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Introduction

Recently, policy makers of India (NITI Aayog) has decided to generate 175 GW of power from
renewables by 2022, which is roughly 32-36% of the total electricity generation in India [1].
Remarkably, the cost of renewable energy (Rs/kW-hr) has also started approaching the cost of
conventional electricity (from coal/ fossil fuels) [2, 3]. Thus, the renewable energy generation in
synergy with energy storage technologies can drive humanity towards ‘energy sustainability’ and
therefore is going to disrupt the energy business in near future. While electrochemical storage of
renewable energy using battery technology is the most popular, chemical storage (eg: H2) of
renewable energy using photo-electrochemical or thermochemical pathways is getting large
attention in recent years. The chemical energy of H. can then be converted into electricity using
‘fuel cells’ as and when required. Fuel cells find multitude applications in transportation, stationary
power-backup, strategic and industrial sectors because of their high efficiency, low/nil end-to-end
emissions depending on the source of hydrogen, low noise, low vibrations, small footprint,
compatibility of various fuels and complimentary opportunities with batteries. Of all the various
types of fuel cells, Proton Exchange Membrane Fuel Cells (PEMFC) are the most popular,
especially in the 1-100 KW power generation range. The present doctoral thesis focuses on Proton
Exchange Membrane Fuel Cells (PEMFC) and attempts to provide a comprehensive analytical
model of the complex physico-chemical processes that occur inside the device during power
generation operation.

PEMFC technology has great potential in transportation sector, particularly for heavy-duty
vehicles (trucks, trailers (Toyota), forklifts (amazon), military vehicles (GM) etc.) wherein non-
sustainable fossil fuel based internal combustion-based energy conversion can be competitively
replaced with PEMFC technology. PEMFCs also have enormous opportunities in stationary power
back-up applications such as replacement of the ubiquitous diesel generator sets on telecom
towers. However, current high capital cost of PEMFC is a major hurdle in deep penetration of
PEMFC technology in these markets. Maximizing the power output of a PEMFC using appropriate



Synopsis

scientific innovations is one of the approaches to bring the capital cost down; the other being
scaling up of manufacturing processes and taking advantage of economy of scale. Scientific
innovations can be accelerated if correlations between the various design, operating and material
parameters of a PEMFC device with its current-potential relationship (polarization curve) is
rationalized. The highlight of the work presented in this thesis is the derivation of a
comprehensive physics-based analytical equation of the polarization curve which is valid
over the entire range of current density and provides the important correlations stated above.
The model is also experimentally validated in the present work.

Statement of Problem and Objectives

While extensive modelling and simulation efforts have been made in the recent past towards
establishing correlations between all the physicochemical processes involved in an operational
PEMFC to its performance, there are important lacunae which have remained unaddressed. These
are:

)} Analytical solutions to the governing equations of one-dimensional model of the
cathode catalyst layer (CCL) of a PEMFC for all possible regimes of CCL operation,
especially in the current density regime that is relevant to actual operational conditions.

i) Two-dimensional analytical framework incorporating convection of reactant gases
along the axis of the flow channel and simultaneous diffusion through GDL in the
transverse direction coupled with consumption in the CCL for its various operating
regimes.

iii) Experimental validation of the developed analytical model.

Thus, in this thesis, we have aimed to derive a comprehensive PEM fuel cell equation i.e., an
analytical equation of the polarization curve of PEM fuel cells which is valid over entire range of

current density. The specific research objectives of the thesis are:

Research objectives:

1. To derive generalized analytical solution to one dimensional model of the CCL incorporating
the microstructural details of the CCL in the regime of simultaneous oxygen and proton
transport limited reaction kinetics and therefore derive a comprehensive analytical current-

potential relationship that relates all the CCL parameters to the power output of a PEMFC.
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2. To incorporate the laminar flow of reactant gas along the axis of the flow channel, transverse
gas diffusion along the depth of the flow channel and gas diffusion layer (GDL) and
consumption in the CCL as dictated by the regime of operation.

3. To design and implement experimental methodologies to determine oxygen diffusion
coefficient in the different domains of PEMFC.

4. To validate the predictions of analytical model with real-time experimental results.

Key findings of the research work

A detailed analytical modelling of PEMFC supported by numerical simulations invoked in this

work has provided the following key results [4-6]:-

1) A comprehensive understanding of all the possible regimes of CCL operation
This work provides generalized solution to the governing equations of 1-D macro-homogeneous
(MH) model of the CCL. The derived analytical equations of the polarization curve in our study
not only capture the limiting cases i.e. poor oxygen transport but ideal proton transport and poor
proton transport but ideal oxygen transport but also captures a regime wherein neither oxygen
transport nor proton transport can be neglected. While MH model describes the simultaneous
reaction and protons and oxygen in the CCL, it doesn’t incorporate an additional resistance to
oxygen transport in the ionomer phase of the CCL. The flooded agglomerate (FA) model captures
the essential microstructural features of the CCL in a phenomenological sense and can be regarded

as a correction to the MH model and is solved in this work.

2) The PEM fuel cell equation
We develop a two-dimensional framework that incorporates laminar flow along the axis of the
flow channel and transverse oxygen diffusion along the channel depth and gas diffusion layer
(GDL). The FA corrected MH model dictates the oxygen consumption source at the CCL-GDL
boundary. Analytical solution to this 2-D problem leads to the ‘The PEM fuel cell equation’. This
current-potential relationship relates all the material, operating and geometric parameters involved
in an operational PEMFC with its power output and valid over entire range of current density i.e.

zero to limiting current.
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3) Development of physics-based experimental methodologies to determine the regime
of CCL operation and to estimate oxygen diffusion coefficient in the different domains
of PEMFC (CCL and GDL) and experimental validation of The PEM fuel cell
equation

We elucidate an experimental methodology to determine the regime of CCL operation which
comprised of comparing experimental scaling laws with the scaling laws derived from the theory
and provided a systematic approach to estimate the effective oxygen diffusion coefficient in the
catalyst layer. This work also establishes a methodology to estimate the oxygen diffusion
coefficient in the gas diffusion layer based on the limiting cases of our isothermal two-dimensional
model of PEMFC. These transport parameters are then used for model predictions. Finally, we
show that the analytical polarization curve predicted using these parameters shows excellent match
with the experimental and numerically simulated polarization curves over the entire range of

current density.

The significance of this work is that the analytical model relates the performance of a PEMFC to
all the operating and geometric parameters as well as the average transport and kinetic properties
of the materials used in its different components, without the need for computationally expensive
numerical simulations. The model can provide useful insights for enhancing the performance of
PEMFC in different regimes of current density and therefore can be used as a design tool to
maximize the power output of a PEMFC and can help in reducing its capital cost.
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Nomenclature and abbreviations

Nomenclature
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Chapter 1
Introduction to PEMFC technology

‘Energy affordability, accessibility and sustainability’ are going to be essential aspects of
the society of 21° century [1]. This has driven a large part of scientific community to invest
their efforts in the pursuit of ‘sustainable energy generation, storage and transmission’ [2]. It
is remarkable that the scale of operation has already helped in bringing down the cost of
renewable energy generation (solar and wind energy) closer to conventional (coal or fossil fuel
based) electricity cost [3-4]. However, the inherent constraints on 24x7x365 continuous
availability of renewable energy sources establishes the need for large scale energy storage.
Chemical storage of renewable energy into hydrogen using electrochemical, photo-
electrochemical or thermochemical pathways is attracting large attention in recent years [5-7].
‘Fuel cells’ then convert the chemical energy of hydrogen into electricity as and when required.
This thesis, in particular focuses on proton exchange membrane fuel cell (PEMFC) which is
the most widely used fuel cell type because of its mild operating conditions (near room

temperature and atmospheric pressure operation).
PEMFCs are already introduced in the following markets:-
1) Stationary back-up power

Being second largest consumer of diesel in the country (excess of 500,000 cell towers),
telecom industry in India consumes about 2.5 billion litres of diesel annually for DG sets used
as a back-up power for cell towers. This leads to 6.6 MMT of CO emission and also results in

a revenue loss of about INR 3600 Crore annually [8]. Therefore, DG set as a back-power for
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the telecom industry is turning out to be an unattractive option economically as well as
environmentally. The telecom regulatory authority of India has already indicated a need to shift
from DG-set based back-power to the greener options [9]. PEMFC technology with its
compelling attributes such as high efficiency, low end-to-end emissions depending on the
source of hydrogen, low noise, low vibrations, small footprint, compatibility of various fuels
and complimentary opportunities with batteries is proving to be one of the best alternatives to
DG-sets. The exciting recent economic analysis of conversion of renewable power into
hydrogen suggests that the hydrogen cost will reach 2.5 $/kg by 2030 i.e. equivalent of diesel
cost (based on energy equivalence) [10]. Therefore, the replacement of DG with PEMFC is
economically possible if the capital cost of PEMFC system becomes comparable with the DG-
set. Furthermore, given that there are in excess of 500,000 towers in India, a significant fraction
of which require backup power in excess of 8 hours, therefore the replacement of diesel-based
back-up power generators for telecom towers with PEMFC system can be expected to be a
huge market and a significant business opportunity. PEMFC systems have already been

deployed by telecom companies in India [11-12].

2) Automotive sector

The leading companies in the automotive sectors have already introduced their Fuel Cell
Vehicles (cars) in the market for example, Mirai- Toyota, Clarity- Honda, Nexo- Hyundai and
F cell- Mercedez. PEMFCs are thought to be better than battery electric vehicles for heavy-
duty transportation such as trucks, trailers, railway and ships. Toyota (Project Portal), Nikola
Motor and Hyundai are introducing their heavy-duty truck proto-type in the market [13-15].
Longer time of operation and fast refueling of hydrogen tanks have attracted Walmart and

Amazon to replace their conventional forklifts with PEMFC powered forklifts [16]. GM
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defence has introduced its fuel cell based military grade based truck to move equipment and

supplies around the battlefield more efficiently and safely [17].

Although as mentioned above, PEMFCs can cater to huge markets in the automotive sector
as well as stationary applications, higher capital cost brings a hurdle in deep penetration of
PEMFC technology in cost sensitive such as India markets. Therefore, it raises an important
question: what innovations are required to be implemented immediately to bring down the
capital cost of the PEMFC technology? Since the fuel cell stack is a large contributor to the
overall cost of PEMFC system, therefore it becomes important to assess the contributions of
the various factors influencing the PEMFC to increase its performance and thereby lower initial

capital costs.

Before we begin approaching this problem, we provide a brief account on the construction

and working principle of PEMFC and key components involved.
1.1) PEMFC: Construction and working principle

When the positive and negative electrodes of a fuel cell on which counter-balancing
spontaneous oxidation and reduction reactions occur are electrically connected in terms of
providing a path for ions (electrolyte), it causes a flow of electrons through an external load
thus producing the power to drive the load. Thus, in a PEM fuel cell, hydrogen oxidation
reaction (HOR) takes place on the anode and the oxidized hydrogen ions i.e. protons migrate
through a polymer electrolyte membrane to the cathode whereas the electrons are dragged
through an external circuit to the cathode where they combine with oxygen to produce water
and heat. The reaction on the cathode is called the oxygen reduction reaction (ORR). The

electrochemical reactions in an operational PEM fuel cell are:

2H, - 4H* + 4e~ (HOR on anode side)
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4H* + 4e~ + 0, - 2H,0 (ORR on Cathode side)
Figure 1.1 shows a schematic of a typical PEM fuel cell and illustrates different components
such as flow field plate (FP), gas diffusion layer (GDL), catalyst layer and proton exchange
membrane or polymer electrolyte membrane (PEM). As shown in the schematic, a single cell

is arranged in series to build a fuel cell stack.

P Membrane Electrode
Vi Assembly
} | Gas Flow Channels
Al

quaw a3A[0.1303]2 JaWAjog
Gasdiffusion-ayer (GDL)

(1aS) 4ehepuoisnyipises

L
3uel

Fig. 1.1 Fuel cell assembly and different components (image credits: [18-20])

We now elaborate on different components of a PEMFC:

e Flow field plate

The channels on the flow field plate allow the flow of reactant gases ensure their supply to
the catalyst layer. The ribs on the flow field plate allow electrical contact with the GDL. The
flow field plate can either be monopolar wherein one side of the plate is engraved with the
channels (typically first and last cell of the stack) or bipolar, with channels on both sides. A
monopolar plate can serve as either anode or cathode plate, whereas a bipolar plate serves as
anode on one side and cathode on the other. Therefore, flow field plate should be electrically

conducting and impermeable to reactant gases. Usually, flow field plates are graphite based
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[21]. However, metallic bipolar plates coated with a thin layer of anti-corrosive agents are

becoming more popular [22]. Figure 1.2 shows the typical flow field plates.

Fig. 1.2 Schematic of flow field plate, a) Serpentine flow field plate, b) Interdigitated type flow field
plate

e Gas diffusion layer

As mentioned above, although reactant gases are available in the channels, the area above
the ribs is deficient of reactant gases. A gas diffusion layer (GDL), which is a porous layer

sandwiched between the flow field plate and the catalyst layer, enables the reactant gases to
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diffuse uniformly over the entire active area. Also, it allows electrons to be transported between
the catalyst layer and the flow field plates at either electrodes. GDL is typically composed of
nonwoven carbon fibres or woven carbon cloth which is electrically conducting as well as
porous. The GDLs are coated with fluoropolymers to render them hydrophobic. This allows
for easy removal of water formed during the reaction [23]. Figure 1.3 illustrates the gas

diffusion layer and zoomed view (SEM image) along the thickness [24-25].

| )

|
Thickness of the GDL

~ 300 um

Fig. 1.3 Typical gas diffusion layer and zoomed view along the thickness (image credits: [24-25])
e Catalyst layer

A catalyst layer (CL) consists of a network of supported catalyst nanoparticles (usually Pt/C)

that are coated with an ionomer phase (usually nafion). Typically, 3-5 nm platinum particles
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are supported on ~50-80 nm carbon particles. The ionomer in the catalyst layer ensures a
connected path for protons, while the voids between the carbon particles allow the transport of
reactant gases from the GDL-CL interface to CL-membrane interface. Figure 1.4 depicts the

catalyst layer and zoomed TEM image of the catalyst particles.

Fig. 1.4 Typical cathode catalyst layer and zoomed view illustrating Pt/C catalyst particles (image
credits: [25-26])

e Polymer electrolyte membrane

Polymer electrolyte membrane or proton exchange membrane (PEM) separates anode
compartment (flow field, GDL and anode catalyst layer) and cathode compartment (flow field,
GDL and cathode catalyst layer). It is semipermeable in nature and allows only protons to pass
through while restricting the reactant gases and electrons to permeate from anode to cathode or
vice-a-versa. ‘Nafion membrane’ is a typical PEM used widely and requires enough hydration
to allow transport of protons from anode to cathode [27]. Therefore, PEMFC is operated with

humidified reactant gases i.e. the relative humidity of entering reactant gases is near 100%.
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Structurally, Nafion consists of a hydrophobic teflon backbone and hydrophilic side-chains
(SOz groups). When hydrated, the hydrophilic side chains form nano-domains wherein protons
either get molecularly transported across the percolated nano-domains or the rotation and re-
orientation of water molecules allow the hopping mechanism for proton transport. Figure 1.5

depicts the nafion-microstructure and the proton transport mechanism [28-29].

Locally-flat Interconnected Domains
Locally-flat hydrophilic domains, surrounded by semi-crystalline
polymer matrix, expand with hydration in a mesoscale network
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Fig. 1.5 Nafion microstructure and proton transport mechanism in the ionic domains (image
credits: [28])

e Catalyst coated membrane (CCM)

Catalyst coated membrane is fabricated by coating the PEM with catalyst on either side of
the membrane. A popular method for the fabrication of CCM is ‘Decal transfer’. In this process,
a slurry of catalyst particles (Pt/C), ionomer (nafion) and volatile solvents is coated on a teflon
substrate by bar coating and is called as decal electrode. A sandwich of two such decal

electrodes with the PEM (nafion) in between is then hot-pressed such that catalyst on the decal
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electrode gets transferred onto the PEM. A direct coating of catalyst slurry on the membrane

using spray coating is now emerging as a popular substitute for the decal process.

e Membrane electrode assembly (MEA)

The CCM fabricated by the process mentioned above is sandwiched between two GDLs
and the assembly is typically hot pressed. Thus, five layers namely, cathode GDL, cathode
catalyst layer (CCL), PEM, anode catalyst layer (ACL) and anode GDL come in intimate
contact during hot pressing and this assembly is popularly known as membrane electrode
assembly (MEA). These MEAs are arranged in series with bipolar plates in-between to

assemble a fuel cell stack.

A PEMFC works as follows. Hydrogen is convected through the channels on the anode
flow field plate and simultaneously diffuses through anode GDL and ACL to reach to the active
sites in the ACL. Here, the spontaneous oxidation of H2 produces protons (H™) and electrons
(€"). Under a potential gradient, the protons get migrated through the PEM and electrons get
migrated through the external circuit to the CCL. On the cathode side, the compressor or blower
sets a pressure driven flow of air in the channels of the flow field plate and O2 from air
simultaneously diffuses in the GDL and the CCL. This diffused O, the electrons migrating
through the external circuit and proton migrating through the PEM together combine to form
water and heat. The migration of electrons through external circuit is the current, and the
electrical power obtained from the PEMFC is the product of operating potential and the current
drawn. Therefore, electrical power is dictated by various physicochemical rate processes

occurring in an operational PEMFC. These are:

» Pressure driven flow of Hz and air in the channels of the flow field plate
> Diffusion of reactant gases in the GDL and CCL

» Dissolution and diffusion of reactant gases in the ionomer phase of CL
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» Proton conduction through membrane from the ACL to the CCL
» Conduction of protons in the ionomer phase of CL
» Conduction of electrons in the CL, GDL and bipolar plates

» Consumption of reactant species in the catalyst layer due to reaction

Moreover, these rate processes are dependent on one or more experimentally controllable

parameters. We may therefore classify the parametric space in three categories:

» Geometric parameters,
» Operating parameters, and

» MEA parameters

We summarize below all the parameters involved in an operational PEMFC which can

influence the electrical power output.

Geometric parameters
1 Width of channel

2 Width of rib

3 Depth of channel

4 Number of channels

5  Flow distributor

(op]

Type of flow field
Operating parameters
7  Operating voltage
8  Pressure

9  Temperature

10 Relative humidity

11 Reactants stoichiometry
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MEA parameters

12 Platinum loading

13 lonomer to carbon ratio

14 Agglomerate radius

15 Porosity of the CCL

16 Tortuosity for oxygen diffusion across the CCL/in the agglomerate
17 Tortuosity for proton transport in ionomer phase of the CCL

18 Intrinsic cathode exchange current density for the given catalyst
19 Electrochemical active surface area (ECSA)

20 Water content in the CCL

21 Proton conductivity of the membrane

22 Thickness of the membrane

23 Electrical conductivity of the GDL and CCL (through-plane and in-plane)
24 Porosity of the GDL

25 Water content in the GDL

1.2) Polarization curve: performance curve of a fuel cell

Figure 1.6 illustrates a typical ‘design curve’ of a PEMFC. In electrochemistry parlance,
this is the polarization curve of PEMFC. It entails a relationship between the operating cell
voltage and operating current density. The curve starts at zero current density on the ‘x’ axis
where the cell voltage on the ‘y’ axis is the open circuit voltage (OCV), which is slightly below
the equilibrium voltage (E,). The cell voltage decreases as current density is increased i.e., as
the cell is taken away from equilibrium. The deviation from OCV is related to different losses
involved in an operational PEMFC and will be discussed in detail in this thesis. While the

useful electrical power of PEMFC is ‘V X Jiotqi” Where ‘V’ and ‘Jio¢q’ respectively are
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operating voltage and current density, the losses in voltage leads to heat dissipation (Q = (E, —

V) X Jiorar) @nd lower energy efficiency. Improving the energy efficiency thus amounts to

shifting the polarization curve upwards.

1.2

1.0

0.8

0.6

Voltage, V (V)

0.4

0.2

0.0

Equilibrium Cell voltage (E,)

Heat flux dissipated= (E, — V) X J

n

I Move to increase efficiency

Useful electric power density =V x J

0 0.5 1 1.5 2 25

Current density, J (A/cm?)

Fig.1.6 Typical polarization curve of PEMFC

1.3) The design equation

We reiterate that the question: ‘what innovations are required to be implemented

immediately to bring down the capital cost of the PEMFC stack?’ can be rigorously answered

only if we understand the repercussions of all the physicochemical processes occurring in an

operational PEMFC on the electrical power output of the PEMFC. In other words, it becomes

necessary to quantify how the 25 parameters listed above influence the polarization curve of

the PEMFC and consequently its power density and efficiency.

Therefore, for developing a better understanding of the PEMFC, a physics-based

relationship between the physicochemical processes occurring in an operational PEMFC with
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the current-potential relationship i.e. the polarization curve of the PEMFC is invaluable. This
thesis reports work carried out towards formulation of an analytical equation that describes

such a relationship and also its experimental validation.
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Chapter 2

Review of Analytical Modelling of PEMFC and
thesis objectives and outline

The content of this chapter is published in,

“Chemical Engineering Science, volume no. 190, 23™ November 2018, pages: 333-344" [95]
and, “Chemical Engineering Science, volume no. 196, 16" March 2019, pages: 166—175” [97].

In this chapter, we present a comprehensive review on the analytical modelling of PEMFCs
till-date and describe the historical journey of advances in the understanding of the different

physicochemical processes occurring in an operational PEMFC.

Three-dimensional numerical simulations of PEMFC do predict the current-potential
relationship. However, given the multi-parametric nature of the problem, there could be many
different sets of parameters those may result in similar polarization curve. Thus, numerical
simulation does not help in fault diagnosis of PEMFC. On the other hand, deriving analytical
solutions to the governing equations of PEMFC can provide invaluable physical insights about
the relationship between the physicochemical processes involved in an operational PEMFC
with its power output. In fact, as will be discussed in the later chapters that the power output
of PEMFC can be captured through seven current density scales corresponding to different rate

processes. Therefore, we focus mainly on analytical models.

We first provide a systematic review of the analytical theories of PEMFC developed so far

and a brief account of three-dimensional numerical simulations of PEMFC. This is followed
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by a summary of unexplored questions in the literature so far. You should have three main

sections in this chapter:
2.1: Analytical models
2.2: A brief account on three-dimensional numerical simulation of PEMFC
2.3: Summary of open questions in the literature
2.4: Objectives of the thesis

2.5: Outline of the thesis

2.1)  Analytical models

The important starting point of all analytical models of PEMFC is the recognition that the
HOR on the anode side is ~10° times faster than the ORR [30] on the cathode side. Therefore,
even though transport of Hz in the channel, GDL and ACL may modulate the consumption rate
of Hy, the orders of magnitude faster HOR makes the contribution of anode side on the overall
performance of PEMFC immaterial as long as sufficient Hz (A, > 1.2) isavailable at the inlet
of the PEMFC. This allows for simplification of the modelling problem by focusing attention
only on the physicochemical processes that occur on the cathode side [31-32]. It must be noted
here that certain special cases for which neglecting anode side physicochemical processes may
not be realistic, namely a) anode catalyst poisoning because of CO or NHz which can severely
affect the intrinsic kinetics of HOR and b) The case when ACL is completely flooded and

transport modulated HOR can start competing with intrinsic ORR Kinetics.

Analytical models of ORR start with understanding the phenomena occurring in the CCL.
Here, we look at models that are applicable separately in the ‘low current density regime’ and

the ‘high current density regime’, where the regimes are essentially differentiated based on the
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length scale over which oxygen diffusional gradient is set up in the CCL as explained in the

sections below.

2.1.1) The macro-homogeneous (MH) model of the CCL

Even the simplified problem of focusing on the cathode side of a PEMFC is quite
challenging because of the fact that ORR kinetics is coupled with transport of heat, mass and
momentum associated with the reactant species and the enthalpy of the reaction. Historically,
this complex problem has been reformulated into a relatively simpler one-dimensional problem
that focuses only on the reaction and transport processes occurring along the thickness of the
CCL inside the MEA. This approach assumes a reasonably high reactant flow in the channel
and fast oxygen diffusion in the GDL such that the oxygen concentration at the CCL-GDL
boundary is uniform over the entire active area. The criticality of this assumption is discussed

in the next section.

In the one-dimensional formulation, [33-34] first proposed and discussed the macro-
homogeneous (MH) model of the CCL which essentially visualizes CCL as a homogeneous
media wherein the transport properties are volume averaged. Neglecting the fine microstructure
of the CCL is equivalent to stating that while the transport gradients for oxygen and protons
are tracked across the CCL thickness (length scale is 7-8 microns), these gradients are assumed
to be negligible at the microstructure level (length scale corresponding to ionomer phase of the
CCL ~ 100 nm). However, this is not valid at high current density and will be explained in the

next subsection.

The schematic of the MH model of the CCL is shown in figure 2.1. The CCL can be
visualized as a slab of thickness [, flanked by GDL of thickness [, on the one side and a
membrane of thickness [,,, on the other. Proton flux enters the CCL at membrane-CCL interface

and gets consumed in the CCL such that proton flux is zero at CCL-GDL interface since there
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is no medium to transport protons beyond this interface. Oxygen flux enters the CCL at CCL-
GDL interface and goes to zero at CCL-membrane interface as membrane is impermeable for
oxygen. The intrinsic reaction rate of ORR strongly depends on cathodic overpotential (1, cc1)

and is captured accurately by the empirical Tafel equation.

At steady state, the governing equations are:

dj . c
j = —iycA [exp (Alc)] X o (2.1)
an _ .
ac _ j-j
Dcci ay 4—Fj (2.3)

Here, y is the dimension along CCL thickness with y = 0 being the CCL-membrane boundary
and y = [, being the CCL-GDL boundary; j is the proton flux, n is the overpotential across
CCL, C and C;, are respectively the oxygen concentrations (mol/m?) at any point y along the
thickness of the CCL and at inlet of a PEMFC, i,, ;A is the volumetric exchange current density
(AIm®), A, is the Tafel slope, o is the proton conductivity of CCL, D, is oxygen diffusion
coefficient in the CCL, F is Faraday’s constant and J is the proton flux at CCL-membrane

interface.
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Fig. 2.1 Macro-homogeneous (MH) model of the cathode catalyst layer

Equation (2.1) denotes the macroscopic charge conservation in the CCL and the right hand side
of the equation (2.1) is the consumption rate of the protons and oxygen as described by Tafel
kinetics. The proton flux j in equation (2.1) is related to the gradient of overpotential n by
Ohm’s law as described by equation (2.2). Equation (2.3) describes the oxygen conservation
law where left hand side of equation (2.3) is concentration gradient driven ‘Fickian’ diffusion

and right hand side of equation is the consumption rate of oxygen.

The boundary conditions are:
. ac .
J=1, n=noccr,y; =0aty=0and C = Cecr—gpr,j = 0aty =1, (2.4)

Here, Cccr—cpy 1S the oxygen concentration at CCL-GDL interface and 7, ¢¢;, is the resulting
cathodic overpotential to sustain the proton flux at CCL-membrane interface, /. The equation
set (2.1)-(2.4) defines the MH model of the CCL and can be solved either numerically or
analytically to get the profiles of ‘j’, ‘n” and ‘C’. Note that setting y = 0 in the expressions of

j and n gives the current-potential relationship of the PEMFC.
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The numerical solution was obtained by [35-36], who showed doubling of the apparent Tafel
slope in the cases when the intrinsic ORR kinetics happens to be slower than oxygen transport
rate across the CCL or proton transport rate across the CCL. The doubling of Tafel slope is
shown experimentally as well [37-40]. As the experimental manifestation of doubling of Tafel
slope turns out to be the same for poor transport rates of both reacting species, protons and
oxygen, therefore, it is important to understand the physical laws which can distinguish
between these two possible regimes. This problem was solved by Kulikovsky [41-42] by
deriving analytical solutions to the governing equations of MH model in limiting cases. We

now discuss these limiting regimes briefly.
e ldeal oxygen transport as well as ideal proton transport in the CCL

It was shown that, in the wvery low current density regime when J <

4FDccrCccL-GDL 20A
cc lCC G and c
t t

, intrinsic ORR kinetics as described by ‘Tafel kinetics’ is slower than

oxygen transport across the CCL as well as proton transport across the CCL [42]. Therefore,
oxygen concentration and overpotential remains uniform in the CCL i.e. oxygen and protons
are available everywhere in the CCL for the reaction. ] —n, cc; — Cccr—gpr relation in this

particular regime is therefore solely dictated by intrinsic Tafel kinetics of ORR. Hence,

J = iy oAl [exp (nol;lCCCL)] CccL-GpL (2.52)

Cin

or equivalently,

No,ccL = Acln {+I (2.5b)

CccL-GpL
io,cAle( Cin )

The j,n and C profiles in this particular regime are shown pictorially in figure 2.2.
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Fig. 2.2 Profiles of proton flux, overpotential and oxygen concentration along the thickness of the
CCL in the regime of ideal oxygen transport as well as ideal proton transport in the CCL

e Ideal proton transport in the CCL

At higher current density it is possible that although protons are available in the CCL
everywhere i.e., overpotential is uniform everywhere in the CCL, oxygen flux may not be large
enough to support the ORR as demanded by intrinsic Tafel kinetics. In this scenario, increasing
amount of concentration polarization of oxygen happens in the CCL near the CCL-GDL
interface, and the oxygen consumption rate decreases sharply away from the interface.
Equations (2.1) and (2.3) can be solved together with an assumption of uniform ‘n” in the CCL.

[42] showed that the profiles of oxygen concentration and proton flux in this limiting regime

are given as,
. cosh(¢o%)
¢= 4FDcclCi L Mo,cCcL\] sinh({, l; (2'6)
(R et fep(TefEL)] SinRCSo
_ sinh({o%)
J _]<1 N sinh((o)> 2.7)
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Here, ¢, = j focAtifexp(*EE)]

4FDccrCin
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Fig. 2.3 Profiles of proton flux, overpotential and oxygen concentration along the thickness of the

CCL in the regime of ideal proton transport but poor oxygen transport in the CCL (J > ‘“wclﬂ)
t

These profiles are illustrated schematically in figure 2.3. Substituting C = Cecp—gpL aty = I;

in equation (2.6) we get the current-potential relationship in this particular regime as,

J (2.8)

_ 4FDcciCin X\/io,cAlt[exp(W)] tanh \/io_CAlt[exp(nOfCCL)] CecL—GDL
le

4FDccrCin 4FDccrCin Cin
It It

. No,CCL

] . o, cAlt|exp|——
It can be noticed that when i, (Al, [exp (""ACCL)] < 4FDCICLC”1, tanh \/ eexe( Ae )
c t _—

PP T and therefore, equation (2.8) becomes J = i, (Al [exp (""/’f“)] CCC;‘GDL

It

j i cALexp(72ECL)|
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which is exactly same as equation (2.5) or intrinsic Tafel kinetics of ORR. However, for

. Mo,CCL
, lo,cAlt|exp|—— .
io Al [exp (""ACCCL)] > 4FDC:LC‘", tanh \/ fF[DCCECi:C ) ~ 1 and therefore, equation
le
(2.8) takes the form,
__ |4FDc¢cLCin No,ccL)| CccL-GpL
Ji _\/—lt lo,cAl; [exp( » )] o (2.92)
or equivalently,
J J
NoccL = Aclny——zc—cp( + Acln \aFpeier, ceaant (2.9b)
fo,cAL (== -5 i T, )

The apparent doubling of Tafel slope due to high oxygen transport resistance is evident from
equation (2.9) and the critical current density (J¢rit,(02)transport) @00V Which oxygen transport

resistance starts modulating the Tafel kinetics is the point of intersection of the curves given

by equations (2.5) and (2.9). It is straightforward to show that,

_ 4FDc¢cLCccL-GDL
]crit,(OZ)transport - I (2.10)

4FDccLCccL-GDL

Therefore, for J > , intrinsic ORR kinetics gets modulated by oxygen transport

t
resistance in the CCL and equation (2.9) gives the current-potential relationship whereas for

Ji <WM, intrinsic ORR kinetics i.e. equation (2.5) gives the current-potential
t

relationship.

As a final comment, we would like to point out here that the aforementioned formulation is
valid only when ‘7’ is uniform everywhere in the CCL which essentially implies that the proton
transport resistance in the CCL is infinitesimally small. This, in fact may not be realistic as

proton conductivity in the CCL (o) is not infinitely large. Thus, the repercussion of finite proton




Chapter 2

4FDccLCccL-GDL

transport resistance for a case of | > on current-potential relationship is not

le
understood in the literature so far. As will be discussed in the next sub-section, the assumption

20

of uniform overpotential is only valid for J «

e Substituting o = 2% [43-45], A, =

It

20A¢
le

0.026 V and I, = 8 um, we get =13 C% and therefore, the aforementioned formulation

IS inappropriate for J > 0.2 C;;z.

e Ideal oxygen transport in the CCL

If oxygen concentration is uniform everywhere in the CCL, the ORR Kkinetics may get
modulated depending on whether the rate of proton transport in the CCL is greater or smaller
than the intrinsic ORR Kinetics. This regime deals with such a situation. For a case when proton
transport rate is slower than intrinsic Tafel kinetics of ORR, the reaction rate is the highest at
the CCL-membrane interface and it decreases rapidly away from the interface. Equations (2.1)
and (2.2) are solved with ‘C’ independent of ‘y’ and the profiles of current density and

overpotential turn out to be [41,42],

7 = (tan{S(1 -y} (2.12)
It

N _ g [ECin oA/l 21— vV

2 = In|§ ot {1 +(an((1-y9)) }] 2.12)

The schematic representation of these profiles is shown in figure 2.4 for the case when proton

transport rate is slower than intrinsic Tafel Kinetics.

Fory=0and ] <

2
”lAC, equation (2.11) suggests that J ~ JZ—AC% and substituting in equation
t t

(2.12), we get current-potential relationship as J = i, Al, [exp (""/‘f“)] CCCE‘GDL, which is in
) .

mn
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fact the intrinsic Tafel kinetics as suggested by equation (2.5). Fory = 0and ] > UIAC, tan(%) >
t

> 1 and therefore equation (2.12) takes the form,

204, . o, Ccecl—
] :\/ Z io Al [exp (n ACCCL)] CCéinGDL (2.133)
or equivalently,

=A.1 J Al J 2.13b
NoccL = Ac N \——cc—5¢ + Acln i z=a; (2.13b)

lo,cAlt(?) e

Equation (2.13) suggests an apparent doubling of Tafel slope when proton transport across the
CCL is significantly limited, and the critical current density (Joyit,(+)transport) @bOVe Which
this happens is the point of intersection of curves given by equations (2.5) and (2.13). It is

straightforward to show that,

__204¢

]crit,(H+)transport - T (2.14)

Thus, proton transport resistance is not significant for j <@ and current-potential
t

relationship is governed by intrinsic ORR rate and given by equation (2.5) whereas it becomes

significant for J >2‘;—AC and the intrinsic ORR rate gets modulated by proton transport
t

resistance in the CCL. Equation (2.13) gives the corresponding current-potential relationship

in this particular regime of operation.
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C
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v/l

Fig. 2.4 Profiles of proton flux, overpotential and oxygen concentration along the thickness of the
CCL in the regime of ideal oxygen transport but poor proton transport in the CCL (J > ZGAC)

le

It must be noted here that oxygen concentration is assumed to be uniform in this particular
regime which suggests unrealistically high numerical value of oxygen diffusion coefficient in
the CCL. Therefore, the impact of finite oxygen transport resistance with a realistic value of

oxygen diffusion coefficient in the CCL on the current-potential relationship for the regime of

20A¢
I

J> is not discussed in the literature so far. As will be discussed in the next sub-section,

the assumption of uniform overpotential is only valid for J « WM. Substituting
t

Decr = 10‘7"172 (assuming oxygen diffusion in voids [46-47]), Cccr—cpL = 8 r;—‘;l and [, =

4FDccrLCccL-GDL __ 3

8 um, we get .861:;2 and therefore, the aforementioned formulation is

It

. . A
inappropriate for J > 0.4 —

In summary, we would like to reiterate that the three limiting regimes of ideal oxygen

transport as well as ideal proton transport in the CCL, ideal proton transport but poor oxygen
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transport in the CCL and ideal oxygen transport but poor proton transport in the CCL have
been understood thoroughly in the literature. However, more realistic regimes wherein both
oxygen transport and proton transport in the CCL are simultaneously rate limiting are not
discussed so far in the literature. The consequence is that there is no analytical solution of

polarization curve available for the realistic operational current density range, J > 0.2 —

A 204, 4FDccLCccL-GDL
0.4 — J> . orj > L ).

2.1.2) Flooded agglomerate (FA) model of the CCL

The MH model of the CCL as discussed in the previous sub-section glosses over the
microstructural details of the CCL and instead describes it using volume average transport
properties. However, at any location y along the CCL thickness the catalyst has a
microstructure, which is depicted in Figure 2.5 along the lines of the so-called flooded
agglomerate (FA) model [48-53]. Locally, the CCL microstructure comprises spherical

agglomerates of size R, , that are flooded with electrolyte in which supported catalyst particles

agg
are suspended. The electrolyte is typically similar to the ionomer that is used as the proton
conducting membrane. It was shown that the diffusional resistance of oxygen in such
agglomerates does become important at high current density [55]. This is mainly because the
assumption of negligible transport gradients at the microstructure level as invoked in the MH

model does not hold true at high current density and the overall consumption rate in fact gets

modulated by transport resistances at the microstructure level as well.
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Fig. 2.5 Microstructure of cathode catalyst layer as idealized in the agglomerate modelling approach.
Grey circles indicate ionomer-filled spherical agglomerates. Black circles with white dots indicate
respectively carbon support particles decorated with nano-catalyst particles. Interstitial voids between
agglomerates can be filled with liquid water denoted in blue.

The proton flux balance along the thickness of the CCL in a FA corrected MH model can

be written as [56],

2—3]; = —iycA [exp (Alc)] X E(n) X % (2.15)

E(n) is the effectiveness factor and is given by,

(= -1) (2.16)

~ M7 \tanh(3My) 3Mgp

i /a
Where, M = “22¢ 145’:&21]“ (2.17)

The Thiele modulus M, compares the intrinsic reaction rate to the diffusion rate of oxygen
along the radius of the agglomerate. D, , , is the effective diffusion coefficient of oxygen in an
agglomerate, a is electrochemical active area of agglomerate per unit volume of the

agglomerate. The overpotential gradient inside an agglomerate is neglected since the size of
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agglomerate is typically 1-2 orders of magnitude smaller than the CCL thickness and the proton
conductivity along the thickness of the CCL and inside the agglomerate is not much different
(as the medium for proton conduction is the same i.e. ionomer). However, for oxygen transport,
the effective oxygen diffusion coefficient inside the agglomerate (O> diffusion in ionomer) is
order of magnitude lower than effective oxygen diffusion coefficient along the CCL thickness
(O2 diffusion in voids filled with water). Therefore, it is realistic to have oxygen concentration
gradient inside the agglomerate while overpotential gradient inside the agglomerate is unlikely.
It is to be noted that the Henri’s constant of dissolution of oxygen in the ionomer is incorporated
in the value of the exchange current density. The other two governing equations are identical
to that of MH model i.e. Ohm’s law for proton migration (2.2) and Fick’s law for oxygen
transport (2.3) along the thickness of the CCL.

Numerical solutions of governing equations for a FA model of CCL have been presented by
several authors [56-62]. An approximate analytical solution for the MH model which
incorporates FA description has been recently proposed [55] and showed that the oxygen
transport resistance in the electrolyte phase i.e. in the agglomerates becomes increasingly
dominant only at higher current densities. Therefore, it is crucial to couple MH model with FA
model in the high current density regime. It should be particularly noted that in this regime
neither oxygen transport resistance nor proton transport resistance across the CCL can be
neglected. There is however no analytical model that rationally accounts for the regime of
simultaneous oxygen transport as well as proton transport limited ORR kinetics along with a

correction due to non-negligible oxygen transport resistance in the agglomerate.

2.1.3) Two dimensional model formulation

The assumption of uniform oxygen concentration over the entire active area at the CCL-

GDL boundary as invoked in the earlier one-dimensional models is not realistic under operating
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conditions of PEMFC. For typical air stoichiometry between 2 and 4, oxygen depletes along
the length of the cathode channel due to consumption in CCL. Thus, a more realistic model
should invoke a two-dimensional problem defined by convection of gas along the axis of the
flow channel and simultaneous diffusion through GDL in the transverse direction together with
consumption in the CCL. Kulikovsky [63-64] derived an analytical solution to this two-
dimensional model and derived expression for polarization curve for the case when ORR
kinetics is the rate determining step. In a subsequent paper, Kulikovsky [65] also derived
analytical expressions of polarization curves for the regimes corresponding to slow proton

transport and slow oxygen transport in the CCL.

y y = h (channel wall)

j y = —h (channel — GDL interface)

CCh—GDL

GDL
CecL-apL

CCL

Fig. 2.6 Two-dimensional domain of a PEMFC with uniform oxygen concentration and velocity in
the transverse direction (—y)
Figure 2.6 depicts the model geometry as idealized by [63] comprising a channel of length
L and depth 2h in which reactant gas flows along the axial (x—) direction and has no
momentum gradient along the channel depth. The channel wall is located at y = h and the
channel-GDL interface at y = —h. Oxygen consumption at the channel-GDL interface due to
ORR in the CCL sets an oxygen concentration gradient along x. The steady state oxygen

balance in the channel can be written as,

U(2h) j—i =-L (2.17)

4F
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Here, C is the local oxygen concentration in the channel and U is the inlet velocity. ] is the
local current density at point along ‘x’. For the case of negligible transport losses of reactant
species in a macro-homogeneous CCL, | — 1, cc — CecL—gpr. elationship is given by Tafel
kinetics i.e. equation (2.5). The relation between C.c._cp. and oxygen concentration at
channel-GDL interface (Cc,—¢pz) Can be obtained by writing oxygen conservation equation

across GDL as,

4FDgpl,
lepL

o, CccL—
(Cen—cpr — CecL-gpr) = TocAl: [exp (17 ACCCL)] CcéinGDL (2.18)

Here, D;p;, is the oxygen diffusion coefficient in GDL and [, is the GDL thickness. Defining

Jiop = i Al [exp (T"’C“)] Jepr = ‘LF[;GM L= jl 2 and combining equations (2.5) and
GDL GDL

(2.18), we get

] = h__DM (219)

1+a Cin
Substituting equation (2.19) in equation (2.17) for J and solving it with boundary condition
C = Cjpat x = 0, we get,

X

CEx) = Cinexp(~ 1) (2.20)

Here, B = %

2 and =
I flow ]flow I

This describes the oxygen concentration profile along the axis of the flow channel. Equations

(2.17) and (2.20) further gives the current density profile along ‘x’ as,

X

£iy 2.21)

Ji-p
] 1+a

1+a

exp(—

Equation (2.21) is integrated over the channel length to yield current-potential relationship

(polarization curve) for the entire active area:-
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Jeotar = Jriow {1 = exp(— )} (222)

Equation (2.22) gives a current-potential relationship by considering intrinsic Tafel kinetics to
be the consumption rate in the CCL and oxygen transport resistance across the GDL coupled

with material balance equation along flow channel.

However, it was assumed that flow in the channel was plug flow and oxygen concentration was
allowed to vary only along the channel length but not along the channel depth. Under typical
operating conditions of PEMFC, the flow in channels is laminar and therefore the assumption
of plug flow is not realistic. Furthermore, as will be seen later, the resistances to oxygen
diffusion in the GDL and in the channel are of the same order for a typical fuel cell construction.
Hence, the assumption of uniform oxygen concentration along the channel depth is also not
realistic. In particular, this assumption can lead to considerable deviations at high current
density as will be shown later. Thus, it establishes a need to invoke a more realistic two-
dimensional analytical model that relaxes these two key assumptions and to derive current-
potential relationship under these conditions. Moreover, the new model should also take into
consideration the other regimes of CCL operation in which overall oxygen consumption rate

in the CCL is modulated by transport resistances in the CCL.
2.1.4) Experimental validation of the analytical model

In order to validate the analytical model with experimental data, it is necessary to first
quantify oxygen diffusivities in the different domains of PEMFC namely, flow channel, GDL
and CCL. In most of the earlier studies, the so-called limiting current method has been used to
estimate oxygen transport resistance in these domains [66-70]. However, there are two

limitations of this method:

1. The method assumes that the oxygen concentration is linear in all domains. While this is true

in the GDL, the assumption does not hold in the CCL. A rapid non-linear decay of oxygen
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concentration in the CCL near the GDL-CCL interface is predicted when the rate of oxygen
transport across the CCL is considerably slower compared to intrinsic ORR kinetics (discussed
in previous section, 2.2). The experimental manifestation of this rapid decay is that the local
slope of polarization curve (i.e., the local apparent Tafel slope) depends strongly on
overpotential and eventually leads to apparent doubling of Tafel slope. Therefore, correlating
oxygen transport resistance in the CCL to the limiting current density, which is independent of

overpotential, is not appropriate.

2. The influence of transverse oxygen diffusion along the channel depth is assumed to be
negligible in these studies, which may not be realistic. To determine the effective oxygen
diffusion coefficient in GDL, it is imperative to segregate the contribution of oxygen diffusion

along the channel depth from the limiting current density.

Therefore, there are at least two issues that must be addressed in the previous studies as far as
experimental determination of oxygen diffusivities in the various domains of PEMFC is

concerned.

2.2) A brief account on three-dimensional numerical simulation of PEMFC

Three-dimensional numerical simulations of PEMFC solve the fundamental conservation
equations for mass, momentum, species and charge without invoking any simplification. Some
of the earlier work in this area are by [71-80], while a comprehensive review of prior work in
this area can be found in [81-85]. While there are numerous studies involving different types
of flow fields (refer review papers [86-88]), we focus here on a representative flow field
namely, a geometry comprised of a channel and a rib. Such a domain for numerical simulation
is shown in figure 2.7. It includes a single flow channel each for H; and air, GDLs and catalyst

layers on the anode and cathode sides, and a central proton exchange membrane. Commercial
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simulation packages are available to predict the polarization curve of PEMFC for a given set

of input parameters [89].

_, Cathode flow channel

Fig. 2.7 Three-dimensional computational domain considered for simulation

The key governing equations are:-

e Conservation of mass

V.(puw) = Q

Where, Q is the source term (kg/m®-s).

Q=XR;
viM;S
Ri="r

S = ineA |exp ()| 22 Em)

Cathode GDL
» CCM
Anode GDL
» Anode flow channel
(2.23)
(2.24)
(2.25)
(2.26)

Here, v; is stoichiometric coefficient of i" species (2 for Hz and 1 for Oz and 2 for H20), n is

the number of electrons transferred (n = 4), C¢¢,, is local oxygen concentration in the CCL and

E(n) is given by equation (2.16). It must be noted that Q = 0 for GDL and flow channels.

e Conservation of momentum
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For gas flow in the channel, the momentum balance is given by

pla.Vyul = 7.[-pl + p{(7u) + (V") = 2 {(7. )1} (2.27)

For porous medium (GDL and catalyst layer),

g2

p [(g |7) g] = 7. [—pl + L) + (Tu)"} - 2. u)l}] - (i + 2) u (2.28)

where, u is the velocity (m/s), p is the density (kg/m?), p is pressure (N/m?), u is the viscosity

(Pa-s) and I is a unit tensor. The ]s—u term in the above equation is Darcy’s law for flow through
br

porous medium.
e Conservation of species

Conservation of species over entire computation domain can be expressed in terms of mass

fractions for i'" species as follows:-

where, the flux j; is given as,

. ViMp
Ji = — ('DDLVWL + ,DDiWi M, +) (230)

My = (Zi;)7 (2.31)

Here w; is the mass fraction of i species and D; is a diffusion coefficient. There is no reaction

source term in GDL and thus, R; = 0 for GDL. For catalyst layer, R;is given as equation (2.25).
e Conservation of charge
V.(—o,V.d) = S, (2.32)

V.(=0,V.®,) = S, (2.33)
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N =Eeq+ Pp— P (2.34)

Here, m is electrolyte phase and s is a solid phase and —S; = S,,, = S. S is given by equation
(2.26). E,, is equilibrium voltage or open circuit voltage, typically, E.; ~0.92V . Anode
source term is modelled as a linearized Butler-Volmer equation and (i,A) for anode is 10’

times higher than (i, .A).
These governing equations are solved with following constraints:

e Inlet mass fractions of all species are specified.

e Anode side and cathode side inlet velocities are specified.

e Anode collector is set at 0 V and cathode collector is set at an operating voltage ‘V’.
Polarization curve is obtained by varying voltage ‘V’ from ~0.9 V to ~0.3 V.

e All the impermeable walls and surfaces are set to follow no slip and no flux conditions.

In the present thesis, three-dimensional numerical simulations are used to verify the
different approximations invoked while deriving comprehensive analytical model of PEMFC.
We have used the in-built fuel cell module in COMSOL Multiphysics version 5.3 (a finite

element solver) to perform numerical simulations.

2.3)  Summary of open questions in the literature

As summarized above, substantial efforts have been made in the recent past to derive
algebraic relations between all the physicochemical processes involved in an operational
PEMFC to its performance. However, there are following important unanswered issues in the

work reported so far:-

a) Generalized solution to MH model of the CCL that encompasses all the possible

regimes of CCL operation is missing in the literature. In particular, the regimes of
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simultaneous oxygen transport and proton transport limited ORR kinetics in the CCL
have not been understood.

b) A correction to the generalized solution of MH model invoking the microstructural
details of the CCL through FA model can provide a comprehensive current-potential
relationship that captures all the physicochemical processes occurring in the CCL and
relates it with power output of the fuel cell. Such a relationship has not been derived.

c) Two-dimensional framework that incorporates laminar flow in the channel and non-
uniform oxygen concentration profile in the transverse direction of the channel and all
the regimes of CCL operation can rationalize the repercussions of oxygen transport
resistance in GDL and channel (transverse direction) and the depletion in the oxygen
concentration along the length of the channel on the polarization curve of a PEMFC.
There exists no such framework in the literature.

d) Rigorous experimental validation of the analytical model is missing in the literature.

The work presented in this thesis addresses all these lacunae and presents a comprehensive
analytical model that predicts polarization behaviour of a PEMFC over the entire range of
current density from zero to limiting values. Also, a methodology for rigorously comparing the

model predictions against experimental data is presented.

The specific objective of the thesis are as follows:

2.4)  Objectives of the thesis
e To derive generalized analytical solutions to the MH model of the CCL in the regimes
of simultaneous oxygen and proton transport limited ORR kinetics of the CCL.
e To incorporate the microstructural details of the CCL through FA model of the CCL as
a correction to MH model in the regime of simultaneous oxygen and proton transport

limited ORR Kkinetics of the CCL.
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e To relax the assumptions of plug flow and uniform oxygen concentration along the
depth of the flow channel and derive analytical expressions of the polarization curve of
the PEMFC by considering all the possible regimes of CCL operation as dictated by
MH model.

e To illustrate a methodology to estimate effective oxygen diffusion coefficients in the
different domains of the PEMFC.

e To validate the analytical model with experimental data.

2.5)  Outline of the thesis

This thesis has been divided into following chapters:

Chapter 1 introduces importance of energy sustainability and the role of fuel cell in this

regard. We provide a brief account on the construction and working principle of a PEMFC.

Chapter 2 illustrates the efforts made in the literature towards obtaining analytical solution
of polarization curve of a PEMFC. Also, a brief summary of numerical work done in the
literature to solve the governing equations of PEMFC is presented. This summarizes the
foundations of mathematical modelling of the PEMFC. We then explicitly enlist the objectives

of the thesis and the outline of the thesis.

Chapter 3 presents a derivation of analytical solutions to the governing equations of MH
model of the CCL in the regime of simultaneous oxygen and proton transport limited reaction
kinetics. Oxygen transport resistance in the ionomer phase of the CCL is also captured as a

correction described by FA model to the MH model.

Chapter 4 develops two-dimensional isothermal model of a cathode flow channel and its
analytical solution under reaction-controlled regime of CCL operation relaxing the

assumptions of plug flow and uniform oxygen concentration along the channel depth.
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Chapter 5 extends the two-dimensional isothermal model of a cathode flow channel
developed in chapter 5 in the transport limited regimes of CCL operation namely, ideal proton

transport but poor oxygen transport and ideal oxygen transport but poor proton transport.

Chapter 6 derives ‘The PEM fuel cell equation’ i.e., the analytical expression for steady state
polarization curve which is valid for the entire range of current density, from zero to limiting

current.

Chapter 7 summarizes the key scaling laws relating experimentally measurable current
density and inlet oxygen concentration that are suggested by the model. We also elucidate in
this chapter, a systematic experimental methodology to estimate the effective diffusion
coefficients of oxygen in the CCL, GDL and channel which define a parametric space over
which polarization curve described by The PEM fuel cell equation and experimental

polarization curve are compared.

Chapter 8 summarizes the main contribution of the work and elaborates a path forward in

the PEMFC research.
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Chapter 3

Isothermal one-dimensional model for CCL.:
Derivation of current-potential relationship over
wide range of current density

The content of this chapter is published in,
“Chemical Engineering Science, volume no. 206, 12! October 2019, pages: 961177 [90].

As described in detail in section 2.2 of chapter 2, the relationship between current density
(/)- cathodic overpotential (1,cc.) and- oxygen concentration at CCL-GDL interface
(Cccr—cpL) have been derived for three limiting cases viz., (a) ideal proton and ideal oxygen
transports in CCL (overall ORR determined by intrinsic kinetics), (b) ideal proton transport in
the CCL (ORR kinetics modulated by oxygen transport), and (c) ideal oxygen transport in the
CCL (ORR kinetics modulated by proton transport). These limiting cases imply infinitely large
values of proton conductivity and/or oxygen diffusivity in the CCL. Real CCLs will however
have finite values of these transport coefficients. Thus, under realistic operating conditions of
PEM fuel cells and at sufficiently high current density, both oxygen and proton transport
resistances can simultaneously dictate J — 1, cc. — Cecr—gpr relation. Also, as mentioned in
section 2.3 of chapter 2, oxygen transport resistance inside local catalyst agglomerates in the
CCL can become significant at high current density. To the best of our knowledge, literature
lacks an analytical expression for /] — n, cc. — Cccr—gpr relation in the regime where oxygen
and proton transport resistances in the CCL are simultaneously effective and are coupled to the

oxygen transport resistance inside local catalyst agglomerates. In this chapter we present the
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derivation of such a comprehensive relation using one-dimensional model for CCL wherein it
is assumed that oxygen concentration and cathodic overpotential vary only along the CCL
thickness but are uniform over the active area. We also assume isothermal conditions

throughout the CCL volume.

While the FA-corrected-MH model of the CCL is discussed in detail in chapter 2, we

reproduce here the key governing equations of the same:

dj . c
j = —iycA [exp (Alc)] x E(n) X o (3.1)
an _ .
o= (3:2)
dc .
4FDCCLE =]—=] (3.3)

Equation (3.1) describes the proton flux balance along the thickness of the CCL, equation (3.2)
is Ohm’s law relating proton flux in the CCL to the gradient of overpotential across CCL, and
equation (3.3) is the oxygen conservation law in the CCL. We again note the different symbols
here: y is the dimension along CCL thickness with y = 0 being the CCL-membrane boundary
and y = [; being the CCL-GDL boundary; j is the proton flux, n is the overpotential across
CCL, C and C;, are respectively the oxygen concentrations (mol/m?) at any point y along the
thickness of the CCL and at inlet of a PEMFC, i,, (A is the volumetric exchange current density
(A/mq), A, is the Tafel slope, o is the proton conductivity of CCL, D, is oxygen diffusion
coefficient in the CCL, F is Faraday’s constant and J is the proton flux at CCL-membrane

interface.E (n) is the effectiveness factor given by,
1 1 1
E= My (tanh(3MT) - E) (34)

Ragg io'c[eXp(Alc)]a
3 3FDag4Cin

where, M, = (3.5)
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We first explore two limiting cases which are dictated by comparative rates of intrinsic

kinetics and oxygen diffusion in agglomerates. This is followed by the general case.
3.1) Limitingcase 1: My < 1

This implies that the rate of diffusion of O> in agglomerates is much faster than intrinsic
ORR rate so that E(n) =~ 1 and consequently, the FA model simplifies to the MH model.

Equations (3.1-3.3) can therefore be recast in non-dimensional form as,

« aj” * *
£2Cin e = —C"exp(n)] (3.6)
an* _ .«
o = ) (3.7)
» ac” — J* 1

The non-dimensional variables are defined as

] « _ « 1 2 _ OAc * __ C * Cin *

] = gAc? ] — JdA¢? n _A_’ & == A2’ ¢ = c ) Cin -c and D" =
o o c lo,cfAtt CCL-GDL CCL-GDL

4FDccrLCccL-GpL

——ceLccl-cbl (3.9)
oA.

et _ 0 and

The boundary conditions are givenby j* =0and C* =1 aty* =1, and j* = J*, o

N =MNocc. at y* =0, where n,cc. is the resulting overpotential at the CCL-membrane

interface required to sustain current density /. We also note that the quantity D* defined in
equation (39) is the ratio of ]crit,(OZ)transport and ]crit,(H+)transport-
The solution to equations (3.6-3.9) describes the current-overpotential relation (polarization

curve) of the PEM fuel cell. Z—Z: — 0 and Z—; — 0 respectively denote the regimes of ideal

proton transport across the CCL and ideal oxygen transport across the CCL for which analytical

solutions to equation set (3.6-3.8) have been derived in the literature (refer chapter 2). We now
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explore generalized solution to (3.6-3.9) when neither Z—Z: - 0 nor Z—f; — 0 holds true. Thus,

both oxygen transport resistance and proton transport resistance will be simultaneously

significant which results into two possible sub-regimes of operation namely,

H *
]crit,(OZ)transport < ]crit,(H+)transport e, D" <1 and ]crit,(oz)transport > ]crit,(H+)transport

ie., D* > 1.

e The regime of simultaneous oxygen and proton transport limited reaction kinetics in

the CCL for the case of "Diﬂ « T

t I’

ie.D*«1

The solution to MH CCL model (equations 3.6-3.9) in the limiting case of ‘ideal proton
transport’ was presented by Kulikovsky (2010) [42]. In this limiting case the overpotential 7 is

spatially uniform in the CCL (equivalent to having nearly infinite proton conductivity), and

4FDccrCin

. A . .
since < Gl <, therefore oxygen concentration decreases rapidly near CCL-GDL

t t

interface and goes to zero (refer section 2.1.1 of chapter 2, ideal proton transport in the CCL).

This regime is valid only when J;p¢a1 < ”l—AC. In practical situations such as for humidified low
t

ogA;

temperature PEM fuel cells, l
t

~0.65—-1 C% and therefore the analytical expression derived

by Kulikovsky is valid only till J;,;qr < 0.65 m%' This establishes a need to explore more

realistic expression for polarization curve for higher current densities where both oxygen
diffusion resistance and proton transport resistance will simultaneously influence the overall
ORR rate. In this regime one can expect the oxygen concentration to again decrease rapidly
near the CCL-GDL interface but n will no longer remain uniform in the CCL. Indeed an
overpotential gradient will be required to drive protons from the CCL-membrane interface to
the CCL-GDL interface because of finite resistance to proton conduction. It should also be

noted that once oxygen concentration reduces to zero in the CCL (say at y* =§), the
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consumption rate becomes zero and consequently, j* becomes independent of y* (equation 7)

while n decreases linearly along y* (equation 8). These expected profiles are schematically

shown in figure 3.1.

1
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/ !
0.8 n
No,ccL
0.6
0.4
0.2 C
Cecr-6nL J
0
0 0.2 0.4 0.6 0.8 1
| Y |
| 8 —1-5—

Fig.3.1 Pictorial representation of profiles of current density, overpotential (n = 1, ¢, at y* = 0) and

- 3FD Cj 3FD Cj A
concentration for J > ===t qngd =—=CCL=n < %
t t t

Since the boundary condition dictates that Z—Z:: = 0 at y* = 1, therefore it is possible to

expand exp(n*) around ngp, over the region § < y* < 1as
exp(n”) = exp(Map){1 + ngp, (7 — 1)} (3.10)

where, 7] = n;’j and ngp, IS the overpotential at y* = 1.

The length scale (1 — §) in figure A-1 can be estimated from equation (3.8) and equation

(3.6) as,
(1-8)~2% (3.11(a))
(1-8)~% (3.11(b))
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exp(MgpL)
SZCi*n

where, p = . Equating these expressions gives the useful relation,

J*2~D*p (3.11(c))

Combining equations (3.7) and (3.8) by eliminating j* and integrating using the boundary

condition, j* = 0 and C* = 1 at y* = 1 gives another useful relation,
Nep(—1) =CD"+]"(1—-y*) - D" (3.12)

We now seek a power series solution for equations (3.6)-(3.8). From the expected profiles
shown in figure A-1, we will need higher order polynomials for j* and C*. Here we specify a
5™ order polynomial for j*. As will be shown later, the final solution is independent of the

assumed order of the polynomial as long as it is sufficiently high.

Jr =2 a1 -y (3.13)
Substituting for j* in equation (3.8) and integrating the same gives the concentration profile
c=1-La-y+2@a -y (3.14)
Substituting for C* in equation (3.12) gives the overpotential profile

Moo (=1 = T, == (1 -y (3.15)

We now substitute equations (3.10) and (3.13)-(3.15) in equation (3.6) for the particular case

of D* « 1, which also implies p > J** from equation (3.11(c)) and hence (1 — §) « 1. This

gives,

p]*
2D*

a,=p ay=—"Land a,,, ~ %[ ] (forn > 1) (3.16)

an
(n+1)D*
Substituting equation (3.16) back into equations (3.13)-(3.15) gives profiles of j*, C* and

nep, (7 — 1) for § < y* < 1 as follows
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j* = Ji + pD" sinh( JE (1-y") — ji cosh( [Z(1~ ")) (3.17)
C* = cosh( |2 (1-y") - \/%sinh( \/gm ) (3.18)

g — Y cosh(\/g(l — ) - j%sinh (\/gm - y*)) +js(1—y) =D (3.19)
D*

Substituting j* = J* and C* = 0 at y* = § in equations (3.17) and (3.18) and solving them

together gives

J* = JpD" = eXP(GpL) 1)« (3.20)

e2Cin
Equation (3.12) at y* = § gives
M")s =ngp, +J°(1=6) — D" (3.21)

Since j* = J* isa constant over 0 < y* < § therefore equation (3.7) (Ohm’s law) dictates that

n* has to be linear in this domain. Thus,

(1o-5 = No,ccL =I'Y" (3.22)

where, n* =1, cc, at y* = 0 i.e., at membrane-CCL interface. At y* = § the two solutions
given by equations (3.21) and (3.22) must match. Equating them and substituting equation

(3.20) for ngp,, we get for D* < 1,

* ZC? 2 *
Mocer = n {0 4 (329

For the limiting case when proton transport resistance is negligible i.e. J* « 1, equation (3.23)

simplifies to

2% %2
NoccL = In {%} (3.24)
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*

which is in fact the polarization curve for the case of ideal proton transport (— — 0) but with

dn
dx*
considerable oxygen transport resistance across the CCL (Kulikovsky 2010, [42]).

It is informative to write Equation (3.23) alternatively in dimensional form as

J J J
nO,CCL = ACln {—} + ACln {4FDCCLCin/CCCL—GDL)} + T (325)

. CccL-6pL o/l
lo,cAlt( Cin ) I { Cin /e

The right side of equation (3.25) shows contributions of intrinsic Kinetics (first term), mass
transfer resistance for oxygen in the CCL (second term) and proton transport resistance in CCL
(third term) to the overall cathode overpotential. In fact, the form of equation (3.25) can be

intuitively expected. In the region 0 < y* < § the proton flux experiences just the ‘DC’
resistance of (§~%) because in this region the consumption rate of protons is zero due to

absence of oxygen. This gives the overpotential contribution due to proton transport as
expressed by the third term of equation (3.25). This ‘DC’ resistance is in series with the

resistance of oxygen transport modulated ORR Kinetics in the region § < y* < 1 where proton
transport resistance (~ ?) is negligible. Thus, the oxygen transport modulation of ORR is

given by equation (3.24), or equivalently, by the first two terms of equation (3.25). Hence the

three terms are added to give the total overpotential.

Equations (3.23) or (3.25) represents the iR-free polarization curve when both transport
resistances across the CCL namely oxygen transport resistance and proton transport resistance
simultaneously modulate the rate of oxygen reduction reaction for the case D* « 1. Thus we

expect these expressions to be valid for current densities greater than J.,i¢ 02 transport-

We first compare the polarization curves predicted by equations (3.23) and (3.25) with the

polarization curve predicted by three-dimensional numerical simulation in figure 3.2. The
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details of the numerical simulation are provided in section 2.2 of chapter 2. The numerical

values of oxygen diffusion coefficient (D, ) and proton conductivity in the CCL are, Dy, =

4FDccLCin

—om? — 02 A _ 285 (A _ A i -
5.06 X 10 . ( =0.2 sz) and o = 2.8m ( 0.91 sz) ensuring that D* =

I,
0.22 (< 1). The intrinsic volumetric exchange current density is taken to be i, .A = ~ 0.5 X
107 %. The other model parameters were selected to ensure that there exist no limitations on

mass transport of oxygen through the GDL and in the channel. Also, the stoichiometry selected

was high enough to ensure that oxygen concentration at CCL-GDL interface remains equal to

m

2
inlet oxygen concentration over entire active area (DGDL =1.79x 107° mT Upn=13 ?,D =

2
4x107° mT) The numerical values of proton conductivity of the membrane and electrical

conductivity of GDL are assigned to be high enough such that the resulted polarization curve

in the three-dimensional numerical simulation is ‘iR-free’.

As can be observed from figure 3.2, polarization curve predicted by equation (3.25) gives
an excellent match with the polarization curve predicted by three-dimensional numerical
simulation over entire range of current densities | > J it 02) transport, Whereas polarization
curve predicted by equation (3.24) shows considerable deviation at high current density. Thus,
equation (3.25) gives a comprehensive expression of polarization curve of PEMFC when
oxygen transport and proton transport resistances are simultaneously modulating overall ORR

kinetics with the condition D* < 1.

That the improved predictive ability of equation (3.25) is indeed because of relaxing the
assumption of uniform overpotential in the CCL is confirmed by comparing the profiles of j*,
C* and n* along the thickness of the CCL (equations (3.17)-(3.19) and (3.22) respectively),

with the profiles predicted by three-dimensional numerical simulation. Figure 3.3 illustrates
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this comparison at the operating current density of /] = 0.98 C:l;z. As can be noted, analytical

predictions show excellent agreement with numerical simulation results.

0.95
0.9
0.85
0.8
0.75

o 3D simulations - Tafel kinetics

3 --- Equation (3.24) — Equation (3.25)
)

0.7
0.65

Voltage (V)

0.6
0.55

0.5

0 0.4 0.8 1.2 1.6 2 24 2.8

Current density (A/cm?)

Fig.3.2 Comparison between the polarization curves predicted by analytical expressions and that
obtained from three-dimensional numerical simulation for D* « 1 and My < 1

Fig.3.3 Comparison between the profiles of current density, oxygen concentration and overpotential
obtained by analytical expressions (lines) and three-dimensional numerical simulation (circles:
0Xygen concentration, squares: current density, cross: overpotential) at 1.83 A/cm? (cell voltage ~0.63
V) forD* « 1
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e The regime of simultaneous oxygen and proton transport limited reaction kinetics in

the CCL for the case of "Diﬂ > ”l—A” ie,D*>1

¢ ¢

Kulikovsky (2010) [42] provided the equation of polarization curve in the regime of ideal
oxygen transport wherein oxygen concentration is uniform in the CCL while overall ORR
Kinetics is modulated by resistance to proton conduction for | > Jrit (n+),transpore (refer
section 2.1.1 of chapter 2, ideal oxygen transport). In this regime, the proton flux and
consequently the reaction rate decays sharply from the CCL-membrane interface. While this
regime implies very high values of D.;, in reality the finite value of diffusion coefficient will
ensure that both proton conduction and oxygen diffusion resistances in the CCL will
simultaneously modulate ORR kinetics. In this regime also, we can expect a thin reaction zone
near the CCL-membrane interface. However, the absence of reaction and the non-negligible
oxygen diffusion resistance in the region away from the interface will set up a linear gradient

of oxygen concentration in the CCL in order to transport the oxygen to the reaction zone. In

*

the reaction zone itself, the boundary condition ac

=0 at y* = 0 requires the oxygen

*

concentration profile to become independent of y*. Therefore, the expected profiles of oxygen

gA 4FDccLCi
and — < ——=

concentration, current density and overpotential in the CCL for | > l .
t t t

oAc
l
are schematically shown in figure 3.4.

The linear oxygen concentration profile can be determined from equation (3.8) by invoking
j*=01in§ < y* < 1. Neglecting the flattening out of oxygen concentration in the reaction

zone, the oxygen concentration profile in the CCL can be given by

cr=1-2a-y9 (3.26)




Chapter 3

0 0:2 0.4 0.6 0.8 1

Fig3.4 Pictorial representation of profiles of current density, overpotential (n = 1, ¢, at x* = 0) and

. A A 4FD C; . . . .
concentration for | > % and % < % The dotted line is the uniform oxygen concentration
t t t

as assumed in Kulikovsky (2010)

Equations (3.6), (3.7) and (3.26) then simplify to,

J* *
a2 1a? d_j*dln{l—ﬁ(l—y )}
dy*2 T 2 dy* - dy* dy* (3'27)

Given that we are exploring the case of D* > 1, ln{l —{)—1(1 —y*)} ~ —é—i(l -y,

therefore, equation (3.27) takes the form,

azjc  1dj*?  Jrdjr

Equation (3.28) can be integrated twice to give a profile of current density as,
j*=¢tanfia -y - 20} (3.29)
Equations (3.6), (3.26) and (3.29) then give a profile of overpotential as,
{ZC;HEZ { * 2]* z
——j1+(tan(2(1-y" —55=)
7 =In|— { (o)) } (3.30)

J* *
1-La-y)
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Here, ¢ is a constant and can be found by substituting y* = 0 and j* = J*in equation (3.29).

FOr J > Jcrit,(+) transport: WE g€t tan {% 1- ;2—]1;)} > 1. Therefore, equation (3.30) gives,

Mocc, =In|—5 (3.31)

Equation (3.31) can be recast in a dimensional form as,

( \
, [,

NoceL = 24c I =1+ 24.In - (3.32)

\/ le fo,cAl( Cin ) | | 4FDCCLCin,CCCL—GDL)

k It \ Cin ))

For the limiting case when | « WM, equation (3.32) gets transformed to,
t
J

No,ccL = 24c1n (3.33)

20Ac. Cc -
Clo CAlt( CCL GDL)
I ! Cin

Equation (3.33) is in fact is the same expression derived by Kulikovsky (2010) [42] for the
case of ideal oxygen transport. An important difference between equation (3.32) and equation
(3.33) is the presence of the second term on the right-hand side of equation (3.32), which arises

as a repercussion of finite oxygen transport resistance. An interesting feature of equation (3.32)

is that 7 — o when J — WM i.e., the polarization curve will tend to show a limiting

t

current. Interestingly, low humidity fuel cell operations do tend to show such limiting current

behaviour in polarization curves (Chen et al. 2017, [91]).
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Figure 3.5 compares the polarization curve predicted by equation (3.32) and equation (3.33)

with the polarization curve predicted by three-dimensional numerical simulation. In this

2
simulation, we have assigned the following values of model parameters: Dgc;, = 1 X 10‘8"1?

and a=0.026%, which  respectively imply ]Cm,(oz),tmnspmzosi and

cm?

Jerit,(H+),transport = 0.0083 C% so that D* = 48. The intrinsic volumetric exchange current

density is taken to be i, ;A = ~ 0.5 x 107 %. We reiterate that the numerical values of other

model parameters were selected to ensure that there exist no limitations on mass transport of
oxygen through the GDL and in the channel. Also, the stoichiometry selected was high enough

to ensure that oxygen concentration at CCL-GDL interface remains equal to inlet oxygen

2
concentration over entire active area (Dgp, = 1.79x 107", U;, = 1.3=,D = 4 X
S S

2
10‘5m7) and the numerical values of proton conductivity of the membrane and electrical

conductivity of GDL are assigned to be high enough such that the resulted polarization curve

in the three-dimensional numerical simulation is ‘iR-free’.

It can be noted from figure 3.5 that the polarization curve predicted by equation (3.32) is in
close agreement with the polarization curve predicted by three-dimensional numerical
simulation whereas polarization curve predicted by equation (3.33) shows considerable
deviation. The feature of limiting current is evident from the polarization curve predicted by
numerical simulation and is also captured in polarization curve predicted by equation (3.32).
This is clearly absent in the polarization curve predicted by equation (3.33). Figure 3.6
compares local profiles of C*, j* and n* along the thickness of the CCL predicted by equations

(3.26), (3.29) and (3.30) respectively, with those predicted by numerical simulation at the same
current density of ] = 0.27 C%. It is evident that analytical predictions match reasonably well

with the predictions of numerical simulation.
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The deviation between the polarization curves predicted by equation (3.32) versus three-

dimensional numerical simulation is a consequence of assumption of linear profile of oxygen

concentration in the reaction zone, whereas as mentioned earlier, the oxygen concentration

should flatten out near CCL-membrane interface. Because of this, the reaction zone actually

needs lower flux of oxygen than that assumed by the analytical model and hence the limiting

current density predicted analytically is smaller than that predicted by simulations.

Nonetheless, the analytical model does capture the limiting current behavior qualitatively

whereas the same is clearly absent in the earlier work (Kulikovsky 2010 [42]).
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Fig.3.5 Comparison between the polarization curves obtained by analytical expressions and three-
dimensional numerical simulation for D* > 1and M; < 1
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Fig.3.6 Comparison between the profiles of current density, oxygen concentration and overpotential
obtained by analytical expressions (lines) and three-dimensional numerical simulation (circles:

oxygen concentration, squares: current density, cross: overpotential) at 0.31 A/cm? (cell voltage ~ 0.7
V) for D* > 1

We will show in 7 that for many realistic cases of PEM fuel cell operation such as a fully
humidified low temperature PEM fuel cell, which is also experimentally investigated in this
thesis, the sub-regime given by D* < 1 turns out to be more relevant. Thus, we will restrict the

scope of the following derivation to the case D* < 1.

In summary, equations (3.25) and (3.32) describe the ] — 1, ccr. — Cecr—-gpr relationships in
the regime of simultaneous oxygen and proton transport modulated ORR kinetics and when
the rate of diffusion of O in agglomerates is much faster than intrinsic ORR rate so that M; <

<landE(np) = 1.
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This represents the case when rate of diffusion of Oz in agglomerates is considerably slower

than the intrinsic ORR rate, and consequently the effectiveness factor can be approximated as

E(n) = Mit Therefore, equation (3.1) can be modified as,

dj
dy

o \/iO,CA[exp(:C)PGFDagng WAl

> X
Ragg a Cin

Note that, 2 =1 — &, Where, g.¢; is the porosity of the CCL.

Equation (3.34) can be re-cast in non-dimensional form as,

2 dj’
eoc L =

mn dy*

—C"[exp(n")]

And equations (3.2) and (3.3) can be written in non-dimensional form as,

dn' _ .y
dy* -

dac* .
DI - =]I _jl

dy

. J / J / n Iz 204 1 _ 4FDccLCccL-GDL
Here, j' =52 = 551 =— " = D' = —CCL-CceL-GDL
’ _] 20Ac ’ ] 20Ac¢! T] ZAC’ io,cAltz-1 204,

I It

io,cA
36FDaggCin(1—€ccL)/Régg

(3.34)

(3.35)

(3.36)

(3.37)

and 0 =

(3.38)

Noting the similarity between the equation sets (3.35-3.37) and (3.6-3.8), it is

straightforward to show that the solution to the equations (3.35-3.37) is given by

(3.39)
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Which, in dimensional form is given by

No,ccL = Acln {io CAlt(CCCL—GDL)} + Acln {4FDCCLCin,CCCL—GDL)} T m +
! Cin

It L Cin

]Z

ACln 4FDccrCin 36FDaggCin(1_ECCL) It CccL-GDL 2 (3'40)

(ERecLCin 0 Dagy. x—lt) CecL=apLy
agg agg in

The first three terms on the right side of equation (3.40) have the same meaning as those in
equation (3.25). The additional fourth term is the contribution of oxygen transport resistance

in the ionomer phase inside the agglomerate. This contribution will become substantial when

] > ]crit,(OZ) transport in CCL and agglomerate: where

4FDccLCin

_ 36FDggqCin(1—€ccL) Iy
]crit,(OZ) transport in CCL and agglomerate — ( 1, )( R X

ey (3.41)

agg

agg

It is worth noting here that in equations (3.25) and (3.30), the third term on the right side can
be identified as an ohmic contribution of the CCL to the cathode overpotential whereas all other
terms contribute to iR-free cathode overpotential. In other words, we can visualize proton
transport resistance in the CCL as a DC resistance, which is in series with the oxygen transport

resistance in CCL. Hence, we can recast equations (3.25) and (3.40) in the form,

]
No,ccL = Mo,iR—freeccL t oL (3.42)

Note that the first term in equation (3.42) is equivalent to the case where the overpotential
across CCL is constant, while the second term entirely accounts for the gradient in
overpotential in CCL for finite values of a. The iR-free overpotential in equation (3.42) takes

the form

J J
no,iR—free,CCL = ACln . CCCL—GDL + Acln 4'FDCCLCin CCCL—GDL (3'43)
lD,CAlt(T T(T)
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or equivalently,

4FD Cin . iR— C -
J = ccLCin i, Al [exp (no,lR free,CCL)] CCL—-GDL (3.44)
It ! Ac Cin

when ] < ]crit,(oz) transport in CCL and agglomerate*

Alternatively, the iR-free cathode overpotential takes the form

_ J J
No,ir-free,ccL = Acln {i Al (CCCL—GDL)} +Acln {4FDCCLCin(CCCL—GDL)} +
o,catt Cin [

I in

]2
Acln {(4FDCCLCin)(36FD!199Cin(1_5CCL)X [ CCCL—GDL)Z} (345)
Iy Ragg Ragg Cin
or equivalently,
36FD;,,Cin(1— 1 . iR— C _
] — 4FDCCL Cin agg m(1—€ccL) x lo CA [exp (no,lR fTee,CCL)] CCL—-GDL (346)
Ragg Ragg ! Ac Cin

when ] > ]crit,(OZ) transport in CCL and agglomerate-
1

3.3) General case: < E(np<1
T

We derived the exact analytical solutions to equations (3.1-3.3) in the limiting cases of
M; < 1and My > 1. As noted earlier, both asymptotic solutions suggest that it is possible to
find the | —7g,ir—freeccL — CccL—gpr Telation by considering 7 in equation (3.1) to be
independent of y and then separately adding the proton transport resistance in the CCL asa DC
resistance to obtain / — 1, cc. — Cecr—gpr relation. We apply the same logic to the transition
regime and first find the ] — 7, ir—free,cc. — Cecr—-cpr relation in this transition regime by
assuming n in equation (3.1) to be independent of y. This is identical to the regime of ideal
proton transport (refer section 2.1.1 of chapter 2, ideal proton transport) and therefore, in the

most general case, equation (2.9) from chapter 2 takes the form
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] — 4FDLI‘CLCin
t
, No,iR—free, . Mo,iR-free,
lo,cAlt[EXp(%:eem‘ﬂXE('Io,iR—free,CCL) h lo,cAlt[exp(%:eem')]XE(no,iR—free,CCL)
4FDccrCin tan 4FDc¢clCin
It It

Cccl—-

CCL—-GDL (3.47&)
Cin

To this 1, ir—free,cc, the overpotential contribution due to proton transport resistance in the

CCL can be added linearly (see equation 3.42) and thus, /] — 1,,cc. — CecL—gpi relation in the

most generalized case is also,

J
No,ccL = MNo,iR-freeccL T ol (3.47b)

Here, 1, ir—free,cci, 1S given by equation (3.47a).

Figure 3.7 compares the polarization curves predicted by i) equation (3.24), ii) equation

(3.25), iii) equation (3.40), iv) equation (3.47) and v) three-dimensional numerical simulation.

i _ —om?  #FDcciCin _ (5 A_ _ 285 (%A _ g1 A
While Deg, =5.06x 10707 (2% =02 2 and 0=282 (F2=091 5

ensuring that D* = 0.22 (< 1), the numerical value of oxygen diffusion coefficient in the

2
agglomerate (Dgg4, ~ 10711 mT), radius of the agglomerate (R,,, ~ 100 nm) and porosity of

36FDgggCin(1—€ccL) le A
s X~ ~10 — and therefore
g9 agg

the CCL (ecc, ~0.3) leads to

A . . . .
Jerit,(02) transport in CCL and agglomerate ~ 1.5 — The diffusion of oxygen in the ionomer

phase of agglomerate can be estimated by Bruggeman correlation, D, 4, = ng:gsgDOZ—ionomer

[92], where &, is the volume fraction of ionomer in the agglomerate (it is straight forward to

g1 (ilonomer volume fraction in the CCL
show that £, = A ! ))) a

Nd Do2—ionomer 1S the bulk diffusion
1-gccL
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2
coefficient of oxygen in ionomer. When nafion is used as the ionomer, Do, _pnafion ~ 10710 mT

[93]. Therefore, for ¢ ~ 0.2 and e, ~ 0.4, the value of D_agg obtained from the Bruggeman

2
correlation is Dggg ~ 1071 mT The value of CCL porosity €cc, ~ 0.4 is representative of

random close packing of spherical agglomerates. The value of R,,, was chosen to be ~100
nm, which is within the range determined experimentally using nanometer scale Xx-ray
computed tomography, TEM and mercury injection porosimetry techniques [94]. As stated
earlier, the numerical values of other model parameters were selected to ensure that there exist
no limitations on mass transport of oxygen through the GDL and in the channel. Also, the
numerical values of proton conductivity of the membrane and electrical conductivity of GDL
are assigned to be high enough such that the resulted polarization curve in the three-

dimensional numerical simulation is ‘iR-free’.

Figure 3.7 clearly shows that the polarization curve predicted by equation (3.47) gives an
excellent match with the polarization curve predicted by three-dimensional numerical
simulation. As expected, the polarization curve predicted by equation (3.40) matches with the

three-dimensional  numerical simulation at only high current density (J >

Jerit,(02) transport in CCL and aggtomerate (~ 1.5 —=)) whereas polarization curve predicted by
equation (3.25) which does not incorporate oxygen diffusion resistance in the agglomerates
deviates at high current density. It must be noted here that equations (3.25) and (3.40) describe
the iR-free polarization curves for the asymptotic cases My << 1 and My >> 1 respectively. It

is evident from the figure 3.7 that the polarization curve predicted by equation (3.47) (general

case: ML < E(n) < 1) not only agrees with the asymptotic solutions but also connects them in
T

the intermediate region. This suggests that the method of separating potential losses due to

oxygen transport and proton transport in the CCL, which was rigorously derived for the

asymptotic cases, does work for the general case also.
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Fig.3.7 Comparison between the polarization curves obtained by analytical expressions and three-
dimensional numerical simulation for D* «< 1

3.4)  Conclusion

In conclusion, we have derived ] — 1, cc;. — Cccr—gpyr relationships for all possible regimes
of CCL operation; and these are summarized in table 3.1. The simplifications invoked while
deriving analytical | — 1, cc. — Ceco—gpr relationships are validated by comparing the
predictions of analytical with the predictions of three-dimensional numerical simulations
wherein no such simplifying assumption are made. While the analytical / — 7, cc. — Cecr—cpL
relationships were known in the limiting regimes of CCL operations (Regime 1-3) which
demands unrealistic values of D¢, or o, the present work provides | — 1, cc. — Cecr-6pL
relationships in the regimes of CCL operation which are practically relevant (Regimes 4a, 4b
and 5). This work also derives the most generalized /] — 1, cc; — Cecr—gpr relationship which
is valid over entire range of current density that relates the cathodic overpotential 1, ¢ to the
current density J by accounting for simultaneous oxygen and proton transport resistances in the

CCL coupled with oxygen transport resistance in the agglomerates.
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We further note that the oxygen transport resistances in GDL and flow channel will affect

only the iR-free part of the cathode overpotential (1, r—freeccr) through modulation of

CccL—cpL- The repercussions of these resistances on the polarization curve of PEM will be the

main focus of the three subsequent chapters: Chapter 4 couples the oxygen transport resistances

in GDL and flow channel for the case of reaction controlled regime of CCL operation i.e.

Regime 1 (Table 3.1), whereas chapters 5 and 6 focus respectively on Regimes 2,3 and Regimes

4h,5.

Table 3.1 Regimes of CCL operation and corresponding ] — n, — Cccr—¢py, elations

Regime 1

Intrinsic kinetics

control case

J<

4FDc¢cLCccL-GDL

I

20A¢

and ] <
t‘

J = g Al exp(TeCey EEL=GDL (K ylikovsky 2010, [42])

Regime 2

Ideal proton
transport case

J>

4FDc¢cLCccL-GDL

I

20A
and <
t

— OO0

J= \/OCAlt HDcerCin exp(noszL) feeL=6pL (Kylikovsky 2010, [42])
t

Regime 3

Ideal oxygen
transport case

204
]>%and
t

4FD C —
CCL-“CCL-GDL N

le
oo

J= JlocAltzaA CCCL-GDL gyp(ToS5L) (Kulikovsky 2010, [42])
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Regime 4a

Simultaneous
oxygen and
proton transport
limited case

<1

20A.
J>=

(D* > 1)
(My < 1)

and

J
4FDccLCinCccL—GDL
It Cin

(This work)

_ s 20A¢ CccL-GDL
= \/I’O,CAlt . C
t m

exp(

24,

770,CCL)

Regime 4b

Simultaneous
oxygen and
proton transport
limited case

J>
4FDccLCccL-6DL
le
and (D* < 1)

My < 1)

C

CCL-GDL

4FDccLCin (T)o,iR— free,CCL)

]:\/io,cAlt I 24,

_ ]
No,ccL = No,iR—free,ccL T oL

(This work)

Cin

Regime 5

Simultaneous
oxygen and
proton transport
limited case with
agglomerate
resistance

J =

le

] >
4FDccLCccL-GDL %
le
\/36FDaggCin(1—€CCL)

2
Ragg/lt

and (D* < 1)

4FDccLCin

No,iR—free,CCL

CccL-GpL

36FDgggCin(1—€ccL) x It
Ragg

exp (

Ragg

\/iO'CAlt
J

Mo,ccL = No,irfree,ccL + o

(This work)

34,

)

Cin

Most generalized polarization curve:

X Mo,iR—free,CCL i Mo,iR—free,CCL
4FDccrCin Lo,cAlt[eXP(T)]E(no,iR—free,CCL) tanh lo.cAlt[eXP(T)]E(no,iR—free,CCL) CccL—GDL
4FDcc1.Cin 4FDcc1Cin Cin

l
t 1

le

J

L= iR— Lt =
770,CC 770,1 free,CC O’/lt

(This work)
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Chapter 4

Isothermal two-dimensional model of a proton
exchange membrane fuel cell: Analytical solution for
reaction-controlled regime of CCL operation

The content of this chapter is published in,
“Chemical Engineering Science, volume no. 190, 23" November 2018, pages: 333344 [95].
The typical boundary condition of uniform oxygen concentration at CCL-GDL interface in
one dimensional modelling of CCL, (as was assumed in chapter 3) is typically not true in
practical situations. It is intuitively clear that consumption of oxygen in the ORR would reduce
its concentration in the oxidant during its travel in the flow channels of the cathode plates.
Therefore, oxygen concentration at the CCL-GDL interface should also reduce from inlet to
the outlet. This non-uniformity of oxygen concentration gives rise to a current density profile
along the channel. Three-dimensional numerical simulations of PEMFC rigorously account for
the non-uniform oxygen concentration at the CCL-GDL interface over the entire active area.
Some of the earlier work in this area are by [71-80], while a comprehensive review of prior
work in this area can be found in [81-85]. However, analytical treatments of governing
equations are sparse even in the limiting cases. The only exception is the work of Kulikovsky
et al. (2004) [63] and Kulikovsky (2004) [64] who proposed a two-dimensional isothermal
model comprising intrinsic Tafel kinetics in the CCL and oxygen transport resistance across
the GDL coupled with material balance equation along flow channel, and provided analytical
derivation of the current-potential relationship (refer section 2.1.3 of chapter 2). However, it

was assumed that flow in the channel was plug flow and oxygen concentration was allowed to
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vary only along the channel length but not along the channel depth. Under typical operating
conditions of PEMFC, the flow in channels is laminar and therefore the assumption of plug
flow is not realistic. Furthermore, as will be seen later, the resistances to oxygen diffusion in
the GDL and in the channel are of the same order for a typical fuel cell construction. Hence,
the assumption of uniform oxygen concentration along the channel depth is also not realistic.
In particular, this assumption can lead to considerable deviations at high current density as will
be shown later. A comparison between three-dimensional numerical simulation of governing
equations and the two-dimensional analytical model proposed by Kulikovsky et al (2004) [63]
should bring out the criticality of these assumptions and to the best of our knowledge, literature

lacks such a comparison.

This chapter relaxes the assumptions of laminar flow and uniform oxygen concentration
along the channel depth and presents analytical solutions of the revised two-dimensional
model. The effects of relaxing the two assumptions are highlighted by comparing the model
predictions with those of Kulikovsky et al. (2004) [63] as well as with the results of full three-

dimensional numerical simulation of PEMFC under identical operating conditions.

4.1) Mathematical model

y é y = h (channel wall)
g,
L <
X .=
S
o y = —h (channel — GDL inter face)
Cch—apL
GDL
Cecr—6pL
CCL

Fig.4.1 A typical two dimensional domain in PEMFC
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Figure 4.1 depicts the two-dimensional domain of the model comprising a channel of length
L and depth 2k in which laminar flow of the reactant gas occurs along the axial (x—) direction
and flow gradient is along the transverse (y—) direction. Channel wall is located at y = h and
channel-GDL interface at y = —h. No-slip condition is assumed at both boundaries. Because
of the reaction in the CCL and the consequent consumption of oxygen, the oxygen
concentration in the reactant gas is expected to vary along both x and y directions in the flow
channel. Oxygen flux at the channel wall is zero while that at the channel-GDL interface is

related to the rate of consumption by ORR in the CCL.

At steady state, transport equation for oxygen in channel can be written as,

ac _ 0%Cc | 9%C

ax ox2 W (4.1)

where C(x,y) and u(y) are respectively the local oxygen concentration and velocity at any
point (x,y) in the channel and D is the oxygen diffusion coefficient in channel. It is assumed
here that the volumetric flow rate in the channel does not change along the length. This is a
reasonable assumption if the change in number of moles due to ORR is not substantial
compared to the inert concentration (N>) in the flow for a given stoichiometry. This assumption

is revisited later in this chapter.

For typical commercial fixtures of closed cathode type such as 25 cm? or 100 cm? of Fuel Cell
Technologies Inc., whose specifications given in Table 4.1, operating at 1 A/cm? with air
stoichiometry of 3 on the cathode side, the Reynolds numbers turn out to be ~ 440 and ~ 780
for 25 cm? and 100cm?, respectively. This suggests that the flow in the channels is in the
laminar regime. Estimation of Reynolds number in flow fields of larger area cathode plates

also suggests laminar regime of flow. Further, as will be verified later, it is appropriate to
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2 2
neglect the term ZTE when compared with the term Z—yi in equation (4.1). Thus, equation (4.1)

can be written as

3 v\?lac _ 8%
2 Umean [1 - () ]a = Doy (4.2)

where U,,.qn 1S the average inlet velocity. The boundary conditions are,

ac

Aty =h, =0 (4.33)
Aty = —h, 4FDZ—§ =J (4.3b)
Atx =0, C =Ci,,(y) (4.3c)

Here J is the local current density at any point ‘x’ along the channel length and C;,, is inlet
oxygen concentration. The boundary condition (4.3c) essentially neglects the entry effect and
suggests that a steady state concentration profile is developed only along the channel depth.

The consequences of this assumption are discussed later in the chapter.

Table 4.1 Specifications of typical commercial fixtures (by Fuel Cell Technologies., inc)

Parameter 25 cm? 100 cm?
Flow field type Serpentine | Serpentine
Number of channels 3 4

Width of the channel 0.8 mm 0.8 mm
Depth of channel 1 mm 2 mm

Volumetric flow rate of air
according to stoichiometry of 3 | 1.24 Ipm 4.97 Ipm
at 1 A/lcm?
Reynolds number ~ 440 ~ 780

It may be noted here that the governing equation (4.2) is similar to the classical Graetz problem
of heat transfer albeit with a different boundary condition (Leal 2007 [96]). The classical Graetz
problem has a constant temperature boundary condition (analogously, a constant oxygen

concentration at the wall) whereas the boundary condition given by equation (4b) for the
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problem of our interest involves a flux that varies in the axial (—x) direction. Therefore, while
the solution to Graetz problem is not applicable to our problem directly, nonetheless, we invoke
a similar methodology of separation of variables followed by a power series approach to seek

a solution to equation (4.2) and equations (4.3a-4.3c).

We look for analytical solutions to equation (4.2) by invoking separation of variables such

that C = C,(x)C,, (y), where C,(x) has dimensions of concentration and scales with C;,, while
C, denotes the dimensionless concentration profile along the channel depth. Substituting in

equation (4.2) gives

1 dcC D 1 d?c
Gax T3 Ty M (44)
x EUmean(l_(E) ) y

Strictly speaking, there exists a finite length near the inlet over which the concentration profile
develops with the flow and after which it becomes self-similar for any ‘x’ thereafter. Neglecting

this entry length (as reflected in equation (4.3c)), we propose a solution as,

C(x,y) = Cinexp(—m*Lx*)C,, (4.5)

2.2
Withx* =, C; = Cy, y* = and k* = %W equation (4.4) yields,

2%
a*cy _

o=~k -y)G (4.6)

We expect to have a monotonic decrease in oxygen concentration along the depth of the
channel from a maximum value near channel wall equal to C;, exp(—m?Lx*) to some
minimum value at the channel-GDL interface. We, therefore explore a power series solution

for C;, as follows

C) = Bnco@n(1 = y*)" (4.7

Substituting equation (4.7) in equation (4.6) and simplifying we get,
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agk?
a, = 0, asz = — 03 and Apni4z =

k2(an_p—an_1)
n+2)(n+1)

The condition of maximum concentration near the channel wall suggests that C; = 1 at y* =

1 and the boundary condition (4a) yield a, = 1 and a; = 0. Furthermore, the recursive formula
2

. k . .
for a,,, gives a, = o W= 0, ag,a,,ag ~0(k*) and so on. Restricting power series to

0(k?), we get the approximate solution
Ci=1-21—yP+E0a -y (4.8)
y 3 y 12 Y '
Thus, oxygen concentration profile in the channel is,
2 * Kk? *\3 Kk? *\4
C = Cpexp(—m Lx){l—?(l—y) +E(1—y)} (4.9)
The unknown k2 and therefore m? can be estimated using the boundary condition (4.3b).

In the reaction kinetics-controlled regime, the overall consumption of oxygen is governed
by the intrinsic ORR Kinetics while the oxygen concentration remains constant along the
thickness of CCL. The current-overpotential-concentration relationship is then given by the

Tafel equation as

J = iy Al [exp (Uo,CCL)] CccL-GDL (4.10)

Ac Cin

Where, i, A is volumetric exchange current density (A/m?), I, is CCL thickness (M), 1, ccy i
cathodic overpotential which is assumed to be uniform along the length of the channel (V), A,
is Tafel slope (V) and C.c;_cp;. IS OXygen concentration at the CCL-GDL interface (mol/md).
Here, local J — 1,,cc. — Cecr-gpr telation at any point ‘x’ along the length of the channel is
assumed to be get dictated by one-dimensional MH model of the CCL (in reaction controlled
regime of CCL operation) i.e. the gradients in ‘x’ and ‘z’ directions in the CCL are assumed

to be negligible. This assumption is verified later in the sixth chapter. The relation between
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Cccr—gpr, and oxygen concentration at channel-GDL interface (Ccp—gpr = Cly;y=—n =

C,Cyly=_p) can be obtained by writing oxygen conservation equation across GDL as,
4FD , o, CccL-
lGDGDL (Cen-6pr — Cecr-cpr) = oAl [exp (11 ACCCL)] CcéinGDL (4.11)

Here, D¢p,. is the diffusion coefficient for oxygen in the GDL and [l;p; is the GDL thickness.

Defining J1_p = iy Al; [exp (""C“)] Jopy = 22epLlin o — 1B 3nq combining equations
lepL JepL
(4.10) and (4.11), we get,

1+a Cin

Note that J;p, is the limiting current density corresponding to the maximum flux of oxygen
diffusion through the GDL. Substituting equation (4.12) in the boundary condition (4.3b), we

get,

dCy _ f
e Gty =-1 (4.13)

4FD cm

Here, & = J1=D_ and Jaiff.cn =

Note that Jgrrcn is the limiting current density
Jdiff.ch

corresponding to the maximum flux of oxygen diffusing towards the channel-GDL interface in

the channel.

Now, equation (4.9) must satisfy equation (4.13) at y* = —1 and therefore,

k=322 (4.14)

4 1+a+é

Since a, & are positive numbers, it is clear from equation (4.14) that k? < 1 thus confirming

3 Umeanh?m?

that the series solution equation (4.7) converges. Recalling that k? = ST gives,

m?L = —L (4.15)

1+a+é
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8FUmeanhCin

Here B =22 and J;, =

; . Note that Js,, signifies the current density
flow

corresponding to the molar flux of oxygen that is convected in the channel. J¢,,,, is proportional

to the stoichiometry of oxidant.

Now, combining equations (4.9), (4.14) and (4.15), we get,

C(t,y) = Cexp(— o) {1 = s (1= )P + (1 =y (4.16)

1ra+é’ U a(1+a+d) 16(1+a+§)

Equation (4.16) defines the local oxygen concentration at any given point (x,y).

Correspondingly, the local current density at any point ‘x” along the channel is,

Cyx (0Cy _ *
J =22, ) = A exp(— 2 (4.17)

n lay* T 1+a+f 1+a+&

Equation (4.17) can be integrated over the channel length to yield the current-potential

relationship (polarization curve) for the entire active area. Thus, we get,

Jtotal = ]flow {1 —exp(— 1+i+f)} (4.18)
Note that,
o =12 (4.19)
JepL
=2 (4.20)
flow
_ _Ji-p (4.21)
Jdiff.ch

_ 4FDgpLCin

. 8FU. hC;
Where, Ji_p = i, Al [exp (—""ACCL)], oL = = ——mean—i
c

v Jriow = and Jaiff,cn =

lepL

4FDCip,
PR

Equation (4.18) gives an analytical expression for the polarization curve in a single straight-

channel flow field for the case of reaction-controlled CCL regime. In deriving equation (4.18)
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we have relaxed the assumptions of plug flow and uniform oxygen concentration along the
channel depth, which were invoked in the earlier efforts of analytical modelling (Kulikovsky
et al (2004) [63]). Before comparing the predictions of equation (4.18) with earlier work, we

will briefly discuss the limiting cases of equation (4.18).
Limiting cases
a) J1-p << Jriow Jaiff.ch JpL OV @, &, B << 1.

This physically means that the consumption rate of oxygen by intrinsic ORR kinetics is the
rate controlling step i.e., it is slower than the rates of oxygen transport across GDL, oxygen

diffusion in channel and inlet oxygen molar flow rate. This typically happens at lower

)z 1-—F_ Also, neglecting a and ¢

overpotentials. For «,§, 5 << 1, exp (— TrarE

1+a+é
relative to 1, equation (4.18) gives J:,:a1 = J1—p- Therefore, the power density is solely dictated
by intrinsic ORR kinetics in the CCL, while the gradients of oxygen in the channel and in the

GDL are negligible.

b) Jepr << J1i-pJaiffcn JpowOr @ >>1anda >>¢,B .

This regime implies that oxygen transport across GDL is the rate limiting step i.e., it is
slower than intrinsic ORR Kinetics, inlet oxygen molar flow rate and oxygen diffusion in
channel. This possibility can become a reality at high current density if the GDL is over-

compressed or flooded, causing substantial loss of porosity. For « >>1 and a > > ¢, 83, ,

B
1+a+é

exp (— ) ~ 1 —g and therefore equation (4.18) simplifies t0 J;pta1 = Jepr- The power

density is then limited by oxygen transport rate across the GDL.

¢) Jairfen << Ji-p:Jepr: JprowOr§é >>1and§&>>a,p.
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When the diffusion resistance for oxygen in channel is higher than diffusion resistance in
the GDL, and when the diffusive flux of oxygen in the channel is less than the rate of
consumption of oxygen by intrinsic ORR kinetics and molar flux of inlet oxygen, then equation
(4.18) yields Jiotar = Jaifr,cn- This could be possible at higher current densities when the flow

channels are deep and when the GDL is highly porous.

d) Jriow << J1-p:J6p1: JaiffcnOr B>>1and g >> a,§.

When the stoichiometry of the oxidant is limiting i.e., when inlet oxygen molar flux is lower
than the rate of oxygen consumption in the CCL, the oxygen flux across GDL and the diffusive

B

1+a+é

flux rate in the channel, then exp (— ) may be neglected relative to 1 in equation (4.18),

and consequently we get Jiotar = Jriow-

The final limiting case is that of fast oxygen diffusion in the channel relative to diffusion

through the GDL. In this case, ¢ < < a and so equation (4.18) simplifies to

Jtotal = ]flow {1 —exp(— ﬁ)} (4.22)

Equation (4.22) is in fact the expression derived by Kulikovsky et al. (2004) [63] (refer section

2.4 of chapter 2). It is instructive to compare ¢ with a. For a given J;_p, % = DLLG%. For
GDL

typical values of D ~ 3 x 107> m?/s, Dgp, ~ 6.67 x 107% m? /s (Pharoah et al. 2006 [92]),
lep, ~3x10™*m,andh ~ 1 x 1073 m, we get% ~0(1). Thus, the diffusional resistances in

the GDL and in the channel are of the same order of magnitude and consequently, the
contribution of concentration gradient in the channel on the polarization curve cannot be
neglected in a practical scenario. Thus, the polarization curve derived here (equation (4.18)) is

an important correction to equation (4.22).
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In the following section we will first compare the predictions of equation (4.18) and equation
(4.22) with full three-dimensional simulations of governing equations for the same flow
geometry and operating conditions. Next, the differences between these three predictions will
be assessed based on the effects of entrance length. This will be followed by a discussion on
the non-monotonic nature of local polarization curves predicted by equations (4.18) and (4.22).
We then assess the effect of velocity profiles and concentration gradient in the channel on the
polarization curve predicted by analytical models. We will also critically assess the validity of

assumptions made while deriving equation 4.18 viz., 1) constant volumetric flow rate along the

2 2
length of the channel and 2) neglecting 372 over 272 in equation 4.1.
4.2)  Results and Discussions

Comparison between two-dimensional analytical solution and three-dimensional numerical

simulation

Figure 4.2 describes a single channel flow geometry invoked for simulation study. It
includes single flow channels on the anode and cathode sides, GDLs and catalyst layers on the
anode and cathode sides, and a membrane in between. Details about the numerical simulation
are provided in section 2.6 of chapter 2. The numerical values of different parameters used in
the simulation are listed in table 4.2. Identical values are used for predictions of the analytical
model. It must be noted that the two-dimensional description assumes an infinitely small rib-
width. However, the three-dimensional simulation requires a finite rib-width since it is the path
for electron transport. Therefore, in order to compare the analytical model predictions with the
three-dimensional simulations, we purposefully invoked a geometry in the numerical
simulations such that w.ngnner >> Wy, Where w denotes width. The effect of realistic rib

width is discussed in the subsequent chapter.
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Table 4.2 Numerical values of different parameters

A. 0.026 V

Cin 8.2 mol/m3

D 3x 107> m?/s
Depy | 6.7X107°m?/s
Deer | 1X107°m?/s

F 96500 C /mol

2h 0.001m
iocA | 1000 A/m?

L 0.02 (m)
lept 300 um

I 8 um

Upean | 0.195m/s
Wchannel 0.001m
wy | 0.00002m

A
Jep | 69—
jm
]flow 3C7’Tl_2
A
]diff,ch 1845‘771_2

The numerical values of parameters shown in table 4.2 are purposely selected to ensure that
oxygen consumption rate in CCL is governed by intrinsic ORR kinetics. This can be checked

as follows. It was shown by Kulikovsky (2010) [42] that oxygen consumption rate in the CCL

gets modulated due to oxygen transport resistance across CCL when HPcerlin J1i—p. Here

t
the value of gas phase diffusion coefficient of oxygen in the CCL is assigned as

Deei~1075 m? /s, which yields 222€ct%in _ 400 CA?. The maximum J,_, considered in our

It

4FDccLCin

. . A
calculations 1S J;_p max = 38ﬁ

at My cc, =0.46V. Thus, J;_p < . Similarly,
Kulikovski (2002, 2010) [41,42] has shown than the consumption rate in CCL gets modulated

due to proton transport resistance across the CCL only when @ < J. Here, o is the proton
t

204,

conductivity of membrane and it’s value is taken as 20 S/cm. Thus, the numerical value of l
t

is ~ 1300 C%. Therefore, the aforementioned choice of parameter values ensures that the

consumption rate in the CCL is dominated by intrinsic kinetics. Also, it is assumed in the
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simulations that anode side exchange current density (i, 4Al;) is 107 times higher than the
cathode side exchange current density and J;p; = 400 C:l;z, Jriow = 30 CA? on the anode side.

These values ensure that the anode is not starved of fuel. The proton conductivity of membrane
is assumed to be 10000 S/m and the electrical conductivity is assumed to be 100000 S/m. This
therefore ensures that the polarization curve from the simulations is an iR corrected polarization

curve (as overpotential caused due to ohmic resistance will be negligible).

It is worth reiterating here that in this study the consumption rate in the CCL is assumed to
be equal to the intrinsic Tafel’s kinetics, which essentially suggests a reaction controlled
regime. The other regimes namely, regime of poor oxygen transport in the CCL and poor proto

transport in the CCL will be dealt in the next chapter.

= _, Cathode flow channels
= = Cathode GDL
' . Catalyst Coated Membrane

Anode GDL
Anode flow channels

Fig.4.2 Three dimensional computational domain considered for simulation

Figure 4.3 shows comparison between polarization curves obtained from analytical theories
equation (4.18), equation (4.22) and the three-dimensional simulation. It is evident that for
overpotentials above 0.35 V the analytical model described by Kulikovsky et al (2004) [63],
which assumes plug flow and uniform oxygen concentration along the channel depth,
overpredicts the current density relative to the three-dimensional simulation. On the other hand,
predictions of the analytical model developed in this work (equation (4.18)), in which these
assumptions were relaxed, are in quantitative agreement with the simulated three-dimensional
polarization curve. This underlines the importance of diffusional resistance along the depth of

the channel, specifically at higher current densities.
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0.5
0.45
S
S 04
=
¥
4 o 3D (This work)
2;3 0.35
o — 2D (This work)
0.3 .
--- Kulikovsky et al. 2004
0.25
0 0.5 1 1.5 2 2.5 3
Current density (A/cm?)

Fig.4.3 Comparison between the polarization curves obtained by analytical theories versus a three-
dimensional numerical simulation

While the oxidant (air) flow rate used in the above calculations corresponds to the
stoichiometry of 3 for the current density of 16%2 , the same trends can be seen for higher

stoichiometries as long as the flow is in the laminar regime.

The accuracy of the predicted local current density along channel length [equation (4.17)]
and concentration profile along the channel depth [equation (4.8) and equation (4.14)], which
were obtained from the approximate power series solution, was tested by comparing against
numerical solution to the governing equation (4.2) obtained using COMSOL’s in-built PDE
solver. For simplicity, we will call the analytical solution as 2Danaiyticar and numerical solution

as 2D numerical henceforth in the paper.

Figure 4.4 illustrates the local current density profiles along the axial (x—) direction
obtained by 2Danalytical, 2Dnumericar and the full three-dimensional simulationatn = 0.46 V. The

current density profile from the three-dimensional simulation is taken at the mid-plane of
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membrane thickness and at middle of the channel width. It can be observed that except in the
initial region along the axial (x—) direction of the flow channel, the 2Dananyticar Current density
profile matches well with the 2Dnumerica @S Well as with the current density profile predicted by
three-dimensional simulation. The discrepancy in the initial region is related to the entrance
length effect, and is discussed in the next sub-section. Figure 4.5 shows the comparison
between concentration profiles along the transverse (y-) direction obtained by 2Danayytical,
2Dnumerical and  three dimensional simulation at x* = 0.5L and 71,cc, = 0.46V. The
concentration profile predicted by the 2Danaiytica approach is similar to that predicted by the
three-dimensional simulation. The comparisons shown in figure 4.4 and figure 4.5 validate the

accuracy of the approximate analytical power series solution.

7

6 o 3D
= o\\
i S ' - 2‘l)Analytical
-;} 4 - 2‘l)Numelrica]
g
= 3
E
22
=
-
“ o

0

0 0.2 0.4 0.6 0.8 1 1.2
x*

Fig.4.4 Comparison between the local current density profiles along the axial (x—) direction obtained
by two dimensional analytical as well as numerical solution versus a three-dimensional humerical
simulation at n, cc;, = 0.46 V
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03 o 3D

C*

0.2 - 2DAnalytica1

o1r |\ 2’DNumerical

Fig.4.5 Comparison between the oxygen concentration profiles along the transverse (y—) direction
obtained by two dimensional analytical as well as numerical solution versus a three-dimensional
numerical simulation at , x* = 0.5L and 1, c¢;, = 0.46 V

Effect of finite ‘entrance length’

As explained in Section 4.1 (equation (4.3c)), we have assumed that concentration profile
along the transverse (y—) direction develops within an infinitesimal axial length. The three-
dimensional numerical simulation and the 2Dnumerical SOlution do not assume fully developed
concentration profile at the inlet. The inlet boundary condition is taken as C = C;, for all y*,
and the concentration profile is allowed to develop over a finite entry length. The higher oxygen
concentration near the GDL over the entry length relative to the fully developed concentration
profile results in prediction of higher current density in the entry length by the 2Dnumerical and
three dimensional simulation compared to the 2Danaiytical prediction. This was seen in figure 4.4.
The development of oxygen concentration profile along the transverse (y—) direction for
different x* as computed using the three-dimensional numerical simulation is elucidated in

figure 4.6. It can be observed that after x* = 0.04, oxygen concentration profile becomes self-
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similar in x. Thus the entry length required for achieving fully developed oxygen concentration
profile is only 4% of the total length or equivalently, it is L.y, = 0.8(2h) i.e., about one
channel depth. The effect of this small entry length does not have significant influence on

polarization curve for the entire active area.

0.9

0.8

C*

0.7

0.6 | S00IL 2002L -¢0.04L -0.06L -0.08L —0.1L

Figure 4.6:- Development of oxygen concentration profile along the transverse (y—) direction in a
three dimensional simulation

Locally non-monotonic nature of polarization curve

Kulikovsky et al (2004) [63] showed that if the oxidant stoichiometry is low then depletion
in oxygen concentration along the channel can cause a turning point in the local polarization
curve making it non-monotonic. However, the total polarization curve was shown to be
monotonic. The authors showed that « > £ is a sufficient condition to avoid the local non-

monotonicity in current-potential relationship. The expression for local current density

(equation (4.17)) suggests that there exists a critical (x*).,;; at which g—é = 0. Here, we explore




Chapter 4

the effects of relaxing the assumptions of plug flow and uniform oxygen concentration along
the channel depth on the local non-monotonicity in polarization curve. Figure 4.7 compares the
local polarization curves at x* = 0.8 and n, ¢, = 0.46 V obtained from: (i) equation (4.17),

(ii) three-dimensional simulations, and (iii) the Kulikovsky (2004) model [63]. From equation

0.8

(4.17), it can be shown that at the turning point, dnd’ = 0 gives the condition ;
CCL

1-D ]flow

1

(

), which predicts a critical overpotential n.,;; for incipient non-monotonicity.
JepL ]dlffch

For the numerical values enlisted in table 4.2, we get n.;; = 0.434 V. Note that for the

Kulikovsky (2004) model [63], J4iff,cn = o gives L =28 _ 1 and correspondingly

Ji-p  Jriow JGDL

Nerie = 0.42 V. As can be seen from figure 4.7, the polarization curve predicted by the
2Danaiytical SOlution agrees well with the three-dimensional simulation in terms of its shape and
value of n.,;;. The Kulikovsky model underpredicts the maximum current density and the

critical overpotential.

Also, the condition to avoid local non-monotonicity can be derived by equating /,,,4, and

Jo Where J,,... 1S the current density corresponding to - 4

= 0 and J, is the current density
No,cCL

1+a+é

when 7, cc, — 0. Setting Z—£= 0 gives (X" )erir = and correspondingly Jimax =

_Ji-p
B(x*)

D

exp( 1). Substituting 7, cc, — oo in equation (4.17) gives Jo, = ]1 exp(—

a+f

Note here that a,& >> 1 for n,cc, = ©. ThUS Jpax = Joo leads to _ﬁ(Z??it

= 1. Hence,

relaxing the assumptions of plug flow and uniform oxygen concentration along the channel

1 1

depth yields a« + & = S (or, ) to be a sufficient condition to avoid local

JepL  Jdiff.ch ]flow
non-monotonic nature of polarization curves. It can be observed that for a given overpotential

and J 0w, Kulikovsky’s formulation underpredicts (x™) ¢y
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Fig.4.7 Comparison between local polarization curves at x* = 0.8 and corresponding 1¢,¢

Plug flow versus Laminar flow

In order to understand the effects of velocity profile and oxygen concentration gradient in
the channel independently, we explore the case of plug flow while still retaining oxygen
concentration gradient along the depth of channel. The polarization curve predicted for this
case can then be compared with equation (4.18) to understand the effect of velocity profile, and

with equation (4.22) to understand the effect of concentration gradient.

When flow in the channel is plug flow, equation (4.2) transforms to,

ac GEIN

Umean, = D3s (4.23)

Equation (4.23) along with the boundary conditions given by equations (4.3a-4.3c) can be

solved in a straightforward manner using separation of variables to give
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i=oo Zklzﬁx* *
CCoy) = Xizo Cmexp(— =) cosky(1 - y7) (4.24)
22
where, k? = Umean™ M 516 the eigen values. The local current density is then given by
_ 4FDCy (0G5 _ J1-D wi=oo _2kPBxTy, ,
J = (TR = LR iR exp(— 2Lk sin 2K, (4.25)

The boundary condition (4.3b) provides the eigen values

ki tan 2k; = —— (4.26)

+a

Numerical solution of equation (4.26) shows that k, > > k; >> > k, and so on. Therefore,
the first term in the series is sufficient to give the current density. Integration of the current

density profile over the channel length leads to the polarization curve given by

sin 2kg

_ sin2ko __B _2ko
J = Jstow 2k (1 —exp( 1+a tan 2k,

) (4.27)

Figure 4.8 shows comparison between polarization curves given by equation (4.18),
equation (4.22) and equation (4.27). The numerical values of different parameters are listed in
table 4.2. Comparison between equations (4.18) and (4.27) shows the effect of velocity profile
in the channel (note that oxygen concentration gradient in the channel is allowed in both cases).
It can be observed that current density at a given overpotential is higher in case of laminar flow
compared to plug flow. This is a consequence of dispersion due to laminar flow that helps in
reducing the concentration gradient along the depth of channel and therefore improves
transverse (y—) direction oxygen transport. Similarly, comparison between equations (4.22)
and (4.23) shows the effect of concentration profile in the channel (note that in both cases the
velocity profile in the channel is assumed to be plug flow). It can be seen that concentration
profile along the depth of the channel has a large effect on the polarization curve. The presence

of concentration gradient reduces the current density for a given overpotential, as may be
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expected. The polarization curve predicted by equation (4.22) would better represent the case
of turbulent flow of oxidant in flow channels wherein turbulence removes gradients of velocity
and concentration along the channel depth. The polarization curve predicted by equation (4.18)
on the other hand, better represents the case of laminar flow of oxidant in flow channels

wherein the gradient of velocity couples with the concentration gradient and improves current

density.
0.5
o] N
0.45
=
= 04
E
(=
£ 035 o Equation (4.27)
-
o — Equation (4.18)
0.3 --- Equation (4.22)
0.25

0 0.5 1 1.5 2 2.5 3
Current density (A/cm?)

Fig.4.8 Comparison between polarization curves for the cases when the flow is laminar versus plug
type

Verifying the constant flow rate assumption

Figure 4.9 shows variation of velocity at the center of the channel (U,,,,) along axial length
predicted by three-dimensional numerical simulations for two different overpotentials 7, cc;, =
0.33V and n,,cc, = 0.46 V. The velocity was found to increase only by 11% (for n, ccp =
0.46 V) and 1% (for 1, cc, = 0.33 V) over 0 < x* < 1. Thus, the assumption of a nearly

constant axial velocity is a reasonable approximation.
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Fig.4.9 U4, Obtained numerically from the three-dimensional simulation at two different
overpotentials

2 2
axf over zyf in equation (4.1) and validation of this assumption

Justification for neglecting

[

Following the treatment of the standard Graetz problem in heat transfer, equation (4.1) can

be written in non-dimensionalized form as

5 02C* | 9%c*

«2+ OC*
Pee(1—y™?) == =e>~— = (4.28)

3 U h . c h . .-
Where, Pe = ~—=-%= is the Peclet number, C* = — and ¢ = . Here, I" is a characteristic

mn

length scale along axial direction, which can be estimated following the standard method

suggested by (Leal 2007, [96]). The molar flux of oxygen consumption in a section of length

X

Ax along the channel is wepanner X | +Axﬁ dx. Substituting for J from equation (4.17), we get

Bx

Jj1i-D x+Ax _
(1+a+8) fx exp( (1+a+§‘)L) dx.

consumption in the Ax section = wjgnne 7
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Now, the difference between the molar flux entering and leaving the section Ax is,
gUmeaanhannel f_hh(CIx—Cli,Ax)(l—y*z) dy. At steady state, these two fluxes must

balance out. Therefore,

j1— +A 3 h %
Wehannel m f; * eXp(— (l-l-(ﬁxﬁ) dx = E Umeanwchannel f—h AC(]. -y 2) dy (429)

Evaluating the integral on the LHS, equation (4.29) can be further simplified as,

j1— A 3 1 * * *
B2 exp (- o) Trerg = 2 UmeanhCn [, AC* (1 =y dy (4.30)

4F (1+a+é)L

i —_Jip 2 _3_¢
Noting that & = AFDCT) and k° = A Trart we get

—@ Bx 1 * a2 *
ax = 1o (i) 15,80 A -y D dy (4:31)

Thus, a change in scaled concentration by an amount of order one occurs over an axial length

that is proportional to the right side of equation (4.31). This suggests that the characteristic

Bx
(A1+a+é)L

axial length scale will be l*~h%exp( ) Note that for typical numerical values of

2
parameters considered in the manuscript (Upean = 0.194%, D =3x 10‘5"% and 2h =

0.001 m) we have Pe > 1. Also, k% < 1 as noted earlier. Further, the exponential term in
equation (4.31) is due to the non-uniform consumption flux (1% order in concentration) at the

boundary and its effect is to stretch [* more and more as the fluid travels downstream in the

2
channel. It is therefore evident that 2 = :’—2 « 1 and hence the first term on RHS of equation

2 2
(4.28) can be neglected. In other words, neglecting ZT(; over 272 is reasonable.

This assumption is further validated by comparing the magnitudes of the two derivatives
obtained from 3d-numerical simulations in which no such assumption was made. Figure 4.10

below shows the comparison for the following typical case: n, cc, = 0.67 V, y* = —0.6.
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Fig.4.10 Spatial double derivatives of oxygen concentrations obtained numerically from the three-
dimensional simulation at y* = —0.6 andn = 0.67 V.

4.3) Conclusion

Analytical solutions of two-dimensional isothermal model for coupled reaction and
transport phenomenon in a single cathode-side channel of PEMFC were derived by relaxing
the assumptions of plug flow and uniform oxygen concentration along the channel depth. The
analytical solutions derived here present a more comprehensive description of polarization
curve and oxygen concentration profiles in the channel. Comparison of analytical solutions
with three-dimensional numerical simulation highlights the importance of oxygen diffusion
resistance and velocity profile along the channel depth. The local oxygen concentration
profiles, total polarization curve and non-monotonic nature of local current density for low
oxidant stoichiometry predicted by the two-dimensional analytical model show excellent match
with three-dimensional simulation for similar geometry namely, one consisting of a channel

and a narrow rib.
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Chapter 5

Isothermal two-dimensional model of a proton
exchange membrane fuel cell: Analytical solutions
for transport limited regimes of CCL

The content of this chapter is published in,
“Chemical Engineering Science, volume no. 196, 16" March 2019, pages: 166175 [97].

Our work presented in chapter 4 on developing a two-dimensional model for PEMFC under
reaction-controlled regime of operation (regime 1 mentioned in table 3.1 of chapter 3) in which
the two assumptions of plug flow and uniform oxygen concentration in the channel depth were
specifically relaxed, showed better comparison between model predictions and the predictions
of full three-dimensional simulations over the entire range of current density thereby
suggesting the importance of diffusional resistance in the channel in the presence of a non-

uniform velocity field.

In this chapter, we extend our two-dimensional model to other regimes of CCL operation in
which overall oxygen consumption rate in the CCL is modulated by transport resistances. We
begin by briefly summarizing the governing equations of the model for the case of reaction
controlled regime as presented in chapter 4. Next, we present analytical expressions of

polarization curve in the two transport limited regimes of CCL operation: (1) Ideal proton

4FDccLCin and 20A¢

transport case J > — oo (regime 2 mentioned in table 3.1 of chapter 3), (2)

It t

oA 4FD C;
C and CCL%in
le le

Ideal oxygen transport case | > 2 — oo (regime 3 mentioned in table 3.1 of
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chapter 3). The polarization curves predicted by analytical expressions derived in this work for
both these regimes are compared with predictions of full three-dimensional numerical

simulations carried out for identical geometric, operating and material parameters.

The two-dimensional domain of PEMFC (see figure 4.1). and boundary conditions as

presented in chapter 4 are:
3 v\?lac _ . 8%
EUmean [1 - (Z) ]a =D ay2 (5.1)

where U,,..qn IS the average inlet velocity, C is local oxygen concentration in channel and D is

the oxygen diffusion coefficient in channel. The boundary conditions are,

Aty =h, 55=0 (5.2a)
Aty = —h, 4FD§—§ =J (5.2b)
Atx =0, C = Ci(y) (5.2¢)

In equation (5.2b), J is the local current density at any point ‘x” along the channel length and

is related to the overall rate of consumption of the reactants at that point.

For the case of negligible transport losses of reactant species in a macrohomogeneous CCL, |

is given by Tafel Kinetics as

J =iy Al [exp (UOAC;CL)] CccL-GDL (5.3)

Cin

Where, i, .A is volumetric exchange current density (A/m?3), [, is CCL thickness (M), 1, ¢y, i
cathodic overpotential which is assumed to be uniform along the length of the channel (V), A,
is Tafel slope (V) and C.¢.—¢p, and C;,, are respectively, the oxygen concentration at the CCL-

GDL interface and at the inlet (mol/m®). The relation between Cc,_¢p, and oxygen
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concentration at channel-GDL interface (Ccp—gpr, = Clx;y=—n = CxCyly=_p) Can be obtained

yy=

by writing oxygen conservation equation across GDL as,

4FDgpl,

. o, Cecl—
(Cch-6pL — CecL—6pL) = io,cAlt [exp (11 ACCL)] e (5.4)

lgpL c Cin
Here, D;p;, is the oxygen diffusion coefficient in GDL and [, is the GDL thickness. Defining

Jiop = oAl [exp (7"’6“)] Jep, = £Papilin o — 1D ang combining equations (5.3) and

lgpL JepL
(5.4), we get
_ Ji-p Cch—cDL
)= o (5.5)

The solution to equations (5.1), (5.2) and (5.5) provided local oxygen concentration profile,

local current density profile and total current density:

€6y = Cnexp(— T {1 = 7775 (1 = ¥ + s 1 - )Y (5.6a)
)= ) = e 1) (5:60)
Jeotat = Jstow {1 = exp(— 127} (5.60)
Here, x* ==, y" == B = ]]; ==, Jfiow = 8FUmeLanhCin, §= ]iilf;ih and Jaiff,cn = 4”,)16”1

Jep 1S the limiting current density corresponding to the maximum molar flux of oxygen
diffusion through the GDL, J,,,, signifies the current density corresponding to the molar flux
of oxygen that is convected in the channel and Jg¢rcn is the limiting current density
corresponding to the maximum flux of oxygen diffusing towards the channel-GDL interface in

the channel.
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The different limiting cases of equation (5.6¢) were discussed in chapter 5. In particular, for
the limiting case of fast diffusion rate in the channel relative to the diffusion through GDL, and

correspondingly ¢ « a, equation (5.6¢) simplifies to

Jtotar = ]flow {1 — exp(— 1:;(1)} (5.7)

Equation (5.7) is in fact the current-potential relationship derived by Kulikovsky et al (2004)
[63] by assuming uniform oxygen concentration and uniform velocity (plug flow) across the
channel. Thus, it may be noted that replacing « in equation (5.7) by (a + &) gives equation
(5.6¢). This is intuitively expected since the diffusional resistances in the GDL and channel are

in series.

The current-potential relationship as given by equation (5.6¢) is only valid when the transport
losses of reacting species across the CCL are negligible. As indicated earlier, this may not
always be true. Therefore, we now seek analytical expressions for polarization curves in the
different regimes of CCL operation where overall oxygen consumption rate gets modulated
due to transport resistances. We will also compare the predictions of the analytical model with
three-dimensional numerical simulations in which no simplifying approximations are made.
Details about the numerical simulation are provided in section 2.2 of chapter 2 and the details
of model geometry is discussed in section 4.2 of chapter 4. It should be noted that the width of
the ribs adjacent to the channel is purposefully kept small (W panner > > Wiip) SO as to mimic

the geometry solved in the analytical model.

4FDccLCin

5.1) Ideal proton transport case J > and Z‘ZAC — oo (regime 2 mentioned in

t t

table 3.1 of chapter 3)

As discussed earlier (see section 2.1.1 of chapter 2), J < WM describes the regime
t

where oxygen transport resistance is negligible. In this regime, intrinsic Tafel kinetics defines
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the current-overpotential relationship and oxygen concentration remains uniform across the
CCL thickness. As the current density increases beyond this limit, increasing amount of
concentration polarization of oxygen happens in the CCL near the CCL-GDL interface, and
the oxygen consumption rate decreases sharply away from the interface. The current-

overpotential relationship for this case was derived by Kulikosky (2010) [42] and is given by,

J= \/% i Al [exp (no,CCL)] CccL-GpL (5.8)

Ac Cin

This is the same as the equation for Regime 2 given in table 3.1 of chapter 3. The doubling of
apparent Tafel slope, which is also observed experimentally, is evident from equation (5.8).

The conservation equation for oxygen across the GDL can now be written as

4FDgpL _ |4FDccLCin - No,ccL\| CccL-GDL
. (Cen-gpr = Cecr—6pL) = \/—l lo,cAl [exp( " )] C, (5.9)
GDL t c in

Equations (5.8) and (5.9) can be combined to give

_ J1-p Cch-GDL
j = epfoen (510
Here,
4FD Cin . 4FD C; —
Jip = ccLCin i, Al [exp (no,CCL)], pL = GDLCin and ¢ = J1-D (5.11)
I ’ Ac lgpL JepL

Equation (5.11) is exactly the same as equation (5.5) except for the definition of J;_,. This

implies that the polarization curve in this regime remains

Jeotar = Jpiow {1 — exp(-—2—)] (5.12)

1+a+é
Except that, a, § and ¢ are defined based on J; _, given by equation (5.11).

In the limiting case when diffusion of oxygen in the channel is faster relative to diffusion in

the GDL (i.e., ¢ < a), equation (5.12) simplifies to
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Jtotar = ]flow {1 —exp(— %)} (5.13)

We now compare the predictions of equations (5.12) and (5.13) with numerical simulations
for the case when oxygen transport resistance in the CCL modulates ORR kinetics and proton
transport is not rate limiting. Calculations were done using parametric values given in Table
5.1. These values were chosen purposefully to ensure that the operational regime in CCL is
that corresponding to slow oxygen transport. Thus, the diffusion coefficient of oxygen in CCL

was chosen to be Dgc, =2.52x107"m?/s, which gQives Jerir02)transport =

‘“D'Jiﬂ ~0.1 CA?. Similarly, a high (admittedly unrealistic) value of proton conductivity of
t

o = 20 S/cm was chosen to ensure rapid proton transport (i.e., the critical current density at

which proton transport limitation can be expected will be @ ~ 1300 CA?). In short, we

t

expect the polarization curve to be determined by intrinsic Kinetics for | < 0.1% and by

oxygen transport in CCL for J > 0.1 C:l;z.

Table 5.1 Numerical values of model parameters

A, [0.025V
Cin 8.2 mol/m3

D 3x 1075 m?/s
Dgp, | 6.7 X107°m?/s

F 95500 C /mol

2h 0.001m
iocA | 1000 A/m3

L 0.02 (m)
lepr 300 um

l; 8 um

Upean | 0.195m/s
Wchannel 0.001m
wy | 0.00002m

. A
Jum | 69—
cm
j 3 A
flow cm?
Jai 18.5 4
diff,ch Y
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Figure 5.1 shows comparison between polarization curves predicted by equations (5.12) and
(5.13) and the three-dimensional numerical simulations, which were performed for the same
values of model parameters as listed in Table 5.1. It can be seen that the polarization curve
predicted by equation (5.12) matches better with the simulated result compared to that
predicted by equation (5.13) over the entire range of current density. The improved predictive
ability of equation (5.12) is a consequence of oxygen concentration gradient along the
transverse direction (—y) in the flow channel. This is demonstrated in figure 5.2 where oxygen
concentration profiles along the transverse direction (—y) in the flow channel predicted by
analytical theories and simulation are compared at x* = 0.5 and 7,¢c, = 0.58V. The
simulated oxygen concentration profile (open circles in figure 4) matches well with that
predicted by equation (5.6a) (with J;_, given by equation (5.11)) of the present work (solid
line in figure 5.2). The earlier model (Kulikovsky 2011) [65] assumes uniform oxygen
concentration across the channel depth (dashed lined in figure 5.2). Figure 5.3 illustrates the
current density profiles along the channel length (—x) at the mid-section of the membrane
predicted by analytical model (equation (5.6b) with J;_j given by equation (5.11)) and by the
three-dimensional simulation at n, cc, = 0.58 V. The simulated current density profile is in
good agreement with the analytical model. The discrepancy at lower x* is a result of entry

length effect and has already been discussed in detail in chapter 5.
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Fig.5.1 Comparison between the polarization curves obtained by analytical theories versus a three-
dimensional numerical simulation in the regime of poor oxygen transport across the CCL
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Fig.5.2 Comparison between the oxygen concentration profiles along the transverse (y —) direction in
the flow channel (dotted line:- Assumption of uniform oxygen concentration along the channel depth,

solid line:- with this ass

umption relaxed, circles:- three-dimensional numerical simulation) in the
regime of poor oxygen transport across the CCL
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Fig.5.3 Comparison between the current density profiles along the channel length (x —) at the mid-
of the membrane (solid line:- equation (5.6b), circles:- three-dimensional numerical simulation) in the
regime of poor oxygen transport across the CCL

gA 4FDccLCi
[4 and CCL%in

5.2) Ideal oxygen transport case J > 2 . ;
t t

— oo (regime 3 mentioned in

table 3.1 of chapter 3)

Kulikovsky (2002, 2010) [41, 42] showed that proton transport resistance across the CCL

can become significant for | > Zj—AC. Under these conditions, oxygen consumption rate is the
t

highest at the CCL-membrane interface and it decreases rapidly away from the interface. This
gives rise to doubling of the apparent Tafel slope, and the current-overpotential relationship in

the CCL is given by (see section 2.1.1 of chapter 2 and regime 3 in table 3.1)

—-GDL [exp (M)] (5.14)

in Ac

204 . Ccc
] = “io,cAl .
le ’ Cc

The oxygen conservation equation across GDL is given by,

4FDgpL,

204 . CeccL—- 0,
(Cen—¢pr — Cecr—-cpL) = \/ C;_lo,cAlt —CCCL, bL [exp (_n CCL)] (5.15)
t

lepL in Ac
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The main difference between equation (5.14) and equations (5.3) and (5.8) is the non-linear

(square root) dependence of J on oxygen concentration at the CCL-GDL interface.

Equations (5.14) and (5.15) can be solved together to give

]
J="20®-a) (5.16)
Here,

_ Cch—GDL 2 _ ZU_Ac CccL-6pL No,cCL 4FDgpLCin _
p= |4 o, ¢ v Ji-p = J L lo,cAlL e [ Xp( )] JepL = o, | &7
Lip (5.17)
JepL

Equation (5.16) together with equation (5.17) is required to be substituted in equation (5.2b) in
order to solve equation (5.1). The non-linear concentration dependence prevents derivation of
analytical solution to equation (5.1). However, we will look for asymptotic solutions for the

cases of low and high overpotentials followed by an approximate solution.
e Limiting case of low overpotential

At low overpotentials within the proton transport limited regime, the consumption of

oxygen in the CCL is low and hence Ccc—cpr = Cin. Consequently, we can linearize the

CccL-GDL CccL-GDL
CCL-G (1 4 Ceel-—¢

concentration term under the square root as ), which allows for

Cin in

CccL-GDL

seeking solution to equation (5.2) by separation of variables. Substituting for : in
equation (5.14), the current-potential relationship at the CCL is transformed t

204, o, C
J=1 \/ 20 i cAly |exp (Tect CCL)] (1 + “ee=tnty (5.18)

Oxygen conservation across GDL gives,
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4FDgpl,

lepL

204, . o, c
(Cen—epr — Cecr—-cpL) = E\/ j locAl; [exp (n CCL)] 1+ %) (5.19)

204; .

Defining]l_Dz\/ L
equations (5.18) and (5.19), we get,

4FD C;
io Al [exp (T"’CCCL)] JopL = ICG;ZZ noa= j;DD and combining

J = Ji-p (1+Cch —GDL) (5.20)

2 1+

where, Cln_cpL = C”‘C PL Note that C},_.p, denotes the concentration C* = C—_ aty = —h.
mn

in

Defining y = 1 + C*, equation (5.1) can be recast as,
 Unoan |1 = (2) ]2 = p 22 5.21
> Umean _(E) 7= Doy (5.21)

Equation (5.21) can be solved by the method of separation of variables wherein y(x,y) =

XxXy- The solution yields
x(x,y) = 2exp(—m*Lx")x,

2,2
Defining x; = x,, ¥* = %and k2 = EW we get,

d? xy

_ 1,2 *2
o2 = A=y ry (5.22)

Equation (5.22) can be solved using power series method (Chapter 5) and the solution is given

by

* k? *\3 k2 *\4
Xy =1=-70-y ) +-0-y") (5.23)
Now, the boundary condition equation (5.2b) can be transformed in terms of ¢ as

Wy _
dy* 1+()

Xyaty  =-—1 (5.24)

. . 2 _3 3 21 — _F
Equation (5.24) yields k= = PEYPo and therefore m“L = Trart
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Hence, the local current density at any point ‘x” along the channel can be written as

J= 4FDCm (2 exp(—A2Lx")) {6Xy e 1} _ ﬂexp(_ Bx* ) (5.25)

2+a+é 2+a+é

Correspondingly, the area averaged current density-potential relationship is given as,

Jeotar = f()l]dx* = 2]flow{ — exp(— )} ~ Ji-p (5.26)

2+a+é

For the regime of poor proton transport across the CCL, equation (5.26) describes the

JriowsJaiff,ch)-

where a, 8 and ¢ are defined based on J,_j, given by equation (5.17).
e Limiting case of high overpotential

At higher overpotentials in the proton transport limited regime when J,_p > > Jsp., OF

specifically when a > 2, then p in equation (5.17) can be linearized as,

p ~ a(l + = Leh=GDLy (5.27)

a?  Cip

Combining equations (5.15) and (5.27), we get,

1— CC —
] = Rep (eenty (5.28)
Equation (5.28) is similar to equation (5.5) except that — ]1 2 is replaced by ==2 11D ang Ji-p is
defined by equation (5.17). Therefore, the polarization curve becomes,
Jtotal = ]flow{ exp(—— } (5.29)

Equation (5.29) shows that J;,.4; is independent of n, -, and therefore this asymptotic solution

corresponds to a vertical line in the polarization curve. Equation (5.25) and equation (5.29)
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describe the polarization curve in the regime of poor proton transport across the CCL at low

and high overpotentials, respectively.
e Approximate solution

We now explore an approximate solution which matches the two limiting cases discussed
above. We begin by considering the simpler case of plug flow in the flow channel and uniform
oxygen concentration across the channel depth. Under this condition, equation (5.1) takes the

simpler form

Cch—
AF Upeqn (2h) =222 = —] (5.30)

Substituting for J from equation (5.16) into equation (5.30) and solving using the boundary
condition C.,_¢p., = Cin, at x = 0, it is straightforward to derive the local current density

profile at any axial position x* as

2 4+ aln (}2] ) =W4+a?—-—a)+ aln(\/4 + a? — a) — fx* (5.31)

J1-D 1-D
The total current density can be obtained numerically from the integration foljdx*.

We now follow the same argument that can be used to derive equation (5.7) from equation
(5.6¢). Since diffusional resistances for oxygen in the channel and in the GDL are in series,
therefore replacing a in equation (5.31) by (a + &) should yield the expression for polarization
curve when the two assumptions of uniform oxygen concentration along channel depth and
plug flow velocity profile are relaxed. Hence, we will examine the following approximate

expression for local current density in the proton transport limited regime of operation:

i+(a+€)ln(%)

e ) = (Va+ @97~ @+9) + @+ On(/T+ @+ 57~ (@ +

&) — Bx* (5.32)
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And consequently, fol Jdx™ gives the total current density.

We now test the limiting cases discussed earlier. For the case a,3,¢ < 1, equation (5.32)

2]

J1i-p

simplifies to

~ 2 — fx* = 2,orequivalently, J;o:a1 = J1—p. Note that equation (5.26) also

simplifies to the same result.

In the other limiting case of a > 2, equation (5.32) simplifies to,

(@+&)In() = (a + i (/4 + (@ + O — (@ + ) E2) - g’ (5.33)

2 _ Ji-p\ _ 4 Ji-p\ __
It can be shown that In ((,/4 +(@+8?—(a+)) > ) = In ((JWHME)) > ) =

ln(hi) for « > 2 and therefore, equation (5.32) transforms to
a+é

J = LD exp(— £5 (5.34)

a+é a+é

Correspondingly, total current density is,

Jtotar = ]flow {1 —exp(— ai-l-f } (5.35)

Equation (5.35) is identical to equation (5.29). Thus, the approximate local current density
given by equation (5.32) satisfies the two limiting cases of low and high overpotentials. We

now test its predictions against numerical simulations.

Figure 5.4 shows comparison between polarization curves obtained from the two limiting
cases (equation (5.25) and equation (5.29)), numerical integration of the approximate analytical
solution given by equation (5.32) and the full three-dimensional simulation. To ensure that we

are in the proton transport limited operating regime in CCL, we have purposefully assigned the

2
values ¢ =00015— and Dey = 1x1052% so that 2ZL~01 2L <<
cm S le cm

APccLlin ~40061‘:l;2 thereby ensuring that there is no limitation from oxygen diffusion

It
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resistance in the CCL. The numerical values of other parameters are mentioned in Table 5.1. It
can be observed in figure 5.4 that the polarization curve obtained by the approximate solution
is in close agreement with the asymptotic solutions and with the polarization curve obtained
from three-dimensional simulations. In comparison, the polarization curve obtained by
numerically integrating equation (5.31), which assumes plug flow and uniform oxygen
concentration along the depth of the channel, shows deviation at higher current densities. The
cause of deviation lies in the comparison of oxygen concentration profiles along the transverse
direction (y —) of the flow channel. In figure 5.5, we compare oxygen concentration profiles
of the analytical theories with numerical simulation results at x* = 0.5 and n,,¢c, = 0.68 V.
The earlier model corresponds to uniform oxygen concentration profile (dashed line in figure
5.5), which is in disagreement with numerical simulations. The predicted oxygen concentration
profile shown by the solid line in figure 5.5 gives an excellent match with three-dimensional
simulations. Figure 5.6 compares the simulated current density profile (circles) with the
analytical model prediction (solid line) along the channel length at the mid-of the membrane.
As can be observed from figure 5.6, the analytical model prediction and simulated result are in
excellent agreement. In the present model, oxygen concentration profile and current density
profile for the limiting case of high overpotential are respectively given by equation (5.6a) and

equation (5.6b) with (a + &) replacing (1 + a + &) and J;_p, is given by equation (5.17).
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Fig.5.4 Comparison between the polarization curves obtained by analytical theories (dotted line:-
obtained using equation (5.31), solid line:- obtained using equation (5.32)) versus a three-dimensional
numerical simulation (circles) in the regime of poor proton transport across the CCL
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Fig.5.5 Comparison between the oxygen concentration profiles along the transverse (y —) direction in
the flow channel (dotted line:- Assumption of uniform oxygen concentration along the channel depth,
solid line:- with this assumption relaxed, circles:- three-dimensional numerical simulation) in the
regime of poor proton transport across the CCL
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Fig.5.6 Comparison between the current density profiles along the channel length (x —) at the mid-of
the membrane (solid line:- equation (5.6b) with (a+&) replacing (1+o+§), circles:- three-dimensional
numerical simulation) in the regime of poor proton transport across the CCL

Figure 5.7 compares polarization curves obtained from the approximate analytical solution
with the results of three-dimensional simulations for various values of J¢p., /fiows Jaiff,cn @nd
J1—p- The excellent matching of the results in all cases confirms that equation (5.32) describes

the local current density profile in proton transport limited operating regime of the CCL over

the entire range of current density above 298¢

le
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Fig.5.7 Comparison between the polarization curves (overpotential in V on the y-axis and current
density in A/cm? on the x-axis) obtained by using equation (5.32) (solid lines) versus three-
dimensional numerical simulations (circle) in the regime of poor proton transport across the CCL for

different values of Jpr,Jfiows Jaifr,cn @nd Ji—p varied one at a time.

5.3) Discussion

We summarize below analytical expressions of polarization curve derived for the various

. . 4FD C; 8FU. hC; 4FDC;

regimes of CCL operation. For J;, = —2=2, Je,, = — 80— [ e = n o=
lepL L ’ h

Jip g — J1-D gng &= JiD_ the polarization curves are given by

Jiim Jrlow Jdiff.ch

A. Regime in which overall oxygen consumption rate is determined by intrinsic ORR

kinetics:

Jtotar = ]flow {1 —exp(— 1+i+f)} where J;_p = io,cAlt [exp (Alc)] (S1)
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B. Regime in which overall oxygen consumption rate is determined by slow oxygen

transport modulated Kinetics:

Jeotar = Jriow {1 = exp(——2—)} where J;_p = \/4FDcmio,cA lexp (2] (S2)

1+a+é

C. Regime in which overall oxygen consumption rate is determined by slow proton

transport modulated Kinetics:

i+(a+€)ln(%)=(\/m—(a+€))+(a+f)ln(\/m—

J1i-p

(a+&))— Bx" and Jyorq = foljdx* where J;_p = \/ZiOJCAaAC [exp (Alc)] (S3)

Equation (S2) can be rearranged as shown below in equation (S4) to give overpotential
explicitly in terms of current density. The contribution of ohmic cell resistance (second term)

is purposely added on the right side of equation (S4).

1
ln(l_ﬂtotal)
_ Jtotal Jtotal flow
n=Acln ( Al ) +JtotaiR + Acln| 350 | + 24cIn (S4)
lo,cAlt lim /total+ln(1 /total){/total+ Jtotal }
t I flow Jfiow” | J6DL Jaiff,ch

Equation (S4) is equivalent to the popularly used empirical form of polarization equation

(Larminie and Dicks, 2003 [98])

n= Acln (-]to—tal> +]totalR +m exp(n X]total) (85)

lO,CAlt
where, m and n are empirical constants.

The first and second terms on the right side of equation (S4) are respectively, the contribution
of intrinsic ORR Kkinetics and cell resistance, and are identical to the first two terms on the right
side of equation (S5). The third and fourth terms on the right side of equation (S4) give

explicitly the contributions of the internal mass transfer resistance of the CCL and the external
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mass transfer resistance arising from GDL and channel. Thus, the empirical description of mass

transfer contribution in equation (S5) can now be calculated exactly.

In Section 5.2 when comparing model predictions with simulations, we assumed some
unrealistic values of material parameters in order to ensure that the operating regime of CCL
was either only oxygen transport limited or only proton transport limited. As a final comment,
we will consider here the case of a real representative MEA in a low-temperature PEM fuel
cell operated at high air (oxidant) stoichiometry, and check if there exists clearly defined
current density range for each of the different operating regimes. Table 5.2 summarizes
numerical values of different parameters that constitute such a MEA. Table 2 also lists the

important current density scales, from which it can be inferred that intrinsic ORR kinetics will

determine the overall oxygen consumption rate for J < 0.1 CA?, oxygen transport modulated
ORR kinetics will determine the overall oxygen consumption rate for 0.1% <j<03-

0.4 C:l;z. Above 0.5 CA? one may expect a regime where poor oxygen transport as well as poor

proton transport across the CCL can simultaneously modulate the ORR kinetics. The analysis
of this regime will be dealt in next chapter. Eventually at higher current densities, the power
output of PEMFC may be severely limited by diffusional resistances in the GDL and channel.
We will revisit these values in chapter 6 and 7. In fact, we will provide a systematic

experimental methodology to estimate oxygen diffusion coefficient in CCL, GDL and channel.

Table 5.2 Numerical values of MEA parameters of a typical low temperature PEM fuel cell

Parameter Numerical Value | Remarks
0 (109 m_z) Dccr = Doz—mao(ecc)™® fozr a completely flooded CCL
Dect s and Dop_pz0 ~ 5% 107% == [99], &¢c, is catalyst layer
porosity. For 40% porous CCL, D¢, ~ 1.25 x 1079 mTZ
D 3 x 1075 m?/s | Oxygen diffusion coefficient in air [100]
6.7 x 107 m?/s | Dgp, = D(ggp)*®. ggpy, is GDL porosity. For 35% porous
D¢pL GDL [101], Dgp; ~ 6 X 107° mTZ . This is for a GDL having
no pore flooded with water.
o 25/m [43-45]
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2h 0.001m Channel depth
lepL 300 um GDL thickness
le 8 um CCL thickness
A Current density corresponding to maximum possible
JepL cm? diffusive flux across the GDL (%)
. 18 A Current density corresponding to maximum possible
Jaiff.en cm? diffusive flux along the channel depth (%)
/ 01— 021 Current density scale above which oxygen transport in the
crit,(02) transport cm? | CCL modulates the intrinsic ORR rate (—4FDCCLfCCL‘GDL)
. ~1-15% Current density scale above which proton trantsport in the
Jerit,t+) transport cm? | CCL modulates the intrinsic ORR rate (222€)

le

Jriow

Function of stoichiometry

5.4)

Conclusion

An analytical isothermal two-dimensional model of a cathode flow channel in a PEM fuel

cell is developed to capture coupled transport processes in CCL, GDL and flow channel along

with reaction in CCL. The oxidant velocity profile in the flow channel is assumed to be

parabolic and oxygen concentration is allowed to vary along the depth of the channel.

Analytical current-potential relationships are derived from the model for transport limited

operating regimes of CCL namely, restricted oxygen transport and restricted proton transport

across a macrohomogenous CCL. Polarization curves predicted by the model in these operating

regimes are found to be in excellent agreement with results of three-dimensional simulations.

The polarization curves were also re-cast into a form that corresponds to the widely used

empirical equation of polarization curve. This allows for estimation of internal and external

mass transfer resistances for the CCL.
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Chapter 6

The PEM fuel cell equation

The content of this chapter is published in,
“Chemical Engineering Science, volume no. 206, 12" October 2019, pages: 961177 [90].

In chapters 4 and 5, we developed an isothermal two-dimensional model for a straight single
cathode channel, which accounts for oxygen concentration gradient in the flow direction along
the channel as well as transverse oxygen concentration gradients in the GDL and channel, while
also accounting for non-uniform velocity profile inside the channel. We showed how this two-
dimensional model can be combined with the MH-CCL model for three limiting operating
regimes viz., intrinsic kinetic controlled regime, ideal proton transport regime and ideal oxygen
transport regime. In this chapter, we significantly extend our earlier work by combining the
two-dimensional model of a single cathode flow channel with the comprehensive MH-CCL
model described in chapter 3 that accounts for simultaneous oxygen diffusion and proton
conduction resistances as well as the local resistance offered by oxygen diffusion inside catalyst
agglomerates. Finally, we incorporate the ohmic cell resistance namely, the electrical resistance
and protonic resistance of the PEMFC components. This leads us to the PEM fuel cell equation,
which is an analytical expression for steady state polarization curve valid over the entire range
of current density, from zero to limiting current. Such a comprehensive analytical expression
of polarization curve has not been derived before. We show that the limiting cases of the PEM
fuel cell equation have the same mathematical form as the well-known empirical polarization

equation (Larminie and Dicks, 2003 [98]); however, unlike the fitting parameters of the
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empirical equation, the model parameters of the PEM fuel cell equation have definite physical

meaning and are experimentally determinable.

The governing equations are exactly identical to (5.1) and (5.2) and ‘J’ in equation (5.2b)
can be obtained by solving the MH-CCL model locally at any x. The limiting cases considered
in the earlier chapters imply infinitely large values of proton conductivity and/or oxygen
diffusivity in the CCL. Real CCLs will however have finite values of these transport
coefficients. Thus, under realistic operating conditions of PEM fuel cells and at sufficiently
high current density, both oxygen and proton transport resistances can simultaneously dictate
J —No,cc — CeccL—gpr, relation. Also, oxygen transport resistance inside local catalyst
agglomerates in the CCL can become significant at high current density (see section 2.1.2 of
chapter 2). Thus, depending on the comparative rates of oxygen diffusion and oxygen

consumption in the agglomerate as captured by Thiele modulus (M) and effectiveness factor

[E(m)], three cases namely, (1) Mr <K 1and E(n) = 1, (2) My > 1 and E(n) = Mi and (3)
T

the general case Mi < E(n) < 1 are possible and are discussed below:
T

6.1) Mr<landE(mp) =1

As discussed in chapter 3, there could be two possible sub-regimes of operation namely,
Jerit.(02)transport < Jerit,(H+)transport 1.6, D™ < 1.and Jorir (02)transport > Jerit,(H+)transport
i.e., D* > 1. However, as will be discussed in chapter 7, for the operation of a fully humidified
low temperature PEM fuel cell, which is also experimentally investigated in the present work,
the sub-regime given by D* < 1 turns out to be more relevant. Thus, we will restrict the scope

of the following sub-sections to the case D* < 1.

While the detailed derivation is provided in chapter 4, we reproduce here J — 1, ccL —

CccL—cpy, relationship (see Regime 4b in table 3.1):
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4FDccLCin - No.iR— Cecl—
J= ccLCin i, Al [exp ( 0,iR free,CCL)] CCL-GDL (6.1a)
l¢ ! Ac Cin

]
Mo,ccL = Mojir-freecct T o (6.1b)

It is to be noted from equations (5.2b) and (5.4) from chapter 5 that the oxygen transport
resistances in GDL and flow channel will modulate Cc¢;_¢pr, Which will affect only the IR-
free part of the CCL overpotential (17, ir—free,cc)- Thus the equation set (5.1) and (5.2) can be
solved to derive oxygen concentration profile and current density profile along the length of
the channel for a given 71, ir— free,cc- UpON integration over the domain area, the equation for
iR-free polarization curve (]total - no,iR—free,CCL) relation can be derived. We can then add
separately overpotential due to proton transport resistance in the CCL to the iR-free CCL

overpotential, which leads to the total current — cathodic overpotential relationship,

Utotar — Ncer)-

Following the work presented in earlier chapters, we now solve for the regime of Simultaneous
non-ideal oxygen transport and proton transport and M, <« 1 and E () = 1. The conservation

equation for oxygen across the GDL can now be written as,

4FDgpl,

(Cch—GDL - CCCL—GDL) =] (6-2)

lepL

Thus eliminating C¢¢;.—¢p., from equations (6.1a) and (6.2), we get,

_ J1-p Cch—-GDL
S = e (6.32)
Here,
4FDccrCin - No,iR— _ 4FDgpLCi
Jip = \/ CICL in lo,cAlt [exp( 0,iR ;ree,CCL)]’ o = J1 D’ cpL = lGDL in (6.3b)
t c JepL GDL
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Substituting equation (6.3) in equation (5.2b) and solving equation set (5.1) and (5.2) lead to

profiles of local oxygen concentration and local current density along ‘x’ as,

_ _ f _ ¥\3 E _ a¥\4
€6y = Cinexp(— 1) {1 = 73 (1 = ¥ + ooy (1 -9 (6.42)
4FDC, (9Cy _ Jip X
/= h {63/ ly ‘_1} 1+a+$ exp(— 1+a+f) (6.4b)

Integrating equation (6.4b) gives the total current density across the channel active area as

Jtotal = Jfiow { —exp(— 1+a+€)} (6.4c)
8FU, hC; 4FDC; J1-D J1i-D
where, = —"=—= = =, p=——and§{ = ——
Jriow n Jaifs,ch B Triow 3 Tatrron
Equation (6.4c) can be rearranged as
J J " T
total total Jflow
r]o,iR—free,CCL A ln (loc lt) + ACln <%> + ZACln /total Hn(1 Jtotal {]total Jtotal } (64d)
t Jftow Jriow” \UGDL  Jdiff ch

The total current-cathodic overpotential is (note equation (6.1b)),

1

)

n
1_/total

Jtotal Jtotal Iflow Jtotal
=A ln( = ) + A.ln ot ) + 24.In 4 = 6.4e
no ceL lo Al ¢ % ¢ /total+ In(1 Jtotal {/total Jtotal } J/lt ( )
t Iftow Iriow” UGDL /dlffch

Equation (6.4e), being valid for M; << 1 provides a total current — cathodic overpotential

4FDccLCin

relationship for the current density range, z
t

< ]total <

\/(4FDCCLCin)(36FDaggCin(1_5CCL) Ly ).

L Ragg Ragg
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62) Mr>» 1andE(y) ~-—
T

The same solution procedure as outlined above can be used to find equations for iR-free

N 4FD ey Cine 36FDggqCin(1—€ 1
polarization curves for Jiorq > \/( ey (—— ( “L)R—‘
t

). ] —Noccr — Cecr—-cpL

agg agg

relationship for this case is derived to be (see Regime 5 in table 3.1):

36FD,, Con(1— ] R _
J = |4FDge Cin 99Cin(1=€ccL) % 1 i, A [exp (no,LR free,CCL)] CccL-GpL (653.)
Ragg Ragg ™ Ac Cin
]
Mo,ccL = Mojir-freecct T - (6.5h)

And the oxygen conservation law across the GDL can now be written as,

4FDgpl,

(Cch—GDL - CCCL—GDL) =] (6-6)

lepL

Similarity between equations (6.1) and (6.5) allows to follow a similar logic as stated above
that that the oxygen transport resistances in GDL and flow channel will modulate Cec—cpr»
which will affect only the iR-free part of the CCL overpotential (1, ir— free,cc). Thus, we will
first derive (Jotar — Uo,iR-free,ca) relationship followed by addition of overpotential due to
proton transport resistance in the CCL to the iR-free CCL overpotential, which leads to the

total current — cathodic overpotential relationship, (Jiorar — Nect)-

Following similar process of eliminating C.¢;—¢p; from equation (6.5a) and (6.6), we get,

_J1-p Cch-GDL
= (6.73)
Here,
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_ 36FDgg4Cin(1—€ccL) 1 . No,iR—free,CCL _ 4FDgpLCin
Ji-p = 4FDCCLCin\/ A Xz lo,cA [exp — 4+ )l JepL = o and
agg agg c GDL

o = 1= (6.7b)

jepL

Equation (6.7a) is exactly the same as equation (6.3a) except for the definition of J;_, givenin
equations (6.7b) and (6.3b). Therefore, the total current-iR-free cathodic overpotential

relationship in this regime is also given by

Jeotar = Iriow {1 — exp(- —£—)] (6.83)

1+a+é
However, here a, § and ¢ are defined based on J; _j, given by equation (6.7b).

Equation (6.8a) can also be recast as

— Jtotal Jtotal ]tzotal
No,iR—free,ccL = Acln ( tAcln| w550 | T Acln (#FPccLCimy 35 PaggCini=eccL)

Al i L
lo,cAlt It s ln)( Ragg Ra;g)
1
ln(l_]_total)
44.In fiow (6.8b)
]total+ln(1 Jtotal {]total+ Jtotal }
Jflow Jflow” (JGDL Jdiff,ch
The total current-cathodic overpotential is (note equation (6.5b)),
= Al Jtotal + Al Jtotal + Al ]tzotal +
MoceL = At \3 ) i et \ FFDec Gy M) AFDeciCiy, 36FDaggCin(i-écc) L
et ok ST Ragg *FRagg’
1
ln(l_]_total)
Jflow Jtotal
4A.ln + (6.8¢c)
]total+ln(1 Jtotal {Jtotal+ Jtotal } o/l
]flow ]flow JGpL ]diff,ch

Equation (6.8c), being valid for M; > 1 provides a total current — cathodic overpotential

. . . 4FD e, Cine 36FDagqCin(1— I
relationship for the current density range, Jiora > \/( i“ ) ( 9!;) ( ECCL)R_t
t

agg agg
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6.3) General case Mi <Em<1
T

J —No,ccL — CecL—cpy relationship for this case is derived to be (see final equation in table

3.1):

_ %FDccLCin %
le

J

4FDccrCin 4FDccLCin

. Mo,iR— . Mo,iR—
lo,cAlt[eXp( oIk zree'CCL)]XE(TIO,L'R—free,CCL) lo,cAlt[eXp( oIk ﬁree'CCL)]XE(no,iR—free,CCL)
< tanh <
lf lt

CccL-GpL

T Cm (6.9a)
J

No,ccL = Mo,iR-freeccL T - L (6.9b)

It is straightforward to show that by following a similar mathematical analysis as explained

above, the current-potential relationship in this general case of Mi < E(n) <1 can be given
T

as,
_ B
Jeotal _]flow {1 —exp(— 1+a+f) (6.108.)
Here,
J1i-D J1-D J1i-p 4FDGpLCin 8FUmeanhCin 4FDCip
= ) = ,6 = , = ) = —,Jai = and
JepLeff Iflow Jdiff.ch JevLers leff,GDL Jriow L Jair.cn h
4FDccLCi
-0 =T =X
. Mo,iR—free,CC . Mo,iR—free,CC
lo,cAlt[exp<%zeeL>]XE(Uo,iR—free,CCL) h lo,c‘“t[”ﬂ’(%)]XE(no,iR—free,CCL)
4FDccLCin tan 4FDccrCin
Lt Il

(6.10b)

Thus, equation (6.9b) and (6.10b) provide the most general total current — cathodic

overpotential relationship which is valid over entire range of current density. Here, loff py, IS
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the effective length scale for oxygen diffusion in the GDL and will be discussed in the section

6.5.

6.4)  Overpotential contribution from net ohmic resistance

In order to get total current — cell voltage relationship, we must now quantify the overpotential
contribution of net ohmic resistance. As noted earlier, the net ohmic resistance will first have
a contribution of proton resistance in the CCL. Next, we also add the overpotential
contributions due to ohmic resistances in the other domains comprising: (a) protonic DC
resistance in the membrane and (b) total electrical DC resistance (comprising that of GDL,

flow field plate). Thus, the overpotential loss due to total ohmic resistance can be written as

l lmembrane l channel l
Nohmic = ]total{ - + membrane +2 X (1 - (P) LLE + (P( 2 + GhL >]} (6-1OC)

o Omembrane OGDL,tp OGDL,ip OGDL,tp

Here, Ly emprane 1S the thickness of the membrane, 0,,cmprane 1S the proton conductivity of the

membrane, ogp.¢p and ogpy,ip are respectively, electrical conductivities of the GDL in the

through-plane and in-plane directions and ¢ = —<m<L__ s the ratio of flow area to the total

Wehannel tWrib

area. The term in the curly bracket in equation (6.10c) is net ohmic resistance, R,pmic-

Thus, the operating cell voltage (V) of the PEM fuel cell is given by,

V= Eeq — No,iR—free,ccL — Nohmic (6.10d)

Equations (6.10a-6.10d) give the final polarization curve, and we call this ‘The PEM fuel cell
equation’. It relates the cell potential V to the total current J:,:o; by accounting for
simultaneous oxygen and proton transport resistances in the CCL coupled with oxygen
transport resistance in the agglomerates. Additionally, the equation accounts for axial
convection in the flow channel, transverse transport resistances for oxygen in the channel and

GDL and the ohmic resistances of the cell. The procedure for calculating the polarization curve

115



Chapter 6

is straight forward: J,,:4; is first calculated from equations (6.10a) and (6.10b) for a given
NoiR—freeccL- THIS is then used to calculate 7,p,;c from equation (6.10c) followed by

calculating the cell voltage using equation (6.10d).

We would like to point out that an intrinsic assumption made in writing equation (6.10c) is
that the cathode overpotential across the entire active area is uniform. This allows us to multiply
the R,pmic With J.otq 1N Order to calculate the ohmic contribution of overpotential. However,
in reality, the profile of current density from inlet to the outlet leads to non-uniformity in the
overpotential. Accounting for non-uniformity in overpotential over the active area results in
significant coupling of governing equations, the solutions for which are beyond the scope of
the present study. We therefore invoke here the simplified approach of using area-averaged
current density (J:o:q;) t0 correct for the ohmic contribution of overpotential. We believe that
this approximation is in fact not unreasonable because the change in overpotential along the
length of the channel is much smaller compared to the change in current density itself except
for the cases when the current density is close to limiting values. We will validate this

assumption later in this chapter.
6.5) Effect of rib-width

It must also be noted that the domain of the analytical model as depicted in figure 4.1
(chapter 4) does not incorporate a ‘rib’. In reality, flow field will include channels and ribs.
The consequence of having a finite rib width is that oxygen from the channel has to diffuse
across the rib width, which leads to non-uniform oxygen concentration across rib and hence
non-uniform current density in ‘x — z’ plane. In our 1-D model for CCL, we have neglected
gradients in this plane. In other words, we consider only average concentration and current

density along ‘x — z’ plane. In the averaged sense, we can however account for the additional
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resistance to oxygen transport under the rib using an effective length scale for oxygen diffusion

in GDL. We propose that this effective length, l.¢¢ cp., Can be estimated as

w.

legroon = @lovs + (1= ) (“22 + gy ) (6.11)

4FDgpLCin

Thus, we replace J;p, in the earlier expressions with Jepp orr = All the model

lGDLeff
calculations illustrated in the subsequent sections are based on  Jgperr. That this

approximation is indeed reasonable is shown later in the chapter.

In summary, we provide below in Table 6.1 a set of analytical expressions that represent
polarization curves spanning the entire range of current density. We note that the equations in
Table 6.1 have the same mathematical form as the well-known empirical equation of
polarization curve (Larminie and Dicks, 2003 [98]). However, there are no empirical or fit

parameters in the equations listed in Table 6.1.

Finally, we summarize below the assumptions made at various stages in deriving the PEM

fuel cell equation:

1) Local ] — 1o ccr — Cecr—-gpy relation at any point “x” along the length of the channel is
assumed to be get dictated by one-dimensional FA-corrected MH model of the CCL
i.e. the gradients in ‘x’ and ‘z’ directions in the CCL are assumed to be negligible (the
quasi two-dimensional approach).

2) The contribution of net ohmic resistance (protonic + electrical) in the total potential
loss is assumed to be quantified based on area averaged current density (J;o¢a1)-

3) Oxygen transport resistance below the rib is incorporated by introducing effective
length scale for oxygen diffusion in the GDL, which simply allowed to replace [;p; by

lgpLerr (equation 38) in all the equations.
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In the following section, we will take a closer look at these approximations and check their

validity.

Table 6.1 Expressions of polarization curve spanning the entire range of current density
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6.6) Results and Discussions

In this section we compare predictions of analytical model with three-dimensional
numerical simulations in which none of the simplifying assumptions made during the
derivation of the PEM fuel cell equation were made. This provides an independent way to
assess the validity of the assumptions. The details about three-dimensional numerical
simulations are provided in the section, 2.2 of chapter 2. Identical values of geometric, material
and operating parameters were used in the simulations as those used in the calculations of

analytical model. The geometry invoked for simulations included a single flow channel each
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for Hz and air, GDLs and catalyst layers on the anode and cathode sides, and a central proton
exchange membrane (see Figure 6.1). As can be noted from figure 4.2 of chapter 4 and figure
6.1 below, we have also relaxed the assumptions of W, annet > Wyip. The mesh density was
the finest in the catalyst layer and decreased from catalyst layer to channel. Mesh independence
studies were performed leading to the choice of optimized mesh. All the results reported here

are for fully converged and mesh independent simulations.

_, Cathode flow channel

Cathode GDL

, CCM
Anode GDL

» Anode flow channel

Fig. 6.1 Three dimensional computational domain considered for simulation

The numerical values of model parameters are listed in Table 6.2. As will be discussed in

the next chapter, R,,mic Was determined from impedance spectroscopy to be 75 mQ — cm?.

The model parameter values in Table 6.2 give {%+M+2x (1-— )€ 4

Omembrane OGDL,tp

Wchannel
( 2 4 lgpL

p— GGDW)]} = 75mQ —cm?. The numerical values of oxygen diffusion
coefficients in the different domains (CCL, GDL and channel) are experimentally determined
and will be discussed in detail in chapter 8. While all other values of numerical parameters are
discussed in table 6.2, the values of two parameters related to the catalyst microstructure as
implied in the flooded agglomerate model namely, oxygen diffusion coefficient in an

agglomerate D and porosity of CCL €., are also provided in Table 6.2. The diffusivity

agg’

of oxygen in the ionomer phase of agglomerate can be estimated by the Bruggeman correlation,

Dygg =e&ng02_ionomer [56], where 44, is the volume fraction of ionomer in the
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agglomerate (g,4, = ﬁ; €, being ionomer volume fraction in the CCL) and Dy —ionomer

is the bulk diffusion coefficient of oxygen in ionomer. For Og2-nafion system,

2 2
Dos-nafion ~ 10‘107"? [93]. For g, ~ 0.2 and eccy, ~ 0.4, Dggy ~ 1071 mT The value of CCL

porosity €., ~ 0.4 is representative of random close packing of spherical agglomerates. The
value of R4, was chosen to be ~100 nm, which is within the range determined experimentally

using nanometer scale x-ray computed tomography, TEM and mercury injection porosimetry

techniques [94].

Table 6.2 Numerical values of model parameters

Parameter Value Remarks
A, 0.026 V Tafel slope
F 96500 C /mol Faraday constant
2h 0.001m Depth of the channel
This is calculated using i, .~ 1 X
4 10~* A/cm3, [38], electrochemical
locA ~0.5x 10°— | surface area of 60 m3./gp,, catalyst
m loading of 0.25 mgp,/cm? and CCL
thickness of 8 um
L 0.02m Length of the channel
lepL, 300 um GDL thickness
I 8 um Typical CCL thickness of a decal
¢ electrode
Wehannel 0.001 m Width of the channel
2h 0.001 m Depth of the channel
lnembrane 25 um Membrane thickness
Omembrane 10S/m Membrane proton conductivity [102]
o 28S/m CCL proton conductivity [43-45]
CenLim 10000 S /m Egh In-plane electrical conductivity
GDL through-plane electrical
epLitp 300.5/m conductivit?/ [1pOl]
Eeq 0.922 VvV Open circuit voltage
Ragg 120 nm Discussed in the text
Dagg ~107"" m?/s Discussed in the text
C; ~8 mol/m? Inlet oxygen concentration
EccL 0.4 Discussed in the text
Dccy ~5x10"?m?/s | Chapter 7
Depy ~6 x 10~°m?/s | Chapter 7
D ~3x1075m?/s | Chapter 7
Jerit,(02)transport ~0.2 A/cm? Equation (7.4) from chapter 7
]C‘rit,(oz) transport in CCL and agglomerate ~1.4 A/Cm2 Equation (3-41) from Chapter 3
JopLefs ~3.2 A/cm? Equation (6.10b) and (6.11)
fiow 5.5 X Joxpe A/cm?* | Experimentally set value
Jaifr.ch ~18 A/cm? Equation (6.10b)
R ohmic 75 mQ — cm? Equation (6.10c)
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0.9 —The PEM fuel cell equation © 3D simulation

0.8
0.7
0.6

0.5

Voltage (V)

0.4 o)

0.3

0.2

0.1

0 0.5 1 1.5 2 2.5
Current density (A/cm?)

Fig. 6.2 Comparison of polarization curves predicted by analytical theory and full three-
dimensional numerical simulation

Figure 6.2 shows comparison between polarization curves predicted by the PEM fuel cell
equation (equation (6.10)) and the three-dimensional numerical simulations. An excellent
match between analytical model and the simulation was observed over the entire range of
current density, which gives the first confirmation that the analytical model adequately captures
the coupled reaction-diffusion-convection phenomena in an operational PEMFC and relates all
material, geometrical and operating parameters to its performance. This is further supported by
a comparison of the profiles of variables C, j and 7 in the three physical domains: flow channel,
GDL and CCL, as predicted by the analytical theory and by the three-dimensional numerical
simulations. Figure 6.3 shows comparison of analytical model predictions and results of three-
dimensional numerical simulations at three representative axial positions (x* = 0.2,0.5 and
0.8) and at one representative operating cell voltage of 0.44 V (1, ig—free,cc = 0.36 V). The
simulation results are reported for centre of channel width. The profiles are calculated from the

analytical model as follows. The oxygen concentration profile at any x* in the channel depth
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including at the channel-GDL interface is given by equation (6.4a) with «a, § and ¢ being
defined based on J;_, given by equation (6.10b). The oxygen concentration at the CCL-GDL
interface is calculated from equations (6.2) and (6.9a), and the profile in the GDL thickness
linearly varies between C.,_¢cp. and Ceer—gpr- EQuations (3.16)-(3.19) (from chapter 3)
respectively, give the profiles of current density, oxygen concentration and overpotential in the
CCL for the case of My « 1. However, as discussed in chapter 3, the mathematical similarity
between the equation sets (3.6)-(3.8) (from chapter 3) corresponding to the case of M; «< 1
and equations (3.35)-(3.37) (from chapter 3) corresponding to the case of My > 1 suggests
that the same equations (3.16)-(3.19) will also provide the profiles for the case of M > 1 with

the only difference that j*,n* J* and £? (defined in equation (3.9)) must be replaced by

j'n',] and ) (defined in equation (3.38)). This procedure gives the required profiles of the
variables C,J/ andn in the channel, GDL and CCL. As can be observed in figure 6.3, the
profiles predicted by analytical model match reasonably well with the 3-D simulation results
atall x*s in all three domains. Furthermore, figure 6.4 compares the local current density profile
along the channel length obtained from equation (6.4b) (where «, 8 and ¢ are defined based
on J;_p given by equation (6.10b)) at the operating cell voltage of 0.44 V (1,,ir—free,ccL =
0.36 V) with that obtained from 3-D simulations (at the mid-plane of the membrane) at the
same cell voltage. The simulations in fact give a profile of current density in ‘x — z’ plane (see
figure 6.5). Since the analytical model only considers average values of variables in the ‘x —
z’ plane, therefore the current density profile in the 3-D simulations was averaged out in ‘z’
direction for a given ‘x*’, and the average values are compared with analytical results in figure
6.4. It can be observed that analytical model predictions and three-dimensional numerical
simulation predictions are in close agreement. Thus, figures 6.3 and 6.4 justify the adequacy
of using the quasi two-dimensional approach to describe the local J — 1, cc. — Cecr-6pL

relation as well as the axial oxygen concentration (and hence also current density).
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Fig. 6.3 Transverse (—y) profiles of current density, overpotential (7 = 1, ¢¢, at membrane-CCL
interface) and oxygen concentration in the different domains of the PEMFC for three different x* at
the mid-of the channel width and operating cell voltage of 0.439 V (1, ir—free,cc. = 0.363 V). Lines
represent analytical model predictions while the numerical simulation results are given by symbols
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Current density (A/cm?)

0 0.2 0.4 0.6 0.8 1 1.2

*

X

Fig. 6.4 Comparison between the local current density profiles along the axial (—x) direction
obtained from analytical model (line) versus z- averaged numerical simulation results (symbol) at
operating cell voltage of 0.439 V (1, ir-free,cc. = 0.363 V).

Current density profile in ‘x — 2’ Oxygen concentration profile in ‘x — z’
plane at the mid-of the membrane plane at the CCL-GDL interface

x10*
2.2

4
) §3.5
1.8 3
1.6 2.5
1.4 2
1.2 1.5
3 1

Fig. 6.5 Simulated ‘x — z’ plane current density (mid-of the membrane) and oxygen concentration
(at CCL-GDL interface) profiles at operating cell voltage of 0.439 V (1, ir—free,cc. = 0.363 V).
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We now check whether the approximation of effective length (equation 6.11) is adequate to
capture average variable values in the ‘x — z’ direction especially for different rib widths. For
this, we systematically varied rib-widths (1 mm, 1.2 mm and 1.4 mm) in the simulation and
estimated the corresponding effective lengths (555 um, 660 um and 790 pm) using equation
(6.11). The channel width was adjusted for each rib width to maintain the same total active area
so that the air flow rate at the inlet of the channel remained identical for all three cases. All the
other model parameters are listed in table 6.2. A reasonable agreement between polarization
curves predicted by the PEM fuel cell equation and the simulated polarization curves (symbols)

for all the three rib-widths can be seen in figure 6.6, which suggests that . ¢ p;, can effectively

capture average values of current density and oxygen concentration along ‘x — z’ plane.

1 A 1mm
0.8 Bm O lZmm
S : ‘~[@._@ O 1.4mm
2] =
S 0.6 Eﬁ%gg‘:g
= 0~ 5~
S 04 08
O "\ O~ A~
Oy O X
0.2
0

0 0.4 0.8 1.2 1.6 2 24
Current density (A/cm?)

Fig. 6.6 Comparison between the polarization curve obtained by analytical model (dotted lines)
versus there-dimensional numerical simulation for different rib-widths.

We now check the assumption of using area-average current density J;o:q; (Which is the
same as assuming constant overpotential n, across active area) to calculate the ohmic
overpotential loss in the analytical model by comparing it’s predictions with numerical

simulations, which rigorously determine the ohmic loss by calculating gradient of overpotential
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across the active area. Figure 6.7 compares the polarization curves predicted by analytical
model and 3-D simulations for three different ohmic resistances, 75, 100 and 150 mQ — cm?,
achieved by varying the proton conductivity of the membrane (10 S/m, 5 S/m and 2.5 S/m).
The polarization curves predicted by analytical model agree reasonably well with the simulated

polarization curves, which confirms the reasonability of the assumption.

- A 75mQ —cm?
08 | "= o 100 mQ — cm?
— m, 2
2 “Soa O 150 mQ —cm
g JRENC. SN
g0 0.6 B G A
= B‘D A:o" A
S . OS2
0.4 O~ O-&-~.
Bre. OB~
O~~ O~ &
0.2
0
0 04 0.8 1.2 1.6 2 24

Current density (A/cm?)

Fig. 6.7 Comparison between the polarization curves obtained by analytical model (dotted lines)
versus there-dimensional numerical simulation for different ohmic resistances.

In the end, it is worth noting that in the PEM fuel cell equation the various geometrical,
operational and material parameters which control the performance of PEM fuel cell get
combined into seven physically meaningful and experimentally measurable current density
scales and one ohmic resistance. These are summarized in table 6.3. The current density scales

are: one exchange current density, which corresponds to the intrinsic ORR Kinetics, three
critical current densities, ]crit,(H+)transporta ]crit,(OZ)transport and
Jerit,(02) transport in ¢CL and agglomerate: WhiCh denote the current densities above which these

respective transport processes start modulating the intrinsic ORR Kinetics, and three limiting
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oxygen in the GDL(Jsppefr), channel (Ju;iff cn) and the input stoichiometry of oxygen (Jiow)-

Table 6.3 Important current density scales in the PEM fuel cell equation

Sr.no | Current density scale Expression
1 Intrinsic exchange current density loc
20A
2 ]crit,(H+)transport %
t
4FD i
3 Jerit,(02)transport %Cm
t
4 ]crit,(OZ) transport in CCL and agglomerate (4‘FDCCLCin) (36FDaggCin(1—€CCL) % I
le Ragg Ragg
' lefr,GpL
6 ]flow A X ]expt
’ h
8 Ronmic ~ L + bnembrane + 2% (1 - (p) lgpL +
o Omembrane OGDL,tp
Wchannel
@ 2 4 lgpL
OGDL,ip OGDL,tp
6.7)  Conclusion

This chapter provides an account for all coupled reaction-diffusion-convection processes
occurring inside the various components of the PEM fuel cell resulting finally into the ‘PEM
fuel cell equation’ that relates the effects of all material, geometric and operating parameters
of a PEM fuel cell to its performance in a compact manner. The various assumptions made
during the derivation of the PEM fuel cell equation were validated by comparing model
predictions with the results of full three-dimensional numerical simulations in which no

simplifying approximations were made. The polarization curves predicted by the PEM fuel cell
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equation, profiles of oxygen concentration, current density and overpotential showed
quantitative match with the three-dimensional numerical simulations over a wide range of

current density.

The analytical model presented here has elaborated more on the specific case wherein the
resistance to oxygen diffusion in CCL affected the ORR kinetics at lower current density than
proton transport resistance in CCL (D* < 1). This is because of its relevance to the
experimental conditions used in this work. In the future, the analytical model can be extended
to the case of D* > 1, which might be relevant to other types of fuel cells such as an open
cathode design wherein low humidity conditions could cause higher resistance to proton
conduction in the CCL. The analytical model can also be extended in the future to account for

detailed two-phase water balance in the MEA.
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Chapter 7

The PEM fuel cell equation: experimental validation

The content of this chapter is published in,

“Chemical Engineering Science, volume no. 206, 12" October 2019, pages: 961177 [90].

As mentioned in earlier chapter, PEM fuel cell equation is valid for the case wherein oxygen
transport resistance in the cathode catalyst layer (CCL) is encountered at lower current density
than proton transport resistance in the CCL i.e., the first deviation from intrinsic Tafel kinetics

on the polarization curve is a consequence of oxygen transport resistance across the CCL. This

essentially suggests that D* < 1, where D* is the ratio of J ;i (02)transport = W‘;ﬂ and
t

Jerit,(H+)transport = zjﬁ (see table 6.3). To the best of our knowledge, no experimental
t

methodology is available in the literature to decipher the regime of CCL operation. It should
also be noted that while predicting the polarization curve using PEM fuel cell equation, we
assumed certain numerical values of oxygen diffusion coefficients in the channel, GDL and
CCL (see table 6.2). Thus, it is crucial to first experimentally estimate oxygen diffusivities in
the different domains of PEMFC namely, flow channel, GDL and CCL. In most of the earlier
studies, the so-called limiting current method has been used to estimate oxygen transport
resistance in these domains [66-70]. However, there are two assumptions in this method. We

have discussed these assumptions in detail in chapter 2. Here, we briefly summarize them:

1. The method assumes that the oxygen concentration is linear in all domains. This

especially does not hold in the CCL. A rapid non-linear decay of oxygen concentration in the
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CCL near the GDL-CCL interface is predicted when the rate of oxygen transport across the
CCL is considerably slower compared to intrinsic ORR kinetics (see chapter 2) which results
in the strong dependence of local apparent Tafel slope on overpotential. Therefore, correlating
oxygen transport resistance in the CCL to the limiting current density, which is independent of

overpotential, is not appropriate.

2. The influence of oxygen diffusion along the channel depth is assumed to be negligible in
these studies, which may not be realistic. The isothermal two-dimensional model of PEMFC
(chapter 4-6) clearly shows that the limiting current for high stoichiometric reactant flow rates
is a function of oxygen diffusion in the GDL as well as oxygen diffusion along the channel
depth. Therefore, to determine the effective oxygen diffusion coefficient in GDL it is
imperative to segregate the contribution of oxygen diffusion along the channel depth from the

limiting current density.

Thus, there are at least two unrealistic assumptions made in the previous studies insofar as
experimental determination of oxygen diffusivities in the various domains of PEMFC is
concerned. By using the limiting cases of our PEM fuel cell equation, we elucidate here a
systematic experimental methodology to estimate the effective diffusion coefficients of oxygen
in the CCL, GDL and channel. Finally, we show that when the experimentally determined
diffusion coefficients are used in the PEM fuel cell equation the predicted polarization curve

shows excellent match with experimentally measured polarization curve.

We begin by summarizing the key limiting cases of PEM fuel cell equation and the
theoretical scaling laws that come out of the model. This is followed by the experimental details
and an account of data analysis methods. We then discuss the salient results comparing

analytical model with experimental data in the final subsection.
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7.1)  Limiting cases of PEM fuel cell equation

We first reproduce here the PEM fuel cell equation:

_ B
]total _]flow {1 - exp(— 1+a+$) (7-13-)
Here,
J1-D J1-D J1-D 4FDGpLCin 7FUmeanhCin 4FDCin
= ] = ) = ] =, =), i = —and
JGDLeff Jflow Jdiff.ch ]GDL‘eff leff,GDL ]ﬂow L ]dlff’Ch h
4FDccLCi
-0 =T 7 o X
Mo,iR— To,iR—
io,cAlt[eXP<%zee'm‘>]XE(no,iR—free,CCL) io.cAlt[EXp(%zee'm‘)]XE(no,iR—free,CCL)
4FDccLCin tanh 4FDcc1Cin
It It
(7.1b)
1 I ! Wchannel I
t membrane GDL 2 GDL
=l e [ gy e (P )
Monmic total (g Omembrane ¢ OGDL,tp ¢ OGDL,ip OGDL,tp ( )
V= Eeq — No,ir—free,ccL — Nohmic (7.1d)

We now discuss two important experimentally achievable limiting cases of equation (7.1a)

and (7.1b).

a) Ji-p << JeprJriow Jaifr.cn (@, B,§ << 1)

This is experimentally achievable at low overpotential (i.e. high operating cell voltage) and

high oxidant stoichiometry. For «, 8, << 1, it can be shown that {1 —exp(— 1+§+€)} ~f

and therefore, Jiotar = Ji—p- This limiting case physically means that the mass transfer
resistance for oxygen is negligible in the GDL and flow channel. Also, oxygen concentration
at the CCL-GDL interface is the same as the inlet oxygen concentration Ccci—cpr = Cin

because of high stoichiometry. Hence the current-potential relationship is dictated by the
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physicochemical processes occurring only in the CCL. We can further sub-divide this limiting

regime in the following sub-cases:

4FDccLCin 4FDccLCin~ ,36FDaggCin(1—€ccL) l¢
i ]total < 1 ) ( 1 ) ( X
¢ ¢ Ragg Ragg

In this regime, E(mR-free) ~ 1, therefore equation (7.1b) transforms to

Jeoral io,CAlt[exp(no,iR—flzee,CCL)] . io‘CAlt[exp(no,iR—fl?C"ee,CCL)] h h
4FDccrCin — 4FDcciCin tan 4FDccLCin «'1, which suggests
[ l¢ "
ioycAlt[exp("o,iR—zzee,CCL)] iO‘CAlt[exp(no,iR—izee,CCL)]
tanh 4FDccLCin ~ 4FDccLCin
It It
Therefore, equation (7.1b) gives,
— _ No,iR—free,CCL
Jeotat = J1-p = lo,cAl; [exp (A—c)] (7.2)

Equation (7.2) is essentially intrinsic Tafel kinetics of ORR.

4FD C; 4FD C; 36FD C; (I_ECCL) l
CCL%in & ]total & \/( CCL ln)( aggtin X t

lt lt Ragg Ragg

Here again E(1;z—rree) ~ 1. However, equation (7.1b) implies

o,iR—free,CCL)]

io,cAlt[exp(?7 i O.iR—free,CCL)]

io,cAle| ("
Jtotal lo,cAlt| €XP Ac

Do C = DL tanh DL > 1, which suggests
le le le
iO,cAlt[exp(—niR_f jfe'CCL)]
tanh TFDecLCon 1.
le
Therefore, equation (7.1b) reduces to
__ |4FDccLCin . No,iR—free,CCL
Jeotar = [R5 Al [exp (LeiiLeecet)] (7.3
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Equation (7.3) is the current-potential relationship wherein oxygen transport resistance across
the CCL modulates the intrinsic Tafel kinetics of ORR. Note that the critical current density
above which the rate of oxygen transport process across CCL becomes comparable with
intrinsic ORR kinetics i.e., the transition of current-potential relationship from equation (7.2)

to equation (7.3) is,

__ 4FDccLCin
]crit,(O 2)transport — I (7-4)

b) JeprJaiff.cn < J1-ps Jfiow (@, &> 1)

This limiting case is realizable at high overpotentials and at high stoichiometries. For a, & >

, it can be shown tha — exp(———) = — and hence, equation (7.1a) gives
1, it can be shown that {1 1+i+e a‘;, dh tion (7.1
1 1 1 1 1
- = 7.
Jtotat  JGepL  Jdiff.ch “;DGDLCM + 4FDCip (7.5)
eff,GDL h

The total current density in equation (7.5) is independent of overpotential. Thus, this is a
limiting current density value. The two cases (a) and (b) discussed above will be used in the

following sections to pull out important scaling laws.

7.2)  Theoretical scaling laws

In any experimental study that seeks to understand the factors governing fuel cell
polarization, it is critical to first decipher which of the two important transport resistances viz.,
oxygen transport or proton transport resistances, are responsible for modulating the overall
consumption rate of oxygen in CCL. We propose that this can be done by experimentally
determining scaling laws between measured current density and inlet oxygen concentration
under carefully chosen operating conditions, and comparing the same with theoretically

predicted scaling laws. To do so, we first extract scaling laws relating measurable current
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density J;,:; @and inlet oxygen concentration C;,, from the PEM fuel cell equation (7.1) under

two experimentally achievable limiting cases:

e ldeal proton transport across the CCL

The limiting cases of equation (7.1) i.e. equations (7.2), (7.3) and (7.5) suggest the following

scaling laws relating J;,:a: — Cin at a given overpotential,

4FD¢crCin
]total ~ (Cm) for]total < L and a, .3 ‘f <1 (7.6&1)
]total (Cm)o 5 for % < ]total and a, ﬁ'f <1 (7-6b)
Jeotar ~ (Cin)?* for % < Jrotas @nd a and/or & > 1 (7.6¢)

As noted earlier and also from equations (7.2) and (7.3), with increasing J;,:q; the apparent
Tafel slope changes from intrinsic Tafel slope of ~26 mV (equivalent to 60 mV when expressed
in logio) to ~52 mV (equivalent to 120 mV when expressed in logio) and keeps increasing
further until at limiting conditions the current density becomes independent of overpotential
(equation 7.5; infinite apparent Tafel slope)). Further, equation (7.4) gives the scaling law

relating /.- to inlet oxygen concentration as,

]crit,(OZ)transport ~ (Cin)1 (7-7)

e ldeal oxygen transport across the CCL

4FDCCLCL7’1 ZO'AC

At low current density given by Jiprar < z
t

]GDL:]def Ch']flow: the current-

potential relationship is given by equation (7.2). At intermediate current density, if HPccrlin

I

Zac

Jrotar > — then proton transport resistance across the CCL becomes significant. The local

current-potential relationship for this regime was given by (see chapter 5)
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+(a+€)ln( ) (,/4+(a+§)2 (a+€))+(a+f)ln(,/4+(a+§)2 (a+

&) — Bx* (7.8)

Here, a, B and ¢ are defined based on J,_, = \/ZUAC io, Al [exp ("" CCL)]. The total current

density can be obtained by integrating equation (7.8). It was shown (Thosar and Lele 2017)

that for a, 8, & < 1,

Jtotar = \/ZUAC io,cAl; [exp (770 CCCL)] (7.9)

It was also shown that at high stoichiometry and high overpotential when J;_p > Jepr, Jaifr,ch:

then equation (7.8) simplifies to (Thosar and Lele 2017)

1 1 1 1 1
Jeotat  Jopr  Jaiffen  2EPGpLCin T *FDCip ( )
leff,GDL h

Note that equation (7.10) is identical to equation (7.5). This physically means that irrespective
of the regime of operation in the CCL, the overall limiting current density is dictated by oxygen

diffusion rate in the channel and GDL.

Equations (7.2), (7.9) and (7.10) suggest following scaling laws relating J;,:a: — Cin, at a given

overpotential,

Jeotar ~ (Cln) for Jeotar < ZUAC (7.11a)
]total (Cln)o for 20l < ]total and a, ﬁ E <1 (7-11b)
Jeotar ~ (Cin)?* for ZUAC < Jtotar @nd a and/or & > 1 (7.11c)

Also, the scaling law relating Jc,it, (w+)transport 10 inlet 0Xygen concentration is given by

]crit,(H+) transport = (Cin) 0 (7- 12)
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In the following sections we will use the limiting cases and the scaling laws extracted from
the PEM fuel cell equation to analyse our experimental data. Specifically, we demonstrate three
new methods to analyse the data: (1) a graphical method to determine J.,;;, (2) a method to
determine the operating regime of CCL using theoretical scaling laws, and (3) a method to
determine diffusion coefficients in channel, GDL and CCL. Using this information, we will
then compare the experimentally determined polarization curve with predictions of the PEM

fuel cell equation.
7.3) Experimental details

Nafion-XL grade membrane (27 pum thick) was hot-pressed between two 25 cm? decal
electrodes. The electrodes were fabricated by coating PTFE films with an aqueous slurry of 40
wit% Pt/C catalyst and 5 wt% ionomer solution followed by drying the film. Decal transfer
resulted in 7-7 micron thick catalyst layer on both anode and cathode sides covering the active
area (25 cm?). Catalyst loading was approximately 0.3 mg/cm? on anode as well as cathode.
Gas diffusion layers (SGL 39 BC) of 25 cm? area, ~300 micron thickness and having open
porosity of 0.5 were used to prepare the membrane electrode assemblies (MEA). The
membrane was extrapolated beyond the active area so that no sub-gaskets were required for
MEA assembly. MEAs were prepared by hot compression; the compression strain being
limited to within 12-15%, which resulted in an estimated porosity of GDL of ~ 0.35. Fiber
reinforced teflon (FRT) flat sheets were used as gaskets to avoid peripheral leaks and cross-
flow. The MEAs were sandwiched between two graphite monopolar plates each containing 3-
channel serpentine flow field. The channels and ribs were both ~1 mm wide and the channels
were 1 mm deep unless otherwise stated. The before and after assembly of the test-cell used in
the experiments is shown below in figure 7.1. Figure 7.2 illustrates the above mentioned three-

channel serpentine flow field used in the experiments.
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el IY 'y

FF MEA FF CC

EP : End Plate FF: Flow Field Plate
CC: Current Collector Plate MEA: Membrane Electrode Assembly

(2) (b)

Fig. 7.1 Test-cell set-up (a) before assembly and (b) after assembly
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Fig. 7.2 Three-channel serpentine flow field (used in the experiments)

The cell temperature was maintained at 60° C using external heaters. The temperatures of
humidifiers were maintained constant at 60°C and 54 °C for anode and cathode respectively,

in order to achieve 100% and 80-85% humidification on anode and cathode sides respectively.
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The MEAs were conditioned and tested using a fuel cell test station (Fuel Cell Technologies

Inc., Model SFC-TS, USA). The key experimental conditions are described in table 7.1.

Table 7.1 Experimental conditions and MEA details

Parameters Values
Operating temperature (°C) 60 (maintained using external heaters)
Relative Humidity 80% at C and 100% at A
Operating pressure (atm, absolute) 1

5 (controlled using mass flow
controller, MKS instruments)
5.5 (controlled using mass flow
controller, MKS instruments)

Anode Stoichiometry (H2)

Cathode Stoichiometry

Active Area 25 cm?
Membrane Nafion XL Membrane
Sealing Gasket FRT Flat gasket

Two different sets of experiments were planned to determine the controlling transport
resistance in CCL and to quantify the effective diffusion coefficients of oxygen in CCL and

GDL:

1) Varying inlet oxygen concentration

Calibrated gas cylinders of oxygen-nitrogen mixtures containing oxygen concentrations of 4%,
6%, 8%, 10% and 21% (air) were used. Pre-conditioned MEAs were further conditioned using
each of the calibrated O»>-N2> mixtures at constant voltage of 0.6 V for 1 hour to ensure that
steady-state current density was reached and then subjected to polarization curve. Pure H> was

used as fuel.

2) Varying channel depth

The cathode side flow field plate was customized to have different channel depths of 1 mm, 2
mm, 3 mm and 4 mm. The channel depth on anode plate was always 1 mm. For each plate, a

pre-conditioned MEA was re-conditioned at a constant voltage of 0.6 V for 1 hour so that
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steady-state was confirmed and then subjected to polarization curve using 4% O as oxidant

and pure H> as fuel.

All polarization experiments were performed at sufficiently high stoichiometries of 5 and 5.5
respectively, for hydrogen and air in flow tracking mode. This ensures uniform hydrogen and
oxygen concentration over the flow field at all current densities. For each MEA, its ohmic
resistance was independently determined using electrochemical impedance spectroscopy. In
particular, the high frequency resistance (HFR) of MEA was determined from Nyquist plot and
was used as the value of ohmic resistance. HFR value of ~75 mQ-cm? (+ 2-5 mQ-cm?) was
measured consistently for all MEAs. iR-free polarization data was obtained by adding the

voltage loss due to ohmic resistance to the measured cell potential.

7.4)  Data analysis methods

e Graphical method to determine J..;; from experimental polarization curve

Figure 7.3 shows a typical iR-corrected experimental polarization curve on a semi-log scale.
Plotted this way, the polarization curve is linear in the very low current density region with a
slope equal to the intrinsic Tafel slope (A, = RT/F) for ORR, and it deviates from this line as
the current density is increased. At some intermediate current density, the local slope of the
polarization curve doubles i.e., it asymptotically merges with a line having slope equal to
doubled Tafel slope (2RT/F). Figure 7.3 also shows the lines corresponding to local slopes
equal to the Tafel slope and double-Tafel slope. The x-coordinate of the intersection point of
these asymptotic lines is the critical current density (J.»i:), (refer chapter 2), therefore this
graphical method is used in the present work to determine J..; for different oxidant

concentrations. It should be noted that the transport resistance, which causes deviation and
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eventual doubling of Tafel slope, starts influencing the polarization curve at a current density

much lower than /.. This is evident from figure 7.3.

e Using scaling laws to discern the operating regime of CCL

iR-free polarization curves were obtained for different oxidant concentrations under
conditions of J.rit < Jepr,Jaiff.cnJriow- Current densities at a given overpotential were
measured for each oxygen concentration from the respective iR-free polarization curves and
plotted against oxygen concentration to give the experimentally measured scaling law.
Similarly, the scaling law of J..;; versus oxygen concentration was determined. Comparison
of these scaling laws with equation sets (7.6), (7.7) and (7.11), (7.12) is used to discern which
of the two main transport resistances, oxygen transport or proton transport in CCL, is

influencing the overall ORR.
e Estimating effective oxygen diffusion coefficient in the CCL, GDL and channel

If scaling law analysis suggests that oxygen transport in CCL governs the overall rate of
ORR, then equation (7.4) suggests that the slope of experimentally determined J.,;; versus

oxygen concentration should yield the effective oxygen diffusion coefficient in the CCL. Note

that the other parameters in equation (7.4) are known (F = 96500 ﬁ and [, = 8 um).

Equations (7.5) and (7.10) both suggest that if the channel depth (2h) is varied
systematically then a plot of reciprocal of limiting current density) versus channel depth should

be a line whose slope will allow for estimation of the oxygen diffusion coefficient in air, and

1

whose intercept on the axis will enable the estimation of effective oxygen diffusion

total

coefficient in the GDL. These experiments were performed using low oxygen concentration
and with high stoichiometric reactant gas flow rates to ensure that the limiting current density

is because of oxygen diffusional resistances in the channel and GDL. Since the oxygen
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diffusion coefficient in air is well known, this value can be used to validate the utility of the
methodology. In the experiments, we were not able to reach high enough overpotential to reach
limiting current density values because of limitation on the maximum current that could be
drawn from the load box. Hence, we have taken the value of current density at highest measured
overpotential as the limiting current value. The intrinsic assumption here is that the measured

current density has the same dependence on Ci, as the limiting current density.

0.9 1
0.85

0.8 1

Voltage (V)

~0.2 A/em? \\‘\\

0.01 0.1 1 10
Current density (A/cm?)

Fig. 7.3 iR-corrected polarization curve in semi-log scale with H; as a fuel and air as an oxidant at
T = 60°C, H; stoichiometry = 5, air stoichiometry = 5.5, outlet pressure=ambient pressure,
anode side RH = 100% and cathode side RH = 70%. The lines have intrinsic Tafel slope and
doubled Tafel slope. Their point of intersection is the critical current density.

7.5) Results and discussions

e Regime of CCL operation

We begin by deciphering, for our MEAS, which of the two transport resistances, oxygen
diffusion or proton conduction, will start modulating the Tafel kinetics first as the current
density is increased. Figure 7.4 shows the polarization curves for different oxygen
concentrations namely 4%, 6%, 8%, 10% and 21% (air). The critical current density (J.,;;) was

determined for each polarization curve using the aforementioned graphical method (see figure
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7.5). A double logarithmic plot of J..;; versus C;, is shown in figure 7.6a. The slope of the

graph gives the scaling exponent of 0.84, which is close to 1 and therefore is suggestive of the

scaling Jeric ~ (Cin)l'

—21% —-10% --8% 6% - 4%
0.9

0.8
0.7
0.6
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Voltage (V)

0.4

0.3

0.2 A
0.1 1

“ T T T
0 0.5 1 1.5

Current density (A/cm?)

[S5]

2.5

Fig. 7.4 Polarization curves for different inlet oxygen concentrations with H, as a fuel at T = 60°C,
H?2 stoichiometry = 5, oxidant stoichiometry = 5.5, outlet pressure = ambient,
anode side RH = 100% and cathode side RH = 70%

Figure 7.8 shows double logarithmic plot of measured current density versus C;, at three
different overpotentials. The lower overpotential of 0.069 V corresponds to the regime of Tafel
slope on the polarization curve, whereas the higher overpotential of 0.135 V corresponds to a
regime of nearly doubled Tafel slope on the polarization curve for all the oxygen
concentrations. The overpotential of 0.56 V corresponds to a high current density regime on
the polarization curve where oxygen diffusion in GDL or channel is expected to be slower than
oxygen consumption rate in the CCL i.e., a and/or & > 1. From figure 7.8 it can be inferred
that the experimentally observed scaling laws relating measured current density to inlet oxygen
concentration for the three overpotentials are approximately, Jiotar ~ (Cin)°@ 0.069 V —
Jeotar ~ (Cix)?>@ 0.135V > Jprar ~ (Cin)* @ 0.56 V. Thus, we see a reasonable agreement

between theoretical scaling laws (equations (7.6) and (7.7)) and experimentally established
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scaling laws, and this suggests that the first deviation from intrinsic Tafel Kkinetics on the
polarization curve is a consequence of oxygen transport resistance across the CCL. In other

WOI’dS, ]crit,(OZ)transport < ]crit,(H +)transport-

0.9 -

0.9 4
4% 0O, 8% 0,
0.85 4 0.85 1
0.8 0.8
3 :
& 075 1 % 075
0.7 A 0.7 1
~0.05 A/em?
0.65 4 0.65 A ~0.09 A/em?
0.6 T 1 0.6 T d
0.01 0.1 1 0.01 0.1 1
Current density (A/em?) Current density (A/cm?)
0.9 4
6% O,
0.85 4
= 084 ~-
- -
@ <
-4 )
£ 075 4 s
= -]
- =
=
0.7
0.65 - ~0.07 Alem? 0.65 - ~0.11 f/em?
0.6 v 0.6

0.01 0.1 1 0.01 0.1 1
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Fig. 7.5 iR-corrected polarization curves with asymptotic lines having intrinsic Tafel slope and
doubled the intrinsic Tafel slope for different inlet oxygen concentrations
The experimentally observed scaling law J;o¢q: ~ (Cin)®” at high overpotential in figure 7.8

shows deviation from the expected scaling of J.o¢qr ~ (Cir)*. There could be two probable

causes for the deviation:
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a) The theoretical scaling law J,,.q ~ (Cip)? is strictly valid for limiting current density.
However, it can be observed from figure 7.4 that except for 4% O and 6% O cases, we did

not see limiting current density in our experimental data.

b) The rate of water generation at higher overpotential increases for increasing C;,, due to higher
current. This might result in varying water content in the GDL, which in turn would affect the
effective oxygen diffusion coefficient in GDL. Thus, the assumption of the same D, for all
C;» may not be strictly valid. Capturing the variation in D;p; due to variation in water content
in the GDL is possible only in a non-isothermal, multiphase model of PEM fuel cell. This is

out of scope of the present study.

35 A
(a)
T3
E / SIO])C ~0.84
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25 1 ]C)'l'l ~ (Cin)l
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Fig. 7.6 a) Double logarithmic plot of critical current density (J.,;z) versus inlet oxygen concentration,
b) critical current density (/.;) versus inlet oxygen concentration
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s

Fig. 7.7 SEM image of the catalyst coated membrane (CCM)
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Fig. 7.8 Double logarithmic plot of total current density (J;,:q;) Versus inlet oxygen concentration
(Cin) at different overpotentials
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For the CCLs used in this work, our experimental polarization data for Ha/air shows that

Jerit.(02)transport ~ 0.2 — 0.4 — over typical operating oxidant back-pressure range. In

A
cm?2
comparison, since the effective proton conductivity of such a CCL is estimated to be around

204,

~2—3S5/m [43-45], we find that J. it (m+)eranspore = —— ~ 1.2 —2 CA?. However, as

discussed earlier, the current density at which both oxygen and proton transport resistances will
simultaneously start influencing the polarization curve will be lower than /e it (y+)transport-
Therefore, for the MEAs similar to those used in this work and under humidified operating
conditions, the operating regime of CCL is likely to shift from intrinsic Tafel kinetics at low
current density to oxygen diffusion modulated ORR Kinetics at intermediate current densities
to simultaneous oxygen-proton transport resistance modulated ORR at higher current density
and further to a regime in which agglomerate diffusion resistance coupled with oxygen-proton
transport resistance will modulate ORR at even higher current density. At extreme values of
current density one or more of the three limiting factors viz., stoichiometry, GDL diffusion or

channel diffusion will determine a limiting current.
e Determination of oxygen diffusion coefficients in CCL, GDL and channel
We now determine the effective oxygen diffusion coefficient in the CCL. As can be seen in

figure 7.6b, which shows the same data of figure 7.6a on a linear-linear scale, the slope of J,.;;

versus C;, turns out to be about ~237.5 :—OT. From this and using equation (7.4), the effective

oxygen diffusion coefficient in the CCL can be estimated to be ~4.9 x 107° mTZ That the
thickness of the CCL is indeed ~ 8-10 um is confirmed by the SEM image, as shown in figure
7.7. Since the oxygen diffusion coefficient in water is known to be about ~5 x 10‘97"?2 [99],

it implies that the CCL is flooded with liquid water. This is likely due to low operating

temperature and high humidity conditions (70-75% RH on cathode side and 100% RH on anode
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side) coupled with water generation due to reaction. It seems possible then that for the MEAs
tested here, flooding of secondary pores in the CCL with water gives rise to oxygen diffusion

resistance in the CCL.

As mentioned in the Introduction, earlier attempts to estimate oxygen diffusion coefficient
in the CCL by the so-called limiting current method assumed linear oxygen concentration
profile in the CCL, which may not be always correct. In the methodology outlined in this work,

no assumption whatsoever on the oxygen concentration profile in the CCL was invoked.

We now use the methodology proposed in the section 7.4 to estimate the oxygen diffusion
coefficients in GDL and channel. Figure 7.9 shows the polarization curves for different channel
depths (1 mm, 2 mm, 3 mm and 4 mm) obtained with H; as a fuel and 4% O> as oxidant. The

reciprocal of current densities at low operating cell voltage (0.3 V) are plotted as a function of

half channel depth in figure 7.10. The slope of the line — 1 versus h obtained from this
Jtotal (@ 0.3V)

plot is about ~0.05 A/Lm and from this, the oxygen diffusion coefficient in the channel (D) can
2
be estimated using equation (7.5) to be about ~3.5 x 1075 mT which is in agreement with the

known numerical value of oxygen diffusion coefficient in air at 60°C (~3 x 107> mTz) [100].

versus h line is ~0.00014 —

. 1
Further, the intercept of @ A

from which, as explained

in earlier section, the value of D, can be estimated from equation (7.5) and by using estimated

value of the effective length scale for oxygen diffusion in GDL, leff6pL = @lgp, + (1 —

®) (W”'b + lGDL) (see equation 6.11). Here, ¢ = —<tamL__ (ratio of flow area to the total area).

2 Wchannel TWrib

For the material parameters of our GDL (see experimental section) and for the rib width used

in our flow field plate (w,;, = 1mm), we estimated l.ss cp,~ 550 micron. Using this value,

the effective oxygen diffusion coefficient in the GDL (Dgp,) was found to be ~7 x 1076 mTz
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We may compare this value with an independent estimate of D;p, using the popular
Bruggeman correlation (Dgp;, ~ €25, D), where g5p,, is the porosity of GDL, the exponent 1.5

refers to the tortuosity factor and D is the bulk diffusion coefficient of oxygen in air.

2
Substituting these known values gives D;p,~6.2 X 107° mT which is in close agreement with

the experimentally estimated value and is be used in model calculations.
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Fig. 7.9 Polarization curves for different channel depths with H; as a fuel and 4% O, as oxidant at
T = 60°C, H2 stoichiometry = 5, oxidant stoichiometry = 5.5, outlet pressure =
ambient, anode side RH = 100% and cathode side RH = 70%
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Thus, we have demonstrated that the experimental methodology proposed in this chapter
clarifies the operating regime of the CCL and also gives excellent estimates of the oxygen
diffusion coefficients in the channel, GDL and CCL. We summarize the three oxygen diffusion

coefficients obtained experimentally in table 7.2.

Table 7.2 Numerical values of model parameters obtained from experiments

Parameter Value

mZ
Deel ~49 x 10‘9T

2

m

D¢p1 ~7x10"° T
2

m
D ~3.5x%x107° —

e Comparison of analytical model, numerical simulations and experiments

In this section we compare predictions of analytical model with experimental data as well
as with three-dimensional numerical simulation. Table 7.2 provided the numerical values of
model parameters. While all other values of numerical parameters were discussed earlier in
chapter 7, the values of oxygen diffusivities in CCL, GDL and channel were also provided in
the table 7.2. In fact, as discussed in the aforementioned sections, those values are experimental

estimates.

Figure 7.11 shows comparison between experimentally determined polarization curve,
predictions of the PEM fuel cell equation given by equations (7.1) and predictions of the three-
dimensional numerical simulations. An excellent match between analytical model, simulations
and experimental results was observed over the entire range of current density. Note that the
various assumptions made during the derivation of the PEM fuel cell equation were already
validated in chapter 6 by comparing model predictions with the results of full three-dimensional

numerical simulations in which no simplifying approximations were made. Also, model
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predictions match the experimental polarization curve without any ‘fitting parameter’.
Therefore, this validates the ability of PEM fuel cell equation to capture the coupled reaction-
diffusion-convection phenomena in an operational PEMFC and to relate all material,

geometrical and operating parameters to its performance.

0.9 —The PEM fuel cell equation - -3D simulation o Experimental data

Voltage (V)

0.2

0.1

0 0.5 1 1.5 2 2.5
Current density (A/cm?)

Fig. 7.11 Comparison of polarization curves predicted by analytical theory, full three-dimensional
numerical simulation and an experiment

7.6) Conclusions

An experimental approach to quantify mass transport resistance in an operational PEMFC
based on the developed analytical theory is presented. This chapter elucidates an approach of
comparing theoretical scaling laws with the experimental scaling laws to assess whether the
deviation in the polarization curve from intrinsic Tafel kinetics of ORR is because of oxygen
transport resistance across the CCL. It allows to quantify effective oxygen diffusion coefficient
in the CCL without invoking any restrictions on the oxygen concentration profile in the CCL.

Furthermore, a method of segregating oxygen diffusional resistances in the channel and GDL
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by varying channel depths is discussed and effective oxygen diffusion coefficient in the GDL

Is quantified.

Given that a high current density PEMFC operation is common in automotive applications,
it is imperative to understand the effect of oxygen transport resistance in the different domains
of PEMFC. A simple experimental methodology to quantify oxygen transport resistance in all
the domains of an operational PEMFC discussed in this study is an important step forward in

this regard.

Finally, we show that the polarization curve predicted by The PEM fuel cell equation and
typical experimental polarization curve give an excellent match over the entire range of current

density.
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Chapter 8

Conclusions and future scope

This thesis has presented a comprehensive analytical model of PEM fuel cell and its
validation using detailed numerical simulations as well as experimental analysis. The work

presented in this thesis has led to the following new contributions over existing literature:
8.1) Salient findings

The effects of simultaneously active oxygen and proton transport resistances across the CCL
thickness as well as oxygen transport resistance in the catalyst agglomerates is captured through
one-dimensional FA-corrected-MH model of the CCL. The most generalized analytical
solutions relating current density with CCL overpotential are obtained spanning all the possible

regimes of CCL operation.

Two-dimensional model capturing the non-uniformity of velocity and oxygen concentration
along the depth of the flow channel along with oxygen transport resistance in the GDL is
coupled with local FA-corrected-MH model of the CCL such that the consumption flux at the
CCL-GDL boundary is dictated by the regime of CCL operation. Analytical solution to this
two-dimensional problem resulted in ‘The PEM fuel cell equation’, a compact, closed-form
algebraic expression that correlates all the geometric, operating and material parameters
involved in an operational PEMFC with its power output. Different approximations invoked
while deriving analytical solutions to the one-dimensional and two-dimensional models are
validated by comparing analytical model predictions with three-dimensional numerical

simulation results wherein no simplifying approximations are made.
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While almost all the parameters in the analytical model are independently measurable, the
determination of two important oxygen transport parameters namely, effective oxygen
diffusion coefficient in the GDL and CCL, was non-trivial. A physics-based experimental
methodology to determine these parameters is elucidated and therefore all model parameters
can now be estimated independently. Finally, we show that the polarization curve predicted by
The PEM fuel cell equation provides an excellent match with the experimentally determined
polarization curve of an externally humidified low temperature PEM fuel cell over the entire

range of current density.

The PEM fuel cell equation captures the simultaneous convection-diffusion-reaction
phenomena in PEM fuel cell through 7 different current density scales and the net ohmic
resistance. Each current density scale is experimentally measurable and has definite physical
meaning. Therefore, the PEM fuel cell equation provides deep physical insight into the
physicochemical processes occurring in an operational PEM fuel cell and their repercussions
on the power output. We believe that PEM fuel cell equation is extremely valuable because it
can be used for diagnostic purposes as also for improving the performance of a fuel cell without
the need for using expensive numerical simulations. Indeed, the simplicity of the PEM fuel cell
equation can be gauged from the fact that it can be programmed in a simple Excel spreadsheet.

Here, we provide a snapshot of this excel file (figure 8.1).
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Input parameters

Geometric parameters Operating parameters MEA parameters
Parameters Value Unit Parameters Value Unit Parameters Value Unit
Channel width 0.001 m Inlet pressure 101323 Pa Effective oxygen diffusion coefficient in GDL 0.00000375 | m"Ys
Rib width 0.001 m Flow rate 0.00001 | m"3's GDL thickness 0.0003 m
Length of the channel 04 m Tempraturs 60 C In-plane electrical conductivity of the GDL 10000 S/m
Depth of the channel 0.001 m Inlet oxygen mole fraction | 0.21 - Through-plane electrical conductivity of the GDL 300 S/m
Effective oxygen diffusion coefficient in CCL 0.000000005 | m"Ys
CCL thickness 0.000008 m
CCL porosity 0.4 -
Agglomerate radius 0.00000012 m
Effective oxygen diffusion coefficient in agglomerate 1E-11 m'Ys
Volumstric exchange current density 5000000 | A/m*3
Proton conductivity of the CCL 28 S/m
Proton conductivity of the membrane 10 S/m
Membrane thickness 0.000025 m
E & 0922 v
Oxyeen diffusion coefficient in flow channel 0.00003 o's
1 . .
Y — Polarization curve
Parameter Value Unit \
R_Ohmic 7.4071E06 | Ohm-mA2
|_eff,GDL 0.00055 m 0.8 \"M-__‘_\
Current density scales (A/m*2) 9 06 ‘\\-.
Scale Value ~ : \\
1_crit_O2transport_CCL 1854 16755 3‘;,
io,c 20 E
j_crit_O2transport_CCL and 12845.0587 = 0.4
[_crit_agslomarate 830278836 =
J_GDL,eff 31015.1662
1 _flow 37083.3508
J_diff,ch 178000.085 0.2
0
0 0.5 1 1.5 2
Current density (A/cm2)

Fig.8.1 Snapshot of Polarization Calculator illustrating different input parameters and an output plot,
‘polarization curve’

8.2)  Future scope

The work presented in this thesis leads to different opportunities for further investigations

in the area of PEMFC technology:
a) Incorporation of water-evaporation and condensation Kinetics

The mathematical model of PEMFC discussed in this thesis does not incorporate the physical
processes on the cathode and anode sides which dictate the water balance in the cell. At best,
the effective oxygen diffusion coefficients in the porous CCL and GDL may be thought to
depend on a dimensionless quantity, s, which is the ratio of volume occupied by water to the
open pore volume in the corresponding domain. While ‘s” would be an input parameter for the

PEM fuel cell equation, however, in principle, it is a result of competition between following
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rate processes: a) rate of water generation at cathode, b) rate of water condensation at anode
and cathode, 3) rate of water evaporation at anode and cathode, 4) rate of water back-diffusion

(from cathode-to-anode), 5) water flux due to electro-osmotic drag from anode-to-cathode.

An improved model should incorporate the above five rate processes coupled with other
transport processes to predict ‘s’, which can then be used to estimate the effective oxygen
diffusion coefficients in the CCL and GDL. Such an insight can allow us to design efficient

water management protocol to maximize the power output of PEMFC,
b) Engineering CCL microstructure to enhance oxygen diffusion in the CCL

This thesis proves that for the realistic case of a fully humidified low temperature PEM fuel
cell, the operating regime of CCL is likely to shift from intrinsic Tafel kinetics to oxygen

diffusion modulated ORR kinetics under typical operating conditions. Thus, maximizing the

ccLCin

current density scale Al can maximize the power output of PEMFC. Thus, increasing

le
oxygen diffusion coefficient in the CCL and reducing the thickness of the CCL for the same

catalyst loading can improve the PEMFC dramatically.

The enhancement in the oxygen diffusion coefficient can be achieved by either lowering the
tortuosity of the CCL (better pore connectivity) and/or by increasing the porosity of the CCL.
The preliminary work by Kim et al. 2013 [103] discussed a novel method to fabricate highly
porous and less tortuous CCL and demonstrated a great promise in achieving path-breaking
power output. Li et al. 2019 [104] recently demonstrated a novel methodology to fabricate low
tortuosity battery electrodes. The methodology can be replicated for CCL fabrication which
may result in higher power output. This thesis has established a methodology to estimate
oxygen diffusion coefficient in the CCL and therefore, we can characterize the fabricated CCLs

in terms of Dg¢y.
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Lowering the thickness has been pursued in a fuel cell component development program by
3M company which resulted in Nanostructured thin film (NSTF) catalyst layer with a thickness
of less than a micron [105]. The analysis suggested that such a CCL follows intrinsic Tafel
kinetics for a very large range of current density (up to ~ 1.2 A/cm?). Another report by Lee et
al. 2015 [106], shows 30% increment in the power output of PEMFC when the thickness of the

CCL is reduced to 2 microns from 7-8 microns.

Therefore, an experimental program can be designed with an aim to develop thin, low
tortuous and highly porous CCL by combining the ideas discussed in these reports which may

result in impactful increment in the power output of the PEMFC.
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