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Abstract

Various non-precious metal materials are examined in this study for their possible use in
polymer electrolyte membrane fuel cells (PEMFC) to promote both fuel oxidation at the anode
and oxygen reduction reaction (ORR) at the cathode. A Pt-Mo alloy is studied in detail and
compared to pure Pt as the anode catalyst for its catalytic activity in activating the C-C bond of
ethanol and tolerance to C1 species poisoning. It is found that the introduction of surface Mo
atoms to Pt enhances upon pure Pt in both of these two aspects. On the reduction electrode
side, a class of organometallic complexes known as transition metal nitrogen-doped carbon
(TM-N-C) materials was studied as possible substitutes for Pt. It is found that similar to the
natural cytochrome ¢ enzyme that inspires their discovery, the TM-N-C materials can achieve
ORR activities rather close to that of Pt. Moreover, the 2e” incomplete reduction and 4e
complete reduction of oxygen can be selectively promoted by employing different metal
centers due to different electron backdonating capabilities of transition metals. A further study
of TM-N-C structures residing between various graphene edge structures showed even higher
activities towards O-O bond activation. However, such enhanced O-O cleavage also results in
severe O* poisoning. Three N-doped carbon systems without the presence of metal elements
were further examined in this study to account for ORR activities recently observed in
experiments on these materials. It is found that the catalytic activity of the active carbon site is
closely related to the N-doping configurations, with the graphitic-N doping configurations

generally leading to better ORR performances.
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Chapter 1. Introduction

Before the era of the polymer electrolyte membrane fuel cells (PEMFC), alkaline fuel cells (AFC)
were the most maturely developed and widely used. Although AFCs provide several advantages
such as that the alkaline environment is less corrosive thus ensures a longer cell longevity when
compared to PEMFCs, the issues regarding alkaline electrolyte carbonation due to CO, from the
air or the oxidation products form at the anode are hard to eliminate and thus limit the
prospect of their application [1]. The use of highly proton-conductive and electron-insulative
perfluorosulfonic acid (PFSA) polymer membranes, also known as Nafion developed by Dupont
Chemical in late 1960s [2, 3], as the electrolyte in fuel cells has promoted the prosperity of the
applications of PEMFCs [4]. From that moment on PEMFCs have quickly become popular
substitutes for AFCs due to the advantages from the flexibility of using the polymer electrolyte
membrane as a solid electrolyte and thus the avoidance of electrolyte leakage, low operating
temperatures and zero emissions [1]. The PEMFCs were first utilized as an auxiliary power
source in NASA’s Gemini spacecrafts [4] and since then were extensively utilized in the
manufacture of space shuttles, automobiles, electronic portable devices and military weapons
due to advances in their fundamental designs and emergence of new fabrication methods of

the fuel cell components [5-10].



The essential part of the PEMFC is the membrane electrode assembly (MEA), which includes the
polymer electrolyte membrane that provides the proton shuttling channels within the fuel cell,
sandwiched by two catalyst layers and two gas diffusion layers (GDL) that provide the space for
gas fuel (H,, e.g.) and oxidant (O,, e.g.) to diffuse to the catalyst-electrolyte interface [9, 11, 12].
The catalyst layer (also called the active layer) and the GDL are both porous structures with the
latter typically composed of cloth or carbon paper that is 0.2 to 0.5mm thick [12]. The three
components are typically fabricated separately and compressed together between two bipolar
plate current collectors with built-in gas distribution channels to form a single cell, and
experimental results regarding single fuel cell vs. fuel cell stack performances in the last decade
indicate that multiple single cells stacked in series can provide greater power capability and fuel
conversion efficiency [13-16]. The polymer membrane lies at the heart of PEMFC and directly
provides the electrolyte-electrode interface along with the catalyst layer where fuel oxidation
and oxygen reduction occur [8, 9]. The particular characteristic of the PFSA membrane of being
proton-conductive determines that most of the chemical processes occurring within the PEMFC
are carried out under acidic conditions. The electron-insulative characteristic of the membrane
ensures that the electrons released together with the protons at the anode as a result of fuel
oxidation will take an electrical detour through the outer circuit instead of short-circuiting the
fuel cell [9]. Fuels are fed via an inlet to the anode and will later diffuse through the GDL to the
anode-electrolyte interface to be oxidized. When liquid fuels such as ethanol are used instead
of H,, additional gas and liquid outlets for complete and incomplete oxidation products such as
CO,, acetaldehyde and acetic acid are required. At the cathode, O, is generally fed into the fuel

cell to diffuse through the GDL and subsequently combine with electron and proton to be



reduced at the cathode-electrolyte interface. Additional gas outlet for excess unreacted O, and
liquid outlets for oxygen reduction products such as water and hydrogen peroxide are installed

at the cathode [12]. An illustration of the general fuel cell structure is shown in Fig. 1.1.
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Figure 1.1. The Membrane Electrode Assembly (MEA) comprising the polymer electrolyte membrane,

the catalyst layer and the Gas Diffusion Layer (GDL) within a PEMFC.

Certain level of humidity must be maintained for the polymer electrolyte membrane to work

optimally. The proton conductivity of Nafion and related PFSA polymer membranes are found
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to reach an optimal level when the membrane is fully hydrated, since the proton conduction
process across the membrane is actually carried out by water molecules carrying proton in the
H;0" form that subsequently permeates through pores of the membrane [11, 17]. There are
two main causes that might lead to possible dehydration of the membrane and therefore
decrease in the proton conductivity of the membrane: one is the polarity of water molecules
that leaves them under the influence from the so-called “electro-osmotic drag” transport
phenomena [17-20] within the fuel cell that constantly pulls water away from anode towards
cathode, which dries up the anode; the other is the loss of water due to under-saturated gas
streams in and out of the PEMFC [17, 21]. On the other hand, the generation of additional
water at the cathode due to oxygen reduction reaction, combined with water that migrates
from the anode to the cathode due to electro-osmotic drag transport, might instead cause
flooding beyond the membrane into the pores of the cathode catalyst layer and the GDL,
leading to high mass transport resistance [21]. Therefore proper water management has
become an important issue in the study of PEMFCs and numerous studies have been carried
out to optimize the circulation of water in PEMFCs in recent years [3, 17, 21-23]. A popular
direction is to reduce the thickness of the membrane to magnify the water back-diffusion
process from the cathode to anode [24]. However, thinner membranes suffer from the so-
called gas crossover [25, 26] which leads to insufficient fuel utilization and accelerated
membrane degradation [27]. The coordination of water management and gas crossover
prevention has been a long-lasting topic in the field [25, 26]. Besides all these extremely
complicated water transport phenomena occurring in PEMFCs, we take a simplified approach to

model a catalyst-aqueous interface that mirrors this hydrated membrane electrolyte-electrode
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interface with proton conducted via chains of water molecules in the form of H3O". More
specifically, we focus on an extremely thin water layer up to several nanometers thick adjacent
to the catalyst surface that represents the electrical double layer within which the electric
potential gradient is the steepest and therefore the electric field strength is much higher than
in the bulk solution [28, 29]. Multiple theoretical models are developed in history to understand
the electrical double layer [30-32]. These models generally assume the formation of a capacitor
between surface charges and a loosely attached layer of solution counter ions. The layer of
counter ions screens out the electric field thereby confines the electric potential drop within
the electrical double layer. As can be seen from Fig. 1.2, the potential increases dramatically
from the anode to the bulk solution within the anode electrical double layer and increases
dramatically again from the bulk solution to the cathode within the cathode electrical double
layer. The electrical double layer is hence fundamentally important due to the profound impact
of its strong electric field on most electrochemical processes that predominantly occur at the
electrolyte-catalyst interface [33]. The simulation of electrical double layers using the double
reference method [34] developed previously in our group will be discussed later in the chapter

of method.
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Figure 1. 2. A simplified illustration of the electrical double layer. The green arrow shows the migration
of protons in the form of H;0" through the pores of polymer electrolyte membrane. The electric
potential changes dramatically only within the thin electrical double layers which are usually several

nanometers thick.

Besides the appropriate study of the water environment in PEMFCs, the examinations of
catalytic activities of anode and cathode catalysts are probably of even greater importance
when it comes to the conversion of chemical energies to electric energies within the PEMFCs.
Under working conditions, the potential established at the cathode is always higher than that at
the anode due to the fact that the anode is always more electron rich than the cathode, which
results in an electric field that always points from the cathode to the anode. This electric field
drives the external flow of electrons from the anode to the cathode. Within the fuel cell, the

formation of the electrical double layer confines the electric field, and an opposite chemical
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force resulting from thermodynamic chemical potential equilibrium (or simply the gradient of
the chemical potential within the fuel cell) overcomes the electric force and drives the flow of
proton also from anode (high chemical potential but low electric potential) to cathode (low

chemical potential but high electric potential) [12, 35]. It is just these two accompanying but

I “" III

separate electric and chemical forces that render the typical “electrochemical” environment
within which most of the catalysis phenomena we are interested in are carried out. Under
equilibrium or the so-called reversible/open-circuit conditions, the chemical force and the
electric force will eventually become balanced, and the difference between the cathode
potential and the anode potential is termed the reversible electromotive force or the open
circuit voltage [12, 36]. The anode is maintained at an electron-rich state while the cathode is
maintained at an electron-deficient state, and two stable electrical double layers are
established as a result at both the anode and cathode under open-circuit conditions. Under
working conditions, however, the electron accumulated at the anode will begin to flow out to
the electron-deficient cathode through the connected external circuit, and overpotentials will
be created at both the anode and cathode due to the sluggish kinetics of electrode reactions,
which causes deviations of the actual electrode potentials from the equilibrium open-circuit
electrode potentials. Such overpotentials are reflected as an increase in the operating potential
at the anode and a decrease in the operating potential at the cathode [36, 37]. The
overpotentials are essentially consequences of the destruction of the equilibrium electrical
double layer structures due to delays in the replenishment of additional electrons that flows

out of anode and consumption of additional electrons that flows into cathode under working

conditions, which alters the original reversible electron-rich and electron-deficient states of the
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anode and cathode. The generations of overpotentials at both the anode and cathode of

PEMFCs under working conditions are illustrated in Fig. 1.3.
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Figure 1. 3. Anode and cathode overpotentials under working conditions. The additional electrons that
flow out of the anode under working conditions lead to an increase in the anode potential from V,z to
V, and the accumulation of additional electrons that flow into the cathode under working conditions
leads to a decrease in the cathode potential from Vg and Vc. The cathode overpotential has historically
been higher than the anode overpotential due to the traditional Pt catalyst being more inactive towards
oxygen reduction. The existence of overpotentials causes the electromotive force E under working

conditions to be less than the reversible electromotive force Eg.
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As can be seen from Fig. 1.3, the existence of overpotentials has greatly diminished the
electromotive force that PEMFC can output, and elimination of them has therefore been a
major goal in the field. The overpotentials can be viewed as an accumulation of electron at the
cathode (which decreases the reversible cathode potential) that causes the cathode to deviate
from its original reversible electron-deficient state and an inadequacy of electron at the anode
(which increases the reversible anode potential) that causes the anode to deviate from its
original reversible electron-rich state, due to the inability of cathode catalyst of readily
promoting proton-electron recombination (thus electron consumption) at the cathode-
electrolyte interface and the inability of anode catalyst of readily facilitating proton-electron
separation (thus electron generation) at the anode-electrolyte interface [12, 36]. Therefore, an
anode catalyst that possesses higher catalytic activity towards fuel oxidation can generate more
electrons at the anode thus better replenish the electrons that flows out from the anode and
lower anode overpotential under operating conditions as compared to a less active anode
catalyst, as will be discussed later in our study of ethanol oxidation over Pt-Mo alloy vs. pure
Pt(111) anode catalysts; and a cathode catalyst that can better promote the combination of
electron with O, though its interface with the electrolyte will better discharge the cathode of
excess electrons that flow in under working conditions and thereby also lower the cathode
overpotential more when compared to a less active cathode catalyst. The roles that catalytic
activity of cathode catalysts play in affecting the cathode overpotential will be discussed later in

our study of oxygen reduction over functional carbon materials.
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To simulate the overpotentials and their impacts on the reaction mechanisms, we simulate the
chemical force by solving an approximated version of the Schrddinger equation and incorporate
the electric force into our system by further adding and extracting electrons from the catalyst
surface. Such controlled excess or inadequacy of electrons in the system together with the
homogeneous counter background charge added to maintain the overall electron-neutrality of
the system will eventually lead to the establishment of electric fields that polarizes water
molecules adjacent to the catalyst layer, which closely resembles the effects of the strong
electronic field within the narrow electrical double layer. Instead of simulating the anode and
cathode reactions all together, we take a different approach to separately simulate anode
reaction and cathode reaction. By varying the number of electrons in the system, we are
effectively simulating the flow of electrons in and out of the electrode. The separate studies of
electrochemical reactions at anode and cathode are also consistent with the prevailing
experimental approach in the field where experimentalists focus on exerting a controlled
potential separately on an anode or a cathode to closely monitor the oxidation or reduction
process. Further theoretical details about how we simulate the electrolyte-catalyst interface

using the double reference method [34, 38, 39] are given in the method chapter.

The catalytic activities of oxidation and reduction reactions at given catalyst-electrolyte
interfaces to a great extent determines the PEMFC efficiency. Besides all the advantages of

modern PEMFC technologies, the commercialization and deployment of low temperature
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PEMFC in recent years however has been limited by the challenges from the storage and
transport of hydrogen and the costs required in the use of Pt as the active catalyst for both the
anode and the cathode [5-7, 40-42]. Efforts to improve stability, portability and fuel efficiency
of PEMFCs have focused on changes in fuels and operating conditions. One direction is to
replace hydrogen with ethanol, which possesses a high mass-energy density and is easier to
produce, store and transport [5, 41, 43, 44]. One of the leading challenges of using ethanol,
however, is its low reactivity at low temperatures as the C-C bond is much more difficult to
activate than H-H bond. The complete oxidation of ethanol also requires a transfer of 12
electrons (CH3;CH,OH+3H,0 = 2CO,+12H'+12e’) [41, 45, 46]. The catalytic activity for the
oxidation of ethanol has been examined over a large number of metal catalysts, Pt, Pd, Au, Rh,
Ir, Ni and Ti, and their alloys [47-60]. Pt and its alloys are the most active and widely used [42,
44, 61, 62]. The oxidation of ethanol over Pt predominantly proceeds through 2e” and 4e
partial oxidations to form acetaldehyde and formic acid (CH;CH,OH = CH;CHO+2H"+2e” and
CH5CH,0H+H,0 = CH3;COO +5H"+4e’) under acidic conditions [44, 45], which do not undergo C-
C bond cleavage. Although it is reported that Pt can indeed activate the C-C bond, the kinetics
are intrinsically very slow and results in overpotentials on the magnitude of 0.5 V at a current
density of 40 mA-cm™ and ethanol concentrations of ~1.0M. The reaction is thought to
proceed via step sites which are more coordinatively unsaturated [45, 61, 63, 64]. The C1
intermediates that form bind strongly to the surface Pt sites and make them unavailable for
further oxidation processes [46]. All of these observations lead to the consideration of alloying

Pt with other metals to tailor its catalytic activity [5, 43, 62].
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Various non-precious metal-Pt bimetallic alloys have been examined [46, 65-79] and the results
suggest that pairing Pt with an oxophilic transition metal such as Ru can increase its catalytic
activity. Pt-Mo forms a promising pair in promoting ethanol oxidation as indicated by recent
experimental studies where enhancements in both overall oxidation current and CO tolerance
are observed [69, 80-85]. Several mechanisms were proposed to account for Mo’s co-catalytic
effect in lowering the onset potential of CO oxidation. The increased activity has been
described by the formation of bi-functional sites [43, 84-88] where water is activated at the
oxophilic Mo (or Ru) sites and directly interacts with the CO bound to the Pt sites on the surface,
as well as by a possible electronic ligand effect [43, 84, 85, 87-89], where the neighboring Mo
centers bind strongly to the Pt sites and weaken their interactions with CO thus resulting in an
increased desorption of CO. Despite the significant progress, a systematic study of the effects of
Mo on the different elementary steps in the oxidation of ethanol has not been carried out. In
the present work, we analyze in detail the ethanol dehydrogenation, C-C cleavage and C1
oxidation steps involved in the oxidation of ethanol over Pt (111) and Pt-Mo surface alloy to

understand the detailed role of Mo.

A second and perhaps more critical issue in the development of PEMFCs is the sluggish catalytic
kinetics for the reduction of oxygen which occurs at the cathode. The slow kinetics requires
operating the cell at much lower potentials and hence high overpotentials in order to
catalytically carry out the reaction. The pathways involved in oxygen reduction carried out in

acidic media are thought to proceed via the pathways presented in Fig. 1.4 [90-92].
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|
O and OH reduction I

.

Figure 1.4. General pathways proposed for the oxygen reduction reaction over metal surfaces and metal
complexes under acidic conditions. The dashed box indicates the reaction steps leading to complete
oxygen reduction to water. The total number of electrons transferred during the reduction process can

be determined by summing up all electrons transferred along a specific path from left to right.

The complete 4e” reduction process is thought to proceed via the adsorption and activation of
the O-O bond to form the hydroperoxo surface intermediate (OOH*) which is subsequently
activated to OH* and O* and reduced to water as was shown in the dashed box in Fig. 1.4. The
formation of the hydroperoxy species (OOH) is thought to be critical in controlling ORR kinetics
[39, 93]. While Pt demonstrates the lowest overpotentials for ORR, its high cost and sluggish
kinetics significantly limit its performance for PEMFC [94]. A wide range of different alternative
materials composed of earth-abundant elements was studied to replace Pt to catalyze ORR [90,
95]. The most extensively studied candidates include metal free carbon substrates [96, 97] and
supported nitrogen-containing organometallic complexes [98-100]. The organometallic
complexes are a class of non-precious catalysts inspired by how nature carries out oxygen

reduction. Cytochrome C which readily carries out ORR has been both experimentally and
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theoretically examined in some detail in the literature in order to unravel the key structural and
composition features that dictate its reactivity. The heme group is thought to be the active site
that carries out the ATP formation process in human body where it promotes the 4e” complete
reduction of oxygen to water [95, 101-103]. The structure of a bovine cytochrome c [104] is
shown in Fig. 1.5. Metal and nitrogen containing macrocyles and organometallic complexes

such as Co and phthalocyanine have also shown reliable activities towards ORR [98, 105, 106].

Figure 1.5. Bovine cytochrome c.

While a number of detailed efforts have been put forth to synthesize supported organometallic
electrocatalysts that mimic the active site of the heme to promote the oxygen reduction
process, their success has been limited. Despite the wealth of experimental studies on the
synthesis and catalytic performance over homogeneous and heterogeneous metal and nitrogen
containing catalysts for ORR, there are very few theoretical studies on the catalytic behaviors of
these systems. We have therefore used first principle density functional theory calculations to

systematically examine a series of different transition metal and N-doped carbon materials
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comprised of the structural features proposed in the literature as the active site as well as other
sites that mimic those found in the active cytochrome c. We examine in detail the ORR
mechanism over these metal and nitrogen doped carbon substrates. More specifically we
examine Fe as well as Co doped N-containing graphene substrates as well as metal-free N-
doped materials [107-109]. The overall ORR pathways shown in Fig. 1.4 are examined for each

of these systems in the subsequent chapters of this thesis.

In this thesis we discuss current catalytic issues that limit fuel cell development and what we
will examine in the present Introduction chapter and then discuss the theoretical methods used
in our work in Chapter 2. The remainder of the thesis is split into two parts, the first examines
the oxygen reduction reaction at the cathode and our theoretical efforts that explore the
transition metal and nitrogen doped graphene surfaces that can promote both 2e” and 4e” ORR
under electrochemical conditions. The proton coupled electron transfer (PCET) process is
examined in detail by carrying out first principle density functional theory calculations on the
reaction energies and activation barriers together with detailed analyses of the effects of
potential by using the double reference potential analysis method developed by Filhol and
Neurock [34]. We examined in detail the elementary steps that make up the ORR mechanism
over different TM-N,4-C structures that exist in basal plane of graphene (Chapter 3) and along
the graphene edges (Chapter 4) and metal-free N doped carbon structures (Chapter 5). An

extended study of ORR over metal-free N doped carbon structures under basic conditions was
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also included due to recently observed ORR activities on these materials in basic environments

[110].

In the second part of the thesis, we examine the reactions that occur at the anode for 12e’
ethanol oxidation mechanism over Pt and Pt-Mo surface alloys (Chapter 6). The three major
paths that control ethanol oxidation chemistry at the anode which include ethanol
dehydrogenation, C-C bond activation and the oxidation of the C1 intermediates that form are
examined in detail over the Pt (111) surface and the Pt-Mo alloy surface. The results are used to
help elucidate the mechanisms and elementary steps that control ethanol oxidation and the

influence of Mo and specific alloy sites on the catalytic performance.

23



Chapter 2. Methods

First-principle periodic density functional theory (DFT) [111, 112] calculations were carried out
to determine the energetics involved in the reduction of O, to H,0, and water at various
transition metal and N-doped carbon materials and the oxidation of ethanol over Pt and Pt-Mo
alloy surfaces. All of the calculations reported herein were carried out by solving the Kohn-
Sham equations [112, 113] using periodic plane wave density functional theory calculations as
implemented in the Vienna ab initio simulation package (VASP) [114-116]. The exchange and
correlation energy was calculated using the Perdew-Wang 91 (PW91) [117] form of the
generalized gradient approximation. The core electrons were described using projector
augmented wave (PAW) potentials [118] along with a cutoff energy of 396 eV to define the
plane-wave basis sets. Electronic self-consistent field (SCF) iterations were converged to 1.0x10
> eV. A 3x3x1 Monkhorst-pack k-point mesh was used to sample the Brillouin zone and ensure
adequate computational accuracy. In the calculations for ORR over metal and nitrogen doped
graphene surfaces presented in Chapters 3, 4 and 5, the distance between the graphene layers
which defines the cell and the aqueous interface was chosen to be 15 A to provide an adequate
number of water molecules to appropriately solvate the protons used to carry out the
reduction reactions and negatively charged surface intermediates while allowing for some
degree of computational efficiency. The water molecules at the top of the unit cell were kept

~4A away from the top graphene to avoid interactions between the different layers. More
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accurate simulations of the aqueous/graphene interface would require simulating the hundreds
of thousands of configurations along the reaction coordinate for each elementary step at
constant potential which is computationally intractable. To provide a more assessable approach,
we examine the reactions using an optimized aqueous/graphene interface. The optimized
water/graphene interface used is determined by carrying out ab initio molecular dynamics
simulations by starting with a well-defined ice/graphene interface and carrying out simulated
annealing simulations which increase the temperature from 0 K to 350 K (the average working
temperature for PEMFC) for 500 fs and then cool the system back to 0 K. The optimized
water/graphene interface was used in all subsequent calculation to determine the energies for

all of the reactant, intermediate and product structures.

The calculations reported for the oxidation of ethanol presented in Chapter 6, were carried out
over the Pt (111) and Pt-Mo (111) surfaces. The surfaces were simulated using a 3X3 unit cell
containing four metal layers, with the bottom two layers of the metal slab fixed to simulate bulk
metal while the top two layers relaxed for interaction with adsorbates. A distance of 20 A
between consecutive z-direction slabs was used to avoid adjacent metal slabs from interacting
across the vacuum region. All the calculations were carried out by allowing for full structural
optimization of all of the atoms in the system to within a convergence criterion of 0.05 eV/A.
We found that increasing the convergence criterion for ionic relaxation from 0.05 eV/A to 0.01
eV/A resulted in changes in the reaction energies of less than 0.02 eV for all the key structures

in the ORR process.
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Electrochemical systems are defined as constant potential (grand canonical) systems. Most
guantum chemical methods, however, are defined as constant electron (canonical) systems.
Herein we used the double reference method developed by Filhol and Neurock, to simulate
constant potential systems and determine the potential dependent energies for the elementary
steps involved in the reduction of O, to hydrogen peroxide and water [34]. The double
reference method carries out a series of calculations where the number of electrons within the
system are increased (or decreased) in order to systematically increase (or decrease) the
system potential. The fractional charge that is added (or removed) is localized on the electrode
surface. An equal but opposite charge is then distributed across the unit cell in order to
maintain charge neutrality. The charges act to polarize the water molecules at the interface and
to create an electrochemical double layer which closely mirrors the double layer defined by
using actual ions from an aqueous electrolyte [1]. The potential in the system can be calculated
by referencing the calculated potential to that required to remove an electron from the Fermi
level of the electrode into the gas phase and subsequently referencing the charged system to

the neutral system.

The potential of the aqueous/graphene system with charge g, @, is calculated according to the

following formula:

Pq = Pq(f) - Pg(W) + Po(W) - Poff) + @’o(f) - @’0(v) (2.1)

where the subscripts g and 0 refer to the charged and uncharged states of the system, and f, w
and v refer to the potential with reference to the Fermi level of the graphene electrode, the
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potential with reference to the water molecules in solution and the potential with reference to
the vacuum. The last two terms are electrode Fermi level and vacuum references in the vacuum
reference cell respectively. The absolute potential ¢4 can then be referenced to the normal
hydrogen electrode (NHE) U, by subtracting the work function for the H,/H* couple on Pt under

standard conditions [39]:
Ug/V =-4.8 - pg/eV (2.2)

The self-consistent energies for the charged systems are subsequently corrected to eliminate

the influence of the homogeneous counter charge imposed by the ab-initio calculation.

By varying the charge we can examine the free energy of the system in a given state as a
function of potential. In order to follow the reaction behavior we analyze the potential
dependent changes in the energies for the reactant and product states for a particular reaction.
A more detailed discussion associated with calculating the potentials and the grand canonical

energies using the double reference method is given in the following references [34, 38, 39].
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Chapter 3. Potential Dependent Analyses of Oxygen Reduction over

Fe/Co and Nitrogen-Doped Graphene Basal Plane Substrates

Many of the current issues that prevent the commercialization of polymer electrolyte
membrane (PEM) fuel cells which include cell efficiencies, materials cost and catalyst durability
arise from Pt electrocatalysts that are used to reduce oxygen on the cathode side of the cell
[119, 120]. Significant efforts over the past decade have been focused on the development of
Pt-based alloys that show increased activities [121], and in addition to establishing alternative
materials comprised of earth-abundant materials that can replace Pt [90, 95]. The latter
includes metal free carbon substrates [96, 97], nitrogen-doped graphene, carbon nanotubes
and nanoribbons [93, 122-124] and supported nitrogen-containing organometallic complexes
[98-100]. Our efforts herein presented in this chapter are focused on the transition metal

nitrogen-doped carbon (TM-N-C) materials.

Many of the transition metal and nitrogen doped carbons were initially derived by pyrolyzing
Fe-N4 and Fe-Ng porphyrin structures and other organometallic complexes that mimic the active
sites found in heme responsible for catalyzing oxygen reduction during ATP formation process
in biological systems [94, 95, 101-103, 125-127]. Other transition metals and nitrogen-
containing macromolecules such as cobalt and phthalocyanine were recently shown to also

demonstrate catalytic activity towards ORR [98].
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Due to the challenges in synthesizing N-containing porphyrin macromolecules, many of the
recent efforts have focused on using other nitrogen precursors. Yeager and coworkers, for
example, successfully replaced porphyrin with polyacrylonitrile (PAN) by pyrolyzing PAN and
Fe(ll)/Co(ll) salts together with high surface area carbon [128]. Yang and Liu used chemical
vapor deposition to synthesize carbons which contain transition metal ions that are thought to
be coordinated to four pyridinic nitrogen in square planar-like structures embedded into basal
plane of ACNT [129, 130]. Subsequent cyclic voltammetry (CV) studies showed rapid increases
in ORR current when the potential was decreased to 0.7 V vs. NHE. Dodelet recently
synthesized active TM-N-C materials in which the Fe/Co-N, active centers reside at the
interstices between graphitic sheets by pyrolyzing a ball-milled mixture of phenanthroline,
carbon and ferrous acetate twice, first in argon and then in ammonia [131, 132]. The resulting
catalyst demonstrates significant ORR activity at IR-free cell voltages of ~0.9 V which begins to
rival to that of the traditional Pt/C catalyst [131-134]. Wu and Zelenay also achieved high ORR
activity on a class of polyaniline (PANI) derived non-precious metal cathode catalysts. They
found a radical enhancement in ORR activity and 4e” selectivity upon the introduction of Fe or
Co into the heat-treated PANI-C substrate, with an ORR onset-potential of 0.93 V vs. the
reversible hydrogen electrode (RHE) and a yield of H,0, less than 0.5% observed for the best

PANI-Fe-C and PANI-FeCo-C samples [135-137].

While the detailed structure of the active sites and the mechanisms that control ORR are still

debated, detailed characterization analyses over a wealth of different metal and N-doped
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carbon substrates under working conditions have helped to establish the different sites present
and provide insight into their potential reactivity. X-ray photoelectron spectroscopy, time of
flight secondary ion mass spectroscopy (ToF SIMS) analyses indicate that the active sites involve
Fe®* and Co” centers coordinated to 4 pyridinic nitrogens in the general form of M-N,[138,
139]. ToF SIMS results indicate that the two most abundant fragments are FeN,Cs" and FeN,Cs"
structures [139]. The latter is not stable alone and coordinates with two nitrogens at another
carbon edge to form the MN,,, site. Recent studies using Mossbauer and Extended X-ray
Absorption Fine Structure (EXAFS) spectroscopy by Dodelet [140] carried out to elucidate the
structure and magnetic properties of the Fe centers under working conditions suggest that the
most active M-N, sites are high spin FeN,,, sites that exist at the edges of the basal planes of

graphene and within microporous carbon environments.

ORR is thought to proceed at the M-N;or M-N,,, sites by the adsorption and activation of O,
followed by a series of proton-coupled electron transfer (PCET) steps that reduce the bound O,
to water [99, 141]. The specific elementary steps and mechanisms, however, are unclear.
Experimental observations indicate that ORR occurs over the TM-N-C materials through
different pathways depending on different choices of the central transition metals. Fe typically
catalyzes 4 electron reduction of O, to form H,0 [99, 135, 142, 143]. Co, however, which is also
active can only catalyze the 2 electron reduction of O, and thus predominantly forms H,0, [144-
147]. Recent studies carried out with Co-porphyrin macromolecules indicate that Co can also

catalyze the 4 electron reduction of O,, if it’s ligated with specific functional groups such as Ru-
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pyridine complex [148], or two Co-porphyrin units to provide a co-facial configuration that can
accommodate the necessary Co-O-0-Co transition state [146, 149-151]. Two metal centers are
thought to assist the proton coupled electron transfer in mechanisms similar to the bi-
functional Fe-Cu sites found in cytochrome c [104, 152]. These bi-functional Co and Fe sites,

however, are not present in the Fe/Co N-doped graphene substrates.

First principle density functional theoretical calculations were carried out herein to examine the
elementary steps and the possible mechanisms involved in the reduction of oxygen over Fe/Co
N-doped model graphene surfaces shown in Fig. 3.1. The model structure has the central TM
coordinated to four pyridinic nitrogen atoms simulating the structure of heme. The oxygen
reduction reaction can proceed through a sequence of elementary steps involving, in general,
the adsorption of O, (0,*), electrochemical reduction of adsorbed O,, the direct or PCET-
assisted activation of O, and the subsequent reduction of the atomically adsorbed O (O*) and
OH (OH*) intermediates that form, where the * is considered an adsorption site. These steps
can be organized into two parallel PCET routes involving the reduction of O,H, and OH,
intermediates together with O-O activation steps to describe the 2e” and 4e” ORR that occurs

under acidic conditions as shown in Fig. 1.4 and presented previously [90-92].
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Figure 3.1. Fe/Co-N, graphene basal plane active site.

In the following sections we examine in detail the role of the transition metal and the influence
of water and potential on ORR mechanisms for acidic PEMFC environments over model Fe-N,
and Co-N4 active sites impregnated into the basal plane of grapheme shown in Fig. 3.1. More
specifically we examine the adsorption of O,, the 1°** and 2" PCET reductions of O, and the PCET
reduction of the O and OH intermediates that form and how they change as a function of

potential.

3.1. Oxygen Adsorption and Direct O-O Bond Activation

The oxygen reduction reaction proceeds by the adsorption of molecular O, to the Fe*" or Co*
site in either an end-on configuration as a superoxo (0,%) intermediate or a side-on
configuration as a peroxo (0,7) intermediate. The superoxo intermediate is thought to be more
selective towards the overall 4 electron reduction to form water over the partial 2 electron

reduction to hydrogen peroxide as it regulates the proton delivery together with multiple
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electron transfer steps [151, 153, 154]. This aids in bypassing the overall 2 proton — 2 electron

transfer paths that result in H,O, formation.

Herein we examine the adsorption of O, in both the end-on configuration to form the superoxo
intermediate and the side-on configuration to form the peroxo intermediate. The optimized
structures and potential dependent energy profiles for both species along with the initial
energies for the O, (g) + aqueous/graphene system are summarized in Fig. 3.2. We examine a

wide range of potentials between 0 to 2 V v.s. NHE.
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Figure 3.2. The adsorption of O, in superoxo (end-on) and peroxo (side-on) configurations and the direct

dissociation to form two metal-O species as a function of potential on a) Fe-N, and b) Co-N, graphene

Molecular oxygen can readily adsorb on both the Fe-N4; and Co-N, sites to form stable superoxo
(end-on) and peroxo (side-on) intermediates as can be seen in Fig. 3.2a and 3.2b. Both the end-
on and side-on O, adsorption curves lie below that of free surface state where O, is in the gas

phase (surface + O, (g)) over the entire potential range examined (0 - 2 V v.s. NHE), indicating
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the O, adsorption is exothermic at both Fe and Co-N, active sites. The adsorption of O, in the
superoxo (end-on) configuration is favored over the peroxo (side-on) configuration at both the
Fe-N4 and the Co-Ny sites over the wide range of potentials examined. This can be understood
by the fact that both Fe and Co adopt the d’sp® hybridization that typically results in 6-
coordinate octahedral configurations. The end-on adsorption which results in a single electron
transfer results in a more favorable configuration. The direct activation of the O-O bond is over
0.9 and 2.0 eV higher in energy than the molecularly adsorbed O, state at the Fe-N4 and Co-N4
sites, respectively as is shown in Fig. 3.2a and 3.2b. The activation of O, results in the formation
of two strong M-O bonds which bind strongly to the metal center and pull it up out of the
graphene plane. The activation of O, over the Co-N, site was found to be even more difficult
than over the Fe-N, site as it is over 1 eV higher than the gas phase O, (g) + Co-N,4 state as
shown in Fig. 3.2b. We find throughout all of the systems we’ve studied herein that Co is less
effective than Fe in activating the O-0 bond as will be highlighted in the sections 3.2 and 3.3 on

the activation of OOH.

3.2. Reduction of Adsorbed Molecular Oxygen and Direct Dissociation of Adsorbed

Hydroperoxy (OOH*)
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Figure 3.3. The reactant and product states for the reaction of O,* + H" + ', where the proton shown in
yellow is near the adsorbed O, (a;), the OOH* (a,) intermediate and the dissociation of OOH* to form O*
+ OH,q4(-) (a3) and O* + OH* + e (a;) where * refers to the adsorbed intermediate to the metal-N, sites
that reside in the graphene basal plane. O-; denotes the oxygen atom directly binding to TM in the end-
on adsorption state and O-, denotes the terminal oxygen atom not directly binding to TM. The potential
dependent reduction curves for each of the states reported in a; to a, are shown on Fe-N,; and Co-N,4

active sites in b) and c) respectively. The energy differences between each of the reported states

provide the relevant reaction energies.

Adsorbed O, does not directly dissociate as was shown above, but instead is reduced to a
peroxo species which is considered to be a key intermediate in both 2e” and 4e” oxygen
reductions to form hydrogen peroxide and water, respectively [39, 93]. The reaction proceeds
via a proton-coupled electron transfer process as was highlighted in Fig. 3.3 a; and a; involving

a proton (shown in yellow) transfer through water to the terminal oxygen atom (O-;) of the
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end-on adsorbed di-oxygen molecule together with a direct electron transfer from TM to
the m* state on adsorbed O,. The cross-over in energy from the O,+H'+e” and the OOH*
curves at the Fe-N, site (Fig. 3.3b) occurs at 1.2 V, while the crossover in these curves for the
Co-N, site (Fig. 3.3c) occurs at a slightly lower potential of 1.1V, indicating a lower catalytic

activity of the Co-Njy site in facilitating OOH* formation.

While both the Fe-N4 and Co-Nj, sites promote hydroperoxo (OOH*) formation, they are rather
different in their subsequent activation of the OOH* intermediate. The OOH* intermediate can
either dissociate to form O* and OH* or can react to form a metal-oxo (0O*) along with an
aqueous phase hydroxyl intermediate the reacts in acidic media to form water. The energies for
the O*+OH* and the O*+OH,q4(-) paths are shown in Fig. 3.3b and 3.3c in purple and red curves
respectively. The dissociation to form the bound O* and OH* is energetically unfavorable on
both Fe-N4 and Co-Nj4 sites as the metal is pulled out from the surface to form strong M=0 and

M-OH bonds similar to that found for the direct dissociation of O,*.

The activation of OOH* to form the metal-oxo (O*) and OH,q4(-) intermediate that protonates in
solution is also not favorable at the equilibrium potential of 1.2 V vs. NHE on either Fe-N4 or Co-
N4 sites. As the potential is decreased to 0.7 V vs. NHE, there is, however, a crossover of the
OOH* and O*+0H,q4(-) states for Fe-N4 system as shown in Fig. 3.3b which indicates that this
reaction can readily proceed as the potential is decreased to 0.7 V vs. NHE at the Fe-N, sites.
This is consistent with recent cyclic voltammetric results [129, 130] which show that pyridinic
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nitrogen coordinated Fe sites embedded into aligned carbon nanotubes result in significant
ORR currents at cathode potential of 0.7 V vs. NHE. The activation of the OOH* intermediate
does not occur at the Co-N, site at any of the potential examined herein as is shown in Fig. 3.3¢
where the OOH* curve is the lowest energy state from 0 to 1.1 V vs. NHE. This is consistent with
experimental observations that show that the single Co-Nj, site is not active in dissociating the
0-0 bond but instead promotes the 2e” reduction process to form hydrogen peroxide [144-146].
A more thorough molecular orbital analysis is carried out in section 3.5 to provide a more

detailed understanding of the O-O activation over the Fe and Co-N4 centers.

3.3. Reduction vs. Dissociation of Adsorbed Hydroperoxy (OOH*)

In addition to the direct dissociation of OOH* just discussed, the hydro-peroxo intermediate
(OOH*) can react with a second hydrogen at the O-; position to form adsorbed hydrogen
peroxide (HOOH*). Potential dependent DFT calculations indicate that the hydrogen can also
add to the 0., position to form an M-O-OH,* intermediate with a significantly weakened O-O
bond that can rapidly decompose to metal oxo (0*) and H,0. We have therefore explored the
potential dependent energies for the three states that are involved in the OOH*+H"+e” >

HOOH* and the OOH*+H"+e” = O*+H,0 processes.
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Figure 3.4. Hydrogen addition to either O_; of OOH* that forms HOOH* (a3) or O., of OOH* that leads to

decomposition to O* and H,0 (a,) on b) Fe-N, and c¢) Co-N, active sites.

The OOH*+H"+e" state can react via a proton coupled electron transfer to the internal O ; site to
form adsorbed hydrogen peroxide (HOOH* shown in Fig. 3.4 a3) which can subsequently desorb
and completes the 2e” reduction process. Alternatively, OOH* can undergo a proton-assisted
activation of the 0O-O bond to form the metal-oxo species and water, M=0 + H,0 (a,, Fig. 3.4).
The DFT-calculated potential energy curves for the HOOH* and O*+H,0 product states which
represent the two different hydrogen addition paths (H to O.; and H to O.,) shown in both Fig.
3.4b and 3.4c indicate that O-O bond activation occurs at 0.7 V vs. NHE at the Fe-N, site but is
prohibited on Co-N,4 active site over the wide range of potentials examined (0 - 1.2 V vs. NHE).

The HOOH* intermediate is the only favored product species on the Co-N, site below 0.5V. This
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is very similar to the results we reported in section 3.2 for the PCET activation of M-0,. This
suggests that the activation of O-O bond of M-0, is not influenced very much by the presence
of additional protons and electrons. The results indicate that the Fe-N4 active site readily
promotes the 4e reduction of O, to H,0 at 0.7 V immediately following the formation of OOH*.
In the reduction of O, at the Co-Njy site, H,0, is stable over a wide potential range and that PCET
is decoupled from the O-O dissociation process. These results again are consistent with recent
experimental observations showing that on Co-Ny4 active sites, oxygen predominantly react via a
2e reduction route to form H,0, [144-146], while the Fe-N, sites can further activate the 0O-O
bond via the 4e” reduction route [135, 137, 142], and promotes ORR at higher potentials than

Co-N,4 [135].

The O-O bond activation process generates O* and OH* intermediates that are reduced to

water and desorbed from the surface to regenerate the active sites.

3.4. O* reduction and OH* reduction

The final O* and OH* reduction steps which complete the 4e” reduction path were examined
only on the Fe-N,4 active site as the Co-N, site does not appear to dissociate O,and as such do
not lead to the formation of O* and OH* but instead result in formation of hydrogen peroxide

as discussed above. The Fe=O and Fe-OH intermediates that are formed as a result of the
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activation of OOH* intermediates strongly bind to the Fe center. The first step in the reduction
of the Fe=0 intermediate involves a proton-coupled-electron transfer to form Fe-OH which is
subsequently reduced to form water. The potential-dependent free energies of the Fe=0 and

Fe-OH states along with the final Fe-OH, product at the Fe-N, site are shown in Fig. 3.5.
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Figure 3.5. The Fe=0 reactant (a;) and Fe-OH product (a,) in the initial reduction of Fe=0 to Fe-OH and
the Fe-OH reactant (a3) and Fe-OH; product (a,) in the subsequent reduction of Fe-OH to Fe-OH, at the
Fe-N, site. The potential dependent free energies as a function of potential for the reduction of Fe=0 to

Fe-OH and Fe-OH to Fe-OH, are shown in (b) and (c).

The results shown in Fig. 3.5b and 3.5c clearly show that the reduction of both Fe=0 to Fe-OH
and subsequent reduction of Fe-OH to Fe-OH, are favored over the wide range of potentials

examined as the Fe-OH and Fe-OH, product curves are lower by 1.3-1.5 eV and 0.9-1.2 eV than
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the Fe=0 and Fe-OH reactants, respectively. The Fe=0 reduction is favored over the Fe-OH

reduction by ~0.3-0.4 eV.

3.5. Band Decomposition Molecular Orbital Analysis

A more detailed and in depth understanding of the differences in catalytic activities of Fe and
Co in the reduction and activation of O, can be given by analyzing the changes in geometric

structure and by carrying out a decomposition of the electronic band structure.

The calculated O-O bond lengths for O, (g), Co-O, (end-on), Fe-O, (end-on), OOH (g), Fe-OOH,

Co-O0OH and HOOH (g) at charge zero are summarized in Table 3.1.

0,(g) Co-0, Fe-0, OOH (g) | Co-O0OH | Fe-OOH | HOOH (g)
(end-on) | (end-on)
0-0
bond 1.236 1.325 1.330 1.348 1.459 1.499 1.470
length
(A)

Table 3.1. O-O bond lengths for the gas phase and Fe and Co coordinated O,, OOH and HOOH species on

Fe/Co-Ny, sites.
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As might be expected, the O-O bond length increases with the addition of each H as the
reaction order changes from 2 to 1. The addition of each proton is accompanied by an electron
transfer from the metal into O, t* antibonding states thus giving rise to the increase in the 0O-O
bond length. The Co-O, and Fe-O, have O-O bond lengths of 1.325A and 1.330A which are
significantly longer than that of O, (1.236A) but very close to that of OOH (1.348A, where there
is a complete single electron transfer from hydrogen). This is indicative of a single electron

1]l (or

transfer from the Fe" (or Co") to antibonding O, states and the oxidation of the metal to Fe
Co"). Similarly the 0-O bond lengths of Co-OOH and Fe-OOH (1.459A and 1.499A) are very close
to that of HOOH (1.470 A) which indicate a total of two electron transfer from TM to the 0-O
bond. The HO-OH bond is rather weak due to the occupation of the two O-O nt* states which

include the highest occupied molecular orbital (HOMO) and next highest molecular orbital

(HOMO-1)) of HOOH as is shown in Fig. 3.6a.

The Fe-OOH intermediate has an O-O bond that is 0.029 A longer than the 0-O bond of HOOH.
This arises from the backdonation of electrons into the n* states (HOMO, HOMO-1 and lower
occupied states) as well as into the o* states (HOMO-2 and HOMO-3) as is shown in Fig. 3.6b

which significantly weakens the O-O bond.

The 0-0 bond for Co-OOH, on the other hand, was found to be 0.011 A and 0.04 A shorter than
that for HOOH and Fe-OOH. Despite the shorter distance, there is still direct occupation of the
0-0 n* (HOMO and HOMO-1) and o* (HOMO-2) states as is shown in Fig. 3.6c.
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A Bader charge analysis was carried out by projecting the electron densities for each of the
bands onto the oxygen atoms to determine the number of electrons that were transferred to

the antibonding O-O o* and mt* states. The results are presented in Table 3.2.

o* 0-0 n* 0-0 Total (o* +1t*)
Fe-OOH 0.48e 3.36e 3.84e
Co-OOH 0.15e 3.45e 3.60e

Table 3.2. Electron occupancy of the o*, m* and Total (o*+m*) O-O orbitals calculated by projecting

bands onto the oxygen atoms.

The total electron transfer to the antibonding states of O, for both the Fe-OOH and Co-OOH
systems (3.84 e for Fe-OOH and 3.60 e for Co-OOH) were calculated to be very close to that of
HOOH (4e) which helps to explain the very similar O-O bond lengths for Fe-OOH, Co-OOH and
HOOH reported in Table. 3.1. Fe shows a greater degree of electron transfer from the metal
into the O-0O antibonding m* and o* states (3.84 e) than that of Co (3.60 e). This is generally
consistent with the fact that Fe is less electronegative than Co. The Fe-OOH system also results
in 0.33e greater charge transfer to the o* O-0 state than that of Co. The greater extent of
electron transfer to the antibonding O-O o* state increases the O-O lengths on Fe and favors

the 4e” oxygen reduction on Fe. This is consistent with the suggestions that active 4e” reduction
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systems involve increased electron transfer upon the delivery of the first proton [151]. The
degree of charge transfer to the O-O o* and the overall degree of charge transfer on Co is less
than that on Fe and also less than that for HOOH. This helps to explain the high energetic
penalties associated with dissociating the O-O of Co-OOH and the more favorable 2e” reduction

path.

The results reported in Table 3.1 and 3.2 also show that the occupation of the o* O-O orbital
weakens the O-O bond more than the occupation of the m* 0O-O orbital does. These
observations are consistent with recent work showing that the electrophilicity of o* O-O is
closely related to reactivity for various processes involving O-O bond cleavage [155, 156],
where interactions between the O-O bond and reaction environment lowers the o* 0-O state

to below that of the lowest unoccupied molecular orbital thus promoting O-O activation.

3.6. Conclusion on ORR over TM-N4 basal plane systems

The potential dependent elementary steps involved in the oxygen reduction reaction were
examined over model Fe/Co-N,4 graphene basal plane active sites. The results indicate that both
Fe and Co-N, active sites favor the end-on oxygen adsorption to form a superoxo species over
the side-on peroxo intermediate and promote the proton-coupled electron transfer to bound

0, thus resulting in the formation of the hydroperoxy intermediate at around 1.2V v.s NHE. The
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Fe-N; site induces a greater degree of electron transfer to antibonding o* state that
subsequently promotes a second PCET step which aids in the dissociation of O-O to form
Fe(V)=0 and water at around 0.6 V. The Co-Nj, site, however, cannot dissociate the O-O bond of
Co-OO0H but instead reduces the OOH to form the 2e” product HOOH. The results are consistent
with those from experiments which observe only the 2e” ORR to form hydrogen peroxide on Co-
N4, while Fe-N; promotes a complete 4e” ORR to form water with only trace amount of
hydrogen peroxide detected. The resulting single oxygen species that form can readily be
reduced at the Fe-N, active site to complete the 4e” reduction. More detailed molecular orbital
analyses show that at the Fe-N,site the energy of the o* O-0 state is lowered below the HOMO
state on the Fe-N4 thus allowing for the backdonation of electrons into this state which
weakens the 0-O bond and allows for direct dissociation. The degree of backdonation from the
Co-Njy site to the bound O, and OOH* is significantly less than that for Fe-N4 and as a result it
does not promote subsequent O-O activation and instead results in the 2e” path that leads to

HOOH formation [157, 158].
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Chapter 4. Oxygen Reduction Reaction over Fe-N4 sites between

graphene edges

Recently, Dodelet and coworkers demonstrated the synthesis of Fe-N, sites that are reported to
exhibit considerable catalytic activity and durability for ORR via sequential pyrolysis [131-133].
They pretreat the carbon support by ball-milling it with phenanthroline and ferrous acetate,
which leads them to believe that the active site is located between armchair graphene edges of
the carbon substrates. The polarization curve showed that the cathode ORR current density on
their Fe-N4 graphene edge material with a 5.3 mg/cm'2 loading is equal to that of the traditional
Pt catalyst with a 0.4 mg/cm™ loading at 0.9V iR-free cell voltage. The overall cost of catalysts,
however, is significantly lower [131]. Graphene edges possess distinctly different electronic
structures than those on the basal planes of graphene, which can contribute to changes in the
catalytic activity of the TM-N, sites due to the interaction between the edges and the central
TM via the doped nitrogen atoms. However, how changes in graphene edge structures result in
different interactions with the TM center and thus different ORR activities remains unclear. Also,
a study of possible tuning of the ORR activity via ligation to the TM center from additional N-
containing ligands is missing from literature. Such an additional N-containing ligand to the
active TM center does exist in the natural cytochrome ¢ enzyme structure though [104]. To

study these effects, we propose the following three systems featuring an Fe-N; active site
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located between two armchair graphene edges with varying edge gaps, and a third system

featuring an edge Fe-N, site possessing an additional pyridine ligand.

e

a)Smaligap = 1 A i tarEeGap

Ny 29 e
AN e N AU

Figure 4.1. Fe-N, graphene edge sites with a) small edge gap, b) additional ligand and c) large edge gap.

Our calculations indicate that there is a transition in structure at the edges as the distance
between the two edges is decreased. As the distance in the graphene edge falls below 3.1 A
there is a change in the edge structure which buckles away from the planar edge state shown in
Fig. 4.1c to the staggered edge geometry, shown in Fig. 4.1a. Under experimental conditions,
both cases are expected to exist. The additional pyridine ligand shown in Fig. 4.1b is thought to
be able to weaken the interaction between Fe and O* species generated by the O-O bond
activation process due to the decrease in the coordination number of Fe. The vulnerability of
some Fe-N,4 edge sites to single O* poisoning as will be discussed later might be one reason that

causes the catalytic activity loss recently observed in 100-hour durability tests [131].
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The study in this section will focus on the three most essential ORR steps: the adsorption of O,,
the 1° PCET process, and the reduction of O*, to understand the influence of graphene edges
and metal ligands on the ORR catalytic activity of the Fe-N4 site. The adsorption of O, is

discussed in section 4.1.

4.1. O, adsorption and direct 0-0 dissociation over Fe-N4 graphene edge sites
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Figure 4.2. O, adsorption and dissociation on a) Fe-N, small gap b) Fe-Ns and c) Fe-N, large gap sites. The
orange curve corresponds to the state of bare surface plus a free O, molecule in the gas phase, the red
and blue curves correspond to the end-on and side-on adsorption states of O, respectively, and the

yellow curve corresponds to the product state of direct O-O bond dissociation that forms two strongly

bound single O* species.

All three systems favor the end-on adsorption state as shown in Fig. 4.2. The fact that the side-
on adsorption state and the subsequent direct O-O bond activation that leads to the 20* state

are less favored for all three systems indicates that the O-O bond is not sufficiently weakened
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at this stage. Although direct O-O bond activation is not the most favored process, it is still
exothermic on the Fe-Ny4 large gap active site, as can be seen in Fig. 4.2c that the energy of the
20* state lies even below that of the side-on adsorption state. The 20* state on the Fe-Nssite
(Fe-N4 with additional ligand as shown in Fig. 4.2b), however, shifts higher in energy than the
side-on state and become favored relative to the surface+0,(g) state only at a potential of 0.7V.
The 20* state becomes totally unfavored relative to the surface+0,(g) state on the Fe-N4 small
gap active site. The observation suggests an increase in reactivity from Fe-N4; small gap site to
Fe-Ns site and to Fe-N,4 large gap site for the 4e” oxygen reduction. Also the introduction of the
additional ligand in the Fe-Ns system causes the catalytic activity of the active site to stay
between those of the large gap and small gap systems. This trend will be further confirmed by
the subsequent study of PCET and O* reduction processes. The 1 PCET process following O,

adsorption is discussed in section 4.2.

4.2. PCET process leads to OOH* formation and subsequent 0-O bond activation

The PCET process that forms OOH* is shown in Fig. 4.3.

52



a) Small Gap
0 0.5 1
V v.s. NHE
b) Fe-N;
0 0.5 1
- V v.s. NHE
el
i onone) B
RS 936
=
0
2-937
[¥7]
c) Large Gap
-938 ‘
0 0.5 1
V v.s. NHE

Figure 4.3. Initial reduction of O, to a peroxo intermediate on a) Fe-N, small gap b) Fe-N; and c) Fe-N,
large gap active sites at the edges of the graphene plane. The red, blue and orange curves represent the
0,*+H'+e’, OOH* and O*+OH (&) states respectively. The intersection between the red and blue curves
indicates the potential (marked by the vertical blue dashed line) at which the O,+H"+e"=>OO0H* process
becomes favored and the intersection between the blue and orange curves indicates the potential

(marked by the vertical orange dashed line) at which the OOH*>0*+0OH (&°) process becomes favored.

Fig. 4.3 shows the PCET process following the end-on adsorption of O, that forms OOH*. Upon
the addition of the proton, an electron is transferred simultaneously from Fe to O,, weakening

the O-O bond. The process should be similar to that on the TM-N,4 graphene basal plane sites as
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described by the band decomposition analysis from the previous chapter. It is found that the
OOH* dissociates mainly upon interactions with the surrounding water molecules to result in
an O*+0OH (&) state. The reduction of the adsorbed O, to form OOH* and the subsequent
dissociation of O, occur at higher potentials (>1.5 V for OOH* and 1.1 V for O*+0OH (&7)) on Fe-
N, large gap site than on Fe-Ns site (>1.4V for OOH* formation and 0.7V for O*+OH (&)
formation), which is in turn higher than on Fe-N4 small gap site (0.6V for OOH* formation and
0.5V for O*+0H (&) formation). Again, a similar trend of decreasing catalytic activities towards
the PCET process from the Fe-N4 large gap site to the Fe-Ns site then to the Fe-N, small gap site
is observed. The fact that O-O bond activation, a step that is not favored at the adsorption
stage, becomes favored after the PCET process is an evidence of the further weakening of the
0-0O bond upon proton addition. The higher ORR activity of the Fe-N,4 large gap site is
accompanied by its stronger interaction with the O* species. As will be discussed in section 4.3,
unlike Fe-N4 small gap and Fe-Ns sites, the Fe-N,4 large gap site is severely poisoned by the O*

species, causing the catalytic turnover on this site to be greatly limited.

4.3. O* reduction

The reduction of O* is another essential step involved in the 4e” ORR process.
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Figure 4.4. Single O* reduction on a) Fe-N, small gap b) Fe-Ns and c) Fe-N, large gap sites. The red and
blue curves represent the O*+H"+e” and OH* states respectively, and the intersection between the two

curves corresponds to the potential at which the O*+H"+e™>OH* process becomes favored.

The single O* reduction again involves proton shuttling to O* as shown in Fig. 4.4. Active sites
that possess higher reduction activity generally suffers from more severe poisoning from single
O* species. The Fe-N,4 large gap system is more vulnerable to single O* poisoning as shown in
Fig. 4.4c where the single O* species can only be reductively removed at a rather low potential
around 0.5V. Again this from one side supports the experimental observation of the activity loss

of the Fe-N4 graphene edge materials during 100-hour durability tests [131], in which case the
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most active Fe-N,4 sites might become poisoned, leading to decreased catalytic turnover. This
indicates that although the Fe-N,4 large gap site can promote OOH* formation and dissociation
at relatively higher potentials, the Fe site might not be available for further reduction cycles
until a low potential due to single O* poisoning. The Fe-N4 small gap and Fe-Ns sites, however,
do not show an apparent vulnerability to single O* poisoning as indicated in Fig. 4.4a and 4.4b
that single O* species can be reduced at potentials above 1.5V in both cases. By comparing the
three systems, it can be concluded that while Fe-N4 large gap and Fe-N4 small gap systems lie at
two extremes (one with high initial catalytic activity but low resistance to O* poisoning and the
other with low initial catalytic activity but high resistance to O* poisoning), the addition of the
pyridine ligand maintains the overall ORR activity between the two ends by partially sacrificing
the catalytic activity towards PCET and O-O bond activation in return for better resistance to
single O* poisoning. This point can be further elucidated by analyzing the charges and the 0-O

bond lengths of O,* and OOH* adsorbates for all three systems.

4.4. A Bader Charge and O-O Bond Length Analysis

To better understand the different reduction behaviors observed on different edge sites
discussed in the previous sections, a bader charge analysis on the oxygen atoms for both the
0O,* and OOH* adsorbates in all three systems is carried out. A more negative charge on the
oxygen atoms indicates a stronger tendency of electron backdonation from the metal to the di-

oxygen adsorbates, thereby suggesting a higher degree of O-O bond weakening due to the
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occupation of anti-bonding O-0 orbitals as discussed in Chapter 3. The bader charges on oxygen

atoms for all three systems studied are shown in Table 4.1.

Bader Charge on 0-O Fe-N4; Small Gap Fe-Ns Fe-N,4 Large Gap
0,* -0.74 -0.77 -0.82
OOH* -1.07 -1.14 -1.29

Table 4.1. Calculated Bader charges on oxygen atoms for both O,* and OOH* adsorbates over Fe-N,

small gap, Fe-Ns and Fe-N, large gap sites.

Table 4.1 shows that the negative charges on the oxygen atoms accumulate towards higher
levels from Fe-N; small gap site to Fe-Ns site then to Fe-N, large gap site, suggesting an
increasing tendency for the central Fe atom to backdonate its d-band electrons to the O,
adsorbate, which is in consistency with our previous observations regarding ORR activities of
the three systems. The variances in ORR activity should originate from the differences in edge
structures and ligands the central Fe atom possesses, since these are the only varying factors
among the three systems. It can also be observed from Table 4.1 that for each of the systems,
the negative charges on oxygen increase from O,* to OOH?*, indicating an additional and

simultaneous transfer of electron from the metal to O,* once a proton is added to it.
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The charge analysis is also consistent with the calculated O-O bond lengths of the adsorbed O,*

and OOH* species. The O-O bond distances for O,* and OOH* are listed in Table 4.2 for all

three systems.

0-0 bond distance Fe-N4 Small Gap Fe-Ns Fe-N,4 Large Gap
(A)
0,* 1.340 1.359 1.364
OOH* 1.457 1.463 1.475

Table 4.2. 0-0 bond distances of O,* and OOH* for Fe-N, small gap, Fe-Ns and Fe-N; large gap systems.

The donation of electrons to the anti-bonding orbitals of O, usually results in elongation of the
0-0 bond as previously discussed in Chapter 3. This can be first seen from the increase in the
calculated 0-O bond lengths for free gas phase molecules from 0, (1.236 A) to OOH (1.348 A)
and to HOOH (1.470 A) as electrons from H are charged into the anti-n-bonding orbitals of O,.
The 0-0 bond lengths in each column of Table 4.2 also increase from O,* to OOH* for each of
the three systems, and it is notable that upon adsorption, the O,* state already has a O-O bond
length (averagely 1.35 A as shown in Table 4.2) close to that of the free hydroperoxyl radical
OOH (1.348 A), indicating an electron transfer has already occurred from the central Fe site to
0,. The further increase in 0-O bond length from O,* to OOH* in all three systems shown in
Table 4.2 indicates additional electron donation from the metal to the O,* state accompanied

by the addition of the proton to the O,*, and is therefore a direct proof for the PCET process.
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Comparing bond lengths in each row of Table 4.2, an increase in O-O bond length for both O,*
and OOH* adsorbates can be observed from Fe-N; small gap to Fe-N5s and then to Fe-N, large
gap sites, which is in alignment with the increase in negative charges on O,* and OOH* shown
in Table 4.1. This from another aspect suggests a variation in the amount of electrons donated
from the metal center to the O,* and OOH* species for each system, with the Fe-N4 small gap
system having the lowest degree of electron backdonation and the Fe-N4 large gap system

having the highest.

4.5. Conclusion

In this chapter, three systems containing Fe-N4 active sites residing between graphene armchair
edges with varying edge structures and number of metal ligands are examined for their
catalytic activities towards ORR. It is observed that the Fe-N,4 large gap system possesses higher
initial catalytic activity but suffers more from singe O* poisoning, while the Fe-N4 small gap
system is less active towards ORR but possesses higher resistance to single O* poisoning. The
Fe-Ns system achieves moderate catalytic activity towards ORR and tolerance to single O*
poisoning via the addition of an extra ligand. Further bader charge and O-O bond length
calculations reveal that various graphene edge structures and ligands interact with the central
Fe atom via the doped N atoms to adjust the electron backdonation capability of the central

metal. The negative charges and O-O bond lengths increases from Fe-N4 small gap to Fe-Ns then
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to Fe-N4 large gap systems, which well explains the corresponding increasing catalytic activity

towards ORR for the three systems studied.
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Chapter 5. Oxygen Reduction Reaction Over Metal-free N-doped

Graphene Surfaces in Acidic and Basic Media

Much of the recent efforts in catalyst development for proton exchange membrane (PEM) fuel
cells have focused on the synthesis of cheap earth-abundant catalytic materials comprised of
metal and nitrogen doped carbon substrates that can replace Pt in carrying out the oxygen
reduction reaction at the cathode. Some of the earliest efforts to synthesize such materials
were focused on Fe and Co porphyrin macrocycles that mimic the active heme sites in
cytochrome c that are very efficient in carrying out oxygen reduction in our body [95, 101, 103,
159]. Pioneering work by Gojkovic and Gupta showed that Fe-N4; and Co-N; macrocycles could
be pyrolyzed to produce active materials for ORR [160, 161]. Subsequent efforts indicated that
even cheaper synthetic routes that simply pyrolyze NHs, polyacrylonitrile or polyanaline
precursors at temperatures of 500-1000°C also result in the development of active and durable
ORR catalysts [131, 135, 162]. Most of the initial efforts were carried out over Fe and Co N-
doped carbon substrates [131, 132, 159]. A recent debate, however, has emerged in the
literature as to whether or not the metal is actually required to catalyze these reactions as the
reactions appear to also proceed on carbon sites in contact with the nitrogen in a “metal-free”
system [94, 107, 109, 120, 163-169]. There is still a debate of whether trace amounts of metals
may be present that are responsible for ORR activity [107, 131, 132, 159, 170]. Herein we

examine the oxygen reduction under acidic conditions over model graphene substrates to help
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identify the nature of the active sites and the overall reaction paths and provide mechanistic

insights.

Recent techniques of synthesizing metal-free N-doped carbon materials mainly involve
pyrolyzing carbon substrates in N environment, typically ammonia [120, 166], although
variations in the synthesis process may result in different distributions of N-doping sites on the
graphene surface which could act as the active sites. The three most commonly observed N
centers that may act as active centers are the pyridinic-N, pyrolic-N and graphitic-N
(quaternary-N) [171-173]. The rather high instability of pyrolic-N sites during heat treatment as
indicated by recent experimental results [174, 175] suggest that it is not present or active for
ORR catalysis and that the pyridinic-N and graphitic-N doped sites are much more likely sites for
the observed ORR activity. Which of these two sites, however, can carry out catalysis under
operating conditions, is still debated [176, 177]. There is some evidence of enhanced rates of
ORR with higher content of pyridinic-N sites [171]. This observation, however, was recently
challenged by the thoughts that only pyridinic-N sites present at the defect sites or edges on
carbon materials are responsible for the measured ORR activities and that their reactivity can
be tied to the electronic structures of edges and defects and their influence on O, activation
[120, 166, 177, 178]. Most of the experimental result suggest that the reaction proceeds via a
de process as the 2e” path which proceeds through hydrogen peroxide is rarely seen as there is

little to no formation of H,0, [166, 179, 180]. In order to better understand the nature of the
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active site as well as the pathways and mechanisms that carry out ORR we examine a series of

pyridinic-N and graphitic-N doped sites and their role in carrying out the oxygen reduction.

The detailed N-doping configurations for pyridinic-N and graphitic-N sites are well characterized
by STM experiments [174, 176, 181]. Increased levels of N also appear to increase the number
of graphitic-N sites with two (or more) N centers that sit at para and meta positions in the
aromatic rings embedded into the graphite/graphene layer [181]. The two pyrindic-N and
graphitic-N sites with lowest formation energies [181] are shown in Fig. 5.1a and 5.1b.
Increasing the N-doping content within the surface appears to lead to an increase in ORR
activity [182-184]. In order to probe these higher N-doped sites, we examined the 2N-
containing graphitic structure shown in Figure 5.1c. The carbon centers that bind directly to the
N sites are believed to be the active sites responsible for ORR activity as they are partially
positively charged. As such they are the most likely sites to donate electrons to the O, when the

catalyst surface is maintained at low potentials and rich in electrons [109, 174, 185].
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Figure 5.1. Proposed N-doped graphene systems: a) pyridinic-N, system, b) graphitic-N; system and c)

graphitic-N, system. The carbon sites that are most active towards ORR in each system are highlighted.

While ORR over Pt and Pt alloys is predominantly carried out at acidic condition [94, 95, 120], it
is most often carried out in alkaline conditions over the N-doped systems due to the greater
durability and improved catalytic performance [186-189]. Herein we examine the pathways
and potential dependent energies to carry out ORR at the different pyridinic and graphitic N

sites highlighted in Fig. 5.1 in both acidic as well as basic media.

The general paths involved in the reduction of oxygen over metals in acidic and basic media are
fairly well established in the literature [90, 187]. In general, the 2e” reduction of oxygen leads to
the formation of HOOH/OOH" in acidic/basic conditions whereas the 4e” paths leads to the

formation of H,0/OH" under acidic/basic conditions as illustrated by Fig. 5.2a and Fig. 5.2b.
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Figure 5.2. Overall reaction paths proposed for the oxygen reduction reaction when carried out in a)
acidic and b) basic media. The steps involve the complete 4e” reduction of O, to water (in acid) an OH" (in
base). The total number of electrons transferred during the reduction process can be determined by

summing up all electrons transferred along a specific path from left to right.

While the general pathways involved in ORR appear to be well established, the mechanisms
and elementary steps are still greatly debated in the literature. The reduction of oxygen in an
acidic environment is thought to proceed by the adsorption and activation of O, followed by a
series of proton-coupled electron transfer steps that proceed via protons present in solution. In
basic conditions, the O, is adsorbed and activated but now PCET reactions proceed via water
molecules and OH  is generated as a result. The molecular adsorption and activation of O,, the
1°" PCET process and the reduction of the resulting O* intermediate appear to be the most
important steps in the ORR process and as such are discussed in detail for all three proposed N-

doped graphene systems under both acidic and basic conditions.
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5.1. ORR under acidic conditions

5.1.1. ORR on pyridinic-N active site under acidic conditions

The adsorption of oxygen in all of the examples examined herein appears to proceed at the sp2
carbon sites that bind to N within the graphene basal plane as these are positively charged
centers that can accept electrons. This is consistent with previous theoretical and experimental
work reported in the literature [109, 174, 185]. The adsorption of O, to sp2 C centers at the

pyridinic-N4 active site is shown in Fig. 5.3.
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Figure 5.3. The adsorption of O, at the pyridinic-N, site under acidic conditions.
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0, can adsorb in an end-on configuration as a superoxo intermediate where there is a single
electron transfer from the graphene to bound O, or in a side-on configuration as a peroxo
intermediate involving a 2e” transfer from the graphene into the antibonding 2n* state of the
bound O,. The potential dependent energies for the 0,*-end-on (superoxo), O,*-side-on
(peroxo) and the dissociated 20* states are shown together with the initial free O, in the gas
phase state (surface+0,(g)) in the four curves shown in Fig. 5.3. All three of the product states
lie above that for the initial surface+0,(g) state (the red curve in Fig. 5.3) in energy, suggesting
neither the superoxo or peroxo adsorption states nor the dissociated oxygen state are favored
at any point over the entire potential range of interest on the active carbon sites in acidic media.
While the dissociated oxygen state, 20*, is not favored relative to the surface+0, (g) state, it is
lower in energy than either the end-on or the side-on adsorption states. This is
characteristically different from our previous results reported on the dissociative adsorption of
0O, on TM-N4 systems which show that the 20* state is never the favored state. Further
examination of the 20* state shows that the O* species that form are incorporated into the
graphene surface via insertion into nearby C-C bonds (as shown by the bottom left 20* states in
Fig. 5.3). As will be discussed later, the single O* species generated on the graphitic-N carbon
sites does not adopt this orientation but instead preferentially sits atop of the C site and is
closer to a C-O single bond than the C-O bond here. No further reduction paths under acidic
conditions were examined on the pyridinic-N,4 surface as it is believed that further reduction of

oxygen (especially the PCET process) predominantly proceeds through an outer sphere
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mechanism in which the adsorption of O, or the electron transfer from the carbon to the bound

O is rate limiting [163, 190, 191].

5.1.2. ORR on graphitic-N active sites under acidic conditions

The same oxygen adsorption process is examined on the graphitic-N; and graphitic-N, surfaces.

The potential energy curves are shown in Fig. 5.4.
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Figure 5.4. The adsorption of O, on the a) graphitic-N; (G1N) and b) graphitic-N, (G2N) active sites under

acidic conditions.
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In contrast to the pyridinic-N4 active site, the end-on adsorption of oxygen to form the
superoxo (O,) intermediate on the graphitic-N; active site is favored over the entire potential
range. The side-on adsorption to form the peroxo (022') intermediate as indicated by the O,*-
side-on curve in Fig. 5.4a, however, is still higher in energy than the free surface and gas phase

oxygen state (surface + O,(g)).

Recent experimental evidence suggests that increasing N-doping content can increase the ORR
activity of the carbon sites [182-184]. As such, one could conclude that increasing the number
of neighboring N-sites within nitrogen-doped graphitic system should increase the activity of
the neighboring carbon sites. It is found in Fig. 5.4b that on the graphitic-N, site, the end-on
adsorption of O, as a superoxo (O,) intermediate is again the most favored state. The more
active C centers at the graphite-N, sites also allow for the side-on adsorption of O, (peroxide
0,”) to become favorable relative to the surface+0,(g) state over the full range of potentials
examined. Both the side-on and end-on adsorption states decrease in energy relative to the
surface+0,(g) state as the N content increases from graphitic-N; to graphitic-N,, suggesting a
general increase in oxygen reduction activity from the graphitic-N; site to the graphitic-N, site.
In both systems, the active carbon sites are pulled out from the graphene plane by the
adsorbed oxygen as a result of change in the electronic structure on the carbon site from sp2 to
sp> hybridization. The C-O bond length in the graphitic-N; system is 1.50 A, as compared to the

C-0 bond length of an average single C-O bond (1.43 A). The C-O bond length in the graphitic-N,
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system was calculated to decrease from that in the graphitic-N; system to 1.44 A. This suggests

an increase in the interaction between the active carbon site and the adsorbed oxygen.

Unlike the adsorption of oxygen on the pyridinic-N sites, O, adsorbed on graphitic-N; and
graphitic-N, sites does not want to dissociate to form 20* as the superoxo as well as the peroxo
forms are energetically much more favorable than the 20* state at the C-N sites over the range
of potentials examined from 0 — 2 V. The 20* state is never favored as the direct activation of
the 0-O bond is energetically very difficult. Both the graphitic-N; and N, sites favor the
adsorption of O, as a superoxo intermediate which subsequently reacts in a PCET process to

form OOH* as shown in Fig. 5.5.
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Figure 5.5. OOH* formation and subsequent O-O bond activation over a) graphitic-N; (G1N) and b)

graphitic-N, (G2N) sites under acidic conditions.

The OOH* product appears to intersect the O,*+H"+e” reactant state at a potential near 0.9 V vs.
NHE at the graphitic-N; site. The subsequent activation of the O-O bond of OOH* to form the
O* and OH* products also occurs at about 0.9 V vs. NHE as can be seen at the triple point
intersection shown in Fig. 5.5a. The activation of the OOH* to form O*+OH* was found to
require the initial active carbon center to which the OOH* is bound as well as a second carbon
center that is further away from the N dopant site as is shown in Fig. 5.1b. This is unlike other

ORR catalytic systems such as organometallic systems where only a single active metal site in
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the TM-Ny4 participates through the whole ORR process. We will show later that, however, the

subsequent reduction of O* sets the lowest operating potential for ORR at the graphitic-N; site.

Both the first and second PCET steps that result in the formation of OOH* and its subsequent
dissociation to O*+0OH?*, respectively, proceed at higher potentials on the graphitic-N, active
site as shown in Fig. 5.5b. The formation of OOH* occurs at 1.2 V which is 0.3V higher than that
at the graphitic-N; active site. The higher reduction potential would suggest lower
overpotential and higher catalytic activity of the graphitic-N, system towards ORR. The second
PCET step results in the rupture of the O-O bond and the formation of O*+OH* state which lies
below both the O,* and the OOH* curves in Fig. 5.5b, indicating that this state is much more
favorable from 0 — 1.2 V and proceeds immediately following the formation of the OOH*
intermediate. The observation is consistent with the expectation that the graphitic-N, site

possesses a higher ORR activity than the graphitic-N; site due to higher N content [182-184].

The final steps in the ORR process involve the subsequent reduction of O* and OH* to form
water which also occur via PCET processes. The O* and OH* products that form, however, will
bind to the active C sites much more strongly than O,* and OOH* and may act to block or

poison the active sites. The results for reduction of O* to OH* are shown in Fig. 5.6.
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Figure 5.6. Reductive removal of single O* species at the a) graphitic-N; (G1N) and b) graphitic-N, (G2N)

sites under acidic conditions.

The strong interaction between O* and the carbon site lifts the carbon out of the plane of the
graphene in both the graphitic-N; and graphitic-N, systems. The C-O bond length for the
graphitic-N; system is 1.37 A which is close to that of a single C-O bond. The C-O bond length
for the adsorbed O* species at the graphitic-N, carbon is somewhat shorter at 1.32 A. The
shorter C-O bond length in the graphitic-N, system over that in the graphitic-N; system is the
result of the stronger C-O interaction in graphitic-N,. This strong interaction between O* and
the carbon atom in the graphitic-N, site makes it difficult to remove the O* from this site. This
results in poisoning of the C center. The results shown in Fig. 5.6a reveal that O* at the

graphitic-N; site is strongly bound to the carbon and sits well below the reduction curve to form

73



OH*. As such O* cannot be reduced or removed at potentials of interest. This indicates that
while the graphitic-N, system may demonstrate higher initial ORR activity, the active sites are

severely poisoned by O*.

The results for the graphitic-N; site, on the other hand, indicate that O* is reduced to form OH*
at potentials slightly lower than the potential of 0.7 V. Both the adsorption of oxygen and O,*
PCET are promoted at the graphitic-N; site thus indicating that the reduction of single O*
species is the limiting step on graphitic-N; active site under acidic conditions. This is consistent
with recent experimental observation showing that synthesized N-doped carbon nanosheets
can effectively promote the 4e” reduction of oxygen with an initial onset potential of 0.66 V vs.
NHE (0.72V vs. RHE) and a high stable current density achieved further at 0.44 V vs. NHE (0.50V

vs. RHE) [192].

As will be explained later by a charge analysis, the general trend of the increase in ORR activity
under acidic conditions from pyridinic-N; to graphitic-N; then to graphitic-N, system is
consistent with the increase in charges on the active carbon sites. The same ORR process is
studied further under basic conditions and discussed in the following sections. A similar trend is

also observed under basic conditions for the three N-doping systems.
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5.2. ORR under basic conditions

Many of the current experimental studies on metal-free N-doped carbons have been carried
out in alkaline media to avoid the corrosion issues. The alkaline fuel cells (AFC) were extensively
examined well before the emergence of PEMFCs, and can theoretically outperform PEMFCs and
support more facile ORR kinetics. Recent developments in anion exchange membranes have
mitigated issues associated with the progressive carbonation of the alkaline electrolyte by CO,
and have thus led to a resurgent study of AFCs in recent years [1, 193, 194]. The base catalyzed
ORR paths use water as the source of protons and are somewhat different than those carried
out in acid as was discussed previously and shown in Fig. 5.2a. We examine here the ORR paths
in the presence of base on the pyridinic as well as the graphitic nitrogen containing systems

presented in Fig. 5.1.

At higher values of pH, the potential (vs. NHE) at which each ORR step occurs generally
decreases as compared to the same steps carried out at lower pH. The decrease in the
reduction potential that occurs at the cathode is accompanied by the decrease in the potentials
for oxidation processes at the anode. As a result, the reversible hydrogen electrode (RHE) is
more often used for electrochemical measurements in basic environment. The NHE and RHE
can convert between each other according to the relation RHE = NHE — 0.0591*pH, which
indicates that the cathode reduction potential as measured with respect to NHE would be

approximately 0.8V less than that measured using RHE under a pH of 14. So instead of focusing
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on a 0 to 2 V vs. NHE potential range, the study of ORR under basic conditions here aims to
analyze potentials from -1.5 to 0.5 V vs. NHE. We will show in section 5.2.1 to 5.2.2 that there is
a similar trend of increasing ORR catalytic activity in alkaline media in moving from the

pyridinic-N4 to graphitic-N; and to graphitic-N, systems as we saw for the acidic conditions.

5.2.1. ORR on pyridinc-N, active site under basic conditions

In the pyridinic-N4 system, ORR reaction initially proceeds by the initial adsorption and
activation of oxygen via electron transfer from the active carbon site to the antibonding m*
state of the adsorbed O,. Under basic conditions the steps are similar to those reported in
acidic conditions. O, can bind either as end-on as a superoxo or side-on as a peroxo
intermediate. The changes in energies for these states as well as for the initial state of O,(g)
and the dissociated 20* product state at the pyridinic-N4 site are shown as a function of

potential in Fig. 5.7.
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Figure 5.7. O, adsorption over pyridinic-N, site under basic conditions.

Neither of the O, adsorption states are favored at the pyridinic-N, site under basic conditions as
they are significantly higher in energy than the O, (g) + surface reactant state over the entire
range of potentials examined as is shown in Figure 5.7. This is similar to the results that were
reported earlier in Fig. 5.3 for the adsorption of O, at the pyridinic-N4 sites in acidic media.
While the dissociative 20* state is energetically more favorable than either of the O,*
adsorption states, it is still about 0.3 eV higher in energy than the O, (g) + surface state over the
range of potentials of interest. The higher energy to form the 20* product is predominantly
due to the energetic penalties that are incurred in breaking C-C bonds in the graphene surface
as the single O* products prefer to incorporate into the graphene sheet. These single O*

species are also much more difficult to remove via reduction as was also found in acidic

77



conditions. There does not appear to be a viable route to adsorb or activate O, on the pyridinic-
N, sites and thus ORR at these sites appears unlikely. This is further supported by a detailed
analysis of the charge at the carbon sites that is presented later in section 5.3. The results here
support experimental suggestions that the pyridinic-N4 sites in the basal plane are not
responsible for ORR in alkaline media [177]. The results do not rule out the reactivity of

pyridinic-N4 sites at graphene edges or defect sites.

5.2.2. ORR on graphitic-N active sites under basic conditions

We examined the elementary O, adsorption and activation, O, reduction, OOH* activation and
reduction of the resulting single O* products at the graphitic-N; and graphitic-N, sites under
basic conditions. The overall energies for O, adsorbed in the end-on and side-on configurations
to form the superoxo and peroxo O,* intermediates, respectively, are reported along with the

energies for the initial O,(g) + surface state as a function of cathode potential in Fig. 5.8.
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Figure 5.8. O, adsorption on a) graphitic-N; (G1N) and b) graphitic-N, (G2N) active sites under basic

conditions.

The adsorption of O, in the end-on configuration is favored over the side-on configuration on
both graphitic-N sites under basic conditions over all potentials examined which is consistent
with the results for O, adsorption on graphitic-N in acidic conditions. The end-on adsorption of
0, on the graphitic-N; active site, however, only becomes favored at potentials less than -1 V.
This suggests that, unlike acidic conditions, the graphitic-N site is inactive in alkaline media. An
increase in catalytic activity towards ORR is again expected under basic conditions when the N
doping content increases from the graphitic-N; system to the graphitic-N, system. The end-on
adsorption of O, initiates at a much higher potential of 0.2 V on the graphitic-N, site as

indicated by Fig. 5.8b. The C-O distance in the end-on configuration is 1.53 A for the graphitic-
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N; system and 1.42 A for the graphitic-N, system. The decrease in the C-O distance is a
reflection of a stronger interaction between O, and the carbon site in the graphitic-N; system.
Similar to results under acidic conditions, the direct activation of the adsorbed O-O does not
occur at any potential on the graphitic-N; or graphitic-N, active sites within the interested

potential range.

The fact that O, adsorption is favored only at a relatively low potential and that O-O activation
does not occur on the graphitic-N; site suggest that these sites may not be active. Subsequent

calculations for the formation of OOH* confirms this hypothesis.
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Figure 5.9. OOH* formation and subsequent O-O bond activation on a) graphitic-N; (G1IN) and b)

graphitic-N, (G2N) sites under basic conditions.

The results for O,* vs. OOH* presented in Fig. 5.9a confirms that the formation of OOH* is not
favored at the graphitic-N; site at any potential over the range of potential examined. This is
possibly due to the weak interaction between the carbon site and the oxygen molecule. While
the O*+OH*+0OH’ state is energetically very favorable, we cannot activate O, directly or via PCET
to reach this state. As opposed to our previous observation that the graphitic-N; system is the
most active system towards ORR under acidic conditions, the results under basic conditions

here indicate that the graphitic-N; site is not catalytic active.
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The results for the adsorption and activation of O, at the graphitic-N, site were found to be
quite different than those on the graphitic-N; site. O, readily adsorbs as a peroxo species in an
end-on configuration at the graphitic-N, site at potentials up to 0.2 V as was discussed and
readily undergoes PCET to form OOH* at potentials as high as 0.5V (Fig. 5.9b). The subsequent
activation of the O-OH bond for OOH* can occur over the entire potential range of interest. The
observation that the graphitic-N, system is able to promote OOH* formation and O-OH bond
activation is consistent with the fact that the carbon site in the graphitic-N, system is more

active than in the graphitic-N; system.

The weak interaction between that was found for the graphitic-N; site and O, would suggest
that if you could activate O, O* reduction would readily occur due to weaker interactions
between oxygen and the active carbon site. The results for the reduction of O* on the graphitic-
N, site under basic conditions were examined and compared with the results for O* reduction

from the graphitic-N, site in Fig. 5.10.
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Figure 5.10. Reductive removal via PCET of O* at: a) graphitic-N; (G1N) and b) graphitic-N, (G2N) sites

under basic conditions.

The reduction of O* at the graphitic-N; site as shown in Fig. 5.10a is favored at a rather high
potential of 0.8V under basic conditions, suggesting that if O* forms it can be readily removed
from the carbon site. The binding of O* to the graphitic-N, site, however, is too strong and as
such the reduction of O* does not occur at any of the potentials of interest as can be seen in Fig.
5.10b where the O*+H,0+e” state is lower in energy than the OH*+OH’ state over the entire

potential range. This site appears to be poisoned by the strongly held O*.
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The C-O distance for adsorbed single O* species under basic conditions is 1.36 A for the
graphitic-N; site and 1.31 A for the graphitic-N, site. The decrease in C-O distance from
graphitic-N; system to graphitic-N, system is indicative of an increasing interaction between
carbon and O*, which is consistent with the observed differences in O* reduction activities
between the two sites. The results here suggest that the graphitic-N; site cannot easily adsorb
or activate O,* under basic conditions, and the active carbon site in the graphitic-N, system is

severely poisoned by O* and is therefore also unavailable for further ORR cycles.

None of the three N-doping systems examined here appears to be catalytic active towards ORR
under basic conditions. They are found to either possess no initial ORR activity at all, or suffer
from severe O* poisoning such that catalysis would be shutdown. A possible extension to this
part of study might be on other possible N-doping configurations or contents that can lead to
moderate active carbon sites whose ORR activity lies between that of graphitic-N; and

graphitic-N, sites.

5.3. Charge analysis

To better understand how different N doping configurations and N doping contents contribute
to differences in the ORR reactivity, a charge analysis on the local C and N sites was performed.
The charges on the doped N atoms and the surrounding carbon atoms that are either direct or

indirect neighbors to the N atoms are shown in Fig. 5.11.
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Figure 5.11. Charge analysis of nitrogen and carbon sites that are likely involved in the ORR process for a)

pyridinic-N, b) graphitic-N; and c) graphitic-N, systems.

The results show that the carbon atoms that directly bind to the nitrogen centers are the most
positively charged sites and likely the most active carbon centers. The positive charge on these
sites increases from the pyridinic-N, system (+0.12 e average), to the graphitic-N; system (+0.17
e average) and then to the graphitic-N, system (+0.371 e average). The increase in the positive
charge results from the coordination and positioning of the nitrogen. In the pyridinic site N
binds to only two neighboring carbon centers and only abstracts so much charge from these
sites. The graphitic-N; nitrogen sites bind to three carbons and as such the charge on the N
increases from ~-0.266 e to ~-0.44 e and more efficiently removes charge from the C centers.
The central carbon in the graphitic-N, site results in bonds to two different nitrogens and as
such loses charge to both resulting in essentially a doubling of its positive charge from ~+0.166

e (for graphitic-N{) to ~0.371 e (for graphitic-N,).
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The increase in the positive charge on the active carbon site would suggest that these sites
could withstand a higher positive charge and facilitate electron transfer from the surface
electrode in carrying out the PCET reactions. The higher positive charge would also increase its
bonding to the O,, OOH*, O* and OH* intermediates. This would stabilize reactions which
involve bond breaking transition states (O-O and O-OH activation) and destabilize those

involving the weakening or breaking of the C-O bond (O* and OH* reduction).

The two graphitic-N doping configurations result in more positively charged carbon atoms than
the pyridinic-N doping configuration, and are therefore more catalytic active towards ORR. A
comparison between the two graphitic-N doping configurations indicates that an increase in N-
doping content leads to a further decrease in the barriers for the activation of O-OH but an

increase in the barriers for the O* and OH* reduction.

It has been reported recently that the spin density on the carbon active site resulting from N
doping on CNTs and carbon nano-ribbons (CNRs) might also play an important role due to the
belief that the spin density indicates the amount of unpaired electrons a certain carbon site
possesses [185]. Our calculations, however, suggest that the carbon sites on graphitic-N doped
graphene basal planes that possess the highest spin density are not catalytically active towards
ORR. The carbon atoms in the pyridinic-N system generally possess zero spin density. The
different electronic structures between CNTs or edge-rich CNRs and graphene basal planes
might be a possible cause for this discrepancy. The results herein indicate that the spin density
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on the carbon sites is less important than the charge distribution in the ORR process for N-

doped carbon sites on graphene basal planes.

5.4. Conclusion

To better understand the ORR process on metal-free N-doped carbon materials, three
representative N-doped systems including pyridinic-N4, graphitic-N; and graphitic-N,, were
used to examine the reaction energetics for the three most essential ORR steps under both
acidic and basic conditions. A charge analysis of the N-doped graphene surface for different N-
doping configurations indicates that the carbon sites that are directly adjacent to the doped N
atoms are positively charged due to the electron extraction by the neighboring N sites. These
positively carbon sites are more active towards ORR compared to other less positively charged
carbons on the graphene basal plane. By comparing the three systems, we find that the carbon
sites near the pyridinic-N atoms are not catalytic active for ORR under either acidic or basic
conditions. Further study of the graphitic-N; and graphitic-N, systems indicates a positive
relationship between ORR activity and N-doping content under both acidic and basic conditions.
However, the higher activity of the graphitic-N, system in promoting the PCET process and the
subsequent O-0O bond activation is accompanied by more severe O* poisoning that forms stable
carbonyl surface groups. It is therefore possible that the experimentally observed ORR activity
might be a collective behavior of various N-doping configurations with ORR activities ranging

between that of the graphitic-N; and graphitic-N, systems.
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Chapter 6. Complete ethanol oxidation at a Pt-Mo alloy anode

The use of ethanol as a fuel for PEM fuel cells would help to solve the issues of hydrogen
generation, storage and portability that have prevented the adoption of hydrogen fuel cells as
we discussed in Chapter 1. The oxidation of ethanol however is limited by our ability to activate
the C-C bond and to ultimately prevent the poisoning of Pt by CO. The addition of an oxophillic
promoter may aid in the activation of the C-C bond and the removal of CO as CO, from the
surface. Recent experiments show both an enhancement in catalytic performance in terms of
the overall ethanol oxidation current and the resistance to CO poisoning for Pt-Mo alloys [69,

80, 81].

In order to aid in understanding the mechanism for ethanol oxidation and the enhancement
effects reported by the addition of Mo, we have examined the detailed elementary steps
involved in the dehydrogenation, C-C bond scission as well as the subsequent oxidation of the
C1 species over the model Pt (111) and the model Pt-Mo alloy surfaces shown in Fig. 6.1. The
Pt-Mo model surface was chosen to represent a well-dispersed alloy with a Pt-Mo ratio of 2:1
that is within the range of attempted Pt-Mo ratios in experiments [81]. Sections 6.1 to 6.5 will
focus on the three most essential steps involved in the complete oxidation process: the
dehydrogenation of ethanol, C-C bond activation and C1 species oxidation. The results will be
compared side by side to those on the Pt (111) surface to establish a clear understanding of the

role of Mo in aiding the complete oxidation of ethanol.

88



Figure 6.1. Pt,Mo; surface alloy

6.1. Ethanol dehydrogenation

Previous studies indicate that the specific adsorption configuration for ethanol on Pt can
influence its oxidation paths. Ethanol can bind to the surface via its oxygen atom sitting in an
upright configuration which would promote O-H bond activation. Ethanol can also bind in a
more parallel configuration via the weak dispersive interactions with the hydrocarbon
backbone thus making o-C-H bond activation a viable path [46, 195]. Acetaldehyde tends to be
the predominant product that forms and is likely the key intermediate for subsequent oxidation

[5, 45, 196].

The adsorption energies for ethanol in both configurations and reaction energies and activation

barriers for the C-H and O-H activation steps were calculated over both Pt (111) and Pt-Mo alloy
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surfaces. We report the results for only the most favorable paths in Fig. 6.2. The energies are

all referenced to the gas phase ethanol and the bare metal surface.

0.44

CH,CHO
0.00

CH,CH,0*H

-0.26 -0.47

CH,CH*OH
-0.44

CH,CH,0*H

-0.87
CH;CH,0*
o1 CH;CHO
’ -1.36
Reactant TS1 Product Statel TS2 Product State2
+H*+e- +2H*+2e"

Figure 6.2. Ethanol dehydrogenation to acetaldehyde over the Pt (111) and Pt-Mo (111) surfaces are

shown in the green and orange paths respectively.

The interaction between the ethanol O atom and the Pt (111) surface is rather weak with an
adsorption energy of -0.26 eV. The adsorption of ethanol on the Pt-Mo (111) surface, on the
other hand, is considerably stronger at -0.87 eV as the O of ethanol preferentially binds to the

Mo site.
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On Pt (111), the activation of ethanol proceeds first via the activation of the a-C-H which has an
intrinsic barrier of 0.7 eV. The subsequent activation of the O-H bond was calculated to be 0.63
eV as shown by the green curve in Fig. 6.2. The strong interaction between Mo and O, however,
readily promotes the activation of the O-H bond resulting in an intrinsic activation barrier from
the adsorbed state of 0.49 eV. The subsequent activation of the a-C-H bond of the strongly held
ethoxide is also significantly promoted resulting in a barrier of 0.74 eV as shown by the orange
curve in Fig. 6.2. The strong Mo-O interaction helps to promote both the O-H and C-H transition

states and leads to an overall potential energy curve that falls below that of Pt.

The strong oxophilicity of Mo results in the formation of a strong Mo-O bond which aids in the
activation of the O-H bond of the ethanol, and as will be discussed later, the activation of water,
which generates surface OH groups that can play an important role in the oxidation of single C
species. It is also found in Fig. 6.2 that the orange curve (Pt-Mo) lies below the green curve (Pt
(111)) in energy throughout the dehydrogenation process. The barriers for the activation of
both the O-H and C-H bonds on Pt-Mo alloy surface are both lower than those on Pt (111)
surface thus indicating that the formation of acetaldehyde is favored on the alloy over that on
Pt (111). In both cases, the activation of the B-C-H bond was found to be over 1 eV and as such

was considered to be unfavorable.

6.2. C-C activation for acetaldehyde
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Carbon-carbon bond activation typically occurs more readily for unsaturated C-C bonds than for
saturated C-C bonds. Previous studies for the C-C activation of ethanol over Pt, indicates that
ethanol dehydrogenates to form acetaldehyde before C-C activation on Pt as well as Pt based
alloys [44, 63, 197]. We therefore start with acetaldehyde in our analysis of the C-C bond
activation over Pt and Pt-Mo alloy. The results for the C-C bond activation over both surfaces

are reported in Fig. 6.3.

The barriers for C-C activation over both surfaces are greater than 1.5 eV which would suggest

that further dehydrogenation of acetaldehyde is necessary before the C-C bond can activate.

Pt(111) E.=1.55, AE, =-0.22

Pt-Mo Ea=1.78, AErxn= 0.06

Figure 6.3. C-C bond activation for acetaldehyde adsorbed onto Pt (111) and Pt-Mo alloy surfaces.
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6.3. Acetaldehyde dehydrogenation

The elementary C-H activation steps and their energies for the dehydrogenation of
acetaldehyde to form CHCO over Pt (111) and Pt-Mo alloy surfaces are reported in Fig. 6.4. Only
the most favored paths on both surfaces are shown. The reaction path which proceeds via the
primary C-H bond activation have much higher activation barriers than those starting from the
activation of the secondary C-H bond regardless of whether the Pt or Pt-Mo alloy is examined.
They are therefore not further considered. Complete dehydrogenation paths for acetaldehyde
are summarized in Appendix A. On both the Pt (111) and Pt-Mo surfaces, the dehydrogenation
of acetaldehyde proceeds via the activation of the a-C-H bond followed by two consecutive B-C-
H bond activation steps to form the CHCO* intermediate. By choosing gas phase acetaldehyde
as the common reference state, we again find that the catalytic dehydrogenation is
thermodynamically more favored over the alloy surface than on Pt. This is attributed to the
stronger interaction between the dehydrogenated species and the metal sites on alloy surface.
We do not consider starting with the B-C-H activation paths directly as they are not favored due

to the strong B-C-H bond thus resulting in activation barriers that are over 1leV.
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Figure 6.4. The dehydrogenation of acetaldehyde over Pt (111) and Pt-Mo(111) surfaces are shown in

the green and orange paths respectively.

The results presented in Fig. 6.4 indicate that the further dehydrogenation of acetaldehyde is
thermodynamically more favored on the Pt-Mo alloy surface than on the pure Pt surface, with
the entire potential energy diagram for dehydrogenation over the Pt-Mo alloy lying below the
energy diagram for pure Pt. A closer inspection of Fig. 6.4, however, indicates that while the
overall reaction energies for dehydrogenation are more favorable on the alloy surface, the
intrinsic barriers are on average 0.3 eV higher than those on the pure Pt surface. This is
characteristically different than the results reported in section 6.1 concerning ethanol
dehydrogenation to acetaldehyde, where the alloy surface results in both lower overall

energies and intrinsic activation barriers compared to the Pt (111) surface. The predominant
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differences in the results reported in Figure 6.4 over the Pt and Pt-Mo surfaces are directly
related to the differences in the strength of the surface-oxygen interaction, which again
indicates the important role that strong surface Mo-O interaction plays in the reaction. On Pt-
Mo alloy surface, as the species become increasingly dehydrogenated, the strong Mo-O
interaction together with the strong Pt-C interaction anchor the intermediates to the Mo and Pt
surface sites. These strong interactions lead to an increased molecular rigidness, which hinders
the ability of the molecule to orient itself to enable further C-H bond activation. This can be
demonstrated by the strong binding energy (-1.33 eV) of acetaldehyde on Pt-Mo alloy surface.
The absence of these strong Mo-O interactions on the pure Pt (111) surfaces, however,
provides enough flexibility to allow both the primary and secondary C-H bonds to freely interact

with surface Pt atoms, thus leading to much lower intrinsic dehydrogenation barriers.

The dehydrogenation of acetaldehyde generates three main surface intermediates: CH3CO,
CH,CO and CHCO, with increasing dehydrogenation extent. The barriers as well as the overall
reaction energies for the activation of C-C bonds for each of these intermediates are discussed

in the next section.

6.4. C-C bond activation for highly dehydrogenated C2 species
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The C-C bond activation paths for the highly dehydrogenated C2 species generated from the
dehydrogenation of acetaldehyde discussed above (CHsCO, CH,CO and CHCO) were examined
over the Pt (111) and the Pt-Mo alloy surfaces. The results which are summarized in Fig. 6.5 are

arranged in the order of increasing dehydrogenation extent.

The results show a general decrease in the C-C activation barriers with an increasing degree of
dehydrogenation of the C2 surface intermediates on both the Pt (111) and the Pt-Mo surfaces.
The C-C activation barriers decrease on Pt (111) from 1.30eV to 0.92eV, while that on the Pt-Mo
surface decrease from 1.54eV to 0.47eV. In addition, the overall reaction energies for C-C bond
dissociation become increasingly more exothermic with an increase in the extent of
dehydrogenation of the reactant. This can be explained, in part, by the increased strength of
the Pt-C bond that results upon increasing the degree of C2 dehydrogenation of the
acetaldehyde reactant and the increased strength of the Mo-O interaction on the alloy surface.
The highly dehydrogenated primary and secondary carbon atoms bind strongly to surface Pt
sites, leading to weakened C-C bond and thus lower C-C bond activation barriers. The strong
Mo-O interaction also plays a role in coordinating with the Pt-C interaction to enable the
activation of the dehydrogenated C2 intermediates, which is illustrated by the C-C activation of
CH5CO and CH,CO on Pt-Mo in Fig. 6.5. The results on the model Pt-Mo alloy shows that the
highly dehydrogenated CHCO surface intermediate leads to a very low C-C activation barrier.
The most favored configuration of CHCO on the alloy is one where the primary carbon atom

binds to both the Pt and Mo atoms whereas the secondary carbon binds to a neighboring Pt
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atom with its oxygen oriented away from the surface. The C-C cleavage occurs within the
triangular Pt-Pt-Mo ensemble resulting in the strongly bound CH and CO intermediates. The
activation barrier at this site is only 0.47 eV which is significantly lower than the barriers to
activate the C-C bonds of CH3CO (1.54 eV) and CH,CO (1.24 eV) intermediates. The higher
barriers for the CH3CO and CH,CO intermediates result from the significant energy penalty
required to break the strong Mo-O interactions in the transition state. The CHCO* intermediate
binds to the surface predominantly through its C-C bond with little to no interaction with its

oxygen and as a result does not require breaking the Mo-0 bond.

The decrease in the C-C activation barriers over Pt with increasing dehydrogenation is less
significant than those on the Pt-Mo surface. This is due to the absence of Mo atoms on the Pt
(111) surface, where the C-C bond cleaves only via the primary and secondary C-Pt interactions,
which are less affected by the extent of dehydrogenation. On the Pt-Mo alloy surface, the
decrease is more specifically related to the loss of Mo-O interactions during the transition
states for CH3CO and CH,CO which are not present for CHCO, as well as the change in the
specific surface metal atoms that CH3;CO and CH,CO interact with. These changes do not occur
on the homogeneous Pt (111) surface. The C-C bond activation on Pt (111) starts out with a
barrier that is 0.2 eV lower than that on the model Pt-Mo alloy surface, but ends up staying at

around 1.0 eV as the dehydrogenation extent continues to increase.
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The results in Figure 6.5 as was discussed indicate that C-C activation becomes increasingly
more favorable as the surface intermediates become increasingly more dehydrogenated. As
such, it can be assumed that dehydrogenation of ethanol proceeds on either the Pt or Pt-Mo
sites on the Pt (111) or model Pt-Mo surfaces, respectively until the intermediates reach a high
extent of dehydrogenation. The C-C bond cleavage path will then follow, catalyzed by the alloy

sites.

CH,C*O->C*H,+C*0 E,=1.30, AE,,,=-0.35 CH,C*O->C*H,+C*0 E,=1.54, AE,,=0.25

- |
> >
-

-
=
-~

Pt(111) Pt-Mo

Figure 6.5. The activation of the C-C bond on the Pt (111) and Pt-Mo surfaces with increasing extents of

dehydrogenation of the B-C bonds.
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6.5. A microkinetic study of the dehydrogenation and C-C bond activation process

The results presented in Fig. 6.4 indicate that while the overall energetics favor the
dehydrogenation of the acetaldehyde over the Pt-Mo alloy surface than over the pure Pt (111)
surface as the intermediates that form on the alloy are strongly held to the surface via the
strong interactions between the O of the CH,CO intermediates and the Mo sites, the activation
barriers, however, were found to be significantly lower over the Pt (111) surface than those on

the alloys.

The results presented in Fig. 6.5 indicate that while the C-C activation barrier are lower for
CH3CO and CH,CO over the Pt surface, the Pt-Mo alloy has the lowest barrier of all but requires
very high extents of dehydrogenation and the formation of the CHCO surface intermediate.
The Pt (111) surface may be able to promote the dehydrogenation of CH;CHO to CHCO, but fail

to cleave the C-C bond.

While the C-H and C-C activation barriers and energies reported in Fig. 6.4 and 6.5 are helpful,
they cannot be used alone to determine the catalytic outcome from such a complex set of
reactions. We therefore constructed a simple microkinetic model to simulate the catalytic

kinetics for the catalytic dehydrogenation and C-C activation of acetaldehyde over the model Pt
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(111) and Pt-Mo surfaces. All seven of the calculated elementary steps presented in Fig. 6.4 and
6.5 involved in the dehydrogenation and decomposition of CH3CHO to CO are incorporated into

the analysis.

The microkinetic model is thoroughly described and widely applied in literatures [198-205]. The
rate for adsorption is given by k,psP46., where P, and O« refer to the partial pressure
(acetaldehyde) and fractional surface coverage of free sites. The rate constant for adsorption,

kaps, is estimated from collision theory to be 10’s* [206-208]. The rate constant k; for surface

_AE;
reactions isv;e RT, where v; is the pre-expotential factor and AE; is the calculated energy

barrier for each elementary step. The pre-expotential factors for the surface elementary
reaction rate constants are estimated from transition state theory to be on the order of 10%s™
[205, 209]. The pre-expotential factor for desorption is also estimated to be around the

13 _-1
S

magnitude of 10 [199]. The simulation results were found to depend only weakly on the

chosen values for the pre-expontential factors [209].

The microkinetic simulations were carried out here by assuming that all seven elementary steps
involved in CO formation from CH5CHO could proceed by their forward and reverse paths. A
temperature of 350 K (operating temperature for PEMFCs), along with the DFT-calculated
activation barriers were used to calculate the rate constants for each of the elementary steps.
The simulations were then carried out to determine the equilibrium concentrations for each

intermediate (expressed in terms of surface coverage). More Details regarding the microkinetic
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model are included in Appendix B. The results are shown in Fig. 6.6. We focus herein solely on

the changes in the magnitudes of surface coverages of different surface species due to the

approximations used to establish the microkinetic model.
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Figure 6.6. The orders of simulated steady state surface coverages for reaction intermediates during the

dehydrogenation and C-C bond activation processes as calculated by the microkinetic model are shown

in red. The vertical paths represent the dehydrogenation of CH;CHO down to CHCO. The horizontal

paths represent the C-C bond activation processes that generate C1 species from the CH;CO, CH,CO and

CHCO intermediates.
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The simulated steady state surface coverage results reported in Fig. 6.6 indicate that
dehydrogenation proceeds more readily over Pt (111) than on Pt-Mo as the equilibrium surface
coverage of CH,CO on Pt is 0.01 and only 1e-4 on Pt-Mo whereas CHCO is 1e-4 on Pt and only
trace amount on Pt-Mo. The results also show that dehydrogenation process becomes
increasingly more difficult as the dehydrogenation extent increases, as indicated by the
dramatic drop in surface concentrations of the C2 species as the dehydrogenation proceeds

deeper.

A detailed analysis of the surface coverage of C1 intermediates reveals that surface coverage of
C1 species on the Pt (111) surface is rather small with 1le-4 highest. The surface coverage of CO
species that form on Pt-Mo at high extents of dehydrogenation, however, was calculated to be
nearly 10 times higher (1e-3 as highlighted by the red circle in Fig. 6.6). The results suggest that
while the dehydrogenation of CH3CHO to CHCO is difficult on the alloy surface, the trace
amount of CHCO formed is enough to generate higher CO concentrations on the Pt-Mo surface
than on the Pt (111) surface due to the low C-C activation barrier for CHCO on the alloy surface.
The result indicate that the higher catalytic activity towards C-C cleavage at high
dehydrogenation levels on Pt-Mo might be one reason for the experimentally observed

enhancement in the overall ethanol oxidation current on Pt-Mo alloy surfaces [69, 80, 81].

Another reason for the enhancement in the oxidation current that might account for the
increase in the overall ethanol oxidation current on the alloy surface is the possible bimetallic
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or bi-functional effect of Mo in aiding the removal of CO from Pt sites. The oxidative removal of

C1 species is further studied in the subsequent sections.

6.6. Oxidative removal of C1 species

The C1 species, and more specifically CO, that form during the oxidation of ethanol are strongly
bound to the surface Pt sites as suggested by experiments and shown in our calculations [5, 46,
195]. The oxidative removal of CO as well as the C;H, intermediates is necessary in order to
expose active surface Pt sites needed to sustain the oxidation cycle. Both the bi-functional and
the ligand effects may be present which will aid in the oxidation of CO [43, 84-89]. In the bi-
functional mechanism, the oxidation process of the C1 species bound to Pt proceeds via the
reaction with OH* that forms via the activation of water molecules at the neighboring oxophillic
metal site. In the ligand effect, the strong Pt-Mo bond acts to weaken the binding of CO to Pt
thus facilitating its desorption. Our calculation indicates that while both mechanisms are
operative the bi-functional effect is the dominant mechanism, as we find only small variations
in activation barriers and reactions energies as additional Mo atoms are introduced to the
second layer of the metal to account for additional ligand effect. Therefore the subsequent
sections will mainly focus on the illustration of Mo’s bi-functional effect in promoting CO

oxidation. A further discussion of the ligand effect is also provided at the end of this section.
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6.6.1. Water activation on surface Mo

The water activation process on both Pt and Pt-Mo alloy surfaces is shown in Fig. 6.7. The
binding energies in Fig. 6.7a and 6.7b indicate that water binds more strongly to the surface Mo
sites than to the surface Pt sites. The subsequent activation of the O-H bonds also proceeds
with considerably lower barriers on the Mo sites (~0.5 eV) shown in Fig. 6.7b than on the Pt
sites (~1.0 eV) shown in Fig. 6.7a. It is noted that the two O-H activation steps on the alloy
surface shown in 6.7b and 6.7c that sequentially convert water to O* both have barriers of
approximately 0.5 eV, which are very similar to the barriers for the O-H activation processes of
C2 species on the alloy surface, indicating it is the same strong Mo-O interaction that acts to
lower the O-H activation barrier. The results here help to explain in part the improved activity
of Pt-Mo over Pt. It is difficult for pure Pt alone to drive the 12e process involved in the
oxidation of ethanol as it cannot generate OH* intermediates fast enough to oxidatively
remove the C1 species that form on the surface. As a result, CO can build up and poison the
surface. The addition of Mo can ultimately aid in the generation of OH* sites which are active

in the dehydrogenation of C1 and C2 intermediates and oxidation of the C1 species to form CO,.
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Pt(111), E,= 1.03, AE, = 0.82
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Figure 6.7. The activation of water to OH* and H* and the subsequent activation of OH* to O* and H*

over the Pt (111) and Pt-Mo surfaces.

6.6.2. C1 species oxidation/dehydrogenation

A thorough study of the removal of C1 species is complicated since there are at least five
surface species, CHs, CH,, CH, CHO and CO that can form and each of them can be oxidized by
either OH* or O* or go through further dehydrogenation either by the metal or via OH* or O*
surface intermediates. The final product is CO, which typically marks the end of the complete

oxidation process. Fig. 6.8 illustrates the most favored reaction path for the dehydrogenation of
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CH; to CO,. Complete C1 species oxidation and dehydrogenation paths are summarized in

Appendix C.

dehydrogenation

oxidation
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Figure 6.8. Most favored paths in the oxidative removal of the C1 species from the Pt-Mo surface.

Most of the dehydrogenation and oxidation steps reported for the oxidation of CH, species over
the Pt-Mo alloy presented in Fig. 6.8 require direct assistance from surface OH groups bound to
Mo. CHs, CH; mainly proceed through the dehydrogenation of CH3 and CH; to CH. In this stage
(@ and @ in Fig. 6.8) the C1 species gradually migrate from the atop Pt site to the 3-fold site.
Further dehydrogenation of CH is not favored since it results in the formation of C atoms that
are less stable than the CH species on the surface. CH predominantly reacts on the Pt-Mo
surface with OH* to form CHOH, which can readily decompose to CHO upon the activation of
the O-H bond. CHO can then continue via a second dehydrogenation reaction to form CO.
During this stage (@, @ and @in Fig. 6.8), the C1 species gradually migrate from the 3-fold
site back to the Pt-atop site. The activation barriers for these dehydrogenation/oxidation steps

are all on average ~1eV. The higher barriers here are the result of the strong interaction
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between the C1 species and the Pt surface. This strong interaction increases the barriers
associated with the migration of C1 intermediates between different metal sites. The final step
in the oxidation of the C1 species involves the addition of OH to CO to form COOH. This step
proceeds with a barrier of 0.73 eV. The COOH is readily deprotonated to form CO, that desorbs

from the surface with an energy barrier of 0.46 eV.

All of the paths shown in Fig. 6.8 require either OH bound to Mo to assist in C-H and O-H
activation or to add to the adsorbed C1 intermediate or an adjacent surface Mo site to activate
the O-H bonds of ethanol or water. As these sites are not present on Pt, the Mo helps to

promote the overall oxidation of ethanol to CO,.

6.6.3. A comparison study of main C1 dehydrogenation/oxidation steps with additional Mo

atoms introduced to the subsurface layer

It is well established that an alloy can induces both ensemble (geometric) as well as ligand
(electronic) effects that can influence the catalytic kinetics. While the model Pt-Mo surface
provides both ensemble as well as ligand effects due to the interaction of surface or
neighboring Mo sites, it did not consider the electronic or ligand effects via subsurface Mo sites.
Electronic or ligand effects can be significant and so we explicitly included Mo to the subsurface

to examine its effect. The results in Table 6.1 indicate there is very little change in most of the
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barriers due to the incorporation of the subsurface Mo sites. Complete C1 species
dehydrogenation and oxidation paths on Pt-Mo alloy surface with additional subsurface Mo

sites are also included in Appendix C.
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Pt-Mo (Mo also in Pt-Mo
subsurface layer)
AE, (eV) AE,, (eV) AE, (eV) AE,,, (eV)

H,0*>OH*+H* 0.54 -0.14 0.53 -0.09
OH*2>0*+H* 0.55 -0.31 0.55 -0.27
CH3*+OH*—>CH,*+H,0* 1.22 0.04 1.42 -0.04
CH,*+OH*—>CH*+H,0* 0.79 -0.24 0.95 -0.15
CH*+OH*->CHOH* 1.27 0.75 1.20 0.71
CHOH*>CHO*+H* 0.63 -0.57 0.33 -0.60
CHO*+OH*->CO*+H,0* 1.06 0.13 0.95 -0.04
CO*+OH*->COOH* 0.66 0.52 0.71 0.58
COOH*+0OH*->CO,*+H,0* -0.21 0.16 -0.23 0.13

Table 6.1. C1 dehydrogenation/oxidation barriers and reaction energies for Pt-Mo alloy surfaces with

Mo sites present in subsurface, as compared to the case with no Mo added to the subsurface layer.

It can be seen from Table 6.1 that other than three reactions (CH3*+OH*—>CH,*+H,0%,
CH,*+OH*>CH*+H,0* and CHOH*->CHO*+H*), the majority of the activation barriers and

reaction energies roughly stay the same when additional Mo atoms have been introduced to
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the metal subsurface layer. This suggests that their electronic or ligand effects in the C1
dehydrogenation/oxidation process are weak. There are, however, a few steps which show a
decrease in activation barriers upon the addition of subsurface Mo which include the
dehydrogenation of CHz* and CH,* via adsorbed OH*. There is also one reaction for which the
barrier increases due to the presence of subsurface Mo. This involves the direct O-H bond
activation via (CHOH*>CHO*+H*) where dehydrogenation proceeds without the aid from OH*
groups. This may be due to the fact that this reaction requires stretching the O-H bond between
a Mo-Pt metal site pair. Increasing the Mo content within the subsurface layer will strengthen
the interaction between the oxygen atom of CHOH* and the surface Mo atoms, leading to
increased dehydrogenation barrier. The result that the ligand effect is generally less dominant
in the C1 dehydrogenation/oxidation process than the bi-functional effect is consistent with

recent experimental observations [80, 87].

6.7. Conclusion

The complete ethanol oxidation proceeds via dehydrogenation of ethanol to acetaldehyde
which is consistent with the results reported in the literature [5, 44, 45, 63, 196, 197]. On the
ideal Pt (111) surface, the dehydrogenation of ethanol proceeds via a-C-H activation followed
by O-H activation, while on the Pt-Mo surface, the O-H bond activation preferentially occurs at
the Mo centers due to the strong Mo-O interactions. C-C bond activation generally requires

high extent of dehydrogenation of the C2 species. It was observed that the C-C bond activation
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barriers decrease as the dehydrogenation extent increases on both pure Pt and Pt-Mo alloy
surfaces. A low C-C activation barrier of 0.47 eV can be achieved for CHCO on the Pt-Mo surface.
A microkinetic study reveals that the Pt-Mo alloy surface further promotes C-C bond activation
as it can readily dissociate CHCO via a low barrier process. While the Pt (111) surface has a
higher surface coverage of CHCO intermediates, it cannot readily promote the subsequent

activation of the C-C bond due to high C-C activation barriers.

The C1 species generated by the C-C activation process can severely poison the surface Pt sites.
The removal of these requires the assistance from surface OH groups, which predominantly
form at the Mo sites which readily activate water. All the O-H bond activation steps on the alloy
surface are dominated by the same Mo-O interaction, and as a result they all have similar
activation barriers of 0.5 eV. The C1 species proceed through a sequence of
dehydrogenation/oxidation steps aided by the surfaced OH groups and eventually form CO,
which will then be further oxidized to CO,. Water is not activated on the Pt surface, as the
barriers to break the O-H bond are higher on Pt alone and these surfaces are covered in CO. As

such the C1 oxidation pathways are only viable on the Pt-Mo alloy surface.
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Chapter 7. Summary and recommendations for future work

We have analyzed a range of non-precious metal carbon materials that can begin to compete
with Pt as electrocatalysts for the reduction of oxygen at the cathode as well as a 2-to-1 Pt-Mo
alloy that may improve the performance of Pt catalysts used at the anode in the oxidation of

ethanol for proton exchange membrane fuel cells.

On the cathode, we have shown that the very cheap nitrogen and transition metal doped
carbon based catalysts identified in the literature can readily promote ORR in a mechanism that
is consistent with how ORR is carried out over Fe heme structures in nature. The results
presented herein indicate that the choice of transition metal and the location and composition
of the N within carbon (graphene) are essential factors that control the overall ORR activities of
these catalysts. Fe centers within the nitrogen doped graphene predominantly promote the 4e
ORR process at potentials of about 0.6 - 0.7 V. The Co center on the other hand tends to
catalyzes only 2e” ORR. The difference in ORR activity was found to consist in the different
abilities of the metal centers to backdonate d electrons to the antibonding orbitals of oxygen,
especially the o* orbital, of oxygen. The results indicate that the Fe-N, sites between graphene
edges generally possess the highest catalytic activity, but suffer more from structure instability
and poisoning from O* species as compared to Fe-N, sites on graphene basal planes. Further

studies on the N-doped carbon materials indicate the carbon sites near the doped N atoms can
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also serve as active sites and promote ORR, though the activity was found to be slightly lower

than the systems that contain metals.

A 2-to-1 Pt-Mo surface alloy was examined at the anode for its catalytic activity in promoting
the complete oxidation of ethanol. As compared to pure Pt, the alloy surface was calculated to
facilitate a higher degree of C-C bond activation resulting from the formation of the highly
dehydrogenated CHCO species that is readily activated on the Pt-Mo surface. The
dehydrogenation of CH;CHO to form CHCO, however, was found to be more difficult on the
alloy surface than on the Pt (111) surface. Kinetic analysis suggests that while the
dehydrogenation is slow it still proceeds over the alloy and results in much higher rates of C-C
activation over the alloy than on pure Pt. The subsequent removal of C1 species is further
promoted on the alloy surface predominantly due to Mo’s bi-functional effect. The Pt (111)
surface, on the other hand, suffers from severe poisoning from C1 species due to the lack of

oxophilic surface Mo sites.

It has been reported that co-facial double Co-N4 centers can significantly increase ORR activity
as compared to single Co-N4 centers and are capable of catalyzing the 4e” ORR [149-151]. It is
also known that cytochrome c efficiently carries out ORR over the Fe' center at the heme Fe-N,
together with the coexistence and co-promotion from a neighboring histidine group which
contains a Cu center[104]. Both of these systems suggest that bi-functional metal centers are
effective in the activation of O,. Therefore one possible extension of this work would be to
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examine bi-functional metal sites that mimic the Fe-Cu sites in cytochrome c. The Cu site may
act as a Lewis acid which can help promote the proton coupled electron transfer. We can
therefore attempt to analyze both the 2e- and 4e- paths over the TM-N4 carbon systems in
microporous systems where we can anchor Cu and other transition metal complexes that could
help to promote the reaction. The computation intensity of examining complex systems such
as this will require significant computational resources to model the site, the interfaces, the

presence of water and an applied potential thus making such a study challenging.

The work on metal free N-doped carbon materials can also be further expanded to examine the
various other N-doping configurations on graphene basal planes as well as on graphene edges
to establish a more general correlation between N-doping configurations and the ORR catalytic
activities of the resulting carbon active sites. The challenge in this direction is the prohibitive
number of possible N-doping configurations that might arise from various synthesis techniques

and the lack of experimental evidences for detailed active site structures.

The work on ethanol oxidation presented in chapter 6 clearly indicated that the resulting
performance of such systems is rather complex and requires a more detailed kinetic studies. A
more rigorous KMC model has been developed in our group and can be used to more
accurately treat the surface kinetics for the overall oxidation process other than just estimates
of surface species coverage. The results reported herein suggest that OH* species formed via
the activation of water at the Mo sites can oxidize CO and dehydrogenate and oxidize other C1
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species on the neighboring Pt sites thus promoting the removal of CO and C1 and mitigating
poisoning [87, 210, 211]. Kinetic Monte Carlo simulations would allow us to simulate the
activation barriers and reaction energies for all of the elementary steps and fully establish the
effects of alloying on the ethanol oxidation. Additional DFT calculations along with these
simulations could then be carried out to explore the effects of alloy composition and the spatial
arrangement effects of the Pt and Mo. The work can also be extended to other metal alloy

surfaces.
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Appendix A

Complete acetaldehyde dehydrogenation pathways on both Pt (111) and Pt-Mo surfaces:

Dehydrogenation steps ( Pt(111) ) Activation barrier E, (eV) | Reaction Energy AE,,, (eV)
CH3CHO* --> CH,CHO* + H* 1.09 0.04
CH5CHO* --> CH3CO* + H* 0.29 -0.50
CH,CHO* --> CHCHO* + H* 0.74 0.02
CH,CHO* --> CH,CO* + H* 0.36 -0.60
CH3CO* --> CH,CO* + H* 0.89 -0.06
CH,CO* --> CHCO* + H* 0.94 0.11
CHCHO* --> CHCO* + H* 0.51 -0.51

Table A.1. All dehydrogenation paths of acetaldehyde on Pt(111) surface.

Dehydrogenation steps ( Pt-Mo ) Activation barrier E, (eV) | Reaction Energy AE,,, (eV)
CH3;CHO* --> CH,CHO* + H* 1.14 -0.15
CH3CHO* --> CH3CO* + H* 0.54 -0.32
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CH,CHO* --> CHCHO* + H* 1.00 0.17
CH,CHO* --> CH,CO* + H* 0.81 0.01
CH5CO* --> CH,CO* + H* 1.23 0.18
CH,CO* --> CHCO* + H* 1.07 0.33
CHCHO* --> CHCO* + H* 1.11 0.17

Table A.2. All dehydrogenation paths of acetaldehyde on Pt-Mo surface.

Complete C-C bond activation pathways for all possible C2 species on Pt(111) and Pt-Mo

surfaces:

C-C activation steps ( Pt(111) )

Activation barrier E, (eV)

Reaction Energy AE, (eV)

CH3CHO* --> CH3* + CHO* 1.55 -0.22
CH,CHO* --> CH,* + CHO* 1.16 -0.02
CH3CO* --> CH3™* + CO* 1.30 -0.50
CH,CO* --> CH,* + CO* 1.20 -0.05
CHCHO* --> CH* + CHO* 1.02 -0.47
CHCO* --> CH* + CO* 0.92 -0.58
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Table A.3. All C-C bond activation paths for C2 species on Pt(111) surface.

C-C activation steps ( Pt-Mo )

Activation barrier E, (eV)

Reaction Energy AE ., (eV)

CH3CHO* --> CH3* + CHO* 1.78 0.06
CH,CHO* --> CH,* + CHO* 1.60 0.08
CH3CO* --> CH3™ + CO* 1.54 0.26
CH,CO* --> CH,* + CO* 1.24 -0.06
CHCHO* --> CH* + CHO* 0.89 -0.32
CHCO* --> CH* + CO* 0.47 -0.62

Table A.4. All C-C bond activation paths for C2 species on Pt-Mo surface.
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Appendix B

Microkinetic model regarding the dehydrogenation processes starting from acetaldehyde
together with the C-C bond activation processes for all intermediate C2 species on both Pt(111)

and Pt-Mo surfaces is shown in Fig. B.1:

Pt (111) Pt-Mo

ki

k
CH3;CHO(g) + * k= CH;CHO* CH3;CHO(g) + Mo*=1CH3CHO*

2 2

k k
CH;CHO* + *T====CH,CO* + H* | CH,CHO* + Pt* ==—=2CH,CO* + H*

ke K,
k5 kS
CH:CO* + * === CH,* + CO* CH:CO* + Pt* s====CH* + CO*
6 6
k k
CHiCO* + * &===CH,CO* + H* | CH,CO* + Pt* ==—=CH,CO* + H*
8 8
k k
* [p— RN * * * Fp— 3N * *
CH,CO* + * s CH,* + CO CH,CO% + Pt =2 CH,* + CO

Kk k
CH,CO* + * S===CHCO* + H* | CH,CO* + Pt* === CHCO* + H*

k k
CHCO* + * &===CH* + CO* CHCO* + Pt* &=—==CH* + CO*
14 14
2HY =—==H,42* 2H* =—==2H,+2Pt*
16 16

Figure B.1. Microkinetic model for acetaldehyde dehydrogenation and C-C bond activation processes.

The activation barriers from previous sections are inserted into the microkinetic model shown

in Fig. B1 to obtain values for the rate constants under T=350K, which is the usual working
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temperature for most commercialized PEMFCs. The surface coverage 0i for each surface

species i was solved. The site balance equation on the Pt(111) surface is therefore simply:

BcHacHo *+ Ocnsco *+ Ochaco + Ochco + Ochsz + Bcnz + Ocn + Bco + B + 6+ =1 (B.1)

The site balance equations on the Pt-Mo surface are maintained for Pt sites and Mo sites

respectively, with the surface Pt/Mo composition being 2:1 in the alloy model used in this work:

Bch3cro + Bchsco + Ochaco + Occo + Omor = 1/3 (B.2)

GCH3 + BCHZ + GCH + eco + GH + Gpt* = 2/3 (83)
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Appendix C

Complete C1 species dehydrogenation and oxidation pathways that lead to the formation of
CO, on Pt-Mo surfaces, with Mo presenting only in the surface layer and in both the surface and

subsurface layers.

C1 dehydrogenation and oxidation Activation barrier E; (eV) | Reaction Energy AE,,, (eV)
( Mo only in surface layer)

CH3* + OH* - CH;0H* 2.19 0.45
CHs* + OH* - CH,* + H,0* 1.42 -0.04
CH,* + OH* - CH,0OH* 1.23 0.41
CH,* + OH* - CH* + H,0* 0.95 -0.15
CH,OH* + OH* > CHOH* + H,0* 0.94 0.15
CH,OH* = CH,0* + H* 0.55 -0.33
CH,0* + OH* - CHO* + H,0* 1.23 -0.12
CH* + OH* - C* + H,0* 1.59 0.92
CH* + OH* - CHOH* 1.20 0.71
CHOH* + O* - HCOOH* 0.99 0.13
CHOH* + OH* - COH* + H,0* 1.07 -0.19
COH* + OH* - CO* + H,0* -0.11 -0.37
CHOH* - CHO* + H* 0.33 -0.60
CHO* + OH* - HCOOH* 1.32 0.46
HCOOH* - COOH* + H* 1.00 -0.38
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HCOOH* - HCOO* + H* 0.35 0.30
HCOO* - CO,* +H* 0.24 -0.64
CHO* + OH* & CO* + H,0* 0.95 -0.04
CO* + OH* - COOH* 0.71 0.58
COOH* + OH* - COy* + H,0* -0.23 0.13

Table C.1. C1 species dehydrogenation and oxidation on Pt-Mo surface with Mo only in surface layer.

C1 dehydrogenation and oxidation

( Mo in surface and subsurface layers )

Activation barrier E, (eV)

Reaction Energy AE,, (eV)

CHs3* + OH* - CH;0H* 1.95 0.29
CH3* + OH* = CHy* + H,0* 1.22 0.04
CHy* + OH* - CH,OH* 1.24 0.38
CH,* + OH* = CH* + H,0* 0.79 -0.24
CH,OH* + OH* - CHOH* + H,0* 0.99 -0.01
CH,OH* - CH,0* + H* 0.45 -0.41
CH,O* + OH* = CHO* + H,0* 0.65 -0.17
CH* + OH* - C* + H,0* 1.82 0.88
CH* + OH* &> CHOH* 1.27 0.75
CHOH* + O* &> HCOOH* 1.07 0.56
CHOH* + OH* - COH* + H,0* 1.25 -0.11
COH* + OH* - CO* + H,0* -0.12 -0.19
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CHOH* = CHO* + H* 0.63 -0.57
CHO* + OH* &> HCOOH* 1.44 0.46
HCOOH* - COOH* + H* 0.89 -0.36
HCOOH* - HCOO* + H* 0.32 -0.29

HCOO* - CO,* +H* 0.85 -0.05

CHO* + OH* & CO* + H,0* 1.06 0.13

CO* + OH* - COOH* 0.66 0.52

COOH* + OH* = CO,* + H,0* -0.21 0.16

Table C.2. C1 species dehydrogenation and oxidation on Pt-Mo surface with Mo in both surface and

subsurface layers.
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