analysis and modeling can then be 

applied systematically to understand the various processes leading to material 

degradation.  

Experimental pattern verification of catalyst degradation 

Extensive experiments need to be carried out to understand the various degradation 

mechanisms in catalysts separately. More than concentrating on just platinum catalysts, 

future work can be devoted towards understanding materials, with utility to all materials 

researchers. This will widen the scope of the research and the engineering aspects that 

can help in understanding the degradation of materials. Relevant theoretical 

understanding can also be evolved with simulation of relevant processes over time.  

Systematic agglomeration studies 

Experiments can be designed to systematically study the various degradation 

processes. Especially, agglomeration can be studied in detail with experiments designed 

to selectively promote this process. All relevant analytical techniques - chemical 

analysis and physical analysis have to be applied to the system.  

Image analysis 

In addition to physical and chemical characterization techniques, image analysis can 

be applied as an auxiliary technique to obtain information that cannot be obtained by 
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other means. Understanding and classifying this missing information is essential to 

improve catalyst durability. 

Correlation development 

Once the trend relating the rate of catalyst degradation and the individual 

mechanisms of material degradation is established, correlations can be developed, 

relating the effect and extent of various degradation mechanisms. These correlations 

serve as predictive tools for materials researchers. 

This extensive data gathering effort can serve as the baseline for developing 

empirical and first principles model, and in developing mitigation strategies that exploit 

the underlying mechanisms. 

CONTROL OF GDL FLOODING 

In this thesis, a simulation study of flooding mitigation has been provided. Several 

theoretical and experimental studies can be performed based on this simulation.  

Experimental studies to reduce flooding 

Experimental studies on the amount of water removed and the fuel cells’ 

performance under different flow rates of reactants can be studied. There are two 

confounding factors in this case – the increase in flow rate can supply more reactants to 

the catalyst layer and can also remove more water from the fuel cell thus reducing the 

possibility of flooding. Newer equipment and tools have to be developed in order to 

study these cases where normalization and corrections can be applied towards 

understanding flooding mitigation. 

Newer concepts that aid water removal by electrical impulses as in the case of 

electro wetting phenomenon, or ultrasonic shear can be analyzed to serve as a simple 

tool for controlled removal of water at regular intervals and on demand.  

Use of the proposed mitigation strategies experimentally and data 

collection 

The flow rate based mitigation strategy proposed in this thesis, has not been 

experimentally tested. Experimental analysis for verifying this method and the 

quantification of results is necessary to make this a successful technology. From an 
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application point of view, data based black box models can also be developed and tested 

with this methodology for quickly implementing this strategy in fuel cell systems.  

Theoretical studies 

There is a need for improved yet computationally efficient models that takes into 

account of all factors that affect the performance of fuel cells, especially the conditions 

of water balance. This can also be extended as an optimization problem, to find the best 

operating conditions and the frequency of control moves needed to mitigate any 

performance degradation. Economic analysis can be carried out to understand the pros 

and cons of these strategies and benchmarks can be developed to choose the desirable 

mitigation strategy. Control algorithms can be developed for these situations using the 

optimization studies.  

HUMIDITY CONTROL IN FUEL CELLS 

The complementary problem to flooding in fuel cells is the drying of membranes. 

Humidity control experiments detailed in this thesis are implemented using 

conventional PID control algorithms and inexpensive electronic sensors.  

Experimental studies on humidity control using inexpensive equipment 

The mass flow controllers used for controlling the flow rates of gases in this work 

are expensive and cost at least $1000 apiece. Solenoid valves costing $20 apiece have 

fixed flow rates and not very useful for flow control. An experimental system can be 

developed to have humidification of fixed amount of gases using multiple solenoid 

valves rather than a single MFC can be tested. Also, attempts can be made to attach a 

solenoid valve to bypass the gases to a humidification chamber using a solenoid valve, 

thereby reducing the number of MFCs, which will be a cost effective humidity control 

strategy.  

Experimental studies on new strategies for humidity control 

Atomization 

Humidification chamber used in fuel cell humidification systems are expensive in 

general. In order to produce cost effective measures, spray painting equipment can be 

activated using a solenoid valve in order to produce a fine mist of water droplets, which 

can then mix with the flowing reactant gases downstream, thus acting as an extremely 
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simple and inexpensive form of humidity control. Piezoelectric atomizers can also be 

utilized to produce the mist of water droplets that can be mixed with reactant gases for 

humidification. These methodologies need to be tested extensively for reliability and 

long term use, to make it a viable technique for common use.  

Modeling studies 

The humidity studies described in the thesis can be coupled with the flowrate studies 

(for flooding removal) in order to find the optimal humidification of gases at a particular 

reactant flow rate. Simple data based models can be developed to correlate the necessary 

humidification of gases needed under steady state and dynamic conditions. Better 

equations of state can be used by dropping the ideal gas assumptions in the model to get 

better predictions of humidification. 

ACID LEACHING ANALYSIS 

Modeling studies on PEM improvement strategies can be performed and 

experimentally tested. Also new PEMs with stronger binding to phosphoric acid can be 

developed. This will enhance the ability of the PEMs to retain the electrolyte for longer 

in the HTPEM fuel cell. To understand the various processes that leads to degradation 

of fuel cell electrode and to minimize them in real time, it is essential to develop a 

dynamic model for the HT-PEMFC operation that encompasses acid leaching 

mechanism in it.  

SUMMARY 

To conclude, several systems engineering strategies, optimization and control 

studies can be performed on various aspects of fuel cells based on the experimental and 

theoretical work described in this thesis. Newer directions in building equipment and 

data collection can be implemented. Novel analysis methods needs to be carried out for 

further understanding fuel cell components’ deterioration. On the theoretical side, 

developing reliable and computationally efficient models will be desirable. Integrated 

models that considers various performance limiting factors, would allow us to 

implement an optimization and control algorithm to ensure the reliable operation of fuel 

cells. Data based models (empirical and semi-empirical) can also be developed as a first 

step. Cost reduction aspects using established inexpensive materials and technologies 
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should be integrated into research methodologies to make fuel cells a commercial 

success.  
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