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ABSTRACT

NON-PRECIOUS METAL CATALYSIS FOR PROTON-EXCHANGE MEMBRANE
FUEL CELLS

By

Nathaniel Dean Leonard

Non-precious metal catalysts (NPMC) for proton exchange membrane fuel cells
(PEMFC) are explored. Research into NPMCs is motivated by the growing need for
cleaner, more efficient energy options. NPMCs are one option to make fuel cells more
commercially viable. To this end, the present work studies and simulates the morphology

and function of metal-nitrogen-carbon (MNC) oxygen reduction catalysts.

A porosity study finds that mesoporosity is critical to high performance of
autogenic pressure metal-nitrogen-carbon (APMNC) oxygen reduction catalysts. Various
carbon materials are used as precursors to synthesis APMNC catalysts. The catalysts and
the associated porous carbon materials are characterized morphologically, chemically,
and electrochemically. The results indicated that substrates adsorbing the most nitrogen
and iron show the highest activity. Furthermore, a relationship is found between
mesoporosity and nitrogen content indicating the importance of transport to active site

creation.

A correlation is found between surface alkalinity and catalytic activity for
APMNC catalysts. The basic site strength and quantity were calculated by two different
methods, and it was shown that increased Brensted- Lowry basicity correlates to more

active catalysts. The relationship between alkalinity and catalytic activity could be the



result of the impact of alkalinity on the electron density of the metal centers or basic sites

could encourage active site formation.

It is found that the oxygen reduction reaction (ORR) proceeds both via a direct
four-electron pathway to water at high potentials and an indirect peroxide pathway at low
potentials on an APMNC catalyst. At higher potential, site availability inhibits peroxide
generation causing the direct four-electron reduction pathway to dominate. Oxygen
reduction begins to shift to the indirect peroxide pathway due to fast kinetics and higher
site availability around 0.6 V vs RHE. The net peroxide generation remains relatively low

over the entire range due to reduction of peroxide to water.

A PEMFC cathode model is developed for hydrophilic MNC catalysts. Water
flooding was studied in terms of its impact on gas-phase transport and electrochemically
accessible surface area (ECSA). Fuel cell data is modeled at a variety of pressures and
catalyst layer thicknesses. A sensitivity study is performed on the controllable cathode
parameters. Sensitivity analysis identified loading and density as critical parameters, and
parametric studies indicated that decreased loading would lead to higher catalyst
utilization. Also, density and loading of the catalyst layer are optimized for various fuel

cell potential regions.
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Chapter 1 Introduction

1.1. Motivation

As energy demand rises due to technology and population increases,'” energy sources also
need to change: research shows the detrimental impact our current energy technologies are
having on our world.? This makes the challenges two-fold: not only do we have to improve
energy availability, but we also have to provide the energy responsibly. For the present
dissertation we will be concentrating on a specific energy technology that has the potential to be
both efficient and clean: fuel cells.*’

Fuel cells can be highly efficient in comparison to combustion technologies because less
energy is wasted in the form of heat and sound,” furthermore the ability to utilize fuels such as
hydrogen® or hydrazine™ allow carbon emissions to be reduced. Although fuel cells have these
advantages over current energy technologies, the challenge with fuel cells has been competing on
a cost, power, and durability basis.*>’ These three challenges have guided fuel cell research over
the past decades, and catalysis is at the center of it. With better and cheaper catalysts, costs can

be cut, power density can be improved, and the benefits of fuel cell technologies can be realized.



Multi-scale Porosity Solid Alkalinity
N):

/K'/' 0o K]
T == k k =
2 3 c | &
\m 6,2 Op2 > H,0 6 —
K, 1 5
2 2|0
= Electrochemical Reaction Y — s \éf e} 7
== Adsorpti Y —_ >
sorption H2O2 o wﬂo‘ﬁé‘@ uu)_ tE
Lty HQ Q?\:\» & D
y O
Leonard et al. Analysis of Adsorption E,
Effects on a Metal-Nitrogen-Carbon ég‘:ﬁw f Leonard, et al. Meeting Abstracts. The Electrochemical Society,
Catalyst Using a Rotating Ring-Disk 2014.
Study. J. Electrochem. Soc., 2015 1 r
161(13) sovsalen

Figure 1.1: Graphical Abstracts of (a) Chapter 2 Carbon Supports for Non-precious Metal
Oxygen Reducing Catalysts, (b) Chapter 3 Solid Alkalinity of MNC Catalyst for Oxygen Reduction
Reaction, (c) Chapter 4 Analysis of Adsorption Effects on a Metal-Nitrogen-Carbon Catalyst using
a Rotating Ring-Disk Study, and (d) Chapter 5 Transport Model for Thick PEMFC Cathodes

1.2. Overview of Work

This dissertation has increased understanding of MNC catalyst function and synthesis with

four chapters:

1. Evaluation of the impact of mesoporosity on catalyst properties: A correlation between
mesoporosity and activity is found, suggesting that mesoporosity increases active site

creation or utilization.



2. Exploration of surface alkalinity in MNC catalysts: A correlation between activity and
pH is observed, and the basic site strength and quantity are calculated by two different
methods.

3. Exploration of peroxide generation of MNC catalysts: rotating ring-disk electrode
(RRDE) studies are used to detect peroxide generation and deduce oxygen adsorption
limitations for the MSU catalyst.

4. Numerically model catalyst function in fuel cell context: A thick, hydrophilic fuel cell
membrane-electrode assemblies (MEAs) has been modeled to understand transport in an

MNC catalyst developed by collaborators at the University of New Mexico.

Chapters one and three resulted in peer-reviewed journal publications.®® Chapter two was
published as a conference proceeding,'® and Chapter four was presented at the ECS/SMEQ Joint
International Meeting on October, 9" 2014, and the resulting paper is submitted. The final
chapter will consider the impact of the current dissertation, and how future research efforts
should be concentrated.

Of the competing MNC catalyst surveyed in the previous section, these chapters explore two
of them. The first three chapters consider a high-pressure synthesis process developed at MSU in
which the nitrogen precursors break down during the pyrolysis and the high partial pressure of
nitrogen intermediates enhances catalyst site creation. The fourth and final chapter considers the
modeling of a catalyst developed by collaborators at the University of New Mexico (UNM). This
catalyst involves a hard templating of the catalyst particles around silica agglomerates. The
templating ensures high quantities of mesoporosity. The importance of mesoporosity was main

conclusion from chapter two.



1.3. Competing Fuel Cell Technologies

A fuel cell is a steady-state galvanic electrochemical reactor in which a fuel is oxidized and
an oxidant reduced in order to convert chemical energy to electrical energy. There are many
different types of fuel cells. They operate at range of temperatures and a variety of fuels, but the
basics are: an anode where the fuel is oxidized, a cathode where the oxidant (generally oxygen)
is reduced, and an electrolyte that allows a charge carrying ion to pass from one electrode to the
other. Table 1.1 shows the various types of fuel cells with the two half-cell reactions, the charge-
carrying ions, and the operating conditions.

Table 1.1: Fuel Cell Types™*®

Fuel Cell Type Cathode Charge-Carrying lon Anode Operating
Reaction (Electrolyte) Reaction Conditions
€ D
Proton Exchange 0, + H" (in a polymer 2H,2>4H"+ | 50-100 °C with air
Membrane Fuel 4H +4e membrane) 4e and hydrogen
Cell (PEMFC) SH,0 gases’
Alkaline Fuel 0,+2H,0+4 OH" 2H,+40H" | 60-200 °C with air
Cell (AFC) e 240H 2>4H,0+4 and hydrogen
e gases5
Solid Oxide Fuel | O,+2e'> o~ o~ 600-1000 °C with
Cell (SOFC) 0% +Fuel=»2e | air and a variety
+Fuel of fuels*
oxide
Phosphoric Acid 0O, + H(in phosphoric 2H,24H™+ | 200 °C with air
Fuel Cell (PAFC) 4H +4e acid) 4e and hydrogen
=>H,0 gases4
Molten 0,+2C0O,+4 CO32' 2H,+ 650 °C with air
Carbonate Fuel e=> 20032' 2C032' and hydrogen
Cell (MCFC) >4H,0+2 gases’
CO,t4e

Of these fuel cells, solid oxide fuel cells (SOFCs), phosphoric acid fuel cells (PAFCs), and
molten carbonate fuel cells (MCFCs) are considered high temperature fuel cells and are used
primarily in stationary applications, often when combined heat and power (CHPs) is desired.*’

Proton exchange membrane fuel cells (PEMFCs) and alkaline fuel cells (AFCs) are considered



low-temperature fuel cells and are the most researched fuel cells for transportations
applications.*’

AFCs have been widely used in the space industry and have the advantage of relatively facile
kinetics in comparison to other fuel cell systems, but degradation issues have been the most
difficult challenge.*>'"'? Specifically, in aqueous AFCs, any carbon dioxide in the system reacts
with hydroxide to form carbonate and bicarbonate, which decreases the electrolyte pH.*'"*'?
Because OH' is the charge-carrying ion, any decrease in pH results in a decrease in conductivity.
Furthermore, these carbonate and bicarbonate ions can degrade electrode material. * For this
reasons much research has been devoted to developing anion exchange membranes (AEM)."
Although these membranes improve carbon dioxide tolerance, they generally have stability
issues especially at lower hydration levels.*"> Although much research has been spent on
improving stability, this challenge has caused the transportation industry to invest most of their
resources towards PEMFCs.”'*

PEMFCs have also been used in the space industry and are the most widely considered fuel

cell for automotive applications.“’5 14

This is due to the high durability and high conductivity of
the ionomer membrane.*” The challenge with the PEMFC has been that both half-cell reactions
require precious metal catalysts.*” The present dissertation concerns this challenge.

As mentioned in the overview, the primary challenges in competing with internal combustion
engines on a cost and performance basis. The primary impediment to competing on a cost basis
is the expense of the catalysts. This loading of costly catalysts must also be balanced with the
competing concerns of power and durability. Of the two half-cell reactions, the oxygen reduction

reaction (ORR) is the most sluggish resulting higher platinum loadings. The anode platinum

loadings are generally on the order of 0.05 mg/cm?”, while the cathode loadings range from 0.2-



0.4 mg/cm®.* Due to the higher platinum loading, the cathode catalyst has been the focus of the

most research.” Table 1.2 shows various catalysts that have been considered for ORR in

PEMEFCs.
Table 1.2: Oxygen Reduction Catalysts
Performance at General
Catalyst 06V /A cm?2 Form Metals Non-metals
Platinum and Platinum Alloys 15" Pt.Me, Mezl\(l;, é\:/lun;sFe, C-support
Metal-Nitrogen-Carbon 17 Me=Fe, Co,
HT catalyst 0.4 MeN.Cy Ni, Cu, Mn™ N.C

Chalcogenides 0.18" MenXs Me=Mo, Ru X=Se

Transition Metal Nitrides and 0.05% MeX, Me=Ti,TaW,Mo  X=N,C

For precious metal catalysts the goal is to reduce Pt usage without effecting durability or
activity. The current state-of-the-art catalyst for ORR in PEMFCs is de-alloyed PtNis."**!?? The
catalyst is based on a precursor of PtNi; alloy nanoparticles. Upon heat treatment, de-alloying

causes the surface of the nanoparticles to be platinum rich, while the centers are primarily

15,21,22
1.

composed of the cheaper Ni meta This catalyst has been found to function better the pure

platinum not only on a Pt-mass basis, but also the interior Ni has been found to enhance catalytic

15,21,22

properties of the Pt-rich surface. Although these catalyst have extremely high activity on a

platinum basis (0.35 A/mgp,), this level of Pt use is still too high (2015 goal: 0.44 A/mgp,).>**
As shown in Table 1.2, there are a number of alternatives to platinum group metal (PGM)
catalysts for ORR. The most competitive is metal nitrogen carbon (MNC) catalysts. Jasinski
discovered the catalytic activity of metal-N4 macrocycles.” Later developments by Yeager et al.
showed improved catalytic activity and durability from a pyrolyzed mixture of cobalt acetate,
carbon, and polyacrylonitrile.”® Ultimately this classification consists of a wide variety of
catalysts, but the synthesis procedure generally involves a mixing step involving metal, nitrogen,

oC 8,17,27-31

and carbon precursors followed by a pyrolysis step at 700-1000 The initial pyrolysis



step is followed by a leaching step to remove excess metal that can be harmful to Nafion and

17,27,31

often a second or third pyrolysis. These MNC catalysts can be broken down into three main

32,33 34,35

categories: ammonia activated catalysts, autogenic pressure generating catalysts, and
high-molecular-weight nitrogen precursor catalysts.”'*® The ammonia activated catalysts are
synthesized by purging the reactor with ammonia gas during the first pyrolysis. Normally these
catalysts have a second pyrolysis under an inert atmosphere to increase durability. The autogenic
pressure generating catalysts use nitrogen precursors that decompose during pyrolysis. The
decomposition of the nitrogen precursors creates a high pressure of gaseous intermediates that
react with the remaining solid phase to create active sites.”**>>’ These catalysts were developed
at Michigan State University and are the subject of Chapters 2-4. High molecular-weight
nitrogen precursor catalysts are synthesized with nitrogen or metal-nitrogen precursors such as
nicarbazim,’” polyaniline,”’ or metal macrocycles.”®*® These catalysts can be synthesized using
an atmospheric-pressure, purged reactor without losing enough nitrogen precursor to hurt

activity. One of these catalysts was developed at the University of New Mexico®> and will be the

subject of Chapter 5.
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Figure 1.2: Synthesis of MNC catalysts

The current state of the art MNC catalyst is a high-molecular-weight MNC developed by
Zelenay et al at Los Alamos National Laboratories.”’  For this catalyst, the carbon support, iron-
salt, and short chain aniline oligomer are mixed. After the mixing, an oxidant is added to
polymerize the aniline. The polymerization step is followed by a heat treatment in nitrogen at
900 °C, a leaching step in sulfuric acid, and a second heat treatment in nitrogen atmosphere.’'
1.4. Methods and Fundamentals
1.4.1 Physical Characterization

The primary surface morphology techniques used in this dissertation consider porosity. We
will consider porosimetry techniques based on nitrogen physisorption and mercury intrusion.

The nitrogen physisorption analysis methods used in this dissertation are: non-local density

functional theory (NLDFT); the Brunauer, Emmett, and Teller (BET) method (a method for

8



establishing specific surface area of a substance);*’ and the Barrett, Joyner, and Halenda (BJH)

method (a method for establishing pore size distributions for pores larger than 2 nm).*!

- 2000 |~
——O—— Adsorption
—/(F+—— Desorption
1500

1000

Quantity Adsorbed, cm'/g

Relative Pressure, P/P,

Figure 1.3: Typical Nitrogen Isotherm showing both adsorption and desorption curves on Ketjen
EC 600J carbon black at 77 K.

All three nitrogen physisorption techniques are calculations based on adsorption isotherms.
Figure 1.3 shows a typical isotherm of Ketjen EC 600J, a material commonly used in the
synthesis of MNC catalysts. As the nitrogen pressure is increased at a constant temperature
(generally 77 K), nitrogen molecules adsorb to the sample surface as the saturation pressure is
approached. The BET surface area is based on a calculation of the volume of a single layer of
nitrogen atoms on the sample surface, a monolayer. Essentially, it is assumed that molecules
adsorb to the surface with one heat of adsorption, and that molecules adsorb to other adsorbed
molecules with a different heat of adsorption. Calculation of equilibrium surface coverage based
on Arrhenius adsorption laws as well as significant algebraic manipulation results in the BET

. 41
equation:



P/P, 1 (c—1)P/Py
Q(1—P/Py) coym + CUpp [1]

where P is measured pressure, Py is saturation pressure, Q is measure adsorbed volume, vy, is
monolayer volume, and c is a constant representing the ratio of adsorption energies for the first
monolayer (adsorbent to surface) to the remaining monolayers (adsorbent to adsorbent). The left-
hand side of Eq. 1 can be regressed with respected to P/Py in order to deduce vy, from the slope

(SseT) and intercept (Jpgr):

1

U = o
SBeT + JBET [2]

Then, given the size of the nitrogen atoms, a surface area can be calculated from the monolayer
volume.”!

BJH is a method of determining the pore size distribution over a relatively wide range
spanning primarily the mesoporous region (~2-50nm).* In this method, the pore structure is
modeled as a system of cylindrical pores. The pores associated with a specific diameter can be
considered a single cylindrical pore with a given length. The method also assumes an initial
condition where all pores are filled (i.e. at saturation pressure). As the pressure decreases, the
critical pressures of the liquid phase nitrogen in the center of the pores are reached. Essentially,
smaller, more confined pores allow the liquid nitrogen to be more stable decreasing the critical
pressure. In this way, each decreasing pressure value can be associated with a certain pore radius.
When the decreasing pressure reaches the critical value for a given pore size, the vaporization of
the liquid nitrogen in the pore causes a decrease in adsorbed nitrogen shown in the desorption
curve in Figure 1.3. BJH theory uses the Kelvin equation to model the relationship between

. 4
observed vapor pressure, P, and pore of radius, 7: *°

10



RTIn(P/Py) = g

[3]

where R is the ideal gas constant, 7 is the absolute temperature, Py is the normal vapor pressure,

J'is molar volume, and » is the surface tension. In this way desorption between two different

pressures can be associated with vaporization of liquid in pores or a certain radius allowing the
calculation of a pore size distribution.*

Surface area and pore size distribution information are also obtained using a non-local
density functional theory (NLDFT) model for non-graphitic carbons developed by Ustinov.**

In this approach, density functions for various pore sizes and pressures were obtained by

minimizing the grand thermodynamic potential, Q, as a function of local density. p:

Q= / plf (. p, pm) +u™ (2) — pdz [4]

where u. 1s the external potential exerted by the solid, u is the chemical potential, and f'is
the local molar Helmholtz free energy. The Helmholtz free energy is a function of position, x;
local density, p; and smoothed density, py,. Ustinov calculated molecular parameters from
nitrogen adsorption on a non-graphitized carbon black (BP 280) and incorporated these
parameters in the energy equation to find density as a function of pressure. The minimization of
Eq. for various pore sizes and pressures, allows a mean density to be calculated. This kernel of
density as it varies with pressure and pore size can be used to deconvolute an adsorption
1sotherm into adsorption associated with specific pore sizes. The total adsorption, Q as a function

of pressure, P, is:

Q(P) =) pmilpvi
é [5]

11



where pm {p 1s the mean density in the ith pore at pressure, P, and v; is volume of the ith pore.
The set of v is the discretized pore size distribution.

So far the porosity techniques have only considered pores smaller than about 300nm
diameter. Larger pores are generally measured with mercury intrusion porosimetry (MIP). In this
method, mercury is forced into pores by increasing pressure. As the pressure increases, mercury
is forced into increasingly smaller pores. This phenomenon is governed by the surface energy of

mercury via by Washburn’s equation:*

R [6]

where P, is the mercury pressure, v is the surface tension, theta is the contact angle, and 7. is the
pore radius. Using the consistent surface properties of mercury a pore size distribution is
calculated.
1.4.2  Electrochemical Characterization

A number of electrochemical methods will be useful for understanding this dissertation:
linear sweep voltammetry (LSV), cyclic voltammetry (CV), rotating disc electrode (RDE), and
rotating ring-disc electrode (RRDE). Both LSV and CV are electrochemical methods in which
the potential is varied and the current is allowed to respond using a three electrode system.*® A
three-electrode system consists of a working, counter, and reference electrode. The reaction of
interest occurs at the working electrode, while a second reaction is required for charge neutrality
at the counter electrode. To eliminate the impact of ohmic and kinetic potential drops across the
counter electrode, a third electrode is required. The third electrode is the reference: it contains a
known electrochemical reaction. Measuring the potential of the working electrode with respect to

the equilibrium potential of the reference electrode reaction eliminates the impact of the counter

12



electrode. The main difference between LSV and CV is that CV consists of multiple potential
sweeps between two potentials. A typical voltammetry curve consists of three main sections. If
one starts at open circuit (on the right side of Fig. 1.2), it begins with a section in which there is
no faradaic current because the electric field at the electrode surface is not large enough to drive
the reaction. Eventually, as the potential sweeps farther from open circuit (middle of Fig. 1.2),
the electric field at the electrode surface becomes large enough to drive the reaction. Initially this
over-potential is small and results the reaction being limited by the kinetics of the
electrochemical reaction. Eventually the reaction rate increases to the extent that the electrode
surface becomes depleted of reactant molecules (left side of Fig. 1.2). At this point the reaction
becomes limited by the ability of the reactant to diffuse to the electrode surface. As the reactant
is depleted from the surface, the surface concentration approaches zero. When the surface
concentration is essentially zero, the reaction rate is governed by the rate at which the reactant
can diffuse to the surface, and the current becomes independent of potential. These three regions

will now be covered in detail.
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Figure 1.4: Typical cyclic voltammogram for a reduction reaction.

Although the primary parameter of interest for electrocatalysts is current, the open circuit
potential can also give information about the catalyst. The open circuit potential is the result of
equilibrium between the forward and reverse reactions (for this work the forward reaction is a
reduction reaction and the reverse reaction is oxidation) resulting in zero net current. This
equilibrium is considered using Gibbs free energy and results in the Nernst Equation. If we
consider currents to be reversible, we can express a change in Gibbs free energy, G, as a charge

passed over a reversible potential, £:*°

AG = —nFFE 7]

where 7 is the number of electrons per molecule, and F is Faraday’s constant representing charge
per mole electron. A reference Gibbs free energy is defined This is generally defined as a

standard free energy and reversible potential when all substances are 1 M. Activity is measure of

14



chemical availability and is generally considered to be to molarity. When substances are no
longer present at unit activity, the chemical potential can be considered:

AG = AG® + RTIn(a) 8]

where the superscript 0 refers to standard values, R is the ideal gas constant, 7" is the temperature,
and a is activity. Activity is the availability of a constituent relative to 1 M concentration or 1
atmosphere partial pressure. A reference Gibbs free energy is defined when all constituents have

unit activity. In terms of the potential this becomes the Nernst Equation:*®

T ox
B =g+ 8Ly dox
n Qred [9]

where the potential is a function of the ideal gas constant, R; the temperature, T and the activity
of the oxidant and reductant, a.x and a,.q respectively.

When the polarization curve moves to non-equilibrium regions, a new kinetic model is used.
In these cases, one of the most general kinetic models is Butler-Volmer. This model assumes that

. . 4
forward and reverse reaction rates follow an Arrhenius form: *¢

k = Aexp (~AG/RT) [10]

where the reaction rate, k, is a function of some pre-exponential, 4, and some energy barrier, AG.
Considering Eq. 7 and 9, these reaction rates can be considered in terms of potential: *°

k= koexp (E° — E)aF/RT) [11]

where kj is some equilibrium rate constant, and « is an exchange coefficient that represents
some fraction of the activation barrier. When we consider both an oxidation and reduction

reaction rate constant, the rate, expressed as a current is the Butler-Volmer Equation: *°
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i = nFko|Cox oxp (—a(E — E°)F/RT) — Creqoxp (1 — a) (E — E)F/RT)] (13

where the current density, Z, is a function of a rate constant, £y and concentrations at the surface
for oxidant, C,y, and reductant, C,.q. Note that the nF" converts the rate to a current. Often it is
assumed that the reaction is symmetrical, meaning that the potential deviation equally affects the
anodic and cathodic branches resulting in an exchange coefficient is 0.5. An approximation of
this kinetic model is Tafel kinetics in which it is assumed one branch is much slower than the
other branch, that is:

Coxexp (—af(E — E%) > Creqexp (1 — o) f(E — E°)) [13]

or vise versa. In this case, the Butler-Volmer expression simplifies to: *°

i = nFkyCexp(—af(E — EY) [14]

This equation is the Tafel equation, and results in an exponential relationship between potential
and current. This Tafel relationship allows for quick and easy identification of kinetically limited
regions of polarization curves.

A second aspect of these electrochemical characterization techniques is how the basic
technique (LSV, CV, etc.) is incorporated applied to specific chemistry, electrode design, and
transport system. For this dissertation, the chemistry will generally be oxygen reduction, and
thorough discussion is included in Chapter 4. The oxygen reduction reaction (ORR) can follow

two different pathways (Fig. 1.5).*">?

The first pathway is direct four-electron reduction to water
without a desorbing intermediate (k; in Fig. 1.5). The second pathway is incomplete reduction of

oxygen to hydrogen peroxide (k»). The hydrogen peroxide can desorb from the surface (Kp.»),"’

disproportionate to water and ox en,49 or reduce to water (k3).*
prop yYg

16



. y>—a k,
2 k k
\K\O\Q\eo,z — 0, —— 1,0

=% FElectrochemical Reaction
<—— Adsorption H-O
22

Figure 1.5: Reaction schematic showing two pathways: pathway one (K, and kq) is the complete
reduction of oxygen to water with no desorbing intermediate and pathway two (K, and k) is the two-
electron reduction to a desorbing peroxide intermediate that disperses into the catalyst layer (K, ), but
also has the potential to be further reduced to water (ks).

To return to the explanation of electrochemical characterization techniques, one commonly
used system is rotating disk electrode (RDE). As shown in Figure 1.6, the system consists of a
rotating, glassy-carbon, working electrode with a layer of catalyst on it, a reference electrode,
and platinum counter electrode in an acidic solution. Oxygen is bubbled into the solution to
ensure that the bulk oxygen concentration in the electrolyte remains at saturation. The protons
are supplied by the acidic solution, but charge neutrality is conserved due to the reaction at the
counter electrode. Essentially, the drag caused by the rotation of the disk induces a radial flow of
electrolyte at the surface. The centrifugal acceleration causes a flux radially away from the disk
center and axially towards the disk as shown in Fig. 1.6. In this way the rotation of the working

electrode allows LSV or CV with controllable diffusion limitations.*®>>

Rotating ring-disk
electrodes (RRDESs) are also used extensively in this work. In the RRDE system, a second

working electrode is used. This fourth electrode is a concentric ring around the disk, and any by-
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products resulting from reactions at the disk pass the ring electrode due to flow field in the

46,4
system.**4’
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Figure 1.6: Rotating Ring-Disc Electrode Experimental Set-up

Due to the complexity involved in Chapter 4, this introduction will cover the transport
environment surrounding RDEs and RRDEs in more detail. The diffusion limitations are well
known via the Levich equation.” Although a complete derivation of the Levich equation is
outside of the scope of this introduction, an explanation and discussion will suffice. The full

. . . 4
derivation is well documented.”™

Initially, the flow field around the disk is calculated from a
solution to the Navier-Stokes equations in the electrolyte surrounding the disk. It is assumed that
there is a no-slip boundary condition at the electrode surface and that the electrolyte is stagnant

and large distances from the disk. The hydrodynamic boundary layer has a thickness, do:>>"*
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(5() :3.6\/1//00 [15]

Using the flow field and solution to the convective diffusion equation can be found. The
boundary conditions consist of some concentration at the surface and some bulk concentration at
distances far from the disk. This solution allows the concentration to be written as a function of
velocity and position and results in a diffusion boundary layer, dp:>>>*

_ 1/3,1/6, —1/2

where D is a diffusivity, v is viscosity, and o is rotation speed. A comparison of the
hydrodynamic and diffusion boundary layers shows that the diffusion layer thickness is about
6% of the hydrodynamic layer thickness for oxygen in water (viscosity of 0.01 cm?/s and oxygen
diffusivity of 2 <107 cm?/s): >

D1/3
do v [17 ]

The relative thinness of the diffusion boundary layer ensures that diffusion dominates mass
transport near the electrode surface. Assuming Fickian diffusion near the surface, a relationship

. . 47,48,51
between current, i, and concentration at the surface, Cs can be found: 7485

(Os - Cb)

1=nFD
dp [18]

where Cy, is the bulk concentration. This relationship is the foundation for Chapter 4, and allows
the R(R)DE system to be useful in isolating a catalyst’s performance from transport
considerations. By setting the surface concentration to zero and combining Egs. 16 and 18, the
Levich equation is obtained:*’**!

imt = 0.62nF D3y~ 1/00,12¢y [19]

19



The Levich equation calculates the mass transfer limiting current, i, in a RDE system.

The second important transport system in this dissertation is a membrane electrode assembly
(MEA). This transport system is important to the oxygen reduction reaction because it represents
the intended application of these catalysts. The MEA system, shown in Fig. 1.1d, allows the
transport of protons and oxygen to active sites in a conductive solid network. A further transport
consideration is the egress of water from the MEA. The transport of protons as well as the
electric current network are generally considered using Ohm’s law in which the current, i, is

proportional to the gradient of the electric field:>’

i =xrVV 20]

where V' is potential and «x is conductivity. The proton flux represents a current through the
electrolyte phase of the MEA. Besides ohmic considerations there are also mass transport
considerations for gas and liquid species. In the gas phase, multi-component diffusion must be
considered due to the presence of oxygen, nitrogen, and water vapor. The flux of these
components is dependent on their concentrations and is often considered with Stefan-Maxwell

diffusion which accounts for momentum conservation of randomly colliding gas molecules:’

N.x. _N.x.
V=Y~ %
v — cDj;
i#] [21]

where the vapor fraction of constituent i, x;, is related to the fluxes, N, and gas phase
concentration, ¢, as well as binary diffusivity between constituent 7 and j, D;;. The liquid phase is
generally considered pure water, and the Hagen-Poiseuille equation relates the liquid flux, Ny to

the pressure gradient:’

Ny, = ——VF,
H [22]
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where £ is permeability, u is viscosity, and Py is pressure in the liquid phase. Because
understanding the transport requires the deconvolution of the impact of four different phases,
MEA results are not necessarily very useful in understanding catalyst kinetics. This complexity
i1s why RDE results are so useful as shown in Chapter 4. On the other hand, the importance of the
MEA results to catalyst application requires full understanding. This MEA transport

understanding is the goal of Chapter 5.
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Chapter 2 Carbon Supports for Non-precious Metal Oxygen Reducing Catalysts
2.1 Abstract

Porous carbon materials with varying structural and compositional properties were studied for
their impact on the nitrogen content and activity of metal-nitrogen-carbon (MNC) oxygen
reduction catalysts prepared using high-pressure pyrolysis. The carbon materials and resulting
catalysts were characterized morphologically using nitrogen physisorption, coupled with non-
local density functional theory (NLDFT) analysis to calculate pore size distributions.
Graphiticity was assessed via X-ray Diffraction (XRD), bulk nitrogen content was observed
using CHN combustion analysis and iron content by Inductively Coupled Plasma (ICP). The
catalysts were characterized electrochemically using rotating ring-disk measurements. The
results indicate that substrates adsorbing the most nitrogen and iron show the highest activity.
Furthermore, a relationship found between mesoporosity and nitrogen adsorption indicate the
importance of transport of precursors to potential active sites.
2.2 Introduction

The cost of precious metals has driven the search for lower-cost alternatives to catalyze the
oxygen reduction reaction (ORR) and accelerate commercialization of low-temperature fuel
cells. An important class of non-precious metal catalysts for oxygen reduction is pyrolyzed
metal/nitrogen/carbon (MNC) compounds.'” These compounds involve the association of metal
atoms with nitrogen moieties immobilized in a conductive carbon matrix. Recent research has
lead to increased understanding of key aspects of catalyst activation, function, and stability.
However, the nature of the active site is not yet clear because of the complexities introduced by
pyrolysis on high surface-area supports. Such lack of understanding has hindered the engineering

and implementation of these catalysts in fuel cell applications.
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Dodelet et al. suggest that MNC catalytic sites occur where metal atoms are bridge-bonded to
nitrogen sites and span micropores of width less than 2 nm.*” Lefevre et al. also hypothesize that
high temperature ammonia etching of micropores during pyrolysis creates potential catalytic site
hosts.® Although microporosity can have a significant impact on activity, species transport to
reactive sites occurs most efficiently through mesopores. This suggests that, for geometrically
complex materials, mesoporosity will have a significant impact on the apparent catalyst
activity.”™

Although a number of MNC catalyst synthesis methods have been reported, including
ammonia etching '’ and ion sputtering,'" this work considers a high-pressure, closed-vessel
pyrolysis."'? Precursors are pre-mixed and vacuum-sealed in a quartz vial so that the process
pressure is elevated by evaporation and decomposition of volatile precursors.' Precursor
retention in the closed vessel and high partial pressures of reaction intermediates leads to
increased catalyst activity.

The present work considers the impact of varying the carbon black substrate on resulting
nitrogen and iron content, and catalyst activity. Melamine and Iron acetate were selected as
nitrogen and iron precursors respectively consistent with our previous work,'? in which high
nitrogen to carbon ratios are shown to improve activity. Nitrogen and iron content were also kept
the same: 6.3 wt% and 1 wt% respectively. This composition was previously found to lead to
optimum ORR current density (data not shown). The carbons used are Ketjen EC 600J, Black
Pearls 2000, Norit SX Ultra, and Vulcan XC 72R. These carbons were selected to examine a
wide variety of pore distributions, from Vulcan with little porosity of any size, to Black Pearls
with substantial mesoporosity (2-50 nm scale pores) and microporosity (<2 nm pores). Norit is a

. . . . . . . 4.6.1
primarily microporous activated carbon, and Ketjen is a primary mesoporous carbon black.*®"

29



A number of works have explored porosity in MNC catalysts.>'*'® These articles have
primarily observed the importance of microporosity on catalyst synthesis and etching by nitrogen
precursors, particularly ammonia. To add to the previous body of work, the current study
evaluates the impact of mesoporosity on catalyst properties. A correlation between mesoporosity,
nitrogen content, and activity was identified, indicating the importance of mesoporosity for
transport of reactants during both active site synthesis and ORR catalysis.

2.3 Experimental
2.3.1 Materials

Iron (II)-acetate, melamine, Nafion® solution (5 wt%) and sulfuric acid (ACS grade) were
obtained from Alfa Aesar (Ward Hill, MA). Ketjenblack® 600JD carbon black was obtained
from Akzo Nobel (Chicago, IL). Black Pearls 2000 and Vulcan XC72R carbon blacks were
obtained from Cabot Corporation (Boston, MA). Norit SX Ultra activated carbon was obtained
from Norit Americas (Marshall, TX). Pressurized oxygen cylinders were obtained from Airgas
(Lansing, MI). All materials were used as received. 190 Proof Ethanol was obtained from Koptec
(King of Prussia, PA)

2.3.2  Catalyst Synthesis

7.5 mg Melamine, 31 mg iron acetate, and 850 mg of various carbons were dispersed in
ethanol, which was evaporated under continuous stirring to yield a dry powder. Melamine was
added to the powder to obtain a mass ratio of 6.3 wt% Nitrogen, and the mixture was inserted
into a quartz ampule that was then flame sealed under vacuum. The ampule was subjected to heat
treatment at 800°C for three hours. After pyrolysis, the quartz ampule was broken under
ventilation, releasing a quantity of gas with an ammonia odor. The remaining powder was then

poured out of the opened ampule.
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2.3.3  Physical Characterization

Surface area and pore size distribution were obtained using a Micromeretics ASAP 2020
Surface Area and Porosity Analyzer. Nitrogen adsorption isotherms at 77 K were measured. The
Brunauer, Emmett, and Teller (BET)'” surface area calculation, Barrett, Joyner, and Halenda
(BJH)"® pore volume calculation and non-local density functional theory (NLDFT) were used to
analyze the isotherms. The NLDFT model is a non-graphitic model developed by Ustinov.'**’
Catalyst nitrogen content was evaluated by carbon hydrogen nitrogen (CHN) analysis (Midwest
Microlab, Indianapolis, IN). Iron content was measured using the inductively coupled plasma
(ICP) technique (Michigan State University Department of Geological Sciences, MI). X-ray
diffraction (XRD) spectra of MNC catalysts obtained using a Bruker AXS Model D8 Advance
diffractometer with Cu Ko radiation (A = 1.54 A). Thermogravimetric analysis (TGA) results
were obtained using a TGA Q50 (TA instruments). Temperature was scanned at 5 °C min”
below 450 °C and 20 °C min™' from 450 to 850 °C. Chemical characterization of TGA products
was obtained using a JSM 6610LV Scanning Electron Microscope (SEM) from JEOL with
energy dispersive X-ray spectrometer (EDS) with acceleration voltage set to 8 kV.
2.3.4  Electrode Preparation

Catalyst ink was prepared by dispersing 4 mg of the catalyst powder ultrasonically in a
solution mixture containing 150 pL ethanol and 50 pLL Nafion® (5 wt% solution). A catalyst
loading of 0.5 mg cm * was achieved by depositing 5 uL of the suspension on the glassy carbon
electrode followed by drying for 10 min at 60°C.
2.3.5 Electrochemical Characterization

Electrochemical characterization was conducted using a glassy carbon rotating ring-disk

electrode (RRDE, 5 mm diameter, Pine Research Instrumentation, Raleigh, NC). All experiments
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were conducted in O,-saturated 0.5 M sulfuric acid (pH 1) at 40 °C using a K,SOy saturated
Hg|Hg,SO4 reference electrode (0.65 V/NHE); all potentials were corrected to a reversible
hydrogen electrode (RHE) reference based on a measured electrolyte pH of 0.8. A platinum wire
coil served as the counter electrode. Linear-sweep polarization curves were recorded in the
potential range 1.0-0.4 V/RHE at a scan rate of 0.5 mV s and rotation speed of 1200 rpm. In
RRDE experiments, the ring was poised at 1.2 V/RHE. Peroxide percentage, Xu202, was
calculated from the collection efficiency (N = 0.24), ring current, /i, and disk current, /g

21, /N
o, = —— M #100%
P

ring
Ring collection efficiency represents the fraction of reaction products produced at the disk that
are collected at the ring.' This collection efficiency was validated by reduction of ferricyanide at
Pt disk and re-oxidation at the ring as explained in detail by Paulus et al.?' Further experiments
confirmed that a MNC catalyst deposition on the Pt disk had no significant impact on collection
efficiency.
2.4 Results and Discussion

In this work iron acetate and melamine are used as precursors on various carbon substrates.
Pore size distributions obtained by NLDFT of nitrogen adsorption data are shown in Figure 2.1.
A wide variety of pore distributions are observed, from Vulcan with little porosity of any size, to
Black Pearls with substantial mesoporosity (2-50 nm scale pores) and microporosity (<2 nm
pores). The catalyst morphologies are similar to the neat carbon substrates with the main
differences in the microporous region. Most of the catalysts lose pore volume during pyrolysis.
Norit loses no porosity (Fig 2.1c), while Black Pearls (Fig 2.1b), and Ketjen (Fig 2.1a), lose
substantial microporosity. Vulcan has very little porosity to begin with. A potential explanation
for decreased catalyst microporosity is deposits from decomposition products, primarily from the
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melamine precursor.”'? In the case of Norit, the lack of mesoporosity may prevent
decomposition products from collecting in the micropores, allowing etching from high
temperature nitrogen intermediates such as ammonia. Numerical values for the surface area and

pore volume are included in Table 2.1.

Table 2.1: Physical and Electrochemical Characteristics of MNC Catalysts

Surface Area Catalyst Pore Volume
2 -1 3 -1
m by BET cm by DFT -
Carbon (mg” by ) (cm” g by ) N content Ac:/vnty
Substrate Material Micropore Mesopore (0. s
Support Catalyst (<2nm) (250 nm) @08 V/RHE
+13% +8%
Ketjen EC600J 1439 1021 0.39 1.28 4.2+0.4 2.23+0.67
Black Pearls 2000 1426 688 0.35 0.55 3.4+04 0.13+0.09
Norit SX Ultra 938 993 0.19 0.23 0.4+0.4 0.06+0.01
Vulcan XC 72R 269 194 0.038 0.19 0.8+0.4 0.02+0.01
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Figure 2.1: Pore Size Distribution of various carbon precursors (open shapes) and the
associated catalysts (filled shapes) modeled from DFT calculations based on nitrogen
adsorption at 77K. a) Ketjen, b) Black Pearls, c¢) Norit, d) Vulcan.

Rotating ring-disc electrode (RRDE) studies were performed on the four catalysts. Typical
linear sweep polarization curves are shown in Figure 2.2. Catalysts using Ketjen show not only a
higher activity than those from other substrates, they also show lower peroxide generation of
about 10 percent at 0.8 V vs. RHE decreasing to under 5 percent below 0.5 V vs. RHE. The other
catalysts had low activity around 0.8 V vs. RHE preventing an accurate measurement of peroxide
generation at that potential. Peroxide generation at 0.5 V vs. RHE for Norit, Black Pearls, and
Ketjen were 10, 15, and 20 percent respectively. Except for Norit, the relative peroxide
generation correlates with activity. Ketjen-based catalysts generate the least peroxide, followed

by Norit, Black Pearls, and Vulcan. Because high peroxide generation implies low current

efficiency—i.e. not all the oxygen is fully reduced to water—the low peroxide generation of the
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relatively inactive Norit catalyst suggest that it may have good catalytic activity for peroxide

reduction, which prevents peroxide from escaping the catalyst layer.
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Figure 2.2: Oxygen reduction at rotating ring-disk electrodes (RRDE) with percent
peroxide generation. Experimental conditions: Oj-saturated 0.5 M H,SO,, 60°C,
rotation speed 1200 rpm, catalyst loading of 500 ug/cm? on a glassy carbon electrode.

The Tafel plots shown in Figure 2.3 represent mass transfer corrected RDE data, where the
key metric is current density at 0.8 V/RHE values of which are listed in Table 3. Mass transfer

corrections were accomplished using a Koutecky-Levich relationship:

Were the measured current, 1, is related to a kinetically limited current iy and the plateau limiting
current, i,;, which was measured from the plateau of the polarization curve. In this way we were

able to isolate and report the kinetically limited current for any given potential. As shown in
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Figure 2.3, all catalysts exhibit similar Tafel slopes of ~80 mV/decade transitioning to a second
larger slope below 0.7 V/RHE. The smaller initial slopes of 80 mV/decade slope are similar to
other results for MNC catalysts,'*** Perry et al. suggest that Tafel slopes in porous electrodes
can be controlled by electrochemical kinetics, mass transport, and ohmic resistance.** The

similarity in Tafel slopes suggests that the ORR mechanism does not vary significantly among

these catalysts.
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Figure 2.3: Tafel plot of oxygen reduction polarization of four different catalysts.
Conditions as in Fig. 2.

A correlation was observed between mesoporous volume and activity as shown in Figure 2.4.
Nitrogen content of the catalysts, as determined by CHN analysis, also scales with the
mesoporosity and electrochemical activity. Although no correlation was found between virgin

microporosity and activity, the correlation indicated by Figure 2.4 suggests that, for fabrication
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of catalysts by high-pressure pyrolysis, activity is heavily impacted by a combination of transport

effects caused by mesoporosity and the ability of substrates to adsorb nitrogen precursors.
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Figure 2.4: Relationship between mesoporous volume of four different catalysts and
two different parameters: nitrogen content measured by CHN, and iR-free oxygen
reduction current density at 0.8 V vs. RHE.

A second correlation was observed between nitrogen content and iron content as shown in
Figure 2.5. These catalysts were analyzed using CHN combustion analysis to measure bulk
nitrogen content, and by inductively coupled plasma (ICP) to assess iron content. Carbon
materials that retained high iron content after pyrolysis also retained high nitrogen contents.
Although nominal iron and nitrogen content were fixed at 4.4 at% and 6.7 at%, respectively, for
all catalysts, the final products had varying retention of these initial loadings, and therefore

various concentrations of both.
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Figure 2.5: Correlation between nitrogen content and iron content in catalysts prepared
with various carbon precursors.

Nitrogen is likely lost via ammonia evolution, as evidenced by the strong smell upon opening
the pyrolyzed ampule. The mechanism of iron loss is not so obvious. Iron may be lost during the
mixing process in ethanol, due to varying levels of iron adsorption on the various carbons.
Unadsorbed iron acetate in suspension adheres to the container walls upon drying. Some iron-
containing compounds, such as iron pentacarbonyl have high vapor pressures at room

temperature.”> These compounds could evaporate once the pyrolyzed ampule is opened.
p
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Figure 2.6: TGA of various precursor materials. Mixture represents a 6.3 to 1 nitrogen
to iron mixture of melamine and iron (I1) acetate.

Table 2.2: Composition of TGA Product by EDS*

Fe C (0]
(wt%) (wWt%) (wt%)

Material

Melamine, Iron (IT)
Acetate Mixture 58+13  26+7 16+7

(Fe:N::1:6.3)
*No significant nitrogen content
In order to study iron loss via volatile compounds, TGA was performed on iron acetate,
melamine, and an iron-melamine mixture in an argon atmosphere. Figure 2.6 shows a plot of
sample mass remaining, normalized to original iron content of the precursors (left vertical axis),
as a function of temperature. Melamine samples fully volatilize above 300C, resulting in

complete mass loss. Iron acetate also loses mass associated with the acetate moieties, and only

iron carbide or oxide remains above 300C. One can observe that, for the mixture of iron (II)
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acetate and melamine, the relative mass falls well below one above 600 C, suggesting iron loss to
the gas phase. EDS of the post-TGA product indicated that the sample contained only about 58
wt% iron (shown in Table 2.2), meaning that only about half of the original iron is retained after
TGA. Iron may therefore be lost via a volatile iron compound at high temperatures. The
detailed mechanism of this iron loss is a subject of future research.

As evident in Figure 2.5, high iron content correlates to high nitrogen content, which
suggests that iron content may encourage nitrogen adsorption, or vice versa. When plotted on a
molar basis, as at%, the slope of the trend-line is 3, suggesting a 3:1 atomic ratio of nitrogen to
iron in these catalysts. This result is in the right range for most model active sites, which
consider either 2:1 or 4:1 ratios.”**’ The x-intercept of the plot is non-zero (2.8 at%), which
suggests that a large portion of the iron content is not involved in nitrogen adsorption. Such iron
may exist as bulk metal nanoparticles with limited contact with carbon and nitrogen species.

The correlation of nitrogen content with porosity is weak, as shown in Figure 2.4 (right axis),
mainly because the activated carbon Norit displayed particularly weak nitrogen absorption. It is
likely that chemical or surface properties also contribute to nitrogen adsorption. This would
suggest that the various carbon blacks have different optimal nitrogen contents. Various nitrogen
contents have been studied on these carbon blacks (data not shown), but the results did not
change observed relative activity. For that reason XRD data was collected giving a qualitative
assessment of catalyst graphiticity as shown in Figure 2.7. While the majority of the catalysts
have the graphitic d-peak around 24 degrees, Norit’s peak is shifted about 2 degrees. Although
such values of d-peak are too far from graphitic carbon to be quantitatively meaningful, the
larger apparent d-spacing (smaller d-peak angle) in Norit signifies a lower degree of graphiticity

as compared to the other carbons, which could have a significant impact on iron and/or nitrogen
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adsorption.
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Figure 2.7. X-ray diffraction (XRD) spectra of catalysts prepared with various carbon
precursors. Curves offset by 1000 au.

2.5 Conclusions

An electrochemical and morphological study of various carbon supports in MNC
electrocatalysts for oxygen reduction indicates that carbon mesoporosity can impact nitrogen
adsorption in the catalyst and overall electrochemical activity. The relationship between nitrogen
adsorption and activity shows that substrates that adsorb the most nitrogen and iron show the
highest activity. Moreover, ICP results show that interactions between the carbon support and
iron content also play a role in nitrogen adsorption. The relationship between mesoporosity and
nitrogen adsorption may indicate the importance of transport of precursors to potential active

sites. As mesoporosity increases, both nitrogen adsorption and activity increase. This relationship
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is likely influenced by variations in surface chemistry and microstructure.
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Chapter 3. Solid Alkalinity of MNC Catalyst for Oxygen Reduction Reaction
3.1 Abstract

Low-cost oxygen reduction catalysts composed of pyrolyzed metal/nitrogen/carbon (MNC)
compounds involve the association of metal atoms with nitrogen species integrated into a
conductive carbon support. Currently, the nature of the active site is not completely understood
due to complexities introduced by pyrolysis on high surface-area supports. The present work
considers the impact of surface alkalinity on the activity of MNC catalysts prepared using a high-
pressure pyrolysis method. The basic site strength and quantity are calculated by two different
methods, and it is shown that increased Brensted-Lowry basicity correlates to more active
catalysts.
3.2 Introduction

The cost of precious metal oxygen reduction catalysts represents a major barrier to
commercialization of low temperature fuel cells. Low-cost oxygen reduction catalysts composed
of pyrolyzed metal/nitrogen/carbon (MNC) compounds'~ have been studied for over 40 years
but have recently been demonstrated to possess oxygen reduction activity nearly high enough to
replace platinum-based catalysts. In the literature the impact of porosity, nitrogen content, and
many other parameters on catalyst activity have been explored, but the nature of the active site is
not completely understood due to complexities introduced by pyrolysis on high surface-area
supports. Further understanding of the active site will allow better optimization of the catalysts,
and lead to increased understanding of oxygen reduction.

The present work considers the impact of surface basicity on the activity of MNC catalysts.

Pyrolysis is conducted in a closed vessel containing metal, nitrogen, and carbon precursors,
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thereby controlling mass losses due to convection of high temperature byproducts. The carbons
used are Ketjen EC 600J, Black Pearls 2000, and Vulcan XC 72R.

Previous reports have considered many important elements of NPM catalysts such as
nitrogen content,'” nitrogen precursors,” iron precursors,” carbon precursors,”®’ and heat
treatment '. Previous work has highlighted the importance of surface chemistry to identification
and understanding of the active site(s).® The present work elucidates one aspect of surface
chemistry for MNC catalysts, Brensted basicity, and how that aspect could impact catalyst
function.

Studies by Herranz et al. have highlighted the importance of surface chemistry to
identification and understanding of the active site(s),’ and they have concluded that the turnover
frequency of MNC catalysts is dependent on basic nitrogen groups.® Kramm et al. have
suggested that the principal active site is an iron-nitrogen complex with a basic neighbor nitrogen
functionality that changes the energy scheme of the central iron atom.® Both researchers suggest
that alkalinity would have a significant impact on catalyst activity based on correlations between
surface chemistry and activity, but the causality is not clear. For this reason the proposed work
attempts to increase the understanding of alkalinity in APMNC catalysts.

3.3 Experimental Methods
3.3.1 Materials

Iron(IT)-acetate, melamine, Nafion® solution (5 wt%) and sulfuric acid (ACS grade) were
obtained from Alfa Aesar (Ward Hill, MA). Ketjenblack® 600JD carbon black was obtained
from Akzo Nobel (Chicago, IL). Black Pearls 2000 and Vulcan XC72R carbon blacks were
obtained from Cabot Corporation (Boston, MA). Pressurized oxygen cylinders were obtained

from Airgas (Lansing, MI). All materials were used as received.
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3.3.2  Catalyst Synthesis

All catalysts were prepared as described previously.® Briefly, melamine, iron acetate, and
carbon materials were dispersed in 190 proof ethanol, which was then evaporated to yield a dry
powder. After addition melamine at 50 wt% of the dry powder, the sample was flame-sealed in a
quartz ampule under vacuum, and subjected to heat treatment at 800°C for three hours. The
enclosed ampule provides retention of volatile precursors as well as increased activity due to
elevated pressure.
3.3.3  Alkalinity Characterization

The surface pH of the neat carbon supports and the as-prepared catalysts was determined by
sonicating suspensions of 0.5-8 g/L solids in a 10 mL, 0.1 M aqueous KCl solution. After a five
minute resting period, The pH was of this suspension was measured (Fischer Scientific Accumet
ABI5) relative to the pure KCI solution (pH 6.5+0.5), representing the impact of the solid on the
electrolyte.’
3.3.4 Electrode Preparation

The catalyst ink was prepared as previously described,’ Briefly, 4 mg of catalyst was
ultrasonically dispersed in a mixture of 150 pL of ethanol and 50 pL of 5 wt% Nafion® solution.
Rotating disk electrodes were prepared at a catalyst loading of 0.5 mg cm > by depositing an
appropriate amount of the suspension on a glassy carbon rotating disk electrode (RDE, 5 mm
diameter, Pine Research Instrumentation, Raleigh, NC) and drying for 10 min in air.
3.3.5 Electrochemical Characterization

All experiments were conducted in Os-saturated 0.5 M sulfuric acid at room temperature
using a K,SOy saturated Hg|Hg,SO, reference electrode (0.65 V/NHE); all potentials were

corrected to the RHE scale. A platinum wire served as the counter electrode. Linear-sweep
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polarization curves were recorded in the potential range 1.0-0.4 V/RHE at a scan rate of
0.5 mV s and rotation speed of 1200 rpm.
3.4 Results and Discussion

Increased pH of the catalyst slurries represent a decrease in protons in the aqueous KCl
caused by retention of basic surface groups on the catalyst surface (schematic in Figure 3.1). In
this way, high pH indicates solid basicity. Considering that the catalyst is known to have a wide
variety of nitrogen groups,' one would expect pH to vary with nominal nitrogen content due to
the known proton affinity of nitrogen based compounds. Schoone et al use molecular dynamics
to calculate proton affinities for eight different pyridine and imidazole based derivatives,
confirming that these nitrogen containing molecules are basic'® In fact, pH closely followed
catalyst activity and not nominal nitrogen content indicating that solid basicity and catalytic
activity are closely related. This relationship could take a number of different forms. For
example, the increased basicity could be a result of optimized chemisorption of nitrogen onto the
catalyst surface during pyrolysis. Although a complete understanding of this process would

require further testing.
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Figure 3.1: Schematic of catalyst interaction with an aqueous KCI solution where basic surface groups
retain protons from the electrolyte reducing the pH of the slurry.

A second consideration is the relationship between specific surface area and pH. If solid
basicity were tied solely to specific surface area and not to quantity of active sites, one would
expect an increase in pH with an increase in specific surface area. Previous studies have shown a
decrease in surface area with increasing nitrogen content for catalysts prepared by high-pressure
pyrolysis.' Nallathambi et al use nitrogen precursors of various nitrogen to carbon ratios to show
that increased carbon in precursors leads to decreased surface area.'' The observed maximum in
catalyst basicity for varying nitrogen content suggests that surface area does not significantly

control surface basicity.
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Figure 3.2: Boehm Titration: suspension pH as a function of initial solution pH. Experimental conditions:
sonicated 2 glL-1 catalyst slurries; acid solutions obtained by dilution of sulfuric acid, base solutions by
solutions of sodium hydroxide.

In to order to calculate average pKa and quantity of basic sites on the catalyst, a Boehm
titration was performed as explained by Herranz et al.'> In short, aqueous solutions of varying
concentrations of H,SO4 and NaOH are sonicated to provide a spectrum of pH values. Catalyst is
added to the solutions, and the slurries are sonicated. After sonication the pH is measured again.
Figure 3.2 represents a plot of catalyst slurry pH as a function of initial solution pH prior to

catalyst insertion. The data can be modeled with the following equations:

pH, =log[B] (1)

pH, =7+ J5(pK, + log[B,])
2
where pH; is the initial pH prior to addition of solid, By is the concentration of protonated surface
sites, pHr is the pH after addiction of solid, and pK, is the acid dissociation constant. The first

equation represents the first inflection (around pH; = 3) caused by the basic material in the
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presence of a concentration of a strong acid (H,SO4) at which all the basics sites become
protonated and there are essentially no remaining excess protons in the solution. The second
equation represents the plateau caused by the basic material in the presence of an essentially
neutral solution at which the material is modeled as a weak base. The resulting curve was used to
calculate an average pK, (7.3 + 0.7) and quantity of basic sites (0.6 + 0.5 mmol g'). These
values agree well with what Herranz et al. calculated for their ammonia based catalyst,'> and
these results also suggest that the vast majority of basic sites are weak bases because the average
acid dissociation constant is on the same order of magnitude as that of water.

The correlation between activity and basicity was confirmed in an optimization study of
nominal nitrogen content shown in Figure 3.3. Varying amounts of nitrogen precursor were

added to the precursor mixture before pyrolysis. An optimal nitrogen proportion was found at
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Figure 3.3: Comparison of nominal nitrogen content to current and basicity of the catalyst.
Experimental conditions: RDE: 0.8 V vs. RHE, 0.5M H,S0O,4, 1200 rpm, catalyst loading 0.5 mg/cm” on
glass carbon electrode, pH: 1 g/L catalyst suspension, 0.1 M KCI.

53



around 22 wt.% N. Catalyst basicity did not vary directly with nitrogen content, as would be
expected if basicity were only caused by nitrogen content in the catalyst. Instead pH closely
followed catalyst activity confirming that the active site is associated with basic sites.

A second consideration should be the relationship between specific surface area and pH. If
catalyst proton adsorption were tied solely to specific surface area and not to quantity of active
sites, one would expect an increase in pH with an increase in specific surface area. Previous
studies have shown an general decrease in surface area with increasing nitrogen content for
catalysts prepared by high-pressure pyrolysis.' Nallathambi et al use nitrogen precursors of
various nitrogen to carbon ratios to show that increased carbon in precursors leads to decreased
surface area.” The observed maximum in catalyst basicity for varying nitrogen content suggests
that surface area does not significantly control surface basicity.

3.5 Conclusions

An electrochemical and surface basicity study of various MNC electrocatalysts for oxygen
reduction indicates that catalyst basicity is connected to overall electrochemical activity. A trend
was found between catalyst activity and a pH shift in suspension of the catalyst. Higher pH
values represent an increase in basic proton adsorption sites. The trend between catalyst activity
and a pH suggests that basicity is an important parameter in catalyst site activity and

identification.
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Chapter 4. Analysis of Adsorption Effects on a Metal-Nitrogen-Carbon Catalyst using a Rotating

Ring-Disk Study

4.1 Abstract

A steady-state, rotating ring disk study of the oxygen reduction reaction (ORR) was
conducted in acid environment using a pyrolyzed metal/nitrogen/carbon (MNC) electrocatalyst.
Analysis of peroxide generation indicates that ORR proceeds both via a direct four-electron
pathway to water at high potentials and an indirect peroxide pathway at low potentials. Above
0.6 V vs RHE, the direct four-electron pathway to water without a desorbing intermediate
dominates oxygen reduction because peroxide generation is inhibited due to site availability. In
contrast, at potentials below 0.6 V, oxygen reduction begins to shift to the indirect peroxide
pathway due to fast kinetics and higher site availability. The net peroxide generation remains

relatively low over the entire range due to reduction of peroxide to water.

4.2 Introduction

The need for less expensive electrocatalysts for the oxygen reduction reaction (ORR) in low
temperature fuel cells has impeded commercialization of these devices for transportation
applications. Metal/nitrogen/carbon (MNC) compounds represent a major focus in the search for
platinum alternatives.'™ These compounds involve the combination of metal and nitrogen
components immobilized in a conductive carbon matrix, and are typically pyrolyzed to enhance
activity and stability.* Although the structure of the MNC active site is poorly understood due to
complexities introduced by pyrolysis on high surface-area supports, an increased understanding
of mechanism provides evidence for possible structures, as well as direction for further

engineering optimization of these catalysts for fuel cell applications. In the present work, a
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rotating ring-disk electrode analysis is conducted to increase understanding of oxygen and

peroxide reactions occurring on a pyrolyzed MNC catalyst.
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Figure 4.1: Reaction schematic showing two pathways: pathway one (Ko,1 and k1) is the complete
reduction of oxygen to water with no desorbing intermediate and pathway two (Ko,2 and k2) is the
two-electron reduction to a desorbing peroxide intermediate that disperses into the catalyst layer
(Kp,2), but also has the potential to be further reduced to water (k3).

The oxygen reduction reaction is considered here to be composed of two pathways (Fig.
4.1).>'° The first pathway represents direct four-electron reduction to water without a desorbing
intermediate (k; in Fig. 4.1). The second pathway represents incomplete reduction of oxygen to
hydrogen peroxide (k»), which can desorb from the surface (Kp.),” disproportionate to water and
oxygen,’ or reduce to water (k3).” Jaouen found that disproportionation was insignificant for his
Fe-N-C catalyst and that disproportionation reaction rates would have to be orders of magnitude
higher that experimental values to account for the low peroxide yield found in these catalyst.”
We therefore neglect disproportionation in the present work.

Rotating ring-disk electrode (RRDE) experiments are used to distinguish between the above
two pathways. The RRDE allows for controlled, well-characterized transport to and from the

catalyst layer at steady state.'' An analysis can be performed considering the figure of merit,
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IpN/Ix, vs. ™" where Ip is disk current, N is ring electrode collection efficiency, I is ring
current, and  is rotation speed.**'* The figure of merit, I,N/Ix, represents a ratio of disk current
to flux of intermediates from the disk, and indicates the electronic efficiency of the catalyzed
reaction. This parameter can easily be connected to Koutecky-Levich relationships that are
mathematically developed from kinetic models, from which rate constants may be determined by
comparison to experimental results. Hsueh et al. present five such models for RRDE results,” and
Anastasijevic et al. present another, more sophisticated, model.’ The Anastasijevic model makes
the distinction of representing the 4-electron pathway not as an ideal direct reduction pathway,
but as a strongly adsorbed pathway.

The difficulty in applying these models to the present system is that they assume a planar
electrode. The present MNC catalysts are porous electrodes with nonzero thickness, adding
transport effects that are not considered in the above models.

Previous RRDE studies of non-precious metal catalysts for oxygen reduction''*"’

generally
show an increase in peroxide generation by one to two percent per 0.1 mg/cm” decrease in
loading.""*"'® This suggests that peroxide detection at the ring could be artificially low because
inner layers may further reduce peroxide to water, decreasing peroxide at the ring and increasing
total disk current. Additionally, more active catalysts have been found to produce less peroxide;
this is found both by varying metal content'* and morphology of the carbon support. Such
considerations motivate the need for increased understanding of the ORR mechanism using
MNC catalysts. For the present work we take steady-state measurements in order to insure
uniform transport characteristics as well as minimizing unstable intermediates. This has

significant implications especially due to the impact of transport phenomena on peroxide and

oxygen availability at the electrode surface.
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In the present work, an analysis of the MNC catalyst is attempted via the figure of merit,
IpN/Ir. This method is revised to isolate the indirect ORR pathway and establish a new figure of
merit, C,N/I. Finally, this new figure of merit is utilized to understand the kinetic and

adsorption limitations of the MNC catalyst in the context of Langmuir Hinshelwood kinetics.
4.3 Experimental Methods

4.3.1 Materials

Carbon, nitrogen, and iron materials used in catalyst synthesis were Ketjen 600JD carbon
black (Akzo Nobel, Chicago, IL), melamine (Alfa Aesar, Ward Hill, MA), and iron (II) acetate
(Alfa Aesar, Ward Hill, MA) respectively. Materials used in characterization were
perfluorosulfonic acid-PTFE copolymer (5 wt%), reagent grade sulfuric acid (Alfa Aesar, Ward

Hill, MA), and oxygen (Airgas, Lansing, MI).

4.3.2 Catalyst Synthesis

Catalysts were synthesized as described previously."'®'® Briefly, Ketjen (95.7 wt.%),
melamine (0.8 wt.%), and iron (II) acetate (3.5 wt.%) were dispersed in ethanol and dried
overnight to produce a dry powder. Further melamine was added to the powder in a ratio of 5:9
to increase the nitrogen content to 24 wt.% (resulting iron content was 0.7 wt.%), and 105 mg
were inserted in a quartz ampule. The quartz ampule was pulled under vacuum to a volume of
2.4 cc, and pyrolyzed at 800° C for 3 hours. The quartz ampule was opened and the catalyst

consisted of the contained powder.

4.3.3 Electrode Preparation
The catalyst ink was prepared by ultrasonically mixing 4 mg catalyst in 50 pL of 5 wt.%

ionomer and 150 pL 190 proof ethanol as described previously'®, catalyst layers were prepared at
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loadings of 0.5 to 0.1 mg cm > by depositing 5 pL of the ink on the 5 mm diameter, glassy-
carbon disk of a rotating ring-disk electrode (Pine Research Instrumentation, Raleigh, NC) and
drying for 10 min in air. The ink was diluted with ethanol to achieve lower loadings; in this way

the drop volume and ionomer to catalyst ratio were held constant for all loadings.

4.3.4 Electrochemical Characterization

Experiments were conducted in oxygen saturated 0.5 M sulfuric acid at room temperature.
Potentials were measured relative to a Hg/Hg,SO, reference electrode that was calibrated with
respect to a reversible hydrogen electrode. All potentials were corrected to RHE scale (0.7 V vs.
RHE). A platinum wire served as the counter electrode. Potentiostatic measurements were made

at 400, 900, 1200, and 1600 rpm in 50 mV increments between 0.2 and 0.9 V vs. RHE.

Fractional peroxide yield, y,, was calculated based on the following equation:'’

2Ig /N
Xe = 7T 71 o~

Ip + Ir/N [1]
Where [ is the ring current, N the collection efficiency, and /p the disk current. Collection
efficiency, N, was calculated from similar potentiostatic measurements in 0.1 M NaOH, 0.01 M
K;3Fe(CN)g. The collection efficiency was not found to vary significantly with loading, although
it did decrease slightly with rotation speed consistent with Claude et al.* Collection efficiencies
were 0.24 £0.01, 0.23 £0.01, 0.23 £0.01, and 0.22 + 0.01 for 400, 900, 1200, and 1600 rpm

respectively.
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4.4 Results and Discussion

Potentiostatic, steady-state RRDE experiments were conducted at fixed catalyst loading for
four different disk rotation speeds, and at fixed rotation speed for five different loadings. Fig.
4.2a shows polarization disk current and ring current with respect to disk potential at various
rotation speeds. Above 0.7 V, both the disk current, /p, and ring current, Iz, exhibit exponential
(Tafel) dependence on potential. The disk limiting current (/im, the current plateau below 0.6 V)
increases with increasing rotation speed, indicating mass transfer limitation. The ring current also
increases with rotation speed, but is more weakly correlated than the disk current. This implies
that IpNV/Ir increases with rotation speed.

Fig. 4.2b shows steady state polarization curves at various catalyst loadings. Loading impacts
disk current at high potentials, where the current falls below /jim, but impacts ring current much
more significantly, even at low potentials.

Comparisons can be made between the peroxide generation rate and the overall rate of water
production. Fig. 4.2b shows that above 0.7 V vs. RHE, disk current increases significantly with
loading, whereas ring current is relatively constant. The disk current at such high potentials can
therefore be primarily attributed to four-electron reduction because the ring current is 500-fold
smaller and constant over the same loading range. Hence, the peroxide generating ORR pathway

appears to be insignificant at high potentials.
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Figure 4.2: Steady-state polarization curve showing disk current and ring current: 0.5 M H,SO,, room
temperature, oxygen saturated, ring poised at 1.2 V vs. RHE at (a) 0.5 mg cm’, various rotation
speeds (b) 1600 rpm, various loadings.

The ring current, /g, can be thought of in two ways: as a measure of peroxide flux from the
disk and as a measure of peroxide concentration at the disk. In the following results and
discussion both perspectives will be considered.

The exponential increase of ring current with decreasing potential near 0.7 V vs RHE (Fig.
4.2) suggests that peroxide generation is limited by the kinetics of the first 2e” reduction step,
because the reduction of oxygen to hydrogen peroxide coincides with that potential. Decreasing
ring current below the maximum at 0.5-0.6 V suggests either the onset of step 3 (further
reduction of peroxide to water) or competition between the two different oxygen reduction
reactions (steps 1 and 2). A detailed analysis of the 2e + 2e ™ reaction pathway (/> and /5) is

necessary to compare these two phenomena, via the figure of merit, /pN/Ig.>*"°
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By assuming a reaction mechanism, an expression for /p/N/Ir can be obtained in terms of
fundamental rate constants plus the rotation rate.”*"'® Without considering adsorption (Ignoring

K, and K,»), the expression for the mechanism displayed in Fig. 4.1 is:’

IbN

242
IpN oft 24 2k/kay vy
Ir

1+2-—
kg Zp [2]

Where ki, k», and k3 are the rate constants for reduction of oxygen to water, reduction of water to

hydrogen peroxide, and reduction of hydrogen peroxide to water, respectively. The parameter

Zp= 0.62Dp2/ 3y is an abbreviation for the group of constants in the Levich equation:”®’

it = 0.62nFCy, D?/3y=1/6,1/2 5

Where the mass transport limited current at a rotating disk, iy, is a function of # is the number
of electrons per mole oxygen, F'is Faraday’s constant, C, is a bulk concentration, D is
diffusivity, v is viscosity, and w is the rotation speed. The parameter z is calculated from a

. C 12
correlation of the mass transfer limiting current and "

. Based on a bulk oxygen concentration
of 1 mM?*' and a viscosity of 0.01 cm?/s,? the resulting z values indicate diffusivities of (2.17 +
0.07) x10™° cm?/s for oxygen (which is in the range of reported values: 1.87x107 to 2.12x107
cm?/s)*! and (1.28 + 0.25) x10™ cm?/s for hydrogen peroxide (reported value: 1.71x10”

cm’/s).”
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Figure 4.3: (a) Plot of IbN/Ir vs rotation speed for two different electrodes at two different potentials,
0.5 M H,SO,4, room temperature, oxygen saturated, ring poised at 1.2 V vs. RHE. (b) Slope and
intercept plot at various loadings and potentials: 0.5 M H,SO,, room temperature, oxygen saturated,
ring poised at 1.2 V vs. RHE.
The figure of merit, IpN/Ir, for the current data set was regressed with respect to the inverse
square root of the rotation speed, and sample regressions are shown in Fig. 4.3a, with a plot of
slope vs intercept given in Fig. 4.3b. One issue with the application of this analysis is that Eq.18
predicts a positive slope with respect to @', but the data clearly show negative slope.
A requirement for the validity of Eq. 2 is first order kinetics.” In order to test this requirement,
the variation of disk and ring currents with oxygen concentration is explored as shown in Fig.

4.4. Assuming a Nernst boundary layer at the disk surface, C, can be calculated from the bulk

oxygen concentration and the ratio of the total reduction current at a given potential and the mass

[4]



where C,;, represents oxygen concentration in the bulk electrolyte, C, is dissolved oxygen
concentration at the catalyst surface, and /;;, the diffusion limited current. At high potential (0.7
V vs RHE), where the peroxide reduction rate is small, Ir ~ NI». This correlation with oxygen (/;
~ Ip and I ~ Ir/N) shows that neither reaction pathway appears to show first order kinetics
(I =Cy).

If the disk and ring currents were first order, the traces in Fig. 4.4 would be straight lines that
intercept the origin. Because this is not the case, kinetics controlled by surface adsorption were
explored. For single constituent adsorption, the Langmuir adsorption coefficient may be defined

23
as:

. Cigvyj

Kl,_]
b [5]

where K is the adsorption coefficient for species 7 on site j, 6;; is the fraction of sites occupied
by species 7, C; is concentration of species i near the surface, and 6, is the fraction of vacant

sites. A mass balance on the total number of sites of type j yields:

L=0u;+ > b

[6]
Then 0, can be solved for and substituted into the adsorption equations to obtain the surface
fractions. For a single adsorbent this results in:
&
bij = —F~
K;; + C; [7]

If an electrochemical reaction is first order with respect to the surface species, 8, reaction

rate laws can be written as a current:
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. anCl
N Ki,j + C;

[8]

where £ is a rate constant, and nFk represents a plateau current density when C, > K, j, i.e. when

the surface is saturated.
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Figure 4.4: Plot of disk and ring current densities vs oxygen concentration (varying rotation speed)
for two different loadings at 0.7 V vs RHE, 0.5 M H,SO,, room temperature, oxygen saturated, ring

poised at 1.2 V vs. RHE. Dashed lines represent fit of Eq. 8.

Returning to Fig. 4.4, one can see that Eq. 8 fits the experimental data well. The data are

Bw yw / (N/Y) Ausuaq xnj4 Bury

-

therefore well explained by a site-limited surface reaction, because the current density plateaus

as C increases. As mentioned earlier, a high potential was chosen for Fig. 4.4 to minimize rate 3

(peroxide reduction). The small rate three allows comparison between oxygen adsorption on the

direct 4e” and indirect 2e active sites. The smaller variation with oxygen concentration in the
ring current (representing peroxide generation) as compared to the disk current (dominated by

4e oxygen reduction) suggests that the 2e sites are more saturated than the 4e sites.
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One can extend the analysis to lower potentials for the disk current, assuming that /
dominates. Disk current is plotted vs. oxygen concentration at 0.5 V vs RHE in Fig. 4.5; the disk

current displays more linear kinetics, suggesting that the surface concentration is low, C, < K.
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Figure 4.5: Plot of disk current density vs oxygen concentration (varying rotation speed) for two
different loadings at 0.5 V vs RHE, 0.5 M H,SO,4, room temperature, oxygen saturated, ring poised at
1.2V vs. RHE.

The observed adsorption limitation and resulting nonlinear kinetics do not satisfy the
requirements for Eq. 2. For this reason, the RRDE data must be reanalyzed assuming Langmuir-
Hinshelwood kinetics. In this analysis we will assume that the two reduction pathways occur on
different sites. As shown in Fig. 4.1, site one is responsible for direct 4e” reduction of oxygen to
water, while site two is responsible for the indirect, 2e” + 2e reduction pathway via peroxide.
We will obtain an expression for parameter C,N/Ir, where Co is calculated by Eq. 4, and will

assume that the rate peroxide generation by reaction 2 is first order with respect to oxygen
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concentration. Initially, the method will be established assuming linear kinetics (no adsorption
limitations), and then extended to consider Langmuir adsorption. For the initial analysis, with

linear kinetics (C, < K, ;) The two-electron oxygen reduction current /; may be expressed as:

TLFI{ZQCO

I, =
K0,2 [9]

where k, is the associated rate constant, K, » is the adsorption equilibrium coefficient for 2+2
pathway surface sites (site 2), and C, is oxygen concentration given by Eq. 4. The ring current,

Iy, 1s related to the concentration of peroxide, C, at the disk by a Levich-like transport model:**

10

2/3
I = nFNCpzpw'/? 2% = 0.62D7/%,1/0 0]

, Where

where 7 is the number of electrons per mole oxygen, F'is Faraday’s constant, D the diffusivity, v
the viscosity, and @ the rotation speed. An equation for /3 with respect to ring current can be
developed by assuming that /3, i.e. the further reduction of peroxide to water is first order with

respect to peroxide concentration at the disk:

TLFkgC . ks IRw_1/2

I3 =
Koo ¥ Kpz %N [11]

where K, is the adsorption coefficient of peroxide on site two. Eqns. 9 and 11 provide rate
expressions for each step associated with the two-by-two reaction pathway (/> and /5) with the
only parameters being three rate constant groups (k2/K,», k3/K;2) and mass transport properties.

A charge balance on peroxide generation/consumption relates the ring current to /> and /s:

Ir
L=-"2471
2=y T [12]
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Here we have neglected bulk disproportionation of peroxide. Combining equations 12 and 11

allows I, to be represented as a function of the ring current and some reaction coefficient k3/Kj, »:

I k

1> (
N Kp’gzp [13]

Rearranging Eq. 13 and introducing C, via Eq. 9 yields:

C’o]\[ _ K0,2k73 w_1/2+ K0,2
Ig nFko Ky 22p nFko [14]

In the absence of adsorption limitations, the term k»/K, » can then be calculated from a regression
of C,N/Ir with rotation speed, allowing the calculation of 7, via Eq. 9. Based on the earlier
analysis of Fig. 4, the present data indicate limitations due to oxygen adsorption. Therefore, an
adsorption model must be incorporated into the reaction system.

For oxygen and peroxide, the Langmuir adsorption coefficients, K, » and K, », may be defined

24
as:

' 90,2 7 6)p,2 [15]

where 0, and 6, are the surface fractions of oxygen and peroxide respectively on the sites
involved in indirect ORR pathway (site 2), 0, is the surface availability of this adsorption site,
and C,, C, are oxygen and peroxide concentrations near the surface. If the reactions two and
three are first order with respect to the surface species (6, and 6,,) the rate laws can be re-

written:

anQG\,’QCO

I, =
KO,Q [16]
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an38V7QCp

I3 =
Kp2 [17]
Using these rate laws, Eq. 14 becomes:
C'o]\[ _ Ko,2k3 w_1/2 + Ko,2
IR nF]{ZQKpQZp an29V72 [18]

Assuming that the surface fractions of oxygen and peroxide are small (that is 6, is near unity)

the equation reduces to Eq. 14.
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Figure 4.6: Correlation of disk current with hydrogen peroxide concentration showing first-order
peroxide reduction reaction: slope is 0.0564 £ 0.0007 mA cm?mM™, Hydrogen peroxide
concentrations range from 10 yM to 4 mM in 0.5 M H,SO,4: room temperature, nitrogen saturated.

Peroxide reduction experiments were performed by running the same RRDE experiment as
above, but in the presence of various concentrations of hydrogen peroxide and saturated with

nitrogen. By plotting the current at a given potential as a function of peroxide concentration, the
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presence of adsorption limitations associated with peroxide reduction can be studied. As
demonstrated in Fig. 4.6, in the absence of oxygen, the observed peroxide reduction rate is
linearly dependent on bulk hydrogen peroxide concentration at least to 4 mM. This suggests that
K, 1s large and adsorbed peroxide does not contribute significantly to surface coverage.
Considering this approximation, surface fractions for site 2 become 6,, + 6,> =1, and Eq. 18

becomes:

CoN Ky p2k3 W12 Co+ Ko 2
IR anQKp’QZp an‘Q [19]

Additionally, at high potentials where /3 is insignificant, Eq. 19 simplifies to

CoN  Co+ Koo
Ir nFky [20]

In these cases the figure of merit C,N/Ir should scale with C,. Some representative correlations
are shown in Fig. 4.7a. For this correlation the ratio of the intercept to slope indicates an
adsorption coefficient, and the inverse slope represents a rate constant. The resulting reaction
parameters K, » and k, are shown in Fig. 4.7b as a function of potential. At low loading and high
potentials, K, » does not vary with potential, while &, varies exponentially with potential. These
characteristics indicate potential independent adsorption and Tafel kinetics. At high loading and
low pressure K, » decreases and k» becomes less potential dependent, likely caused by the onset
of 5. By fitting rate parameters in the Tafel region, rate parameters can be established. These rate
parameters can be used to calculate surface coverage and /,. Charge balances can be applied to

deduce /; and /5.
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Surface coverage at various potentials can be compared as shown in Fig. 4.8. Surface
coverage was calculated via the definition of the adsorption coefficient (Eq. 15) and a mass
balance on adsorption sites (1 = 0,5 + 6,2):

Co Ko 2
o2 = 0y = :
’ Co + KO,Q ’ Co + KO,2 [21]

As shown in Fig. 4.8, For 0.1 mg cm™ loading, oxygen surface coverage remains above 70%
down to 0.6 V vs RHE. Low surface coverage at 0.5 mg cm™ indicates that the high loadings
approach mass-transfer-limiting current faster than lower loadings. This is an indication of high

catalyst utilization.

.1 0.5 mg/cm2
/ —@— —#— 1600 RPM |
Y/ -®- -M- 1200 RPM
-@®—- —H- 900 RPM
—l- 400 RPM —

Fractional Surface Coverage

0.4 0.5 0.6 0.7 0.8 0.9 1.0
Potential / V vs RHE

Figure 4.8. Fractional surface coverage at two different loadings and at various rotation speeds.
Open symbols represent vacant sites, while filled symbols represent occupied sites.
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The currents for each reaction step can also be compared. Fig. 4.9 shows currents [, I», and /5
cumulatively as compared to disk current. It is evident that at high potentials /; dominates, but [,
becomes significant below 0.7 V and /3 below 0.6 V. The fact that /; dominates over most of the
potential range justifies the use of disk current as a proxy for /;, as was assumed in the context of
Fig. 4.4.

The adsorption limitation may be why /; is not significant at higher potentials: at high
potential, oxygen surface concentration is high and available sites for adsorption limit the 2+2
reaction pathway. At low potential oxygen concentration and surface coverage are mass transfer
limited, decreasing adsorption limitations. At these low potentials the 2+2 reaction pathway can

compete better with the direct 4-electron pathway.

Current / mA cm

Potential / V vs RHE

Figure 4.9: Polarization curve showing contributions of /4, I, and /3 with experimental Ip.values for
various loadings at 1600 RPM.
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4.5 Conclusions

An RRDE study indicates that oxygen reduction on this autogenic-pressure MNC catalyst
proceeds primarily through the direct four-electron pathway to water. Langmuir-Hinschelwood
analysis suggests that the indirect 2+2 pathway active sites are more saturated with surface
species.

A second conclusion is that 4e” and 2e oxygen reduction occur at different sites that compete
for oxygen in the catalyst layer. This is illustrated in the difference in adsorption behaviors
between the disk current and ring current. The variance of disk and ring current with oxygen, as
discussed with relation to Fig. 4.4, indicates that the 2e adsorption site is more saturated than the
4e site. Furthermore, correlations between peroxide generation and oxygen concentration
indicate that peroxide generation is significantly adsorption limited.

Together, these main conclusions show a more complete picture of oxygen reduction and
peroxide generation on MNC catalysts: the onset of peroxide generation occurs around its redox
potential of 0.8 V vs RHE with fast kinetics driving a sharp increase in peroxide generation.
Although the peroxide generation does not require a large over-potential, low site availability
keeps the ring current small. As the potential decreases further, the combination of increasing
over-potential and increasing peroxide surface concentration causes a dramatic increase in ring
current. Below 0.6 V a second reduction step scavenges the peroxide on the catalyst surface

decreasing the flux of peroxide from the catalyst layer.
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Chapter 5. Modeling Low-Temperature Fuel Cell Electrodes using Non-precious Metal

Catalysts'

5.1. Abstract

An electrode-scale, transport model for a proton-exchange-membrane fuel cell (PEMFC)
cathode is presented. The model describes the performance of non-precious metal catalysts for
the oxygen reduction reaction in a fuel cell context. Because of its relatively high thickness,
emphasis is placed on phenomena occurring in the cathode layer. Water flooding is studied in
terms of its impact on gas-phase transport and on electrochemically accessible surface area
(ECSA). Although cathode performance in both air and oxygen are susceptible to ECSA loss,
gas diffusion limitations at high current density in air are more significant. In oxygen, catalyst
utilization at high current density is primarily limited by conductivity. For this reason, air fuel
cell data is recommended over oxygen data for characterizing catalyst performance. Due to both
ohmic and mass transport limitations, increased loading of low-cost catalysts does not
necessarily lead to higher performance. Therefore, careful optimization of catalyst layer

thickness is required.
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*University of New Mexico, Chemical & Nuclear Engineering Department, UNM Center for
Emerging Energy Technologies, University of New Mexico, Albuquerque, NM 87131 (USA)
3Pajarito Powder, Albuquerque, NM 87102 (USA
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5.2. Introduction

The high environmental costs of current energy systems drives a search for commercializable
energy technologies with low carbon footprints. Proton exchange membrane fuel cells present
one energy option for transportation applications. A significant impediment to commercialization
has been the cost and availability of catalysts for the oxygen reduction reaction (ORR) due to
prevalent use of platinum group metals (PGM). Metal-Nitrogen-Carbon (MNC) catalysts are a
potential solution to the cost and availability challenges that come with using PGMs. MNC
catalysts are synthesized by mixing metal, carbon, and nitrogen precursors followed by one or
more pyrolysis steps at 700-900 C."”” Such MNC catalysts are generally washed in acid to
remove excess metal precursors.'” These catalysts generally involve lower volume-specific
activity than platinum, which results in thicker electrodes. It has been previously proposed that a
low-cost catalyst may be allowed to have 10-fold lower activity than platinum, as long as the
catalyst layer was 10-fold thicker.® This proposal was based on the assumption that transport
loses would not be significant in this thickness regime. The purpose of this paper is to
understand quantitatively how the thickness of these electrodes will impact membrane electrode

assembly (MEA) performance for MNC catalyst.

A number of models have addressed electrode scale transport issues.”'> These models
generally concentrate on water flooding in the gas diffusion layer (GDL) and consider a
relatively thin catalyst layer. Here, gas and liquid transport in the catalyst layer are considered in
a way that is similar to treatment of gas diffusion layers in previous models. We also treat the
GDL consistently with previous models.

16-22

Multiple works have considered the catalyst layer. These works have primarily

concentrated on thin catalyst layers that do not provide significant gas diffusion limitations in
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comparison to the GDL. For this reason these works concentrate on how flooding impacts
electrochemically active surface area (ECSA). Here, we consider the impact of flooding on
ECSA in addition to gas diffusion. The ECSA impact is considered by incorporating a flooding
term in the kinetics model similar to Eikerling et al.*® Treatment of gas diffusion limitations are
based on the decrease in effective porosity due to flooding, as well as the dilution of oxygen by
to water vapor and nitrogen, similar to the treatment of the GDL by Weber et al.'' This second
consideration is likely more significant than in thin Pt-based catalyst layers due to increased
catalyst layer thickness as well as the increased hydrophilicity that can accompany heat-treated

carbon materials.

5.3. Experimental
5.3.1 Materials

Catalysts were synthesized by Pajarito Powder using a scaled up proprietary method similar to
the work by Serov et al.”> To summarize, a silica template material is thoroughly mixed with iron
nitrate and various nitrogen precursors. After pyrolyzing the mixture, the silica template is

removed by etching in hydrofluoric acid. A second pyrolysis follows etching.

5.3.2 MEA Fabrication

Catalyst ink containing a 9:11 mass ratio of ionomer to catalyst with 500 mg catalyst per 20
mL solvent was sprayed on a 5 cm? Sigracet 25BC GDL using a Sono-tek Exacta-Coat
automated spray system. The catalyst layer (CL) plus GDL was assembled with a 211 membrane
and an anode containing 0.2 mgp/cm®. This assembly was hot pressed at 131°C and 90 psi for six

minutes.
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5.3.3  Electrochemical Characterization

MEAs, fabricated as explained in previous section, were loaded onto single serpentine pattern
graphite flow plates and assembled with 4.5 N torque. The cells was allowed to equilibrate under
a feed of 200 sccm, 1.5 bar total pressure. After reaching a temperature of 80 °C, they were
broken in by holding for 15 minutes at 0.3 and 0.6 V. MEA activity was measured
potentiostatically at various backpressures over a potential range from open-circuit voltage
(OCV) to 0.3 V, and then back to OCV. At each potential, a current was recorded after a one
minute hold, and a high frequency resistance measurement was recorded. The MEA was poised
at 0.6 V for 15 minutes between polarization measurements. For additional break-in, an initial
polarization from OCV to 0.3 V and back was discarded. Inlet gases were hydrogen and air at

100% relative humidity and 200 sccm.

5.3.4  Physical Characterization

Catalyst layer material for physical characterization was created by spraying the catalyst ink
onto a glass plate. Catalyst ink contained a 9:11 mass ratio of ionomer to catalyst with 500 mg
catalyst per 20 mL solvent. After the material was dry, it was scraped of and used for porosity
measurements.

The pore size distribution (PSD) of catalyst layer material was measured via mercury

intrusion porosimetry (Micromeritics AutoPore IV 9500.) A 3 mL penetrometer with a stem

volume of 1.1 mL was loaded with 0.1 g of CL material. Mercury intrusion was measured over
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the pressure range of 0.1 to 30000 psi,. The pressure is related to a pore radius with the

Washburn equation:**

_ 2ycosf

r
P pmeas [1 ]

where the measured pressure, pmeas, contact angle, 6, and surface tension of mercury, vy, establish
the pore radius, 7. In this way the change in mercury volume from one pressure to another can

be associated with intrusion into a certain pore size and a pore size distribution can be calculated.

5.4. Model Description
5.4.1 Overview

This section describes the governing equations for a two-region, multi-phase, transport model
of an electrolyte membrane - catalyst layer (CL) - gas diffusion layer (GDL) assembly. This one-
dimensional, steady-state model consists of two regions (CL and GDL) with the electrolyte
membrane being considered as a boundary condition at the CL surface (Figure 5.1). Each region

has different properties, but the governing equations are similar.
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Figure 5.1: Schematic of cathode showing different phases and regions of the model with
boundary conditions (black-outlined, white arrows), transport phenomena (blue arrows), and
generation terms (red arrows).

Within each region there are four phases: an electron-conducting solid phase, an ion-
conducting ionic phase, and non-conducting liquid and gas phases. The primary dependent
variables in these phases are electronic phase potential, V., ionic phase potential, V;, liquid
pressure, Pr; and vapor fractions of oxygen and water vapor, x, and x,,. Currents and species flux
are also dependent variables, but can all be related to gradients of primary dependent variables,
as discussed in detail below. The governing equations consider the conservation of electrons,

protons, liquid water, and water vapor (Equations 2, 3, 4, and 5 respectively):
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0= _/fer‘/e + nFrorr [2]

0= —mVQVi - TLFTORR [3]
_ kLo
0=——V P, + 2roRR — Tevap
H [4]
VNW = Tevap [5]

where «. is electronic conductivity, V. is electronic phase potential, # is electrons per mole
oxygen, F'is Faraday’s constant, rorr 1s an oxygen reduction reaction rate, x; is ionic
conductivity, V; is ionic potential, & is liquid permeability (a function of saturation), u is
viscosity, Py 1s liquid pressure, 7eyap 1S an evaporation rate, and N,, is flux of water vapor. Flux of
nitrogen in air is set to zero everywhere, because it does not participate in any reaction, and the

membrane is considered to be gas-impermeable.

Boundary conditions for the governing equations fall into three categories: membrane, CL-
GDL interface, and channel (shown in Figure 5.1 in the black-outlined, white arrows). The
membrane is treated as an electrical insulator (i. =0), with ionic resistance, Ryem, that leads to an
ohmic drop Vi=ii* Rmem 1n the electrolyte phase. Electroosmotic flux of water through the
membrane is calculated based on flux coefficient, fmem, via the equation: Ni= i* Bmen/F.>>>® The
coefficient is a function of pressure as discovered by Jansen and shown in Table 4.%° The
membrane is also considered gas impermeable (Ny= N, = N, =0). At the CL-GDL interface, all
variables are considered continuous. The channel boundary is treated as an ionic insulator (i; =0),

and the solid phase overpotential at the channel is Ve=i.*Rex to account for external resistances
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not included in this model (current collectors, contact resistances, bipolar plates, anode, and
anode GDL). The resistance R.x was estimated by subtracting GDL, membrane, and CL
resistances from measured high frequency resistance. Using this approach, experimental data did
not have to be iR corrected prior to fitting. At the channel boundary, all concentrations are fixed
to bulk conditions for the inlet gas. The liquid phase pressure is in equilibrium with the gas phase

pressure, making the capillary pressure zero.

5.4.2 Porous Phase

Void space in the catalyst layer consists of water-filled hydrophilic pores with contact angles
less than 90°, and hydrophobic pores with contact angle 0,,s > 90°, and filled by a combination of
liquid and gas phases. The fraction of pores that are flooded with water is given by saturation, S,
a measure of flooding. Saturation is in turn controlled by the capillary pressure, p., which is the
pressure difference between the liquid phase and gas phase. Saturation impacts electrochemically
active surface area as well as effective permeability and gas diffusivity. For hydrophilic pores,
S =1, because capillary pressure is always positive due to the generation of liquid water via
oxygen reduction: the liquid flux results in a pressure gradient away from the channel. This
gradient and boundary condition ensure all liquid pressures are greater than the gas pressure,

which is considered constant and equal to the channel gas pressure.

In order consider hydrophobic pores, a contact angle is required. The contact angle was
measured to be 108 + 5° based on the average and standard deviation of eight contact angle
measurements. For hydrophobic pores, the capillary pressure, p., apparent contact angle, Gobs,

and surface tension of water, y, define a critical pore radius, 7., via the Washburn equation:

10,11,27,28
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2 cos Oops
o= ——+
De [6]
The saturation, S, of hydrophobic pores can be calculated by summing the volume of pores
larger than the critical radius, ., This can be performed via an integration of the pore size

distribution:°

S [ dr
=S
fo Grdr [7]

Essentially, as capillary pressure increases, water is forced into increasingly smaller pore sizes.
Although direct integration of a measured pore size distribution (PSD) is achievable, a set of log-
normal PSDs (LNPSDs) can be used to describe the PSD to make further calculations more
manageable.'' The use of lognormal PSDs also allows a means to differentiate pore modes. From
the PSDs shown in Figure 5.2 it is evident that there are three different characteristic pore sizes:
a small narrow pore size around 5 nm radius and a broad pore mode at around 300 nm radius (for
neat catalyst) with a shoulder representing another characteristic pore size at a slightly smaller
radius (at 100 nm for neat catalyst). Performing porosimetry of pellets composed of catalyst
layer material (containing ionomer) allows the impact of the ionomer on porosity to be observed.
By comparing porosity with and without ionomer it is evident that ionomer content primarily
impacts macroporous and larger mesopores. The deviation between the two curves occurs around
25 nm pore radius which agrees well with literature values indicating that ionomer agglomerate
size is about 40 nm diameter.” Furthermore, a large portion of the porosity, ~80%, is situated
initially in macropores, and with the addition of ionomer the overall macroporosity decreases as
well as the size of the macropores. This indicates that the macropores are covered with an

ionomer film reducing the effective pore diameter.
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Figure 5.2: Pore size distribution of catalyst as well as three different pellets of catalyst layer
material (including ionomer) as measured by mercury intrusion porosimetry with a fit composed
of three lognormal pore size distributions. Fit characteristics are included in Table 5.1.

Table 5.1: Pore Size Distribution Fit Parameters

Parameter Pore Neat Catalyst Pellet Pellet Pellet

Mode (0.222 gcat/cC) (0.304 gcai/cc) (0.336 gcat/cC)
Mean 1 4.57 + 0.04 4.11 +0.03 4.08 + 0.03 4.06 + 0.02
Radius 2 164.6 + 8.3 98.6 + 8.8 84.4 £ 17.5 51.9+47.0
nm 3 307 £ 8 121.8+24 113.3+3.8 102.0+ 3.5

1 0.222 £0.009 [0.222+£0.008 [0.225+0.008 |0.214 + 0.007
Spread 2 1.115+ 0.035 1.097 + 0.080 1.242 + 0.140 1.943 + 0.623

3 0.320 £ 0.032  |0.293+0.026  |0.416 £0.047  |0.586 + 0.046
Volume 1 0.191 £0.033 [0.266 £+0.045 [0.263 +£0.093 |0.261 £ 0.144
fraction 2 0.656 + 0.023  |0.524 + 0.033 |0.451 £0.069  |0.306 + 0.109

3 0.153 +0.022 |0.210+0.030 |0.286 £ 0.063  |0.433 + 0.094
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The various distributions are easily modeled by considering the porosity to be composed of
three LNPSDs as shown in Figure 5.2. Each LNPSD, Vi(r), can be represented as a function of a

characteristic pore radius, 74, spread, s, and fraction of total porosity, fi: 10

Vilr) = f 1 (_llnfr—lnrk)2
T e TP\ T2 a2
[8]

Saturation is calculated by integrating these PSDs over the whole range for the hydrophilic pore
fraction (because p. >0) and for all pores greater than the critical radius for the hydrophobic pore

fraction:'’

In(re) — In(rg) )

Sk = furx + fuox[l —erf( s1v/2 [9]
k

where the saturation of the A" LNPSD, S, is a function of the hydrophilic pore fraction, fi;, and

the hydrophobic pore fraction, fyo.

Saturation impacts transport parameters via the permeability, ki, and a reduction in effective

diffusivity. In the liquid phase, an expression used by Weber et al accounts for tortuosity as well

as weighting of pore sizes according to Poiseuille flow.'*"

B 5_2 B In(re) —In(rg) B
k1, = Ksat 2 fH[1 67"f( Sk\/§ Sk\/é)] [10]

In the gas phase, the governing mass balance on the various constituents is coupled with

Stefan-Maxwell multicomponent diffusion: '**'

Niz; — N,x;

V Z: (2adV} J*
v Z cD;j

i#] [11]
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where x; represents mole fraction, J; is the flux, ¢ the total molar concentration, and D;; a
binary diffusion coefficient. The diffusion coefficient is an effective value due to the impact of

porosity on the mean free path of constituents:***"**

Dijery = ng(f(l - S))3/2 [12]

where the bulk diffusivity, Dioj, is modified by the porosity (¢) and saturation (S from Eq.9). The
effective diffusivity is also modified to account for Knudsen diffusion. Knudsen diffusion limits
diffusivity in small pores where wall effects dominate. In order to incorporate the impact of

Knudsen diffusion, a mean open pore radius is calculated. This mean open pore radius, 7k is used

to calculation Knudsen diffusivity, Dg:'"**

92 T 1/2
Dy = 21K (&)

3 M [13]
where R is the ideal gas constant, 7 is the temperature, and M is the molar mass of the gas
molecule. Contributions of the two diffusion modes can be combined via the Bosanquet
equation:**>?

1 1 1
_ = — 4+ —
D Dk Dwm [14]

where the diffusivity, D, is a function of Knudsen diffusivity, Dk, and molecular diffusivity, Dy.

Darcy’s Law governs liquid phase transport where liquid flux is proportional to the liquid

: 11,2
pressure gradient: '

Ny, = —-——VDF,
H [15]
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where Ny is the flux of liquid water, ki is the effective permeability (a function of saturation, Eq.

10), u 1s the viscosity of water, and VP is the liquid pressure gradient.

5.4.3 Conductive Phases
Two different conductive phases exist: solid electronic (s) and electrolyte (¢) conductor. Here,

Ohm’s Law governs charge transport:*’
i =-KVViie=-kVV, [16]

where, for a given phase (i or e), the current density, 7, is a function conductivity, x, and

potential, V.

Electronic conductivity was calculated from correlating high frequency resistance (HFR) with
the thickness of MEAs of varying loading. This correlation, shown in Figure 5.3, assumes that
ionic conductivity in the catalyst layer is much lower than electronic conductivity. Essentially, at
high frequencies capacitors behave like short circuits eliminating the effect of transport and
kinetic effects on the impedance. Without these effects the HFR is the ohmic resistance of the
system. In the catalyst layer, the solid and electrolyte systems are in parallel making the HFR
(Rurr):

RiR,

Rurr = Rsys + 53—
¥ Ri+ R. [17]

where the HFR is function of the resistances of the electronic (R.) and ionic phases (R;) as well
as the resistance of the remainder of the system (Rsys). When R; >> R, the right hand side of Eq.
17 simplifies to Rurr = Rsys + Re. By comparing HFR to the electrolyte resistance calculated in
the next section we can confirm this assumption that R; >> R.. The slope of the HFR with respect

to catalyst layer thickness represents the electric conductivity of the catalyst layer. From this
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correlation two model parameters can be found: the electronic conductivity, k.= 0.62 + 0.38
S/cm and the resistance of the remainder of the system (contact resistance, etc.) Rgs= 0.046 £+
0.010 Q-cm®. While the error on the conductivity is quite large, we consider this a reasonable

estimate for our purposes.

008 T T T | T | T
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Catalyst Layer Thickness / cm
Figure 5.3: Conductivity of catalyst layer material by correlating high frequency resistance (HFR)
with thickness of catalyst layers with varying loadings at constant density.

Electrolyte conductivity was calculated from electrochemical impedance spectroscopy.
Makharia et al** and Eikerling et al'’ show that impedance of catalyst layers can be well modeled
by transmission line circuits. Specifically, when the electrode potential is small and the
electronic resistance in the catalyst layer is insignificant, the impedance, Z, can be modeled by

. 11,17,34
the expression: "'

7 = Rext + \/ RiZCTCOth(\/ Ri/ZCT) [18]
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where Ry 1s the resistance external to the catalyst layer, w is frequency, R; is the ionic resistance
in the catalyst layer, and Zcr is a charge transfer impedance. This charge transfer impedance is
ostensibly a Voigt element, where the impedance is a function of some charge transfer resistance,

Rcr, and a capacitance, Ccr:

Rer
1+ jwRcrCor [19]

Zor =

Figure 5.4 shows impedance spectra of two loadings at two different current densities that are all
well below the onset of mass transport limitations; lines represent the fit by the transmission line
model, Eq. 18. From the fitted ionic resistance, R;, conductivity for the electrolyte in the catalyst
layer was calculated to be K= 0.0181 & 0.0049 S/cm. A comparison of this ionic conductivity
with the electronic conductivity (k.= 0.62 + 0.38 S/cm) calculated in the previous paragraph

confirms the assumption that x; << . (or R; >> R.).
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Figure 5.4: Impedance spectra of MEA with two different loadings at two different current
densities. Fits shown are based on Eq. 18. Fitted parameters are shown in Table 5.2.

Table 5.2: Impedance Fit Parameters

0.6

Electrolyte Charge External
Loading / mg |Current / A . Transfer Capacitance .
D) 2 Resistance (R.) . 2 |[Resistance (Rext) /

cm cm 2 Resistance (Cct) / mF cm 2

Qcm 2 Q cm

(Rct) / Q cm

2 0.01 0.434 + 0.066 |[0.468 £+ 0.029 126 + 18 0.045 + 0.003
2 0.05 0.466 + 0.074 [0.447 £0.029 131120 0.044 + 0.003
4 0.01 0.580 + 0.165 [0.385+0.046 [151+44 0.070 + 0.005
4 0.05 0.544 + 0.166 |[0.322 + 0.044 |153 +48 0.068 + 0.005

5.4.4 Generation Terms
The generation terms for oxygen reduction and evaporation are treated as first order reaction

rates. Oxygen reduction is expressed in a symmetrical Butler-Volmer form, in which the forward

reaction (oxygen reduction) is first order with respect to the local partial pressure of oxygen:
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nk

[20]

n=Uo—Vo—Vi— V. o1

where p, is the partial pressure of oxygen, # is the over-potential, and a the transfer coefficient.
The over-potential, 1, is a function of Uy, the reversible potential; V), the electrode polarization
(an independent variable); Vs, the ionic phase potential; and V-, the electronic potential. The
effective pre-exponential exchange current density, i fr, 1S considered to be a function of
porosity, saturation, and ionomer volume fraction due to the requirement that protons, electrons,
and oxygen have access to catalytic active sites. To incorporate the impact of these phases, the

exchange current density is modeled as a three-phase effective parameter:>’
io,eff = d0fifse(1—95) [22]

where f; is the volume fraction of ionomer and represents the probability that protons are
available at any given differential volume element. The ionomer volume is calculated based on
the ionomer content and density. The volume fraction of solid catalyst, f;, represents the
probability that a given volume element has connectivity with the electronic phase. The solid
catalyst volume is calculated by subtracting porosity as measured by porosimetry and ionomer
volume from the volume of the pellets used for porosimetry experiments. The porosity, ¢, is
calculated for a given catalyst layer specific volume by subtracting solid catalyst volume and
ionomer volume. The expression ¢ (1-S) represents the volume fraction of oxygen-accessible
open pores. In the expression above, f¢ can also be interpreted as an area per unit volume that is

dependent on the quantity of porous and solid phases. Because the total volume fractions must
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equal one (1=f; + fi + €), an increase in one of these volume fractions necessitates a decrease in
the remaining volume fraction.

The evaporation term, 7cvap, 1s dependent on water vapor pressure and the partial pressure of

11,2
water: '

Tevap = kmaT(Pvap - pw) [23]

where &y, 1s a mass-transfer coefficient, ar the area per unit volume, Py,p, the vapor pressure of
water, and py, the partial pressure of water vapor. Because the reaction is fast and at

11,36

equilibrium, " the rate can be thought of as the necessary evaporation necessary to keep the

vapor pressure and water partial pressure equal.

5.4.5 Model Implementation

The model was written with MATLAB using the boundary value solver BVP5C. The
boundary value solver generated the mesh density necessary to achieve 0.1% error for residuals
above the threshold value 10, Generally, the number of points was on the order to 20 in low-
current regimes and 200 in high current regimes. A nonlinear, least-squares fitting function was
used to fit the following parameters: hydrophobic pore fraction, fyo; saturated liquid
permeability, k,; exchange current density, ip; reversible potential, U; and exchange coefficient,
a. The parameters were fitted simultaneously to polarization data at four different air pressures
and nine potentials in the range 0.82 to 0.30 volts. Parameters were fit to a tolerance of 0.1%.

The current density was calculated as the electronic current at the channel.

Sensitivity was calculated by running the model at a fixed step size of 1% for a given
parameter. The change in current density, Ai, due to a change, Ax, in the value of a parameter x,

leads to the sensitivity, B,:
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_Aidfi
= —1—
Az / x [2 4]
A positive sensitivity indicates a correlation between current and the parameter of interest,
whereas a negative value indicates anti-correlation. No correlation is indicated by a sensitivity of

zero. The model was non-dimensionalized as shown in Appendix A.

5.5. Results and Discussion

The model was used to fit MEA data obtained at three different backpressures: 2, 12, and 30
psig. These pressures correspond to partial air pressures: 0.5, 1.2, and 2.4 atm respectively
correcting for altitude in Albuquerque, NM (P,:»=0.83 bar)’’ and experimental conditions.
Catalyst loadings of 2, 3, and 4 mg/cm? were studied. Five parameters were fit: hydrophobic pore
fraction, fyo; saturated liquid permeability, ky; exchange current density, ip; reversible potential,
Up and transfer coefficient, a. The fitted parameters are shown in Table III, while the remaining

parameters are shown in Table IV at the end of the chapter.

A plot of experimental polarization curves along with the fitted model is shown in Figure 5.5.
From observation, the model fits the data well with regards to the shape of the curves. The model
fit shown in Figure 5.5 can be further validated by comparing fitted values with expected values.
The exchange coefficient, a is 0.407 + 0.009 which is in the range of typical values (0.3-0.7).”
The exchange current density is large because it represents a theoretical value if all points in the
electrode where on a triple-phase boundary. This is not possible for materials of finite thickness,
so it is best to consider the effective exchange coefficient (Eq. 22) for comparison purposes. The
effective exchange current densities are 28, 42, and 56 mA/cm” at 30 psi for 2, 3, and 4 mg/cm?

loadings respectively. These numbers correspond well with the currents at which the
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experimental polarization curves deviate from the Tafel regime in the upper part of Figure 5.5.
At some point, when the active site for these catalysts is better understood, iy should be revisited
to account for turnover rate and adsorption effects. The fitted permeability of (5.27 £ 2.58)x10™"
agrees well with the value predicted by the Kozeny-Carmen Equation (4x10™"°)."? The
hydrophobic pore fraction was found to be 0.287 + 0.110. Based on the assumption that all
hydrophobicity is due to the ionomer, this number can be compared to the electrolyte solid
fraction in the catalyst layer, 0.193 + 0.070. The agreement between these values corroborates

the theory that the majority of the hydrophobicity is due to the ionomer.
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Figure 5.5: Comparison of experimental and model results at three different gas pressures for (a) 2
mg/cmz, (b) 3 mg/cmz, and (c) 4 mg/cmz. Conditions: Temp. 80 C, 25BC GDL, 4mg/cm2 Catalyst
Loading, 45 wt.% Nafion, Cell Area: 5cm?, membrane: NR211.

Table 5.3: Fitted Parameters

Parameter Values Units
Transfer Coefficient 0.416 £ 0.010

Exchange current density (ip) 1300 + 512 A/ bar cm®
Reversible potential (Uy) 0.853 + 0.005 V

CL Hydrophobic pore fraction (o) | 0.287 £ 0.110

Saturated Liquid Permeability (ky) | (5.03+ 2.41)x10™" cm?

Now that the fit has been established, profiles in the catalyst layer can be used to better
understand transport phenomena. Figure 5.6 shows electronic current profiles (a), oxygen vapor

fraction profiles (b), and flooding (c) in the catalyst layer at three different potentials. How these
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potentials correspond to the polarization curve is shown in Figure 5.6d: points I, II, and I1I
correspond to potentials in the kinetically limited regime, ohmic limited regime, and catalyst
layer oxygen transport limited regime respectively. The first point shows a linear current profile
as shown in Figure 5.6a, which is typical of kinetically-limited ORR in the absence of
concentration gradients. Point II shows an ohmically-limited current profile, in which ohmic
resistance in the catalyst layer electrolyte cause most of the ORR to occur near the membrane-
CL interface, where a steep current gradient is observed. Continuing to lower potentials, in
Figure 5.6b, point 11l shows conditions where the catalyst layer closest to the membrane has been
completely exhausted of oxygen. Oxygen depletion makes those sections inert, and the current
profile is flat and zero as shown in Figure 5.6a between 0 and 0.1. The limiting case (not shown)
1s where the catalyst layer is almost entirely oxygen starved and all the ORR occurs at the CL-
GDL interface. At this extreme, the polarization becomes linear due to the ionic resistance of the

catalyst layer.

Current
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0.8

o
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Vapor
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Oxygen

Potential / V

o
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Figure 5.6: (a) Solid phase current distribution, (b) ionic over-potential, and (c) flooding at
dimensionless positions in the catalyst layer at three different potentials on the polarization curve
(d) showing I, kinetic limitations; Il, electrolyte conductivity limitations; and Ill, oxygen diffusion
limitations. For position in the catalyst layer, zero represents the membrane interface and one
represents GDL interface.
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A sensitivity study of performance in air is shown in Figure 5.7. Sensitivity is defined as a
ratio of relative change in performance (current) to relative change in a given parameter. Figure
5.7 shows sensitivity as it varies with potential (on the y-axis). At all potentials hydrophobic pore
volume shows high sensitivity, this indicates that flooding is high. Essentially, flooding limits
electrochemically active surface area at high potentials (kinetically limited, I) and limits oxygen
diffusion at low potentials (oxygen transport limited, III). Around 0.6 V there is a dip in the
hydrophobic pore fraction sensitivity. This dip correlates to an increase in electrolyte
conductivity sensitivity. This confirms the ohmic limited regions identified by point II in Figure
5.6. The significant anti-correlation is loading: at high potentials increased loading means
increased electrochemically active surface area, but at low potentials this increased loading only

inhibits oxygen diffusion, leading to lowered utilization and reduced performance.
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Figure 5.7: Plot of current sensitivity in air varying with potential.
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A sensitivity study can also be calculated for oxygen, as shown in Figure 5.8. The sensitivity
in oxygen is similar to air at high potentials, but not at low potentials. The similarity in
sensitivity is expected at high potentials due to kinetic limitation. Once outside of this regime,
the similarities decrease substantially due to the lack of transport limitations in oxygen. In this
ohmically-limited regime flooding only impacts electrochemically active surface area causing
the hydrophobic pore fraction sensitivity to decrease as kinetics become less limiting at lower
potentials. In oxygen, electron transport limits current density at low potentials. This is shown by
the increase in ionic conductivity sensitivity around 0.8 V. At low potentials activity reaches a
mixed domination region. In this region performance is equally controlled by hydrophobic
porosity, ionic conductivity, and kinetic parameters. Essentially the current profile is similar to
point II in Figure 5.6a, but as the potential decreases further the current distribution becomes
increasingly concentrated at the CL-membrane interface due to ionic conductivity limitations. As
the current distribution becomes more concentrated at that interface, less charge is conducted
through the catalyst layer electrolyte, which decreases the ionic conductivity sensitivity. External
ohmic losses also become more significant at low potentials. This value is not a fitted parameter,
but it does include contact resistance between the CL and GDL due to the high Nafion content in
the CL. For this reason, external resistance was added to the oxygen sensitivity study (purple line

with open diamonds) and represents the impact of contact resistance between assembly layers.
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Figure 5.8: Plot of current sensitivity in oxygen varying with potential.

To return to air sensitivity, two recommendations can be made for future non-PGM catalysts
and their application in fuel cells. Loading should be optimized with current density at key
operating potentials in mind. For applications running at max power, lower loadings are desired
to increase performance in the 0.6-0.4 V range. A second observation that can be gleaned from
the air sensitivity is that increasing ionomer content near the CL-membrane interface could
mitigate ohmic losses resulting from poor catalyst utilization at low potentials, as previously
observed by other workers for platinum based catalyst layers.”®*® This would be the result of
optimizing catalyst ink for different depths in the catalyst layer, and the catalyst layer close to the
GDL would be optimized for oxygen diffusion, while the catalyst layer close to the membrane

would be optimized for electrolyte conductivity.
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Figure 5.9: (a) Optimal loading as it varies with potential, (b) current as it varies with loading at
various potentials, (c) current as it varies with density and loading at 0.8 V, and (d) current as it
varies with density and loading at 0.4 V. Conditions: 30 psi, Temp. 80 C, 25BC GDL, 45 wt.%
Nafion, Cell Area: 50m2, membrane: NR211.

Finally, optimization studies were conducted for loading and catalyst layer density. For each
parameter, the value was obtained that provided maximum current density with all other
parameters at baseline values (Table 3 and 4). From Figure 5.9a, it is apparent that optimal
loading changes with potential, because mass transport limitations are more significant at low
potential and kinetic limitations more significant at high potential. CL density represents how
compressed the catalyst layer is during MEA construction and the optimal value does not vary

much with potential as shown in contour plots Figure 5.9c and 5.9d.
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5.6. Conclusions

A one-dimensional, steady-state model was developed for electrode-scale transport in a non-
PGM PEMEFC cathode. It was found that flooding limits oxygen transport in air due to reduced
effective porosity and active surface area. At low potentials the flooding limitations result in
poor catalyst utilization and increased ohmic losses. In contrast to air performance, oxygen
performance depends primarily on active surface area and electron conductivity. The difference
in sensitivity between air and oxygen performance suggests that oxygen MEA performance is

not an effective indicator for non-PGM catalysts.

Finally, cathodes can be designed for improved air performance by improving catalyst
utilization. Utilization can be improved in two different ways. Most simply, utilization can be
increase by decreasing loading. Although this model predicts improved performance with
decreased loading, it is important to note that as catalyst thickness decreases, the relative
importance of interfacial effects between CL and GDL will increase. Utilization can also be
improved by optimizing sections of the catalyst layer for different phenomena. Optimization
would include improving gas diffusion near the GDL and improving ionic conductivity near the

membrane.
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Table 5.4: Model Parameters

Parameter Values Units Notes
Diffusion coefficient of 0.3022x (7/323.83)>%* | barcm®/ s Literature Value™"
oxygen in water (pDow) *° 33,34
Diffusion coefficient of 0.0544x (T/143.01)"*% | barcm®/s Literature
oxygen in nitrogen (pDon) Value'!4041
40
Diffusion coefficient of 0.2599x (7/299.42)*%* | bar cm®/ s Literature
water in nitrogen (pDyn) *° Value'!4041
Evaporation rate (knat) ' | 100 mol / bar s Literature Value™*®
3
cm

Viscosity (u) " (2695.3-6.6 T)x10™" bar s Literature Value™
Water surface tension (y) | 0.12398-0.00017393xT | N/m Literature Value™
CL electronic conductivity | 0.62 + 0.38 S/cm Correlated from
(Ke) HFR
CL ionic conductivity (k;) 0.0158 £ 0.0020 S/cm Calculated from

impedance model
Catalyst density 0.32 Jcat/CC Measured
CL Hydrophobic Contact | 90.02 Degrees Literature Value™'
Angle (¥ obs)
Saturated Permeability 1x10°° cm? Literature Value™
(Ksat)
External Resistance (Rex) | 0.046 £ 0.010 Q cm? Calculated from

High Frequency
Impedance

Electro-osmotic coefficient

0.5%XPyap/(Pg-Puap)

Literature®®
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Appendix A Non-Dimensional Cathode Model

This section describes the non-dimensional equations for a multi-phase, transport model of a
catalyst layer (CL). This one-dimensional, steady-state model consists of four phases: an
electron-conducting solid phase, an ion-conducting ionic phase, and non-conducting liquid and
gas phases. The primary dependent variables in these phases are solid phase potential, Vi,
electrolyte phase potential, V., liquid pressure, Py ; and vapor fractions of oxygen and water
vapor, X, and x,,. Currents and species flux are also dependent variables, but can all be related to
gradients of primary dependent variables. A more complete discussion of the model is available

in Chapter 5 of this dissertation.

The governing equations consider the conservation of electrons, protons, liquid water, and

water vapor (Equations 2, 3, 4, and 5 respectively):

0= —keV?Ve — nFrorr 126]

k
0=——V2P, + 2roRR — Tevap
H [27]

VN, = Tevap [28]

where «; 1s solid conductivity, Vs is solid phase potential, # is electrons per mole oxygen, F is

Faraday’s constant, rorr 1s an oxygen reduction reaction rate, «. 1s electrolyte conductivity, V. is

110



electrolyte potential, 4y is liquid permeability (a function of saturation), u is viscosity, Py is
liquid pressure, revqp 1 an evaporation rate, and N,, is flux of water vapor. Flux of nitrogen in air
1s set to zero everywhere, because it does not participate in any reaction, and the membrane is

considered to be gas-impermeable.

Non-dimentionalization was based on the gas phase because understanding oxygen transport
is a key goal for this project. In the gas phase, the governing mass balance on the various

constituents is coupled with Stefan-Maxwell multicomponent diffusion: ''**

Nz — Nz
Va; =RTY —— I
! — pD;j

i#] [29]

where x; represents mole fraction, J; is the flux, ¢ the total molar concentration, and D;; a
binary diffusion coefficient. This equation is non-dimensionalized by multiplying through with a

length scale and results in:

Vi =Y Qijxj — Qjiti
% 30]

_ RTN,L

Qs pDi; [31]

where Q is a dimensionless flus. Although it would be fine to leave the equations in this system,
it is better keep a consistent frame of reference for the various fluxes. This is accomplished using

oxygen in dry air as a reference system and results in:

V; = Zﬂz‘j(Qz‘%‘ —Qjz;)
i% [32]
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pDoy,

Hij =
pDij [33]

where I1;; is a dimensionless flux resistance of constituent 7 in j, and Q is a dimensionless flux

that can be related to the dimensional flux:

_ pDop
Qo= R7L [35]

where Qy is the reference flux resulting from the non-dimensionalization. The above analysis has
an analogy across all phases and results in all fluxes having similar magnitudes, which improves

performance of the boundary value solver.

Darcy’s Law can be similarly non-dimensionalized. This equation governs liquid phase

transport where liquid flux is proportional to the liquid pressure gradient: '***
k
N, =—"2VP,
M [36]

where Ny is the flux of liquid water, ki is the effective permeability (a function of saturation, Eq.

9 in Chapter 5), u is the viscosity of water, and VPy is the liquid pressure gradient. This can be

non-dimensionalized by a O-flux:

Qi = -V /10y, [37]
HL _ HLpDon
RTk,P [38]

where Iy is a dimensionless liquid flux resistance and W1 is a dimensionless liquid pressure.
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Two different conductive phases exist: solid electronic (s) and electrolyte (¢) conductor. Here,

Ohm’s Law governs charge transport:**
ii:-KiVVi 5 ieZ-KeVVe [39]

where, for a given phase (i or e), the current density, 7, is a function conductivity, x, and
potential, V. In order non-dimensionalize these phases, an analogy can be drawn between the
pressure/liquid-flux system of the previous section of the potential/current system. The current

can be thought of as a molar flux, and the potential is non-dimensionalized by the Tafel slope:

Qe = _V\I]e/ne [40]
I, — pDonn
Fe [41]

where Y. is a dimensionless electronic potential (V.F/RT) and Il is a dimensionless electronic
resistance that is a function of electrons per mole oxygen, n, and the electronic conductivity, .

Q. can be thought of a dimensionless molar flux of oxygen or a current density:

le B
N0: nF _QOQO_QOQe [42]

now that the transport equations have been dimensionalized the generation terms will be

considered.

The generation terms for oxygen reduction and evaporation are treated as first order reaction
rates. Oxygen reduction is expressed in a symmetrical Butler-Volmer form, in which the forward

reaction (oxygen reduction) is first order with respect to the local partial pressure of oxygen:**~!
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iO,eff e ol n e (1 Q’)l n
r = —"— |poexp | —= | — prefexp | —————
ORR 7’LF RT £ RT [43]

n=Uy—Vo—Vs— Vo (44]

where p, is the partial pressure of oxygen, prer is a reference pressure chosen to be 1 atm because
the reverse reaction does not contain constituents in the gas phase, 7 is the over-potential, and o
the transfer coefficient. The over-potential, 1, is a function of U, the reversible potential; V), the
electrode polarization (an independent variable); Vs, the solid phase potential; and V., the
electrolyte potential. This equation is non-dimensionalized based on a local mass balance of

oxygen:

0o F —(1—=a)F
VN, = ToRR = 20, [po exp (ﬂ) — Pref €XP (wﬂ

by substituting for a dimensionless oxygen flux, and normalizing our length scale the equation

can be put in terms of a reduced Thiele modulus:

VQ, = 7, [zoexp (a¥) — 2yef exp (—(1 — ) ¥)] [46]

oz _ Pioers RTL?
Th TLF pDO,TL [47]

U=v,—V,—; (48]

where @y, is a Thiele modulus for oxygen reduction, and ¥ is a dimensionless overpotential that
takes into account electrode polarization (W) and ohmic losses due to electronic (‘¥.) and ionic

(i) conductivities.
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The evaporation term, 7cvap, 1s dependent on water vapor pressure and the partial pressure of

12,2
water: 127

Tevap = kmaT(Pvap - pw) [49]

where &y, 1s a mass-transfer coefficient, ar the area per unit volume, Py,p, the vapor pressure of
water, and py, the partial pressure of water vapor. Because the reaction is fast and at

1232 the rate can be thought of as the necessary evaporation necessary to keep the

equilibrium,
vapor pressure and water partial pressure equal. This equation is similarly non-dimensionalized

based on a local mass balance of water vapor:

dNg
= Tevap|z
dx [50]

by substituting for a dimensionless oxygen flux, and normalizing our length scale the equation

can be put in terms of a reduced Thiele modulus:

dQu 9
—— =P, (Poap/ Py — xy
dg p( p/ g ) [51]
2 kmar RTLP,
P pDon [52]

where Iy is a dimensionless liquid flux resistance and 1. is a dimensionless liquid. Files

associated with the model have been published on gitlab.msu.edu:

https://gitlab.msu.edu/leonal48/CathodeModel
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Chapter 6 Summary of Research Contributions

This dissertation improves performance and understanding of non-precious metal catalysts
(NPMCs) for proton exchange membrane fuel cells. Chapter 2 is an important optimization of
carbon supports for the autogenic pressure metal-nitrogen-carbon catalyst, while Chapters 3 and
4 increase understanding of this catalyst. Chapter 4 also introduces a new method of analyzing
NPMCs. Chapter 5 both increases understanding of NPMC behavior in fuel cells and provides
specific guidance for Pajarito Powder in how best to use their catalyst. This guidance also relates
more generally to improved membrane electrode assembly (MEA) construction for other
NPMCs.

Initially a porosity study of metal-nitrogen-carbon (MNC) oxygen reduction catalysts and
carbon supports found that mesoporosity is critical to high performance. Porous carbon materials
with varying structural and compositional properties were studied for their impact on the
nitrogen content and activity of MNC catalysts prepared using high-pressure pyrolysis. The
carbon materials and resulting catalysts were characterized morphologically, chemically, and
electrochemically. The results indicated that substrates adsorbing the most nitrogen and iron
show the highest activity. Furthermore, a relationship found between mesoporosity and nitrogen
adsorption indicate the importance of transport of precursors to potential active sites. This work
had a role in establishing mesoporosity as one of the key parameters in MNC catalyst
development.' Currently, some of the highest performing catalysts use pore-formers to ensure a
high level of mesoporosity.*™

The second project found a correlation between surface alkalinity and catalytic activity for
the autogenic pressure MNC (APMNC). The basic site strength and quantity were calculated by

two different methods, and it was shown that increased Bronsted-Lowry basicity correlates to
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more active catalysts. Future work should elucidate the chemistry found in this MNC catalyst.
Specifically, a correlation of this alkalinity data with RRDE analysis of catalysts with varying
nitrogen content could couple the basicity with a specific role in the oxygen reduction reaction as
discussed in Chapter 4. Another related need for the APMNC is improved understanding of
synthesis reactions, which could be accomplished by analysis of gases produced during
pyrolysis. This could be accomplished with differential thermal analysis (DTA) or differential
scanning calorimetry (DSC).

In Chapter 4, an analysis of peroxide generation using rotating ring-disk electrodes indicated
that ORR proceeds both via a direct four-electron pathway to water at high potentials and an
indirect peroxide pathway at low potentials. The main contribution of this research was increased
understanding of APMNC function. Specifically, oxygen reduction is dominated by the direct
four-electron pathway to water without a desorbing intermediate dominates at higher potentials
because peroxide generation is inhibited due to site availability. At lower potentials, oxygen
reduction begins to shift to the indirect peroxide pathway due to fast kinetics and higher site
availability. The net peroxide generation remains relatively low over the entire range due to
reduction of peroxide to water. This work not only presents data on a significant catalyst in the
literature, but it also represents a novel method for analyzing non-precious metal catalyst via
RRDE.

In order to achieve the full benefit of this work, the steady-state RRDE analysis should be
performed on multiple catalysts for comparison. For example, performing this analysis for
catalysts of differing surface chemistries could isolate the oxygen adsorption properties of

various surface groups. One could also study how the measured adsorption coefficients
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compared to calculated oxygen binding energies. These types of studies could give important
indications of how various catalysts are involved in both reaction pathways.

Chapter 5 presented an electrode-scale, transport model for a proton-exchange-membrane
fuel cell (PEMFC) cathode. The model described the performance of non-precious metal
catalysts in a fuel cell context. Water flooding was studied in terms of its impact on gas-phase
transport and electrochemically accessible surface area (ECSA). Although cathode performance
in both air and oxygen are susceptible to ECSA loss, gas diffusion limitations at high current
density in air are more significant. In oxygen, catalyst utilization at high current density is
primarily limited by conductivity. For this reason, air fuel cell data is recommended over oxygen
data for characterizing catalyst performance. Increased loading of low-cost catalysts does not
lead to higher performance, due to transport limitations. These findings have been useful in
optimization of MEAs for MNC catalysts.

There are two important next steps for this work. First, the model should be validated with a
thin platinum electrode. The purpose of this work would be to confirm a correct distribution of
transport limitations between the catalyst layer and GDL. The second important step is extending
this model to two or three dimensions. The current 1-D model assumes no gradients along the
channel, and does not account for the impact of the land on flooding and transport. These

features are necessary to properly model GDL behavior.
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