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Abstract

Graphene and its functionalized derivatives, such as nitrogen-doped graphene, have
recently become a popular substrate material for the proton exchange membrane fuel cell
(PEMFC) due to its enhanced electrical conductivity, electrochemical stability, and
increased surface area when compared to the conventional, carbon black. In order to further
develop the alternative fuel industry, the Pt catalyst within the PEMFC must also be
considered. Single Pt atoms have a higher surface area to volume ratio when compared to
nanoparticles, thus offering the potential to create a more affordable and efficient PEMFC.
In this thesis, electrode materials comprising single Pt atoms and clusters, produced using
atomic layer deposition (ALD) on various C derivatives, including graphene, N-doped
graphene, carbon nanotubes (CNTs), and N-doped CNTs (NCNTSs) are investigated
through the utilization of aberration corrected transmission electron microscopy.
Structural and chemical analysis was performed on thermally exfoliated N-doped
graphene and CVD-produced graphene that was exposed to N* ion sources. It was
determined that the thermally exfoliated N-doped graphene maintained the short-range
order of the graphene lattice; however, local inhomogeneities existed for the total N
concentration, and the specific N-dopants within and between graphene sheets. More
importantly, Pt atoms and clusters were observed and determined to be primarily stabilized
at the edge of the N-doped graphene sheets. The stabilization of the Pt atoms and clusters
resulted in a significantly higher mass and specific activity for the hydrogen evolution
reaction, when compared to the use of a graphene substrate and Pt nanoparticles on C black.
The N* ion implantation in the CVD graphene showed the incorporation of N-dopants;
however, electron energy loss spectroscopy revealed structural damage to thin sheets.
NCNTSs were also characterized in this thesis as possible gas containers, and as a
substrate material to examine the effects of varying ALD conditions. It was determined
that the NCNTs were an effective N2 gas conduit, wherein a decreasing pressure was
observed with an increase to the inner diameter of the nanotubes. Using similar NCNTSs,



the effect of dosing time, temperature, and substrate on the Pt size were analyzed using
ALD. While no singular condition resulted in the sole production of single Pt atoms,
modifying both the substrate and dosing time were shown to provide the greatest potential
for producing individual Pt atom catalysts.
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Chapter One

Introduction

There is an international consensus that climate change is occurring and can be attributed
to greenhouse gas (GHG) emissions, with the transportation sector being one of the top
contributors to GHG emissions in Canada [1]. Short term emission trends show a decrease
in GHG emissions since 2005 in all sectors with the exception of transportation [2], where
the common internal combustion engine (ICE) of road vehicles is responsible for 81
percent of fuel use in the transportation sector [2], [3]. Not only are natural disasters
expected due to climate change, as seen by increased extreme weather activity in recent
years, but more importantly the cost and risk can amount to five percent of the global gross
domestic product (GDP) by 2050 [4]. This suggests that climate change mitigation is
required to reduce costs associated with natural disaster occurrences and risk management.

In an effort to decrease or remove GHG emissions from road transportation,
modifications to industry and personal attitudes are essential [3]. As vehicles are becoming
more economically viable, a global increase in car ownership has been observed. With
more vehicles at the disposal to individuals, road congestion has increased, and general
trends show individual motor travel rather than public transportation or zero-emission
modes of transportation (i.e. walking or cycling) have been preferred [3]. In order to
maintain the convenience and preference of personal vehicles and still decrease GHG

emissions, low- or zero-emission vehicles must become the norm.
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Global adoption of a new technology for the masses requires that the performance
matches or exceeds current technology. Within the transportation industry this includes
vehicle power, speed, travel distance, and refueling time. A variety of technologies are
available with reduced GHG emissions for personal use vehicles, with batteries and fuel
cells (FCs) primarily competing as the new industry favourite. Each option has reduced
GHG emissions in comparison to the ICE; however, neither option is zero-emission due to
the required processes to produce the fuels [3]. In regards to performance, batteries lag
behind the ICE and FCs due to their weight; generally causing the vehicles to operate at
lower speeds or travel less distance on a single charge [3], [5]. Furthermore, battery-
operated vehicles can take hours to refuel [3]. Accordingly, to increase the desirability and
probability of adopting a new clean technology to replace the ICE, it is recommended that

FC vehicles be considered as the key candidate [6].

1.1 Fuel Cells: A Quick Introduction

FCs were first realized by Sir W. Groves in 1842, where he demonstrated that the
connection of a circuit consisting of separate catalysts in Oz and Ha rich environments
produced an electrical current [7]. This particular construction is known today as the proton
exchange membrane FC (PEMFC); however, it is only one of six main classes of FCs.
Each class of FC is determined by the reacting gases, and the operating temperature [8].
Generally, low temperature FCs have lower reaction kinetics and require more complex
catalyst and electrode designs to facilitate the electrochemical reactions [8]. Further, the
reacting gases control the power of the FC, as determined by the number of electrons

delivered to the load, and complexity of a single reaction scheme. The variations in the FC
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classes impart each FC to a specific application [8], such as personal power sources for
houses or cars, or scaling to power grid energy production [9].

The FC compatibility with a specific application requires the delivery of a suitable
quantity of power. The PEMFC lends itself to the automotive industry, where it can be
utilized to replace the ICE [8]. The PEMFC offers the benefits of low CO, emissions [10],
a higher energy conversion efficiency in comparison to the ICE [10], and the simplicity of
the PEMFC design suggests that less mechanical damage will occur during operation [8].
The low operating temperature also offers a fast start-up, as the FC does not require an

initial heating, therefore instantaneous operation is possible as desired in automobiles [11].

1.1.1 PEMFC

The PEMFC makes use of a spontaneous reaction between protons and O ions to produce
water. Separation of the chemical reactions by isolating the electrodes results in a potential
drop that can be utilized as a power source when applied to a load. The anode yields protons

and electrons from H in the presence of a catalyst, as expressed by

2H, > 4H* + 4e~ (1.2).
The protons react with O atoms through a reduction reaction to form water,
0,+4e~ +4H* - 2H,0 (1.2),

where a theoretical potential drop of 1.229 V is generated [10]. A membrane is placed
between the electrodes for electrical isolation to ensure the electrons are delivered to the
load; however, the membrane must conduct protons to facilitate (1.2), thus it is referred to
as an electrolyte (Figure 1.1). The membrane is composed of a hydrophobic backbone with
hydrophilic side-chains [8], therefore in the presence of water the polymer phase separates
into a porous system where the morphology and pore size are controlled by the relative
lengths of the backbone and side-chains. Secondly, the side-chain must contain a negative

charge to facilitate the transportation of the proton to the cathode, whilst preventing the
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transportation of O ions to the anode. Water is required in the membrane to create the
porous system and create a medium for free movement of the proton. The conductivity of
the electrolyte is controlled by the water content; typically, 20 water molecules per one
side chain is ideal to prevent swelling or incomplete phase separation of the porous system
[8].

The entire PEMFC contains various components to aid in the delivery of the
reactant gases and manage the water content in the membrane (Figure 1.1). Following the
electrodes, a gas diffusion layer (GDL) is fabricated, consisting of a series of macroporous
to microporous C paper coated with a hydrophobic polymer (generally
polytetrafluoroethylene) [12], [11]. The GDL controls the diffusion of the reacting gasses
to the electrode to ensure an even distribution is obtained across all catalysts [11]. Further,
the polytetrafluoroethylene prevents excess water produced by (1.2) from clogging the
membrane. Lastly, a current collector plate is placed at the end of each assembly to collect
the generated current, introduce the reacting gases, separate the coolant and FC
components, and isolate individual FCs when arranged in a stack for increased power
production [12].

Current Cellector
@as [Tayed
Membrane

Air
Inlet

H, Outiet

Figure 1.1 PEMFC electronic assembly commonly known as a membrane electrode assembly
(adapted from [13]).
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1.1.1.1 Challenges and Solutions

The theoretical potential drop imposed by the electrochemical reactions in the PEMFC is
never achieved due to the most prevalent energy-losses that occur during the chemical
reaction and transport of the electrons to the load, leading to a potential drop as low as
approximately 0.6 V [14]. These losses are a result of poor kinetics at the electrode where
the oxygen reduction reaction (ORR) is rate limiting, permeation of reactants and electrons
through the membrane, and ohmic losses caused by electrical resistance in the electrode
material [10], [8]. The poor kinetics and ohmic losses are a direct result of the catalyst
selection and the electrode support conductivity, respectively. Selecting an electrode
support of higher electrical conductivity than C black will increase the efficiency of the
PEMFC by ensuring all electrons produced at the catalyst are delivered to the load. Further,
selection of a catalyst with a proficiency in performing the ORR and many active sites will
decrease the potential loss, as the reaction rate and number of reaction sites will increase,
respectively. It has been shown that Pt operates most efficiently as a homocatalyst for both
the hydrogen oxidation reaction and the ORR [8]. The number of active sites can be
increased by increasing the surface area of the catalyst, as catalysts facilitate surface
reactions. A method to increase the surface area of a material while utilizing the same load
can be achieved by decreasing the size, thereby moving from bulk Pt catalysts to
nanoparticles.

A major challenge for economical mass-production of the PEMFC is introduced
through the high cost of the precious metal, Pt. Possible solutions include further
downsizing the Pt catalyst into clusters or atoms [15]. This suggests that a method of
producing Pt clusters must be developed. An additional issue plaguing the FC industry
results in decreased efficiency over time due to catalyst degradation. Generally,
nanoparticles will grow from dissolution of small particles followed by redeposition on

larger particles (Ostwald Ripening), random particle movement on the support material
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resulting in agglomeration, or small clusters depositing on large particles to reduce the
Gibb’s free energy by increasing the atomic coordination [12]. Degradation can be
prevented by increasing the catalyst to support bond energy, thus further stabilizing the
catalyst and decreasing the opportunity for diffusion and dissolution.

The US Department of Energy has set targets and measurement standards for FC
light-duty vehicles with a standard production rate of 500,000 vehicles manufactured per
year [9]. Within the 2015 and 2020 year targets the start-up time, specific power (650
W/kg), and power density (650 W/L) have thus far been met; however, the vehicles are
still lacking durability (5,000 hours with less than a 10% loss), and cost ($40/kW) [9]. The
electrocatalyst and support material are major contributors to the targets not met hitherto,
due to the high cost of the Pt catalysts, and degradation of the Pt catalysts and membrane

support [9].

1.1.2 Hydrogen Evolution Reaction

Within the renewable energy sector, hydrogen production is critical to ensure pure Hz gas
is widely available for the PEMFCs in the automotive industry. Commonly, steam
reforming of hydrocarbon gases is utilized; however, this results in GHG emissions and
the reduction of individual country’s autonomy of power production [16], [17]. Preferably,
a clean production method would be utilized, such as an electrolysis method that uses
electricity for the water splitting reaction. The greenness of this method can be argued
depending on the nation’s individual electricity production method, but in certain
circumstances such as hydroelectricity, the water splitting method can be made clean
through electrolysis [17].

Using a similar set-up to the PEMFC, PEM water splitting makes use of proton
conduction through a water-soluble membrane. A potential greater than 1.229 V must be
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applied to drive the reverse reactions of the PEMFC [10], in which hydrogen gas is
produced at the cathode (hydrogen evolution reaction (HER)),

2H, « 4H* + 4e~ (1.3),
and oxygen is produced at the anode
0, +4e~ +4H* « 2H,0 (1.4

as described in Figure 1.2. Similar challenges associated with the PEMFC, as outlined in
Chapter 1.1.1.1 Challenges and Solutions, also apply to the PEM water splitting reaction,
thus leading to the overall reduction in the efficiency and a need for a higher applied
potential than 1.229 V. The material selection, as discussed in the following sections, also
apply to the HER reaction, but the specific electrocatalysts used for the HER will be
discussed in Chapter 3.2.4.1 HER Electrocatalyst Selection.

Cunent
Gas] Lanrer
Membrane
Cathode -
Anode S
e Water Water and
Inlet 0. Outlet
Water
Inlet
Water and
H, Outlet

Figure 1.2 PEM water splitting electronic assembly.

1.2 Material Selection

Before economical mass production can be considered for the PEMFC, the efficiency must

be increased by addressing the loss mechanisms and cost. Specifically, the support material
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must have high electrical conductivity to decrease the ohmic losses, high surface area to
increase catalyst loading, and it must have the ability to form strong covalent bonds with
the catalyst to prevent Pt agglomeration during deposition and cycling [18], [19]. Further,
the support material must be thermally and electrochemically stable to prevent degradation
of the support during FC operation [18], [19].

The selection of the catalyst must also be addressed, such that it is desired to
decrease the Pt loading while maintaining or increasing the electrochemically active
surface area (ECSA). The process of decreasing the catalyst size to increase the surface
area to volume ratio suggests the use of nanoparticles, or Pt clusters and atoms. Moreover,
the use of a secondary catalyst for the ORR, such as a dopant in the support material would

benefit the PEMFC as this could increase the number of active catalytic sites.

1.2.1 Catalyst Operation and Selection

The sole purpose of a catalyst is to facilitate chemical reactions by increasing the proximity
and changing the electron distribution within reactants. The ORR can occur through three
different mechanisms that can produce four or two-electrons [20]. The adsorption of O in
a side-on manner results in the consumption of four-electrons; however, the adsorption of
O end-on can proceed in the two or four-electron pathways, producing hydrogen peroxide
and water, respectively [20]. The mechanism is further complicated by the fact that the
proton can react with O through surface adsorption or by direct bonding to an O atom [21].
Ideally, the four-electron process will be followed, as this enhances the total current per
single surface reaction.

Norskov proposed a method to predict the activity of a catalyst by the position of
the d-band center for the transition metals, which is summarized herein [22]. The d-band
is formed from the overlapping density of states (DOS) of the valence d-orbital electrons.

When an adsorbate approaches the surface of a metal, the presence of a metallic band at
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the same energy as a molecular orbital (MO) causes the formation of an interaction state
between the electrons originating from the metal and molecule. The interaction state is
broadened in comparison to the MO (Pauli Exclusion Principle), and forms a bonding and
antibonding orbital when the d-band is narrow. The activity of the catalyst can be predicted
by the center of the d-band, as this determines the position of the interaction state with
respect to the Fermi level. The Fermi level is located at the highest filled electron orbital
energy at absolute zero, where all energy states below are populated by electrons, and all
states above are empty. As the d-band center shifts towards the Fermi level, the antibonding
orbital of the interaction state shifts above the Fermi level and is no longer populated, thus
strong chemisorption occurs between the metal and adsorbate (Figure 1.3 (a)). Conversely,
when the d-band center shifts away from the Fermi level, the antibonding orbital is filled
and adsorption is unstable, therefore leading to a lack of adsorption or enhanced desorption
kinetics due to the instability in the chemisorption bond. When considering catalysis, the
chemisorption process should not be too strong, as all active sites will be filled by the
molecular adsorbates, and the dissociative process for the ORR will be prevented. Further,
the binding energy of the adsorbate cannot be too weak, such that adsorption will not occur,
or the desorption rate will surpass the dissociation rate. Figure 1.3 (b) compares the binding
strength or d-band energy to the activity of varying catalysts for the ORR [22]. This
suggests that Pt has the optimum binding energy for the ORR kinetics, thus providing its
highest activity and dictating its conventional use in the PEMFC [22].
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Figure 1.3 d-band theory for transition metals. (a) Schematic of DOS illustrating the
chemisorption strength as a function of d-band metal position and adsorbate molecule interactions
(adapted from [22]). (b) Volcano plot for the ORR as a function of O binding energy (AEy).
Reprinted with permission from ref. [23]. Copyright 2004 American Chemical Society.

The O dissociation to form the adsorbed hydroxide species is rate limiting in the
ORR. Therefore, increasing the d-band center of Pt would hinder the catalytic process, as
the adsorbed molecular Oz would remove active sites for dissociation [24], [25]. The
catalyst-adsorbate interaction is further complicated when you move from well-defined
surfaces of nanoparticles to metallic clusters of 2 to 20 nm, as the substrate-catalyst bond
energy will affect the energy states of the catalyst [22], [26] and the geometric structure of
the nanoparticle will affect the interaction strength with the adsorbate [27].

1.2.1.1 Pt Deposition

Conventionally Pt nanoparticles are deposited by chemical and heat reduction, sputtering,
and electrodeposition [28]. Typically, these deposition techniques on graphene and C
nanotubes (CNTSs), result in nanoparticle diameters ranging from 2 to 9 nm [28]. The
geometry and size of Pt nanoparticles have been extensively studied to investigate their
effect on the catalytic activity for particles of 3 nm and greater [27]. Upon reducing the

size of Pt nanoparticles, three effects are hypothesized to cause a modification in the ORR

10
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rate: increased surface area, increased density of edge and kink sites to enhance adsorption,
and varying crystal face ratios [29].

Ideally, the particle size will continue to decrease in an effort to decrease the
loading and cost induced by the use of the Pt catalysts; eventually resulting in the
employment of ultra-small Pt clusters (<1 nm). Unfortunately, the production of Pt clusters
with a narrow size distribution is extremely difficult, due to agglomeration in an effort to
reduce Pt surface energy through increased coordination. Experimentally, little is
understood about the ORR on Pt clusters as trends concerning regular crystal structures do
not apply due to the decreased coordination and lack of structure in the clusters. Moreover,
the ORR is further complicated by the enhanced kink sites from the low coordination, and
surface-bonding effects as the electron-distribution is modified from the Pt-substrate
binding energy [30]. Additionally, the understanding of Pt cluster catalysts is not certain,
as there is a debate in literature concerning whether clusters or nanoparticles are more
electrocatalytically active for the ORR (discussed in detail in Chapter 3.2.4
Electrochemical Activity of Pt Atoms and Clusters on N-Doped Graphene). The need for a
method to produce Pt clusters of consistent size and distribution is required to

experimentally determine the ORR when downsizing Pt nanoparticles to clusters.

1.2.1.2 Atomic Layer Deposition

A method to produce conformal and homogenous thin films has been developed through a
self-limiting process. Atomic layer deposition (ALD) utilizes a single gas phase reaction
of chemical vapour deposition (CVD) and separates them into discrete surface reactions.
In the case of Pt ALD, the substrate is first purged with a Pt precursor
((methylcyclopentadienyl) trimethyl platinum (MeCpPtMes)), followed by a purge gas to
remove the reactant from the chamber. The O2 precursors are then introduced into the

chamber to form Pt-O on the surface and hydrocarbon by-products. The subsequent cycle

11
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of Pt gas forms a Pt thin film or Pt nanoparticles on the surface of the substrate (Figure
1.4). One entire cycle includes the Pt gas precursor, purge gas, Oz precursor, and final
chamber purge [31]. The thickness of the thin film can be controlled by the number of ALD
cycles, gas pressures, temperatures, and substrate material (discussed in detail in Chapter
5.2 ALD Fine Tuning to Consistently Produce Single Atom Catalysts with NCNTSs).

@ carbon atom @ nitrogen atom

Figure 1.4 Pt ALD reaction mechanism for ALD. (i) In the first cycle the Pt precursor is
introduced into the chamber. After the chamber is purged, (ii) O gas is introduced into the
chamber, causing the oxidation of the hydrocarbons. After a final purge the cycle begins again
with (iii) the introduction of the Pt precursor (from [32]).

ALD on an inert surface, such as graphene, results in the formation of nanoparticles
rather than thin films, as the entire surface is not ideal for chemisorption [33].
Consequently, the size of the nanoparticles depends on the number of ALD cycles and
defects in the graphene lattice [34]. It has been experimentally demonstrated that ALD
produces Pt particles of 2 to 3 nm when grown on varying substrates and with altering
deposition parameters (i.e. temperature, gas concentration, pressure) [35], [34], [36], [37],
[38]. Liu et al. reported on ALD of Pt on acid treated C paper [38]. Figure 1.5 demonstrates
an initial substrate-enhanced growth rate attributed to the nucleation of Pt on functional
groups (<20 ALD cycles), which created Pt atoms and clusters, followed by a linear growth

in Pt loading through the production of Pt nanoparticles as a function of ALD cycles [38],

12
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[39], [34]. This suggests that by operating in the initial regime, in which only Pt atoms and
clusters are deposited, it may be possible to stabilize single Pt atoms and clusters on

graphene.
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Figure 1.5 The growth rate of Pt nanoparticles as a function of the number of ALD cycles of Pt
ALD on acid treated carbon paper. Reprinted with permission from ref. [38]. Copyright 2009
John Wiley and Sons.

1.2.1.3 Catalyst: Pt Atoms and Clusters

Theoretical and experimental studies have been conducted to understand the mechanism
of catalysis on Pt clusters and atoms, specifically concerning H> oxidation and O3
reduction. St. John et al. designed a layer-by-layer deposition technique to examine the
ORR on substrate-free Pt clusters [29]. It was determined that the adsorption strength of
OH after O dissociation limited the ORR, as less free sites for adsorption were available
and progression of the reaction reduced in comparison to nanoparticles. On the other hand,
Zhou et al., through density functional theory (DFT) calculations, showed that small Pt

clusters (Pto) resulted in increased H» dissociative chemisorption and H desorption energy

13
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in comparison to bulk crystalline Pt surfaces, due to the strong overlap of the Pt 5d orbitals
with the H 1s orbital [40]. It was illustrated by Toyoda et al., that the substrate affects the
activity of the Pt cluster for the ORR, where the bond strength between the catalyst and
substrate determines the available electronic states in the Pt cluster [30]. Figure 1.6 (a)
illustrates the shift in d-band center for Pt clusters of varying size on different substrates.
The binding energy increase in defective graphene (Pt/G(d)), compared to pure graphene
(Pt/G), results in a decreased d-band energy for small clusters due to the enhanced Pt
coordination with the substrate [30]. The decreased d-band energy of Pt on glassy C for
larger nanoparticle diameters results in an increased ORR activity (Figure 1.6 (b)) from the
decreased O adsorption energy [30]. This suggests that small Pt clusters on defective
graphene from vacancies or N-doping can possibly result in an enhanced ORR activity, as
a wide range of d-band centers can be achieved through controlling the number of atoms
in the Pt cluster. Holme et al. confirmed that the N-dopants decrease the d-band center of
Pt clusters (Pts); however, a direct correlation of adsorption energy and d-band center does
not form the volcano plot introduced from Norskov [41]. Because Pt clusters do not
resemble classic bulk surfaces, the d-band center and the adsorption energy are not
expected to be correlated, but the work-function illustrates a means of determining the
correlation between the graphene defects and the ORR activity [41]. This suggests that NH
bonds, interstitial N, and double vacancies may result in the highest ORR activity. Holme
et al. also suggested that the ORR activity is increased, as the two-electron pathway is not
stable on Pt clusters (Pts) on N-doped graphene, as was experimentally corroborated by
Bai et al., thus the four-electron pathway is favoured [41], [42]. Lastly, single Pt atoms
were experimentally examined by Qiao et al. as a possible Pt catalyst, thus resulting in the
ultimate surface area to volume ratio [43]. It was determined that single Pt atoms on an
Fe,O3 substrate resulted in an increased CO oxidation activity in comparison to Pt clusters,
as the Pt atoms transferred electrons to the substrate upon chemisorption which increased
the availability of 5d states for molecular adsorption. This suggests that the positive charge

induced on C atoms from N-doping can result in catalytically active single Pt atoms. Recent

14
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review papers have outlined other single atom catalysts for the use in both the ORR and
HER [44], [45], [46]; however, specific details will be discussed in Chapter 3.2.4

Electrochemical Activity of Pt Atoms and Clusters on N-Doped Graphene.
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Figure 1.6 Catalytic activity of Pt atoms and clusters, as a function of d-band center. (a) d-band
center position as a function of the number of Pt atoms per cluster for various Pt surfaces and
substrates with (b) the respective experimental ORR activity for Pt on glassy C (Pt./G from (a)).
Reprinted with permission from ref. [30]. Copyright 2011 American Chemical Society.

1.3 Electrode Support

In the 19" century, Grove’s FC consisted of a porous Pt support to increase the ECSA for
catalytic interaction, while also facilitating the diffusion of the gaseous species [47]. It was
later realized that powdered materials increase the surface area to volume ratio compared
to bulk materials, thus a transition to Pt black was utilized as the electrode material and the
first FC was employed in space by NASA. A loading of 2-4 mg-cm was observed to be
limiting the cost of the FC, therefore the Pt was distributed on C black, resulting in a

reduced Pt loading of 0.35 mg-cm with a similar performance [48]. The operation rate
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was maintained by increasing the surface area of Pt and the conductivity of the support
through the use of C black, thus decreasing the ohmic loss in the FC.

Although C black enhanced the Pt loading by introducing a high surface area
support, it is highly susceptible to degradation. Shao et al. reviewed potential degradation
mechanisms of C black and illustrated that both electrochemical and chemical reactions
can degrade the C support [18]. C corrosion occurs at a standard half-cell potential with
reference to H of 0.207 V and can be written as:

C+2H,0 - CO, +4H" + 4e~ (1.3).
According to Wu et al. the kinetics of the reaction are slow and corrosion is negligible
below a potential of 1.1 V [12]. Nevertheless, the corrosion rate is enhanced in an
environment lacking Ho, therefore corrosion is generally a product of FC start-up [12].
Further, the C support can undergo degradation through reaction with water:
C + H,0 - H, + CO (1.4) [18].
Unfortunately, both degradation mechanisms are enhanced by the presence of Pt, thus
promoting the decomposition of C at Pt sites which results in the loss of Pt during FC
cycling [12], [18]. Another deterring mechanism is the production of CO in (1.4), as it acts
as a poison to Pt catalysts, thus promoting the decrease of active sites available for the ORR
[18]. Stevens et al. determined that a higher degree of graphitization produces a C support

that is less susceptible to degradation due to the enhanced chemical stability [49].

1.3.1 Graphene

Two-dimensional crystals have been theorized for many years; however, it was not
physically produced and experimentally examined until 2004, resulting in Geim and
Novoselov being awarded the Nobel Prize for Physics in 2010 [50]. Graphene is a two-
dimensional crystal composed of sp? bonded C, which is the basis material for zero-

dimensional fullerenes, one-dimensional CNTSs, and three-dimensional graphite (Figure
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1.7). Because the entire volume of graphene is essentially a surface, a large surface area to
volume ratio is available for Pt deposition. Further, electrons and holes undergo ballistic
transport in graphene, thus resulting in an enhanced electrical conductivity as scattering
centers are separated by 0.3 um even in the presence of a 102 cm dopant concentration
[51]. It should be noted that to maintain the electrical conductivity of graphene the material
cannot exceed 10 layers [52]. The increased surface area and electrical conductivity
suggests that the use of graphene as an electrode support will greatly increase the FC
efficiency through possible increased Pt loading and decreased ohmic losses.

(©) +

Figure 1.7 Two-dimensional graphene crystal structure of sp? bonded C used to form (a) zero-
dimensional fullerenes, one-dimensional CNTs, and (c) three-dimensional graphite. Reprinted by
permission from Macmillan Publishers Ltd: Nature Materials (ref. [51]), copyright (2007).

Graphene can be produced through mechanical exfoliation of graphite [51], [53],
[54], CVD [55], [56], [57], and chemical/thermal exfoliation of graphite oxide [58], [59],
[60]. Mechanical exfoliation of graphite using the scotch-tape method and CVD produce
pristine graphene; however, the process of removing and transferring the sheets from the

growth medium to the device is time consuming and a single sheet is produced in a single
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process. Thermal exfoliation uses the intrinsic CO2 gas produced when heating graphite
oxide to create a large pressure between the graphite layers for separation [58], [59], [60].
This facile process is fast and can be applied to a substantial amount graphite powder, thus
producing a large yield of graphene. Unfortunately, the elimination of the gas in the process
of separation is destructive and produces vacancies in the graphene lattice. Additionally, if
the process is incomplete, the graphene can consist of many layers and contain O-species.
For the purpose of mass-production of non-pristine graphene sheets, thermal exfoliation is
preferred compared to CVD, as it offers a fast and inexpensive method to create a large
yield of product.

The strong sp? bonding in pristine graphene precludes the availability of dangling
bonds for chemisorption with exception to edges and defects within the structure, thus it is
chemically and electrochemically stable. The increased stability proves useful to prevent
the support degradation; however, it can result in large Pt nanoparticles, as the entire
surface area cannot be utilized for Pt deposition (Figure 1.8) [61]. It has been theoretically
determined through DFT calculations [62], [63], and experimentally [61], [64] confirmed
that Pt atoms experience a larger binding energy when located at a defect- or edge-site on
the graphene sheet, due to increased coordination and the ability to chemisorb through
dangling bonds. The diffusion across graphene sheets to defects and edges will promote Pt
agglomeration, therefore decreasing the surface area to volume ratio of the electrocatalysts.
Shao et al. showed that the incorporation of defective multi-sheet graphene as the electrode
support for FCs results in a comparable activity to C black; however, the durability of the
support was increased [65]. Defect sites in graphene occur from vacancies or edges in the
hexagonal C lattice, and from incomplete oxidation reduction, thus leaving O-containing
species on the surface of the graphene sheets. The specific O-species are debated in
scientific literature; however, it is suggested that the surface contains hydroxyl, epoxy,
carbonyl, and carboxyl groups [66], [67], [68]. Unfortunately, graphene oxide is an

insulator, thus it is desirable to decrease the oxide species [67].
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Figure 1.8 Pt chemically reduced on few-layer graphene sheets with arrows pointing to graphene
edges, where large nanoparticles and a high density of Pt are observed. The inset shows Pt
clusters located at defects in the graphene sheet. Reprinted with permission from ref. [61].

Copyright © 2012 American Chemical Society.

1.3.1.1 Nitrogen-Doped Graphene

Functionalization is utilized to introduce dopants into the graphene lattice to enhance the
number of available binding sites in graphene. A common dopant used is N, where a range
of dopant-types are available to offer advantages, such as participation in the ORR, and
increased Pt binding energy. The possible N-dopants include amino, pyridinic, pyrrolic,
and graphitic, as illustrated in Figure 1.9 [69], [70], [71]. Benefits of the N-doing include
an increased Pt dispersion [35], Pt agglomeration prevention [41], and an increase in the
number of ORR active sites [72], [73].
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graphitic pyridinic pyrrolic

Figure 1.9 Possible dopants in N-doped graphene. Schematic produced using Vesta software
[74].

A common method of N-doping can be accomplished by introducing the graphene
powder into an N-rich environment at elevated temperatures [35] or in the case of single
sheet graphene, performing the CVD in an ammonia/methane rich environment [75]. The
high temperature provides energy to break the existing C bonds, while forming bonds
between the N and C atoms. It has been experimentally shown that as the temperature is
increased the predominant dopants move from amino, pyridinic/pyrrolic, followed by
graphitic, as the increased energy permits increased coordination between the N-dopant
and C lattice [35]. It should be noted that the pyrrolic-dopant only forms in the presence of
a five-member ring defect in the graphene lattice [76]. Further, the specific gas used to
introduce the N-dopant determines the sigma bonded N-dopant; where ammonia introduces

an amino bond, and urea introduces a urea and amino bond [77].

1.3.1.2 Advantages and Limitations

Experimental and theoretical evidence suggests that N-doped graphene acts as an ORR

catalyst. The specific dopant responsible for this effect is still controversial in the scientific

literature, as the reaction cannot be directly observed with current microscopy technigues.

Multiple sources attribute the induced positive charge on the adjacent C atoms in the case
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of graphitic, pyridinic, and pyrrolic dopants to facilitate molecular adsorption for the ORR
[41], [76]. Deng et al. state that the additional electron in the N atom can donate electrons
to the adjacent C atom for the backdonation process of the rate limiting O2 dissociation
[78]. Further, in the case of pyridinic and pyrrolic dopants, the O. can directly bond to the
N atom, where the lone electron pair will participate in backdonation [78]. Xing et al.
experimentally corroborated that the pyridinic dopant is the most active site for the ORR
process, but suggested that the C atom adjacent to the pyridinic dopant is the active species
[79]. According to Ni et al. the graphitic dopant aids in increasing the ORR rate as it
decreases the energy barrier for O, dissociation, accredited to impurity levels in the band
gap as the graphene is transformed from a zero-bandgap semi-metal into an n-type
semiconductor [80]. Wang et al. expanded on this point, suggesting that the electronic
states in the band gap of N-doped graphene will approximately align with the empty
antibonding orbitals of O», thus facilitating the electron backdonation process for O
dissociation [72]. Alternatively, it has been reported that pyridinic dopants produce a
higher activity for the ORR; however, the relative strength of the pyridinic dopant versus
the edge location has not been determined, as the four-electron process is also favoured at
graphene edges [81]. Kim et al. further examined the ORR process using DFT, and
ascertained that the majority of electron transfer prefers the two-electron process, as
determined by the lower energy barrier for end-on adsorption [24]. They also concluded
that the graphitic N atom located adjacent to a zig-zag edge had the highest selectivity for
the four-electron process and lowest activation energy for the rate limiting step of O>
dissociation. The reaction scheme proposed by Kim et al. resulted in the breaking of the C
to N bond during the ORR, creating a pyridinic N-dopant from the original graphitic-type
dopant. The paper suggests that this reaction scheme may address the controversy in the
scientific literature, as the N could be measured as a graphitic- or pyridinic-type dopant
depending on detection before or after ORR cycling [24]. Experimental results disagree
with theoretical calculations in the case of ORR in acidic media for N-doped graphene,

where the less efficient two-electron process dominates [72], [73], [42]. Although the N-
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doped graphene participates in the ORR, an additional catalyst is still required to maintain

an efficiency equivalent to Pt on C black.

Other than participating in the ORR, the act of N-doping graphene increases the Pt
binding energy to the graphene lattice. Kong et al. [62] and Groves et al. [82] determined
that Pt prefers to bind to bridge locations of graphene in the absence of a defect or dopant.
The process of chemisorption leads to a covalent bond between the C atoms and Pt through
the process of double bond breaking with Pt donating electrons to the 7* orbital of the C
atoms in graphene, and the C atoms donating electrons to the d-band orbital in Pt [82]. A
defect in the graphene lattice results in an increased binding energy by the presence of three
binding sites, where the existence of dangling bonds at graphene edges further increases
the binding energy of C and Pt [62]. This results in anisotropic diffusion, as the enhanced
binding energy results in a larger activation barrier along graphene edges than on graphene
surfaces [62]. The incorporation of N-dopants in graphene is another method to increase
the binding energy of Pt to C, where the C atom adjacent to the N atom forms the
chemisorption bond (Figure 1.10) [62], [41], [82]. It is suggested by Holme et al. that the
positive charge invoked by the N-dopant on the C atom attracts Pt, as the Pt will transfer
charge during the formation of a covalent bond [41]. The increased binding energy from N
results in a decreased particle size and improved distribution, as Pt ripening and
agglomeration is reduced and nucleation at the defect sites is encouraged [41]. It is
suggested that Pt will nucleate at N-dopants and vacancies before binding to the pure
graphene surface [41]. Zhang et al. experimentally observed the effect of the increased Pt
nucleation energy on N-doped graphene, as an improved Pt distribution and decreased Pt
catalyst size was observed in comparison to pure graphene [69]. It was suggested that the
pyridinic N is responsible for the improved catalyst distribution [69]. Calculations
performed by my own collaborators also confirm these results [32]. It was shown that the
bonding of a Pt atom to two C atoms and one N atom at a pyridinic/single vacancy defect

(pyridinic dopant) resulted in the transfer of electrons from the Pt atoms to the N atom, and
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in a stronger bond to the pyridinic dopant than to a graphene lattice [32]. The electron
transfer was observed experimentally using XANES, wherein samples comprising small
Pt clusters and atoms resulted in a higher total unoccupied DOS for the 5d character when
compared to Pt nanoparticles [32]. In contrast, Lin et al. experimentally determined with
electron energy loss spectroscopy (EELS), that during the production of Cr -N bonds at a
divacancy (pyridinic dopant), the N atoms donate electrons to the metal’s 3d state, causing
a reduction of the metal [83]. These differing results suggests that the specific catalyst and
defect site can influence the bonding characteristics and the filling of the metal’s
catalytically active energy state. This further complicates the understanding of how the
atoms/clusters contribute to the ORR, and the role the dopant plays due to its defect

configuration within the graphene lattice.

Figure 1.10 Pt atom locations on N-doped graphene. N-doped graphene (N is blue atom in the
graphene lattice) with blue Pt adatom bonded to C adjacent to a graphitic N dopant. Reprint with
permission from ref. [82]. Copyright © American Chemical Society.

These calculations suggest that the N-dopant is responsible for an increased Pt-C
binding energy, which is confirmed through experimental observation on N-doped hollow
C spheres from Galeano et al. [84]. Smaller particle sizes were observed on the N-doped
substrate in comparison to the non-N-doped samples, resulting in better Pt dispersions and
a higher ECSA. This resulted in an initial high mass activity for the ORR on the N-doped
samples in acidic media compared to the other samples, but a lower specific activity
comparable with conventional catalysts [84]. Unfortunately, it was determined that
between 360 and 1080 ORR cycles, the ECSA drastically decreased from the loss of the
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smaller, less stable Pt clusters, resulting in a decrease in the catalytic activity [84]. This
suggests that more studies are required to examine the Pt degradation mechanisms with
respect to N-doped samples.

Although N-doped graphene facilitates the ORR and increases the Pt-C binding
energy, it limits the electrical conductivity of graphene by introducing scattering centers
from defects into the lattice. Further, the incorporation of graphitic-type dopants creates an
n-type semiconductor, thus decreasing the electrical conductivity from the intrinsic semi-
metal zero band-gap graphene [70], [85]. Electron mobility in graphene, N-doped
graphene, and C black can be observed in Table 1.1. The direct correlation of conductivity
and mobility suggests that the conductivity of the N-doped graphene will be less than pure
graphene; however, the value is much larger than C black. This implies that N-doped
graphene will enhance the conductivity of the electrode support in comparison to the

conventional material, thus increasing the overall efficiency of the FC.

Table 1.1 Electron mobility in various C support materials.

Source Mobility (cm?Vv-1S?)
Pure Graphene [70], [57] 300-1200
N-doped Graphene (8.9 atomic %) [70] 200-450
Carbon Black [86] 3.6-6.3
1.4 Summary

In order to address the current state of GHG emissions and its contribution to climate
change, the automotive industry should be targeted by moving away from the traditional
ICE to new cleaner technology, such as PEMFCs. The current state of the PEMFC
technology still requires improvements in effort to reach the targets set by the US

Department of Energy, wherein the primary concern is the electrode support degradation
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and catalyst selection related to the cost and efficiency. Within this thesis, the use of higher
electrically conductive and increased corrosion resistant support material will be analyzed
through the use of graphene and CNTs. In effort to further decrease the degradation
mechanism, due to Pt dissolution, N-doped substrates will be examined. Furthermore, the
cost of the catalyst will be addressed through the production of ultra-small Pt clusters and
Pt atoms by utilizing the ALD technique. This suggests that the material must be
characterized at the atomic scale, to observe the small Pt catalysts and the graphene support,
which will be completed using electron microscopy techniques. This thesis is focused on
the material characterization of a real electrode support material, followed by the in-house
production of single-sheet N-doped graphene for theoretical investigations of the N-
dopants and Pt catalysts. Lastly, N-doped CNTs (NCNTs) will used as a platform to
understand the effects of different ALD conditions on the Pt size and density, to fine-tune
the sole production of Pt atoms. Full characterization of the NCNTs will also be completed

using electron microscopy techniques.
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Chapter Two

Electron Microscopy

A variety of characterization techniques are utilized to analyze the quality of graphene and
functionalized graphene to understand the defect density and chemical bonding. The defect
density is commonly analyzed with Raman spectroscopy through comparison of the D and
G bands; however, this gives a relative percent without the qualification of the specific
defects and distribution through observation [66]. Further, the chemical bonding can be
determined through X-ray absorption near edge spectroscopy (XANES), and X-ray
photoelectron spectroscopy (XPS), but the distribution and specific locations of the defects
with respect to the graphene lattice is not possible [87]. Scanning transmission X-ray
microscopy (STXM) can be used, as it collects the transmitted X-rays with the XANES
techniques while scanning the X-ray beam over a desired area of the sample. STXM allows
the mapping of each XANE spectra with respect to the position on the graphene lattice;
however, the best achievable spatial resolution is 10 nm with a more general value of 25
nm [88]. Lastly, the material has been characterized on the atomic scale using scanning
tunneling microscopy (STM) for the purpose of locating dopants and analyzing defects.
Unfortunately, the process of obtaining STM maps is time consuming and the resolution
concerning chemical bonding is restricted to the tip sensitivity [87].

Ideally, structural and chemical bonding information can be derived on the atomic

scale with the possibility of directly relating the spectroscopic results to specific atoms
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within the graphene structure. It would be beneficial to have each characterization tool
located within one instrument to allow for multiple examination techniques on a single
location of the graphene lattice. Transmission electron microscopy (TEM) has proven ideal
for the characterization of graphene, as atomic resolution is possible with the option of
mapping chemical components and bonding information with respect to structural

information, as will be discussed below.

2.1 Electron Interactions with Matter

The source of the electron signals must be understood to determine the appropriate imaging
and spectroscopy techniques to gather the desired information from the sample of interest.
A simplistic schematic diagram of the signals generated when high energy electrons
interact with a thin specimen (<100 nm) can be seen in Figure 2.1 (a). Within this figure,
only the signals that pertain to this thesis are labelled and briefly discussed herein, as many
more signals can be produced from the interaction of electrons with the sample, but are
outside the scope of this report. The characteristic peaks from the X-ray signal, inelastically
scattered electrons, and Auger electrons are labelled K, L, and M, based on the respective

principle quantum numbers labelled in Figure 2.1 (b).

27



Ph.D. Thesis — Samantha Stambula McMaster University — Materials Engineering
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Figure 2.1 Simplistic schematic of the electron interactions with matter. (a) Interaction of a fast
electron with a thin specimen and the produced signals analyzed in this thesis, and (b) the atomic
model with the corresponding principle quantum number (n) and characteristic peak labels for X-

rays, EELS, and Auger electrons.

Using a scanning electron microscope (SEM) secondary electrons (SEs) can be
detected. During the incident electron interaction with a thick specimen the electrons can
lose energy through inelastic scattering with electrons in the sample. Secondary electrons
are generated through these inelastic scattering events, such that the outer shell electrons
from the atoms within the sample, or conduction band electrons, are excited with enough
energy to escape the surface of the sample [89]. While travelling through the sample the
SEs will lose energy, thus only those close to the surface can escape before the kinetic
energy is completely attenuated [89]. These electrons provide topographical information
about the sample and were used to analyze features of NCNTs [89].

The SEM can also be used in conjunction with an Auger detector to chemically
map surface elements by examining the Auger electrons and SEs. Auger electrons are
created during the de-excitation of a core electron to its ground state from an excited state,
due to an ionization process through inelastic scattering with the incident beam. This
technique will be discussed in more detail below, but in brief, during the de-excitation
process the internal energy of the electronic transition is converted to the excitation and
release of another electron. The kinetic energy of this electron can be detected, which is
sensitive to the elemental identity in which the electron originally resided. Due to the
secondary nature of the excitation event for the Auger electrons, they are of low energy

and can only escape the sample surface from a few nanometers, thus this is a surface
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sensitive characterization technique. Auger electrons were used in this report to quantify
the N concentration within N-doped graphene and NCNTSs.

Similar to Auger electrons, X-rays are produced during the de-excitation of a core
electron to its ground state after being ionized to an empty energy state from an inelastic
excitation with the incident electron. During the de-excitation, energy related to the
difference in the energy of the empty and core states causes the release of a photon (X-
ray). The X-rays are characteristic of each element, as each element have unique energy
states, thus the characteristic X-rays can be used for elemental identification and
guantification. The X-rays can be detected in both SEM and TEM through a detector
located above the sample. Through the use of X-ray detection in TEM the presence of Pt
was found on the N-doped graphene samples.

The transmitted elastic electron signal is used in TEM and has many practical
applications for analyzing the sample structure, and chemical composition, simply by
examining the different signals generated from the transmitted electrons. Additionally, the
transmitted inelastic electron signal can be inspected using EELS, wherein the chemical
composition, and bonding can be determined. Each signal will be discussed in more depth

based on the techniques used in the remaining chapters of this thesis.

2.2 Using TEM to Study Graphene and Heavy Atoms

The TEM was invented in 1931 by Ernst Ruska and Max Knoll, where electron sources
and spherical electromagnetic lenses were used to produce the transmitted image of
elastically scattered electrons to provide structural information of the material under
examination. Theoretically, the use of electrons for imaging can produce a spatial
resolution on the sub-angstrom scale, due to the inverse relation between wavelength and
energy. Elastically and inelastically scattered electrons from sample interactions can be

detected with a camera or an energy filter spectrometer, thus supplying information
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concerning material structure, elemental distribution, chemical bonding, and elemental
composition.

Two key electron imaging techniques include the broad beam based TEM, where
all scattered electrons are collected over a large illumination area on the specimen, and
scanning TEM (STEM) which utilizes a raster scanning probe source on the specimen to
examine elastically scattered electrons from the sample with respect to position. Physically
the instrument contains an electron source, which under ideal conditions acts as a point
source. In reality the electrons are emitted from a tip with a small but measurable radius
and varying electron energies, thus resulting in partial spatial and temporal coherence of
electrons interacting with the sample [90]. Further, aberrations in the primary imaging and
probe forming lens (objective and condenser lenses) distort the information transfer to the
back-focal plane, which limits the image resolution for both TEM and STEM.

The resolution of the microscope can be enhanced through aberration correction
with multipole lens and by increasing the electron energy; however, when examining
fragile samples, low energies are required to prevent knock-on damage. Knock-on damage
occurs when the energy of the incident electron exceeds the displacement energy of the
sample, therefore damaging the sample by causing the elimination of atoms [91].
Particularly, graphene’s composition of a single layer of light atoms makes the material
inherently susceptible to knock-on damage above electron excitation voltages of 86 kV
[92], [93], [94]. Meyer et al. reported that at enhanced doses of 10*°e'nm (dose rate 3.5 x
10° enmst)at 80 kV in TEM can instigate knock-on damage in graphene when operating
in TEM mode [93]. On the other hand, Robertson et al. determined that at higher dose rates
in TEM (108 enm™s?) it was possible to induce damage with a lower electron dose,
wherein a dose of 3 x 10°e'nm2 at 80 kV caused an average of 0.1 atoms per nm? to be lost
from the graphene lattice [94]. The increased defect rate determined by Robertson et al.
was suggested to be caused by knock-on damage from phonon excitation due to local
heating from the electron source and enhanced vibrations in the z-direction, which

increased the electron momentum and sputtering rate [94].
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Alternatively, a dose rate of 2.54 x 10'° enms™ did not result in a sputtering event
of pristine graphene when operating in STEM mode at 80 kV and situating the beam on a
single C atom for five minutes (assumed dose of 7.6 x 10'? enm2). Nevertheless, large
holes were observed approximately 5 to 20 nm away from the electron beam after a 30
minute continuous STEM exposure, due to chemical etching from Fe catalysts and indirect
beam exposure [94]. Furthermore, it should be noted that areas containing contamination
and edge sites are more inherently susceptible to knock-on damage due to the reduced
stability as compared to the pristine graphene lattice, thus edge atoms can be displaced at
energies as low as 20 kV [95], [93], [96]. Lowering the energy of the electron source
reduces induced beam damage; however, the overall achievable resolution of the image is
limited [93]. This was confirmed by Suenaga et al., where it was determined that imaging
edge structures required a large decrease of excitation voltage to prevent damage
originating from the decreased atomic coordination [95]. Additionally, Suenaga et al.
validated the ability to atomically examine the electronic structure of single C atoms in the
graphene lattice, resulting in local electronic variations depending on its location along the
edge or within the bulk structure with an electron source of 30 kV [97]. In this experiment
damage was still induced on the sample when acquiring spectrum images, thus the dose
was reduced by using line scans [97]. To reduce knock-on damage, most graphene
experiments in literature are completed with the use of a 60 kV electron source, with an
aberration-corrector, and a reduced current.

Based on the microscopes available at the CCEM, high resolution images were
performed with an 80 kV electron source. Using the pixel size as reference for the probe
size, an over estimation for the approximate upper dose used during STEM image
acquisition in the experiments of this report is 1.4 x 10’ enm and a dose rate of 1.4 x 10*2
enm?Zst. A more reasonable estimation of the dose and dose rate is acquired when
considering a probe size of 0.06 nm for annular dark field (ADF) imaging conditions
(measured from the full width half maximum (FWHM)), as measured from a single C atom

in Chapter 4.2.1 Characterization of N-Doped Graphene Using High Resolution STEM
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which results in a dose of 6.9 x 10° enm™ and a dose rate of 2.3 x 10! enm?s™. When
operating in high angle ADF (HAADF) imagining conditions, a probe size of 0.2 nm (as
measured by Pt atoms in Chapter 5.2 ALD Fine Tuning to Consistently Produce Single
Atom Catalysts with NCNTSs) was used, resulting in a maximum dose and dose rate of 9.6

x 10° enm2and 1.9 x 10° e nm%sL,

2.2.1 High Resolution TEM

This section is summarized from Rolf Erni’s book “Aberration-corrected imaging in
transmission electron microscopy” [90]. For more comprehensive details on the exit plane
wave (EPW) of the electron beam, aberrations in the objective lens, and the operation of
the image corrector, consult this easily readable and very detailed textbook. The first step
in high-resolution TEM (HRTEM) micrograph image formation occurs when the initial
plane electron wave travels down the TEM column with its wave vector (ko) parallel to the
optical axis. When the beam reaches the sample, it diffracts at angles determined through
Braggs law (Figure 2.2 (a)), where the diffracted beams are focused on the back focal plane
of the objective lens, forming a diffraction pattern [90]. The partial beams (kq) generating
the diffraction spots then interfere to produce an HRTEM micrograph in the image plane
[90]. The HRTEM micrograph contains structural information of the specimen described
by the phase shift experienced by the incident electron wave when interacting with the
sample. This information is contained in the wave function of the electron plane wave
(EPW) exiting the specimen. Modifications to the EPW function can be introduced through
aberrations in the objective lens dictated by the phase contrast transfer function (PCTF)

(Figure 2.2 (b)), which are transferred to the final HRTEM image. Therefore, the contrast
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comprising the HRTEM image contains information about the specimen’s atomic potential
and the lens aberrations.

Generally, the PCTF is an oscillating function with respect to spatial frequency,
thus resulting in varying contrasts for different spatial frequencies within the HRTEM
image. The pass-band is the range of spatial frequencies that fall within a single PCTF
value, and ensures that the image intensity can be directly interpreted as the sample’s
atomic potential [90]. The pass-band and point resolution (spatial frequency with the first
zero crossing of the PCTF) can be enhanced by adjusting lower order aberrations (defocus
(C1)) to compensate for the intrinsic third-order spherical aberration (Cs), which is known
as the Scherzer defocus [98]. Ideally, the PCTF will have a large pass-band and the point
resolution will exceed the information limit (maximum spatial frequency contributing
intensity to the image), therefore producing an image wherein contrast reversal does not
occur for different spatial frequencies [90]. Very specific conditions are required to expand
the pass-band, thus most HRTEM images require image simulations to accurately interpret
the contrast of the image. Furthermore, the effect of the partial spatial and temporal
coherence of the electron source can be seen in Figure 2.2 (b), as envelopes which reduce
the contrast in the image and restricts the information limit of the TEM image. In the case
of conventional TEM, the limiting Cs aberration of the objective lens causes the spatial

coherence envelope to damp the PCTF, thus causing a low frequency information limit.
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Figure 2.2 HRTEM image formation. (a) Ray diagram schematic of the interaction of the
electron with the specimen and the focusing power of the objective lens. (b) The objective lens
influences the contrast in the HRTEM image, as dictated by the PCTF. The PCTF (intensity) was
generated in JEMS [99] to illustrate the effect of the aberrations on the HRTEM image contrast.

Multipole lens (image corrector) are utilized to correct for intrinsic and parasitic
geometrical aberrations up to the third-order [100], [101], which limit the resolution and
spatial coherence of the source [90], [100], [101]. By minimizing the lens aberrations, the
transfer function approaches finite values for a broad range of spatial frequencies and the
spatial coherence no longer damps the image intensity. However, aberrations of an order
greater than three now limit the resolution. Similar to the conventional TEM, in TEMs
containing image correctors, optimized conditions must be utilized by setting lower order
aberrations to compensate for higher-order aberrations. When the intrinsic Cs is controlled,
the fifth-order spherical aberration (Cs) limits the resolution. The Cs is considered a fixed
positive finite aberration due to the geometry of the objective lens. An optimized C; and
Cs can be derived when the Cs is limiting the resolution through different numerical and
analytical approaches (Table 2.1) [90]. It is apparent in Table 2.1 that a negative Cs is
required to compensate for the positive fifth-order spherical aberration Cs, thus this
condition is called negative spherical aberration imaging. Upon optimization of the lens

aberrations, the pass-band and point resolution of the PCTF can be expanded, thus allowing
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for the direct interpretation of the HRTEM images. It should still be noted that when
working with crystalline samples contrast can arise from crystallographic features,
thickness, and atomic potentials, therefore even when working in optimized TEM

conditions, care must still be taken when examining the contrast of images.

Table 2.1 Equations to calculate optimized C; and Cs coefficients. These are used to compensate
for the intrinsic limiting Cs when using an image corrector, where Qmax is the maximum spatial
frequency transferred and A is the wavelength of the electron source [102], [103].

Scherzer (2.1) Chang (2.2) Lentzen (2.3)
Defocus Cl Cl Scherzer,corr Cl Chang,corr Cl Lentzen,corr
= 23/22C, = 1.563/22C, __2
AGax
2 4.4
+ 1_5 CSA Amax
Third-order C3 Scherzer,corr C3 Chang,corr C3 Lentzen,corr
spherical 3 5 10
aberration - _3'2\/7%2 - _2'88\/7652 R
e - g C5)L2 qrznax

2.2.1.1 Increasing the Temporal Coherence

The microscope configuration for negative spherical aberration imaging results in bright
atomic contrast on a dark background when operating with a required negative Cz and a
positive Ci. Unfortunately, now the partial temporal coherence limits the information
transfer. Also, the introduction of the image corrector causes an increase in the source of
current instabilities in the post-objective lens, thus inherently increasing the chromatic
aberration (Cc) from approximately 1.2 mm to 1.4 mm [104]. Currently, chromatic
aberration correctors are available that can correct the Cc from the source instabilities and
the objective lens [105]; however, only a few exist in the world which are dedicated to very

specific uses, therefore a different approach to decrease the energy spread of the imaging
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electrons is required until the development of the chromatic aberration correctors have
advanced. Three methods to improve the temporal coherence include the selection of the
electron source, the use of a monochromator, and the selected incident electron acceleration

voltage.

2.2.1.2 Electron Source Selection

A common method used to enhance both the spatial and temporal coherence is the
operation of a field emission gun (FEG) rather than a thermionic source, such as
Lanthanum hexaboride (LaBg) [104]. A consequence of the weakening of both the spatial
and temporal coherence envelopes for the FEG is an increase in the information limit.
These effects are due to the fact that the FEG offers a smaller tip radius, higher brightness,
and lower energy spread of the electron beam [106]. This suggests that the use of a FEG is
necessary for HRTEM imaging; however, an inherent energy spread of approximately 0.8
eV still exists [106].

2.2.1.3 Monochromator Excitation

Further improvement of the temporal coherence requires a decrease in the electron energy
spread of the source, which can be completed with a monochromator. Various
monochromator designs have been created which comprise electromagnetic lenses,
electrostatic lenses, and an energy selecting slit [107]. The specific selection of a
monochromator design will determine the energy spread and electron current of the source
[108]. The monochromator disperses the electrons into a line ranging from high to low
energy, where a slit can be used to select a single electron energy, thus creating a

monochromatic source and decreasing the energy spread (0.1 eV) and temporal coherence
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envelope [108], [109]. An increasing excitation voltage of the monochromator results in a
stronger dispersion and a lower energy spread, as the relative energies of the electron
source are more readily separated [110]. However, the use of a monochromator also
reduces the electron current, especially with high dispersions as the electrons of varying
energies are no longer focused to a single point (excitation = 0.0). The decreased current
leads to a reduction in the signal to noise ratio of the image and limits the maximum
magnification that can be achieved before the contrast in the image diminishes [110]. The
selection of a moderate excitation voltage will ensure that the electron source has a low
energy spread, while also maintaining a beam current that can reach high magnifications.
Omission of a selection slit (rainbow mode) will also increase the current used to acquire
the image; however, a slightly higher energy spread is obtained [110]. To optimize the
energy spread of the monochromator, the lenses can be tuned without the slit. Further, the
beam must be condensed to the dispersion line to maintain the monochromatic source,
therefore strengthening the spatial coherence envelope. When the monochromator is used
in combination with an image corrector the spatial coherence envelope will not limit the

PCTF as the low spherical aberration offsets the increased beam divergence semi-angle.

2.2.1.4 Electron Source Acceleration Voltage

Lastly, the information limit of the microscope can be enhanced by increasing the electron
energy; however, as previously mentioned, when examining fragile samples low energies
are required to prevent knock-on damage. This puts an emphasis on the requirement for an
image corrector, FEG electron source, and a monochromator to increase the spatial
frequency of the information limit [107]. Freitag et al. [107] compares the PCTF for a
conventional TEM, spherical aberration correction, and spherical aberration correction
with the application of a monochromator. They indicate that the pass-band increases with

each subsequent change in the imaging system; first due to the decrease of the axial

37



Ph.D. Thesis — Samantha Stambula McMaster University — Materials Engineering

aberrations and weakening of the spatial coherence envelope, and second to the weakening
of the temporal coherence envelope, respectively [107].

The information limit and point resolution of a microscope should be determined
for specific imaging conditions to determine if an HRTEM micrograph can be directly
interpreted. If the information limit exceeds the point resolution, the micrographs should

be compared to HRTEM simulations using equivalent microscope conditions.

2.2.1.5 Examples of HRTEM Imaging of Graphene

Although, there is a means to directly interpret the structural information from the HRTEM
micrographs, atomic distinction is not strong. The small scattering angle collected when
performing HRTEM indicates that the detected electrons interact with atomic valence
electrons of the sample. This interaction allows for the extraction of the structural
information; however, there is not a direct correlation of valence electrons in chemical
bonds with atomic charge [111]. Using negative spherical aberration imaging with an
aberration corrected microscope, Meyer et al. showed that the graphene lattice can be
directly extracted (Figure 2.3 (a)) when spatial frequencies reached the 1.23 A reflection
in the characteristic hexagonal pattern of the computed diffractograms (Figure 2.3 (b))
[103]. Care must still be taken when interpreting the image as indicated by Warner et al.,
as multilayered graphene sheets at varying defocus may have a similar lattice in HRTEM
micrographs to a single layer sheet [52]. Further, the computed diffractogram from Figure
2.3 (b) does not elucidate the number of layers in the graphene structure as each graphene
sheet contains an identical lattice. Upon tilting a monolayer of graphene, the intensity of
the diffraction spots remains constant; however, an isotropic broadening will occur due to
1 nm corrugations in the graphene lattice used to maintain the stability of the sheet and
two-dimensional structure [112]. Anisotropic broadening of diffraction spots can be

attributed to misorientations between multilayered graphene sheets and grain boundaries
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within graphene sheets, as a range of misorientation angles will produce a set of hexagonal
spots at varying rotation angles [113], [114], [115], [116]. Alternatively, multilayered
graphene results in a decreased intensity of the diffraction spots as a function of specimen
tilt, but isotropic broadening is not observed as a function of the tilt-angle as the two-
dimensional structure is no longer maintained [112]. The fact that the intensity of the
diffraction spots change for multilayered graphene, suggests that small specimen tilts from
imperfections in the graphene lattice will result in brightness variations across a multi-
layered graphene sheet in a HRTEM micrograph [112]. To fully interpret the structure and
number of sheets within graphene, the sample should undergo a tilt series to examine the
effect on the intensity of the diffraction spots, followed by HRTEM simulations using

multislice theory introduced by Kirkland [111].
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Figure 2.3 HRTEM images and computed diffractogram from a single sheet of graphene. (a)
HRTEM micrograph of graphene lattice using negative spherical aberration imaging (scale bar is
2 A) and (b) the computed diffractogram with labelled reflections. Reprinted (adapted) with
permission from ref. [103]. Copyright 2008 American Chemical Society.
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2.2.2 High Resolution STEM

Similar to HRTEM, STEM examines elastically scattered electrons from the interaction of
the incident electron source with the atomic potential of the sample. The uniqueness of
STEM originates from the use of a probe rather than a broad beam to examine the
specimen. The probe is formed on the sample by placing the specimen in the back focal
plane of the objective lens, where the electron beam is focused to a point on the sample
(Figure 2.4). Raster scanning is employed to move the probe across the surface of the
sample, where a convergent beam diffraction pattern is formed in the detector plane from

each scanned location.

Electron Source

Objective

— ! — Lens

Overlapping
Diffraction Discs

Detectors: B, ADF, HAADF

Figure 2.4 Simplified schematic of STEM image formation and the relative detector positions.

2.2.2.1 STEM Image Formation

Diffraction pattern overlap is necessary to produce lattice fringes when using the STEM

imaging technique, which can be accomplished by utilizing a larger limiting aperture.
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Moreover, the annular shape and angular position of the STEM detectors determines the
intensity of the image, as low to high scattering angles can be collected with an annular
detector. When operating in STEM a bright field (BF) and annular dark field ADF detector
can be utilized simultaneously, due to the hole in the ADF detector. Similar to HRTEM,
the intensity function of the BF detector relies on the coherence of the scattered
wavefunction and forms an image with an intensity that is a convolution of the sample’s
atomic potential and the PCTF [117].

On the other hand, the ADF detector can be used to collect elastically scattered
electrons at much higher angles. Simplistically, when moving to higher collection angles
and assuming the reciprocity theory between STEM and TEM, it can be understood that
incoherent imaging conditions are satisfied as the collection angle increases [117].
Mathematically this is shown when examining the intensity function for ADF imaging
conditions, which is a convolution of the object’s atomic potential with the probe shape
[117]. This can be understood as applying an optical transfer function (OTF) to the samples
atomic potential when transferring from reciprocal space (specimen) to real space
(detector) [117]. Unlike the PCTF in HRTEM, the OTF is a monotonically decaying
function with respect to the spatial frequency and does not oscillate like the PCTF, thus the
contrast in ADF images can be directly interpreted as the object’s atomic potential [117].
It should be remembered that the incoherence of the electrons forming the image will
depend on the inner angle of the ADF detector, as small inner angles will lead to more
coherent wavefunctions, thus moving towards a PCTF [117].

The intensity of an ADF image can be further controlled to collect specific signals
through adjustment of the inner semi-collection angle of the detector. In the literature,
medium angle ADF (MAADF) imaging has an inner angle of approximately 50-60 mrad,
and HAADF has an inner angle of approximately 80-90 mrad [118]. The inner angle can
be controlled based on the camera length selected during the experiments. In this thesis,
the MAADF imaging conditions are referred to ADF. The higher collection angles
achieved when using the ADF detector, as opposed to the BF detector, indicate that they
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collect Rutherford scattered electrons, thus these images contain elemental information
through nuclear interactions of the incident electrons with the sample. This suggests that
HAADF images of atoms with a high atomic number (Z) are of higher intensity, as these
atoms can scatter electrons to higher angles than low Z material. The contrast of the
HAADF imaging technique is proportional to Z*®, therefore a sample of constant thickness
has an intensity variation corresponding to the elemental composition [90]. The exponent
of Z depends on the collection angles, where larger collection angles lead to the
approximation of Z2. Furthermore, the mass of the sample can be imaged with HAADF,
such that a linear increase in the signal exists for stacked atoms in a column [117], but this
increase is no longer linear when working in MAADF conditions [118]. Generally,
HAADF conditions are acquired to directly observe the Z- and mass-contrast in the image,
due to the combination of the incoherent imaging conditions with the Rutherford scattering,
thus image interpretation is more direct when compared to HRTEM imaging. MAADF is
used when imaging light elements in effort to increase the signal, as lower Rutherford
scattering angles are experienced when the atomic number is decreased.

In STEM imaging, the probe size dictates the image resolution, therefore methods
to increase the resolution through decreasing the probe size must be considered. Generally,
a condenser aperture is used to limit the introduction of aberrations in the probe from the
objective lens, thus increasing the resolution of the OTF. This aperture will control the
convergence semi-angle of the probe (a in Figure 2.4), therefore influencing the diffraction
limit [118]. It should be noted that the diameter of the probe is affected by the diffraction
limit and the source size, which is directly related to the probe current to brightness ratio,
and inversely related to the semi-convergence angle [118]. This suggests that the largest
aperture that removes the probe aberrations should be utilized in effort to increase the semi-
convergence angle, or in other words, to decrease both the diffraction limit and the source
size. Similar to HRTEM, an aberration-corrector can be used for the probe forming lens,
thus decreasing the aberrations in the probe and allowing a larger semi-convergence angle

to be used. When working at low acceleration voltages with an aberration-corrector, it has
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been determined that above approximately 50 kV the beam is limited by the Cs when the
Csz has been corrected. Additionally, when operating below 50 kV the beam is limited by
Cc, therefore similar strategies discussed above to increase the temporal coherence should
be utilized for these operating conditions [118]. In this thesis, a probe size of 0.2 nm was
achieved with a limiting aperture of 50 um and spot 9 (19 mrad, as measured by FEI), and

0.06 nm with an aperture of 70 um and spot 10 (26 mrad, as measured by FEI), respectively.

2.2.2.2 Examples of HRSTEM Imaging of Metal-Graphene Interactions

ADF has proven invaluable in examination of metal-graphene interactions, as the
difference of the atomic number between the C lattice and metal atoms results in large
contrast variations in the image, thus allowing easy identification of atomic positions and
distributions. Ramasse et al. demonstrated the observation of various metal atoms on a
graphene lattice through HAADF, as observed in Figure 2.5 [119]. The bright intensity in
the images is due to the high electron scattering of the metallic atoms and the low intensity
results from individual C atoms. It was also confirmed by Zan et al., using HAADF that Pt
binds at bridge sites on the graphene lattice; however, adsorption will first occur on
hydrocarbon contamination [120]. In Figure 2.5 beam excitation is visible through
streaking of the metallic atoms, as they diffuse of the graphene and hydrocarbon surface.
Interestingly, it was observed that contact between the metal atoms and graphene lattice
under beam irradiation resulted in enlarged hole formation for non-gold metals [120]. They
attributed this to local heating of the graphene lattice, thus lower dose rates should be
considered when examining metal-graphene interactions [120]. Many other researches
have published STEM images of the individual C lattice of graphene and CNTs with
interacting metal atoms [121], [122].
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Figure 2.5 HAADF"micrographs of graphene with deposited metals. (a) Pd, (b) Ti, and(c) Al
Reprint with permission from ref. [119]. Copyright © 2012 American Chemical Society.

2.2.3 EELS

Detection of inelastically scattered electrons proves useful for analytical measurements of
elemental composition and chemical bonding within a material. Interaction of the incident
electrons with the specimen can result in a loss of energy due to excitation of atomic
electrons. Detection of the incident electron energy-loss, when exciting a bound electron
to the conduction band from the sample, with use of a spectrometer results in an intensity
graph with peaks corresponding to energy levels within the material (Figure 2.6 (a)).
Specific regions in the EEL spectrum are outlined in Figure 2.6 (a), where the transmission
of electrons that are elastically scattered comprise the “zero-loss” peak, excitation of
electrons from the valence band to the conduction band contributes to the “low-loss” region
(50-100 eV), and excitation from the core energy level electrons to the conduction band
forms “core-loss” states [123]. Core-loss states can be used for elemental identification, as
each element has unique energy levels and binding energies. The core-loss states are
labelled based on the ground state of the excited core-electron (K implies an excitation
from a 1s state). More importantly the core-loss states contain information concerning the
chemical bonding within a material through the examination of the first 10-20 eV of a core-

loss edge, known as electron energy-loss near edge structure (ELNES) (Figure 2.6 (b))
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[123]. Within crystalline material the conduction band will contain empty electronic states,
where the specific number of states per energy are not equivalent and can be described
through the DOS of the material. ELNES is an approximate image of the empty DOS of a
material, which is sensitive to the chemical state and the bonding environment [123].
Botton illustrated the DOS for graphite, where a large number of available states occur at
the n” and ¢~ energy levels, thus suggesting an increased probability of core excitation into
these states compared to the other available empty states [123]. This is observed in the
ELNES as two strong peaks with other oscillations occurring from available states in the
continuum. The simultaneous acquisition of the HAADF image and EEL signal through
the removal of the BF detector results in the acquisition of a data cube with the x and y
positions corresponding to the Rutherford scattered electron HAADF image, and the z-axis
to the EELS spectrum [124]. The data cube allows for elemental mapping, thus providing
identification of elements within an HAADF image to be used to determine elemental
distribution and chemical bonding [123].
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Figure 2.6 Schematic of EELS total spectrum and ELNES. (a) EEL spectrum produced from the
inelastic interaction of an incident electron with N, gas filled NCNT with respective labelled
regions, and (b) schematic of ELNES produced from the empty DOS of the material under
investigation.
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2.2.3.1 Elemental Quantification using EELS

Other than simply identifying elemental composition and bonding environments, EELS
can be used for elemental quantification, such that the edge intensity depends on the
inelastic cross-section for the specific ionization process, and elemental concentration.
Details on EELS quantification can be found in “Electron Energy-Loss in the Electron
Microscope” by Egerton [125], but a brief explanation will be discussed herein. Commonly
the integration method is used to determine the areal density (atoms/nm?) and/or atomic
ratios. During quantification, the background signal is first removed by modeling the pre-
edge region with a power law. Secondly, a partial inelastic scattering cross-section (ox(5,4))
is modelled based on the element of interest, EELS collection angle, and the energy range
under consideration. When calculating the areal density (N), the integrated intensity of the
zero-loss peak (lo) and the core-loss edge (I}), must both be collected, such that when

performing deconvolution to remove the effects of plural scattering,

_ _IkBY)
T Iook(B) (2.4) [125].

Atomic ratios are calculated using a similar method; however, due to the nature of the
calculation, the zero-loss peak is not required, thus the calculation can be more versatile
when considering experimental conditions. When different elements are quantified, and a
deconvolution is not performed to remove the plural scattering, energy windows of the
same size should be used. The atomic ratio of element A (Na) and element B (Ny) can be
completed by employing the integrated intensity of each element (Ika(5,4) and lj»(5,4)) and
their respective scattering cross-sections (oxa(f5,4) and aijn(f3,4), respectively),

Nag _ Ika(B2)gjp(BA)

Ne  Lip(BA)ora(B.A) (2.5) [125].

Both equations (2.4) and (2.5) have been implemented in this thesis to determine the

absolute and relative atomic fraction of N within various samples.
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2.2.3.2 Signal Processing: Independent Component Analysis

Often when extracting EELS elemental maps, signal processing can be quite difficult due
to overlapping EELS edges. Within this thesis issues from overlapping edges have resulted
in poor background subtractions or the inability to spectrally separate the overlap of a broad
edge (Pd-M) with a sharp well-defined excitation (N-K). Furthermore, when performing
atomic resolution EELS, noise often dominates the signal due to the requirement of fast
spectral acquisition, in effort to reduce beam damage. In these cases, signal processing
routines can be used to extract the individual signals from the spectrum image. Independent
component analysis (ICA) has been used in this thesis to separate overlapping spectral
features in order to observe the origin of o* and n* C-K peaks within NCNTSs, to separate
overlapping edges, such as the Pd-M and N-K edges, and to extract mixed signals such as
FeOx catalysts from only Fe catalysts. ICA separates statistically independent components
from a mixed source by considering a linear combination of independent sources [126].
When using the ICA algorithm each component is considered of equal importance,
therefore component one is of no more importance than the other components. Hyperspy

[127] has been used to implement the ICA on spectrum images found within this report.

2.2.3.3 Examples of EELS Characterization of Metal Atoms on N-Doped Graphene and
CNTS

The detection of the N-K edge through XANES is strongly prevalent in scientific literature.
XANES detects the disappearance of X-rays through an absorption process from a core
level electron excitation within the material under study. The intensities of the XANES and
EELS peaks are related to the excitation cross-sections for each element and concentration.
Because each N-dopant has a different bonding environment, each has a separate peak in
the N-K edge. Specific values for these peaks have been measured with XANES, XPS, and
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calculations based on the DOS of N-doped graphene; however, the peaks and chemical
species vary between papers with an energy range of 396-403 eV with a consistent
arrangement of species from low to high energy of pyridinic, pyrrolic, amino, cyanic, and
graphitic [69], [128], [77], [129], [130], [131], [132]. Zhang et al. determined the relative
change in N-species concentration as a function of temperature through XANES detection
[69]. An increase in temperature resulted in the N-dopant species transforming from
primarily amino to pyridinic, and finally to graphitic-type dopants. Unfortunately, the local
variations of N-dopants within graphene sheets cannot be observed in XPS and XANES,
as they examine the average dopant presence over a large area due to the lower spatial
resolution of the technique with respect to TEM. Li et al. used EELS to map the N-K edge
through simultaneous acquisition of HAADF and EELS for a N-doped CNT with Fe
catalysts [133]. It was determined that Fe predominately binds next to N; however, the
specific N-species and the C-Fe bond could not be resolved through enhanced noise levels
associated with low atomic concentrations. Lin et al. [132], later used atomically resolved
EELS to determine that multiple metallic atoms (Cr, Mg, Al, Mn, Ca, Fe, Ti) prefer to bind
to pyridinic-N sites, wherein bonds are formed with the C and N atoms in vacancies to
stabilize the metallic species. They later went on to examine the effect of the N-species on
the spin state of Cr atoms and determined that as the Cr formed bonds with more N atoms
the d-band became filled from the lone N electron pairs [83]. The d-band filling suggests
that a method exists to control the spin state of the adsorbed atom through N-defect
manipulation. These experiments demonstrate the benefit of EELS versus XANES,
through the ability to atomically resolve binding species from the higher spatial resolution

offered by the electron probe when STEM is utilized.
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2.2.4 Special Techniques: lIdentical Location Transmission Electron
Microscopy (ILTEM)

Generally, catalyst sizes and distributions are compared before and after ex situ
electrochemical cycling. Unfortunately, there often exists inhomogeneities between the
support structures on a single TEM grid, thus the catalysts analyzed are not being directly
observed and compared, but an average picture of the sample is being collected. It would
be beneficial to directly image the same area before and after cycling, in order to observe
the explicit effects of the electrochemical reactions on the catalysts. This can be
accomplished through the direct cycling of the TEM grid containing the support and
catalyst material. ILTEM has been developed such that TEM grids are cycled in
conventional rotating disk electrode experiments, and the exact catalysts are imaged before
and after cycling [134]. Through detailed image analysis, a change in particle size can be
measured similar to ex situ results, but more importantly, the direct change of individual
catalysts can be observed [134]. Moreover, other than examining the structures in 2D
projections, this quasi in situ technique can be coupled with tomography to examine the
volume changes and nearest-neighbour distances in the catalysts before and after cycling
[135]. Also, rather than only probing structural changes through imaging techniques,
ILTEM can be paired with EELS to observe chemical and morphological changes in the

support and catalyst material [136].

2.3 Auger Photoelectron Spectroscopy

Similar to EELS, Auger photoelectron spectroscopy examines an inelastic scattering event;
however, the incident electron beam is not detected in this case, rather the released Auger

electron is analyzed. After the ionization of an atom from inelastic scattering from ground
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state W (Figure 2.7 (a) and (b)), the atom will undergo a de-excitation process (Figure 2.7
(c)), wherein an electron from a higher energy state X will move to state W, thereby
releasing energy. This energy can result in the production of a characteristic X-ray or it can
cause the emission of an electron (Auger electron) from state Y (Figure 2.7 (d)). The Auger
electron generated is characteristic to the specific element and the energy states involved
in its production. Commonly, the Auger electron peak is labelled with each of the energy
states (WXY), related to Figure 2.1, and common transitions include KLL, MNN, and LVV
[137]. Through the detection of the kinetic energy of the Auger electron the elemental
composition can be determined [137]. Generally, Auger electrons will be released with
kinetic energies below 2,000 eV, otherwise the fluorescent yield takes over and X-rays are
subsequently produced [137]. Due to the low energy of the Auger electrons they have a
small attenuation length, thus they are extremely surface sensitive, resulting in sample
emission from thicknesses varying from 0.3 to 3 nm [137]. Furthermore, the Auger peak is
small in comparison to the background, therefore the derivative of the peak is utilized for

more precise measurements, such as elemental quantification or bonding examination.
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Figure 2.7 Simplified schematic of a KLL Auger electron excitation. (a) Ground state of an atom
illustrating the labels of the energy levels, as related to the principle quantum number. (b) The
atom is ionized from an inelastic scattering event with an electron source, (c) the excited electron
moves back to the ground state, and (d) an Auger electron is released due to the de-excitation
process.

2.3.1 Elemental Quantification using Auger Spectroscopy

Identification of the characteristic Auger electron energies through spectral analysis
indicates the elements present in the sample. Through intensity examination the relative
atomic ratio of these elements can be quantified, such that the intensity depends on the
elemental concentration, ionization cross-section, and the fluorescent yield [137].
Quantification is usually completed through the comparison of the experimental intensity

of the peak-to-peak height from the derivative of the signal to a pure elemental reference
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acquired using the same experimental conditions (spectra resolution, current, voltage, and
the emission angle) [137]. When the Auger peaks are separated, and the signals do not
overlap, a single reference spectrum can be used to determine the mole fraction (Xa) of the

element (A) under consideration,

Xy =12 (2.6) [137],

5
where |4 is the peak-to-peak intensity of the experimental data, and I is the peak-to-peak
intensity of the reference spectra. Once the mole fractions of all the individual elements are
determined, the relative atomic percent of each element can then be quantified. Using this
method, the Auger peaks were quantified in this thesis with specific conditions outlined in

each individual section.

2.4 Summary

In effort to fully understand the material produced and potentially engineer the most
efficient electrode for the ORR and HER the electrode material must be characterized on
the atomic scale. Using electron microscopy techniques, the structure of the N-doped
graphene and NCNT supports will be analyzed using HRTEM and ELNES examination
with EELS. HAADF and ADF will be used to examine the heavy metal structures with
respect to the support material. Furthermore, quantification of N concentration and specific
N-dopants within the support material will be performed using Auger electron
spectroscopy and EELS, respectively. Lastly, using quantification techniques in
combination with HAADF imaging, the ALD technique will be fine-tuned to understand
the effects of the temperature, dosing time, and the nature of the substrate on the size of

the Pt catalysts.
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Chapter Three

Structural and Chemical Characterization of Graphene
with Pt Atoms and Clusters

In order to understand and optimize the production of Pt atoms and clusters in the absence
of nanopatrticles, it is crucial to determine the preferred binding locations of the Pt atoms.
Additionally, the effect of the graphene structure, specific N-dopants, and the Pt size
(atomic to sub-nanometer clusters) on the catalytic activity can only be understood and
optimized through detailed characterization of the material’s structure at the atomic scale.
Through the use of TEM, the N-doped graphene and Pt catalyst were fully characterized.
It is demonstrated that the combination of N-doped graphene with ALD Pt generates
clusters and single atoms, resulting in a catalyst with a high surface area to volume ratio
for the PEMFC. Specifically, HRTEM and HAADF imaging were utilized to determine
the structural information of the graphene lattice and the Pt distribution. Electron
diffraction and EELS were used to investigate the quality of the N-doped graphene, local
variation of N content, and the site preference of N in the lattice. These techniques
ultimately provide a full understanding of the material structure, deeming them invaluable
tools and techniques for material optimization. DFT was used to examine the origins of the

N-dopants within the EELS N-K edge, and ILTEM was utilized to observe the presence of
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Pt atoms before and after electrocatalyst cycling. A mix of Pt atoms, clusters, and

nanoparticles were also examined for their efficiency as catalysts for the HER.

3.1 Experimental Conditions

3.1.1 Material Preparation

All material preparation was performed by collaborators in Dr. Andy Sun’s group at

Western University and the specific details can be found in reference [138].

3.1.2 TEM Sample Preparation

The N-doped graphene powders were transferred to a 200-mesh copper grid with a lacey
amorphous C support via the dry-press method. Samples with hydrocarbon contamination
were baked in a TEM holder overnight at 100°C to minimize electron beam induced

contamination.

3.1.3 Microscope Settings

The samples were examined with an 80 kV electron beam to reduce knock-on damage to
the graphene [92], [93]. In addition, the high electrical conductivity of N-doped graphene
inherently reduces the possibility of ionization damage to the sample [139]. HRTEM and
HAADF experiments were performed with an FEI Titan 80-300 Cubed TEM equipped
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with a monochromator, hexapole-based aberration correctors (Corrected Electron Optical
Systems GmbH) for the image and probe lenses, and a high brightness field emission gun
(XFEG). For HRTEM, the spherical-aberration correction of the objective lens was set to
a negative spherical aberration imaging configuration [139] and a monochromated beam.
Similarly, HAADF-STEM was performed with the aberration-corrector tuned to minimize
spherical aberration in the probe lens.

EELS and nanoprobe diffraction experiments were carried out with an FEI 80-300
Cryo-Twin TEM equipped with a monochromator, and a Schottky field emission gun
(SFEG). Specifically, the ELNES from the EEL spectra was extracted to understand the
bonding environment of the C, N, and O atoms. The EELS acquisition for the N-K edge
was performed in STEM mode with the spectrum imaging technique implemented by the
GATAN Digital Micrograph software. The monochromator was used to achieve an energy
resolution of 0.08 eV as measured from the FWHM of the zero-loss peak. The low N
concentration in the graphene and small cross-section of the N-K edge increases the
difficulty in collecting the ELNES [140]. Long acquisition times ranging from 3.0 to 4.0
seconds/pixel were utilized to acquire the N-K edge with a high signal to noise ratio to
ensure the fine structure corresponding to each N-dopant was resolved. A dispersion of 0.1
eV/pixel was used for the EELS acquisition of the C-K and the N-K edges, with the areas
carefully monitored before and after acquisition of the spectra to ensure contamination
from surface hydrocarbons did not influence the fine structures. The EEL spectra
containing the O-K edge were acquired on the FEI Titan 80-300 Cubed with a dispersion
of 0.2 eV/pixel for simultaneous acquisition of C-K, N-K, and O-K edges. The background
of the EEL spectra was removed using a power-law fit [141]. Lastly, the energy dispersive
X-ray spectroscopy (EDXS) data was acquired with an FEI Tecnai-Osiris microscope
equipped with a Super-EDX spectrometer and a single aligned excitation voltage of 200
kV2,

2 Special thank you to Dr. Feihong Nan for performing EDX analysis at CANMET Materials Technology
Laboratory, a facility supported by Natural Resources Canada.
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3.1.4 Quantification of HAADF Images and EEL Spectra

The quantification and processing of the HAADF images to determine the location of Pt
with respect to the graphene edges were carried out as follows. A band-pass filter was first
applied to the HAADF images in order to determine the Pt atom locations. Images were
then smoothed with a Gaussian blur, and the local gradients (Sobel filter) were examined
to determine the position of the edges of the graphene sheets. Lastly, the Pt atoms and
graphene edge outlines were then superimposed on the original image. All images were
personally visually inspected to ensure the Pt locations were correct; manual addition and
removal of Pt atom locations was performed when it was apparent that the routine failed
with comparison to the original image. The coding utilized for the HAADF analysis and Pt
location was written with Andrew Scullion using MATLAB. Coding for Pt filled circles
was completed using a publicly available code by Sadik Hava produced in 2010, which
makes use of code from Zhenhai Wang generated in 2002. These codes are available
through MATLAB’s online forum, MATLAB central file exchange®.

Quantification of the sample composition was determined using EELS edges. The
concentration of the N and O atoms were calculated using the quantification routine in the
GATAN Digital Micrograph software with the Hartree-Slater cross-section model and the

extraction of the signals of the N-K and O-K edges relative to the C-K edge.

8 Code was found at http://www.mathworks.com/matlabcentral/fileexchange/27703-draw-a-filled-
circle/content/filledCircle.m
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3.2 Results and Discussion

3.2.1 Graphene

Graphene obtained from thermal exfoliation of graphite oxide [142] is susceptible to
incomplete exfoliation at reduced temperature and time, thus producing few-layer graphene
(FLG), as observed by the fringes induced by folding in Figure 3.1 (a) (orange arrows
indicating fringe locations) and the overview of the N-doped FLG sheet in the bottom inset
of Figure 3.1 (c). The defects inflicted on the graphene lattice by the thermal exfoliation
[143] and the incorporation of N-dopants can be visualized with HRTEM images in single-
layer graphene, as illustrated by Gomez-Navarro et al. [144] and Meyer et al. [103], [145].
For the use of qualitative analysis and comparison, Figure 3.1 (b) of commercially-
produced CVD graphene illustrates the characteristic hexagonal lattice of graphene with
slight contamination from hydrocarbons floating on the surface as islands (encircled in blue
in Figure 3.1 (b)). While the CVVD-grown graphene is not defect-free (defects may be
intrinsic or beam induced), in qualitative comparison, the N-doped graphene is highly
defective on the long-range, as suggested by the multitude of grain boundaries and layers
from the edges of the N-doped graphene sheets in the HRTEM image (Figure 3.1 (c)) with
confirmation from the computed diffractograms (Figure 3.1 (c) and (d) top inset). In the
short range, the complex hexagonal lattice of the N-doped FLG is visible in the thin regions
of the N-doped graphene edge (Figure 3.1 (c)), where the computed diffractogram of the
bulk area image (Figure 3.1 (d) top inset) confirms the presence of the hexagonal lattice of
graphene. Two sets of hexagonal elongated spots in the diffractogram (encircled in blue
and green) indicate that the N-doped graphene in this area contains two main grain
orientations. An isotropic broadening of the diffraction spots can be observed in the
diffractograms originating from the N-doped graphene, while distinct diffraction spots are

observed for the CVD-grown graphene. The angular broadening is attributed to multiple
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low and high angle misorientations, likely due to the defects present in the lattice, lattice

folding, and the presence of misoriented sheets within and between graphene layers [113],
[114].

Figure 3.1 HAADF and HRTEM images of N-doped FLG and commercially available graphene.
HAADF image after 150 Pt ALD cycles on N-doped graphene. The edges of the graphene sheets
are labeled in (a) in orange, indicating that the thermally exfoliated graphene does not consist of
single sheets. HRTEM micrographs were acquired from (b) commercially obtained graphene, (c)
the edge of an N-doped graphene sheet (Cs -40 um), and (d) the bulk area of N-doped graphene
after 50 ALD cycles (Cs -15 um). The commercial graphene contains floating hydrocarbons
encircled in blue. The lower inset in (c) shows a general overview of the N-doped graphene
sheets (scale bar 1um). Fourier transform diffractograms are displayed in the top insets of (b), (c)
and (d) and illustrate the characteristic hexagonal structure of graphene. The 12 elongated
diffraction spots highlighted with circles (green and blue) in (d) are a result of two main grain
orientations, while the broadening of the diffraction spots can be attributed to stacking
misorientations, defects in the graphene lattice, and lattice folding within the field of analysis.
The top inset in (d) suggests that the short-range order of the hexagonal lattice is maintained.
Reprinted with permission from ref. [138] (S. Stambula et al. 2014). Copyright © 2014 American
Chemical Society.
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The quality of the graphene is further examined using nanoprobe diffraction as
observed in Figure 3.2. A graphitic diffraction pattern is obvious through the hexagonal
pattern, thus suggesting that the area examined was thick and not pure single sheet
graphene. Additionally, the diffraction spots are anisotropically broadened in a similar
fashion to the computed diffractogram. Most importantly, the obvious hexagonal
arrangement of the computed diffraction pattern reveals that the short-range graphene
structure is maintained after N-doping. Because the graphene sheet is multilayered, and the
broadening is anisotropic, corrugations are not responsible for the broadening [112]. This
indicates that the broadening is due to the fact that the sheets are multilayered and highly

defective.

Figure 3.2 Diffraction pattern of N-doped graphene with 50 ALD Pt cycles. The diffraction
pattern shows elongated spots from grain and stacking misorientations, lattice folding, and defects
within the lattice in the field of analysis, where a single main grain was analyzed (gamma
adjusted). Reprinted with permission from ref. [138] (S. Stambula et al. 2014). Copyright © 2014
American Chemical Society.

The nature of the local environment of the C atoms in the FLG was studied through
a comparison of the C-K edge ELNES of the N-doped graphene (Figure 3.3 (a) green plot)
to the amorphous C support on the TEM grid (Figure 3.3 (a) red plot) and commercial
graphene (Figure 3.3 (a) black plot)*. While a first inspection reveals similarities in the

% The graphene EELS spectrum was acquired by Dr. David Rossouw using commercial graphene obtained
from Graphene Supermarket®©.
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overall shape of the three spectra, the sharp n* peak (labeled as C1) and 6* peak (C2) of
the C-K edge of the N-doped graphene bears strong similarities to the pure graphene EEL
spectrum, as opposed to the weak n* and broad o* peak of the amorphous C, where C is in
the sp? configuration. The excitonic peak at approximately 292 eV in C2 is present in both
the pure graphene and N-doped graphene, while it is absent in the amorphous C-K edge.
This suggests that defects introduced from the N-doping process do not affect the very
short-range order (i.e. the C is still mostly in trigonal coordination) and the hybridization
of the C atoms in a detectable way, which is likely due to the small concentration of
dopants. The slight broadening of the o* peak (C2) of the N-doped graphene in comparison
to the commercial graphene indicates longer-range distortions and is consistent with the
disorder observed from the computed diffractograms in Figure 3.1 (d). In particular, the
loss of some fine-structure features occurring in the C-K edge after the excitonic peak (e.g.
at 296, 302 and 306 eV) and a broadening of the n* peak (C1) in the N-doped graphene
EEL spectrum, as compared to the reference graphene, suggests the highly defective nature

of the N-doped graphene.
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Figure 3.3 C-K ELNES from various C sources. (a) C-K edge ELNES spectra from amorphous
C (red), N-doped graphene with 50 ALD Pt cycles (green), and pure graphene (black). The C-K
edge n* and o* peaks are labeled as C1 and C2, respectively. The N-doped graphene and
amorphous C EEL spectra in (a) were acquired from the corresponding coloured outlined areas in
(b) and the EEL spectrum of pure graphene in (a) was acquired from a standard commercial
reference sample. Reprinted with permission from ref. [138] (S. Stambula et al. 2014). Copyright
© 2014 American Chemical Society.

Defects in the structure of the N-doped graphene lattice can be attributed to the
graphene production method and the N-dopants. Direct visualization of the N-dopant atoms
is not realistically possible due to the multilayered nature of the sample and the similarity
in electron scattering of the C and N atoms that gives rise to contrast in imaging techniques
in TEM [69]. Consequently, the site location of specific dopants in images such as Figure
3.1 (c) and (d) cannot be taken further in this work. An additional defect source is due to
the incorporation of O-species from the incomplete reduction of the graphite oxide,
resulting in hydroxyl, epoxy, carbonyl, and carboxyl groups on the surface of the graphene
lattice [66], [67]. These moieties can give rise to the broader onset of the o* peak (C1) of
the N-doped graphene edge in Figure 3.3 (a), but no single peak attributed to any of the O
groups appear to dominate this well-resolved region [146], [147]. O-containing defects
contribute to the structural defects observed in Figure 3.1 (d), as EELS analysis of the O-

K edge indicates a 9.08 £ 1.19 at. % (atomic percent, normalized to C, N, and O) O within

61



Ph.D. Thesis — Samantha Stambula McMaster University — Materials Engineering

the sample (Figure 3.4). This suggests that the defects in the graphene arise from the
thermal exfoliation production method, incomplete reduction, and N-species; however, as
suggested by the various characterization techniques the overall short-range graphene
quality is preserved. Moreover, Ca contaminants were found on the N-doped graphene

samples, which occasionally correlated with Pt catalysts.
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Figure 3.4 EELS of C-K, N-K, and O-K edges acquired from N-doped graphene with 50 ALD Pt
cycles. The n* and o* components of the C-K edge are labeled as C1 and C2, respectively.
Furthermore, the N-K edge is also divided by the 7* (N1) and o* (N2) regions, where the O-K
edge contains only a o* (02) component. Reprinted with permission from ref. [138] (S. Stambula
et al. 2014). Copyright © 2014 American Chemical Society.

3.2.2 Nitrogen-Doping

Various experimental results report the incorporation of specific N-species in the graphene
lattice through XANES of the N-K edge, [69], [77], [128], [129] XPS binding energies,
[71], [148], EELS [131], [149], [132], and DFT calculations [150], [130], [131], [149],
[132]. The N-dopant atoms were detected here with EELS through examination of the N-
K edge, as shown in Figure 3.5. Through quantification of the spectra, relative to the C-K

edge, the local concentration of the N atoms in different areas was determined (Table 3.1).
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The noise associated with the N-K edge is a result of the low atomic N concentration, as
reported in Table 3.1. In addition, from inspection of the near edge structure, the presence
of strong features in the N-K edge from 397-400 eV associated with a ©* hybridization
(P1-P3), and the feature at 405 eV (P4) associated with a 6* hybridization can be observed.
Each N-dopant species has a specific bonding environment that represents a characteristic
peak in the N-K edge fine-structure appearing in the energy range from 397 to 400 eV. The
identification of the peaks is not entirely straight forward, due to discrepancies in literature
and the uncertainty in the absolute energy in EELS measurements; however, it can be
suggested that the peaks can be identified with increasing energy as pyridinic/pyrrolic (P1),
amino/cyanic (P3), and graphitic (P3) (recognized in Figure 3.5) [69], [128], [77], [129],
[130], [131], [132], [151]. Unlike Nicholls et al. [140], an additional well-resolved feature
attributed to the N atoms is not observed in the C-K edge, as the EEL spectra were averaged
over hundreds of nanometers in an effort to extract the N-K edge rather than acquiring
atomically resolved spectra from surrounding C atoms. However, when comparing the C-
K and N-K edge on a relative energy scale (Figure 3.5) the similar covalent bonding

between the C and N atoms is evident.
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Figure 3.5 Normalized EEL spectra of C-K and N-K edges acquired from three N-doped
graphene sheets with 50 ALD Pt cycles and two separate areas on sheet 1. The n* and ¢*
components of the C-K edge are labeled as C1 and C2, respectively. Furthermore, the N-K edge
is also divided by the n* (P1-P3) and o* (P4) regions, where P1 to P3 are attributed to the
individual N-dopants of pyridinic-/pyrrolic-, amino-/cyanic-, and graphitic-type, respectively.
Energy scale is within + 2 eV. Adapted with permission from ref. [138] (S. Stambula et al. 2014).
Copyright © 2014 American Chemical Society.

Although we cannot be quantitative in the absolute N-species concentration
because reference spectra of individual species are not available, changes in the relative
contributions of N atoms in various bonding environments can be shown. It is possible to
infer, from the N-K near edge structure (Figure 3.5), that there are local variations in the
relative proportions of different N-species between N-doped FLG sheets, and even possibly

within a single sheet, as the relative intensity of the P1 to P3 peaks (hence the weight of
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pyridinic/pyrrolic, amino/cyanic, and graphitic moieties, respectively) vary locally. The N
concentration, as determined by EELS analysis, is within the same compositional range
between each examined sheet in Figure 3.5 (Table 3.1); however, local variations in the
distribution and concentration of the individual N-species exist among the graphene sheets.
This is specifically evident through the presence of three peaks in sheet 2 (P1, P2, and P3),
whereas only two peaks (P1, and P3) are observed in the other N-doped graphene sheets.

P2 is not visible in the ©* region due to the possible overlap from the strong P3 peak.

Table 3.1 Atomic N fraction deduced from quantification of the EELS N-K edges from Figure
3.5 (error acquired from EELS quantification routine in Digital Micrograph). Reprinted with
permission from ref. [138] (S. Stambula et al. 2014). Copyright © 2014 American Chemical

Society.
Percent N
graphene sheet number (area number) (normalized to C and N)
1(1) 7.31£10
1(2) 6.6+0.9
2 6.9+£0.9
3 6.0£0.8

From spatially resolved EELS measurements of several FLG flakes, it is also clear
that N is not present in every sheet, or its concentration is below the practical detection
limit of EELS of approximately 0.5% in our experimental conditions. It can be proposed
that the variation in the relative overall concentration between sheets may be an effect of
the location of the sheet within the bulk powder during the doping process. The ammonia
gas would likely be more readily available to sheets directly exposed to the flow of the gas
rather than within regions of the batch powder where doping would be limited by diffusion.
N-doped graphene sheets in Table 3.1 were likely located near the surface of the batch
powder during the doping process, while the sheets without a detectable N-K edge were
likely located deeper within the powder.

The N-K near edge structures of the electrode material presented here suggests that
each of the dopant sites (pyridinic/pyrrolic (P1), amino/cyanic (P2), and graphitic (P3)) are

present in the samples under consideration. It is thus possible to infer that an enhanced
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ORR activity is expected when these materials are tested for their electrochemical
performance. Nevertheless, the N-dopants are not homogeneously distributed across the
graphene sheets or within the FLG sample, thus possibly resulting in local variations of the
ORR. Our results also suggest that local measurements such as the ones reported in the
present work, rather than average measurements with broad-beam methods, need to be
carried out in order to optimize the synthesis and thus ensure full utilization of the electrode
support for the ORR.

3.2.2.1 Density Functional Theory (DFT) ELNES Calculations

In order to better understand the origins of the peaks in the n* region of the N-K edge, DFT
was used to model the ELNES structure using WIEN2k [152].> WIENZ2K is an ab initio
based software package used to calculate electronic structure of ground state material
through the implementation of DFT using a full potential basis set. The choice of a full
potential basis set makes this software package unique, as it includes all electrons in its
calculation rather than employing pseudo-potentials, where the core-states and nuclei are
combined into a single potential [153]. This program is commonly used to calculate
ELNES spectra [131], [154], as the calculated total DOS is very precise from the full
potential code. Unfortunately, this can lead to lengthy calculations, thus WIEN2K is not
recommended for large unit cells. For more information on WIEN2k and its
implementation, the following references can be consulted [155], [156], [157].

In order to complete the calculations, graphene crystal structures were produced
following a simulation from Warner et al. [154]. Two main considerations were applied as
follows: (1) a large (25 A) c-spacing was used to prevent the interaction of graphene sheets,

and (2) the sub-units for the N-doped graphene sheets were increased to a 3x3x1 super-cell

51 would like to thank Dr. Matthieu Bugnet and Dr. Stefan Loffler for discussions concerning DFT
implementation, WIEN2k code, and WIEN2k downfalls for graphene modelling.
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to prevent the interaction of the dopants [154]. Each graphene structure was produced by
Dr. Ali Malek, wherein they were relaxed using the Vienna Ab initio simulation package
(VASP) before their use in WIEN2k. Using the “.cif” files of the relaxed structures, five
different graphene structures were examined (Figure 3.6): graphene, graphitic N-dopant,
pyridinic N-dopant at a zig-zag edge, amino N-dopant, and a Pt adatom with a graphitic N-
dopant. Based on in-depth analysis of DFT parameters on ELNES calculations from single
sheet graphene [149] and single-walled carbon nanotubes [131], the core-hole was
excluded from the calculation. While a core-hole best replicates the physical electron
excitation during the EELS process, when included in the DFT calculation the ELNES
results in a poor spectral match; however, the agreement with the experimental spectrum
is better when the core-hole is omitted. A possible explanation for the poor spectral match
when adding the core-hole is that it is added into an arbitrary conduction state without the
consideration of electron rearrangement after excitation. In reality, the ground state
electronic structure will be modified from the introduction of an electron into the
conduction band, which will affect the ELNES spectra and could result in the poor

agreement observed by others.
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Figure 3.6 Relaxed and optimized structures used for DFT calculations (a) legend, (b) graphene,

(c) graphitic N-dopant, (d) pyridinic N-dopant, (e) amino N-dopant, (f) graphitic N-dopant with
Pt adatom. All structures were constructed using Vesta software [74].

Following the construction of each structure, the symmetry was optimized using
WIENZ2k, and the DOS were produced with the TETRA program [158], [159]. The self-
consistent field (SCF) calculation was used to converge the basis set by examining the total
DOS with varying number of basis set functions (RKmax) and the number of k-points in
reciprocal space (k-mesh) for each structure (Figure 3.7). A linear augmented plane wave
(LAPW) basis set was selected, and the linear density approximation (LDA) was used for
the calculation of the exchange-correlation energy based on ref. [131]. For the structures
containing the single Pt adatom, the calculations were performed with spin polarization.
Following the convergence of the DOS, the ELNES structures for the atoms of interest
were produced using the TELNES3 program [157]. The k-mesh was gradually increased
for each structure until convergence was achieved. The convergence and collection semi-
angles for the ELNES calculation were selected to be a median value of 20 mrad.
Additionally, the spectra were selected to be sampled in all directions to remove the

anisotropic effects of the graphene structure. It was believed that this would better represent
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the nanosheets observed in Figure 3.5, due to the fact that the graphene sheets were
randomly oriented from the defects found within the graphene lattice. Further, a
spectrometer Gaussian broadening of 0.4 eV was added to each spectrum based on
experimental conditions. For more accurate spectra simulations, a Lorentzian with a linear
energy broadening should be applied to the converged spectra to resemble the lifetime of
the excited state. Unfortunately, this broadening in WIENZ2K is too strongly implemented,
and therefore was not utilized, and an external code should be written at a later date.
Convergence values for the LAPW basis set and ELNES for each structure can be found
in Table 3.2.
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Figure 3.7 Convergence of the basis set of the graphene structure using the total DOS by first
converging the (a) RKmax, followed by the convergence of the (b) k-mesh. Spectra were acquired
with 50 k-points and broadened by 0.003 Rydbergs.

Table 3.2 LAPW basis set and ELNES convergence values.
LAPW Basis Set ELNES

Structure  RKmax  k-points  k-points
Graphene 7.0 4x4x1 12,000
Graphitic 6.5 4x4x1 6,000
Pyridinic 6.5 12x12x1 8,000
Amino 5 13x13x1 1,000
Graphitic-Pt 6.5 6Xx6x1 2,000
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The DOS from the total crystal structure, an isolated C atom, and the N-dopant can
be found in Figure 3.8 with a broadening of 0.03 Rydbergs applied to the spectra. It is
expected that the incorporation of various defects and N species within the graphene lattice
will affect the DOS, as the electronic properties are being modified through a doping
process. It has been suggested that the graphitic N-dopant acts as an n-type electronic
dopant to the graphene crystal structure, as an additional electron is added into the lattice
[87]. Alternatively, it has been theorized in literature that the amino- and pyridinic- type
dopants result in a p-type doping [87]. From Figure 3.8 (a) the effects of the doping can be
observed through relative shifts to the total DOS with respect to the Fermi energy (0 eV)
of the graphene structure. Graphene behaves as a semi-metal with a zero-band gap, which
is observed at the Fermi energy. When examining the total DOS of the graphitic dopant
with respect to the pure graphene structure, a shift towards lower energy appears with
respect to the Fermi energy, thus filling the conduction band and illustrating the n-type
doping. Interestingly, the Pt atom on the graphitic-type dopant seems to have weakened
the n-type behaviour from the total DOS, thus indicating that the additional N atom
incorporated into the graphene lattice is acting in the chemisorption bond with the Pt atom.
The p-type characteristic of the other dopants is not as obvious; however, there are electron
states that appear at the Fermi level which is an indication of the doping process, and a
potential shift in the valence bands towards a higher energy. It can be noted from Figure
3.8 (b) that the N atoms affect the total partial DOS (PDOS) of an individual isolated atom
that is located ~5 C atoms away from the dopant. This indicates that the N atoms are not
effectively isolated from each other and are interacting. Based on the atomic models, the
N concentration are set to 2.8 at. % for the graphitic and pyridinic dopants, and 2.6 at. %
for the amino dopant. This is not ideal, as it does not replicate a single N-dopant, thus
interaction of the N-dopants will occur within the computation. Li et al. suggested that a
change in the dopant concentration with the size of the crystal structure can modify the
nature of the N-K ELNES, as seen through intensity variations and fading of the higher
energy oscillations [130]. Lastly, the total PDOS of the N-dopants can be observed in
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Figure 3.8 (c). Here, the contribution of the changes in the total DOS observed in Figure
3.8 (a) can be isolated to the N-dopants, such that the n-type behavior from the graphitic
dopant is observed in Figure 3.8 (c) as a shift of the conduction band to energies below the
fermi energy, and the p-type behavior of the amino and pyridinic dopant is observed as a
shift in the valence band towards higher energies. As a final note, the graphitic-Pt dopant
has a nearly overlapping DOS for the spin-up and spin-down calculations, suggesting that

spin polarization calculations are not necessary in this structure.
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Figure 3.8 Converged DOS for the five structures outline in Figure 3.6 showing the (a) total
DOS, (b) total C PDOS from an isolated C atom (same legend as (a)), and (c) the total PDOS
from the N-dopant. Spectra were acquired with 50 k-points and broadened by 0.03 Rydbergs to
smooth the noise.

When probing the ELNES structure in graphene, we are observing the 1s — 2p
transition of the core electron, and in doing so, we are examining the n* and 6* unoccupied
states from the p, and px and py orbitals, respectively. With this being said, the total PDOS
of the N atoms and their p-orbitals are plotted in Figure 3.9. Simply by examining the total
N-PDOS, it is apparent that local changes with the band structure occurs based on the
incorporated N-dopant, indicating the origins of the sensitivity of the N-K edge for
fingerprinting the type of dopant present in the sample. Based on the N-p states, the
approximate shape of the N-K edge can be resolved, such that it contains the sharp n* peak
at lower energy and broader o* peak at higher energy with respect to the Fermi energy.

Interestingly, of the four structures examined, the peaks in the pyridinic type dopant were
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more spread out. It should be noted that in the case of the pyridinic-type dopant, the py
orbital is out of plane due to the optimized orientation introduced by WIEN2k, thus the py
orbital is related to the m* state and the p; and px orbital are related to the o* state. The
broadening of the N-PDOS for the pyridinic-type dopant differs from Schiros et al. [87],
Lie et al. [130], and Lin et.al [132], in which sharp n* peaks were observed. This could be
an effect of the doping concentration, as suggested by Li et al. [130], or due to the fact that
the pyridinic dopant was set at a zig-zag versus a vacancy configuration commonly used

in literature.
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Figure 3.9 N-dopant PDOS for the total N contribution and N-p states. PDOS of (a,c,e,g,i) the
total N contribution as constructed from the N-s and N-p states and of (b,d,f,h,j) the N-p state as
constructed by the py, py, and p; states. The specific dopants examined are (a,b) graphitic, (c,d)
pyridinic, (e,f) amino, (g,h) graphitic-Pt-spin down, and (i,j) graphitic-Pt-spin up.
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Using the converged DOS and the TELNES3 program, the N-K edge ELNES from
each N-dopant was calculated, as shown in Figure 3.10. Through comparison of the
calculated ELNES to the N-p PDOS in Figure 3.9 (d), the origins of the peaks in the N-K
edge can be determined. As expected, the amino and pyridinic structures resulted in broad
n* and o* peaks, which differ from those found in literature [87], [130], [132]. However,
the graphitic-dopant results in a sharper n* (~0 eV) and o* (~7 eV) peak, which more
closely resembles literature structures [131], [149], [154], [132]. The comparison with the
experimentally obtained N-K edge from Figure 3.5 to the computed structures in Figure
3.10 is the most important aspect for examining the validity of the calculation, as these
structures would ideally be used to characterize the specific peaks associated with the N-
dopants in the graphene N-K edge. Unfortunately, the three peaks observed in the
experimental N-K edge were not replicated from the calculation, except for the graphitic
dopant. Initially, optimism for this calculation was quite high, based on the successful
modelling in literature of C-K ELNES from graphene using WIEN2k and other DFT based
codes. Unfortunately, the structure in which we are trying to characterize is quite complex,
thus leading to a higher degree of complications when attempting to model the system.
First, the graphene used to obtain the N-K in Figure 3.5 is multilayered, and has a total
doping concentration of ~7 at. % (normalized to C and N) or less with varying
concentrations of individual dopants. It has been suggested by Li et al. that the
concentration of the dopants will affect the DOS and hence the ELNES structure [130].
This suggests that a model structure that better represents the experimental conditions
should be used. In an effort to obtain a more representative distribution of the N-dopants,
X-ray spectroscopy can be used to gather the relative at. % for each dopant on an average
scale. Furthermore, the presence of different defects in the graphene lattice have been
shown to greatly affect the ELNES of the C-K edge, thus it can be suggested that the
selection of the N-dopants and the defects with their relative proximity to the N-dopant
under examination, may also affect the overall N-K edge [160]. Through inspection of the

HRTEM images in Figure 3.1 (c) and (d), possible defects may range from point defects to

74



Ph.D. Thesis — Samantha Stambula McMaster University — Materials Engineering

graphene edges and folding. Therefore, the effect of defects on the N-K should be also be
examined. Lastly, Arenal et al. [131] noted that the presence of N in an amorphous C layer
resulted in a significant change in the N-K edge with respect to the graphitic-dopant,
resulting in a broadening and overlapping of the n* and o™ peaks. As they suggested, this
amorphous layer may not be visible at low magnifications or spatial resolution, thus it
would not be accounted for in the proposed N-K edge structures. The N-K edge acquired
experimentally here was collected at a low magnification, to increase the signal to noise
ratio, thus an amorphous layer may have gone unnoticed, therefore possibly resulting in
the discrepancies between the experimental and computed N-K ELNES. Overall, it is
suggested that the individual dopants modeled using WIEN2k do not represent the
configuration of the N-dopants in this system. It is possible that the spectral signatures
found in literature match the experimental data with more precision than the results found
here, due to the fact that single sheet graphene and CNTs were examined with specific
dopant configurations imaged with STEM.
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Figure 3.10 Calculated N-K ELNES for each N-dopant, (a) pyridinic, (b) amino, (c) graphitic, (d)
graphitic-Pt-spin down, and (e) graphitic-Pt-spin up.

Comparison of the WIEN2k data to calculations and experiments in literature

suggests that WIENZ2k can effectively calculate the N-K edge of the graphitic-type dopant.

Other than the potential causes for the disagreement between the ELNES calculated in

Figure 3.10, and the experimental data in Figure 3.5 discussed above, additional causes of

inconsistencies may be due to the method in which the ELNES calculation is implemented.

First, the calculation only considers single atom inelastic scattering, and excludes all other
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scattering events that will physically occur between the incident electron and the crystal
(i.e. elastic scattering, multiple scattering, and channeling). Because graphene is a single
layer, this effect should bear little influence on the accuracy of the simulation to produce
the same structure as the ELNES spectra. However, in the case of the experimental data
which is from a multilayered graphene sheet, this may have a small effect. Secondly, the
existence of an excitonic state between the core-hole and excited electron is poorly
described by DFT. With the complexity of the structure to be calculated, and the short-
comings of the code, the possibility of achieving a direct spectral match between the
experimental and computed ELNES is unlikely without the direct characterization of the

Pt bonding location with respect to the specific N-dopants and lattice defects.

3.2.3 Pt Catalyst

The Pt atoms and clusters deposited on N-doped graphene through ALD are visible in
Figure 3.11 (a,b,c) using HAADF imaging, where they appear as bright dots over a darker
background, corresponding to the graphene support and vacuum. In each image, the N-
doped graphene has localized small regions with fewer layers (examples encircled in
orange) and folds, resulting in intensity variations in the support material through the mass-
contrast contribution in the HAADF signal. The graphene and N-doping production
method consistently yields multilayered, and folded sheets, as determined through HRTEM
(Figure 3.1 (c)). Due to the multilayered nature of the N-doped FLG and sheet
misorientations observed from the computed diffractogram (Figure 3.1 (d)), the graphene
lattice cannot be resolved using the experimental conditions for our HAADF imaging.
Similarly, the exact location of the Pt atoms with respect to the graphene hexagonal lattice
and the N-dopants, as done previously by other researchers with other elements on single
layer graphene, cannot be retrieved [140], [120], [161]. However, through quantitative

analysis of the HAADF signals in our images, we can retrieve the location of the edges
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(yellow lines) composing the N-doped FLG and Pt atom and cluster locations (pink dots)
(Figure 3.11 (d,e,f)). From this analysis, it is clear that the Pt atoms are primarily located
along the edges of the graphene stacked nanosheets, with few Pt atoms situated in the
central part of the sheets (indicated by green arrows). Remarkably, in each set of ALD
cycles (50, 100, and 150), Pt atoms and few-atom clusters are observed on the N-doped
graphene support, rather than nanoparticles. According to Sun et al. [162], increased ALD
cycling results in increased Pt loading, and the formation and growth of nanoparticles on
pure graphene nanosheets. Instead, our work shows that the growth of nanoparticles did
not occur within the N-doped graphene samples, as the atoms and clusters appear to be
stabilized, and thus rendered immaobile by the defects within the graphene lattice and the
N-dopants. Also, a decreased nominal Pt loading in comparison to the graphene nanosheets
reported by Sun et al. [162] may be responsible for the lack of nanoparticles in the N-doped
samples. Furthermore, our measurements show that the specific Pt density in the N-doped
samples varied amongst locations on the graphene sheets, likely due to local variations in
defects in the graphene lattice, N-dopant concentration, dopant site distribution, and
variations in Pt loading. It is expected, as suggested by Hsueh et al. [34], that increasing
the number of ALD cycles and therefore the Pt loading, will eventually form nanoparticles
as the N-dopant and edge nucleation sites are filled by Pt atoms; however, this was not

observed up to the 150 ALD cycles in our work.
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Figure 3.11 HAADF images of 50, 100, and 150 ALD Pt cycles on N-doped FLG. Raw (left) and
processed (right) HAADF images of (a,d) 50, (b,e) 100, and (c,f) 150 ALD Pt cycles on N-doped
graphene, respectively. The orange circles in the raw images locate the specific areas with fewer
layers in the graphene lattice from the destructive thermal exfoliation process. The processed
images outline the edges of the graphene nanosheets with yellow lines, and the Pt atoms and
clusters are distinguished with pink dots. These are simply overlaid on the original raw image.
Green arrows highlight atoms that are not located on the edges of the graphene sheets. Specific
details of the processed images can be found in the experimental section. Reprinted with
permission from ref. [138] (S. Stambula et al. 2014). Copyright © 2014 American Chemical
Society.
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HRTEM, using negative spherical aberration imaging conditions (Figure 3.12), can
be used to provide complementary information to the HAADF images in Figure 3.11. The
Pt atoms are observed as sharp dots in the HRTEM images [163], [164] and the amorphous
C contamination is encircled in blue, where the contrast of the image is dependent on the
microscope imaging parameters. However, the unambiguous identification of Pt atoms and
clusters is difficult in the HRTEM images, due to the multiple-layered nature of the
graphene. To more precisely observe the location of the Pt with respect to local graphene
defects and N-dopants, experiments with single sheet graphene would need to be

conducted.

Figure 3.12 HRTEM image of N-doped graphene with 50 ALD Pt cycles at two separate
locations (a) and (b) (Cs -15 um for each image). The amorphous C contamination is encircled in
blue. The Pt atoms and clusters can be identified as sharp dots; however, the multilayered nature
of the samples makes the precise location of Pt ambiguous. Reprinted with permission from ref.

[138] (S. Stambula et al. 2014). Copyright © 2014 American Chemical Society.

Further, the presence of Pt on the N-doped FLG is confirmed with EDXS on a
similar sample to Figure 3.11 with 100 ALD Pt cycles on N-doped graphene (Figure 3.13).
Small Pt peaks are present in the EDX spectrum of the sample (Figure 3.13), while no such

peaks are observed in the reference spectrum acquired over vacuum. The Cu, and C in the
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reference spectrum are due to the lacey C support on the Cu TEM grid, while the Mo and
Mn are likely originating from the sample holder, apertures, and instrumental
contributions. Both the sample and the reference spectrum contain Si, which could be a
contaminant originating from the lacey C support. The spectrum from the N-doped FLG
and the comparison of the in-vacuum spectrum confirm that the Pt signal is arising from
the sample rather than instrumental effects or contamination. Further, the O in both the
reference and sample spectra is related to the oxidized Si that contaminated the lacey C
support, and an incomplete reduction of the graphite oxide, respectively.
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Figure 3.13 EDX spectra from a refence area and the sample. (a) TEM image of respective areas
utilized to acquire (b) the reference and sample EDX spectra (similar sample to those in Figure
3.11 with 100 ALD Pt cycles on N-doped graphene). Reprinted with permission from ref. [138]

(S. Stambula et al. 2014). Copyright © 2014 American Chemical Society.

The relationship between the Pt observation and the detection of N in different
bonding configurations can now be considered. Through various calculations [41], [76] in
literature, it has been shown that Pt is expected to bind to the C atoms adjacent to N-dopants
due to the imposed positive charge. Indeed, Holmes et al. [41] showed that N incorporation

increases Pt nucleation and that Pt ripening is unfavorable over pyridinic sites. This creates
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an ideal situation for Pt catalyst deposition as it results in an increased Pt loading without
Pt agglomeration, as shown in Figure 3.11 and Figure 3.12, through the production of Pt
atoms and clusters. The predominant location of Pt at N-doped graphene edges (Figure
3.11), and the lack of Pt ripening is consistent with calculations [62], suggesting that the
adsorption energy of Pt on graphene is enhanced at edge locations due to dangling bonds
and the presence of pyridinic-type dopants at the FLG edge, thus allowing for the stable
formation of atoms and clusters. Additionally, Kong et al. [62] calculated that the diffusion
rate of Pt on the surface of graphene is greater than the diffusion at edge sites, which is
consistent with the experimental data found here with the location of Pt on graphene edges.
An additional contribution to the observation is due to Groves et al. [82], who concluded
that N-doping enhances the adsorption energy of Pt on C. Thus, the presence of Pt atoms
and clusters located on the terraces of the graphene nanosheets (labeled with green arrows
in Figure 3.11), and not as Pt nanoparticles, is likely linked to N-dopants increasing the Pt-
C bond energy, or to vacancies in the graphene lattice [41]. This possibly suggests that the
Pt remains in atomic and atomic-cluster form on the N-doped graphene due to the
incorporation of vacancies and edge defects, and the increased binding energy between Pt
and C from N-dopants; thereby reducing the mobility of Pt on the surface of the FLG, and
preventing the growth into larger nanoparticles. The EEL spectra in Figure 3.5 indicate that
pyridinic-N (peak P1) is contained in each examined graphene nanosheet, which can
influence the preferential position of Pt atoms and clusters at the edge of these sheets.
According to calculations performed by Holmes et al. [41], Pt nucleation is more favorable
on pyridinic-type dopants rather than graphitic-type, while Pt ripening is unfavorable on
pyridinic-type in comparison to graphitic-type. Our study agrees with these calculations
[41], as the EEL spectra in Figure 3.5 indicate that both pyridinic (P1)- and graphitic (P3)-
type dopants moderate the effect of both ripening and nucleation in the sample. In
collaboration with Dr. Ali Malek (Simon Fraser University), calculations were performed
to determine the binding energy of Pt on different N-dopants in single sheet graphene. It

was determined that the Pt binding energy was greatest when located in binding spots 1
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and 5 (or 6) in Figure 3.14 on pyridinic-type dopants, as compared to graphene and
graphitic N-dopants. The schematic diagram in Figure 3.14 illustrates the bonding
configuration of the stabilized Pt atoms at the edge location adjacent to the pyridinic-type
dopant. One should note, however, that the binding energy of Pt to a pyridinic-type dopant
at a vacancy or the vacancy on its own were not calculated, thus it cannot be completely
ruled out that the highest Pt binding energy occurs at the edge location of the pyridinic-
type dopant. Nevertheless, it is clear from Figure 3.11, and the calculations performed to
produce Figure 3.14, that Pt prefers to nucleate at edge sites, thus resulting in the formation
of atoms and clusters at edges rather than a continued growth to nanoparticles from the
increased binding energy of available dangling bonds, and the decreased ripening from N-

dopants.

Figure 3.14 Calculation of Pt atoms (purple) located at an edge site bonded to C atoms (brown)
adjacent to a pyridinic-dopant (green). Based on energy calculations performed by Dr. Ali Malek
the most stable configuration of Pt on N-doped graphene occurs at locations 1 and 5 (or 6).
Structure was constructed using Vesta software [74].

It is still unclear if the sheer volume of graphene defects and edges within the N-
doped FLG effect the preferred bind spots, and hence the size of the Pt examined. It can be
argued that the Pt atom will prefer to bind to edge locations or defects, whether or not an
N-dopant is present. Other than calculations, this would require an in-depth experiment
ensuring the ALD is performed with identical experimental set-up on graphene and N-

doped graphene samples that contain the FLG sheets with the same ratio of the
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circumference of the edges to the surface area of the basal plane. This experiment could be
completed in the future; however, a high difficulty level is expected due to estimating the
total edge area with respect to the surface area of the basal plane. Only ratios that are
relatively similar should be examined and compared for the Pt size on graphene and N-
doped graphene substrates to ensure the edge effects are removed from the experimental
results. Further complications with this study could result from observations of Pt on
graphene from Zan et al. [165], [120]. They found that metal atoms can be mobile under
the electron beam and divide small clusters into atoms, which inevitably leads to the
distribution of atoms along the graphene edges, wherein catalytic hole growth and repair
can ensue. Wang et al. also determined that Si atoms are mobile and can also act as catalysts
for graphene hole growth under electron beam exposure [166]. With this understanding it
is possible to propose that the Pt atoms were dragged to the edge of the N-doped graphene
sheets with the help of the electron beam. In the specific conditions used in the experiments
discussed earlier, the movement of the Pt atoms with the beam cannot be conclusively
omitted. It can be suggested that if the Pt atoms did move under the influence of the electron
beam, then this movement would inevitably result in the Pt atoms finding the most stable
sites, thus suggesting that the edge location is the preferred nucleation sites when the atoms
are provided conditions for diffusion.

The role of N-dopant sites on the ALD growth mechanism can also be discussed.
Literature on C nanotubes indicates that a substrate-enhanced growth rate of ALD Pt occurs
when defects are introduced by O plasma treatment [34], [167]. That work showed that Pt
atoms initially attach at defect sites, and then linearly grow into nanoparticles with
subsequent ALD cycles once the defect sites were filled [34]. This suggests that
preferential formation of Pt atoms and clusters can be controlled through the number of
successive ALD cycles, where Pt atoms and clusters will form when nucleation sites
remain available by ensuring the Pt atomic density does not exceed the lattice defect
density. The literature discussed here, and the results shown in Figure 3.11, suggest that in

order to ensure Pt atoms and clusters are consistently formed, both defective N-doped
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graphene and ALD are required to increase the binding energy from dangling bonds at
defect sites and N-dopants, and to control the Pt density with deposition cycles,
respectively. Because the N-dopant species and overall N concentration are not consistent
between and among graphene nanosheets as shown here, the Pt distribution is varied.
Unfortunately, with more ALD cycles this could result in low N concentration graphene
nanosheets containing Pt nanoparticles, while other areas with high N concentration will
still maintain atoms and clusters. In an effort to homogenize the Pt distribution, and
potentially the Pt size (assuming more ALD cycles are performed) and specific activity,

the N-dopant distribution and concentration must be made consistent.

3.2.4 Electrochemical Activity of Pt Atoms and Clusters on N-Doped
Graphene

Taking an industrial perspective, the production of stable single Pt atom catalysts is
important when considering the potential for the overall reduction in the cost to the
PEMFC, but the real figure of merit is the catalytic activity of the single atoms. The
literature predicts, through DFT calculations, the potential for single atoms to behave as
efficient ORR catalysts through the optimization of the electronic structure when bonded
to a defective graphene lattice [30]. Conversely, it is generally believed, within the FC
community, that the catalytic properties of Pt are limited to particles with a diameter of 2
to 3 nm [168], [169]. This belief potentially originates from the examination of clusters
and particles consisting of the “magic number” of Pt atoms to form stable icosahedron
structures [168]. When comparing non-symmetrical structures to the icosahedron Pti3
cluster, which have similar electronic properties, it was determined that the less
symmetrical Pti> had a catalytic activity greater than 2-fold when compared to Pt [168],
and Pty had a greater than 3-fold catalytic activity [170]. This suggests that when dealing
with Pt clusters, as opposed to nanoparticles, the surface geometry can greatly change the
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catalytic activity. Thus, the pure electronic model predicted by Hammer and Norskov [22]
may no longer hold. It was determined through DFT that the sharp edges of the non-
symmetrical clusters were responsible for the enhanced ORR catalytic activity [170]. This
finding was contradicted by Aarons et al. through a detailed electron microscopy analysis
accompanied by DFT calculations, in which the O binding energy of real catalysts was
calculated through atom counting in nanoparticles ranging in size from approximately 2 to
5nm [27]. It was determined that the reduced atomic coordination induced from the surface
roughness of the real particles, in comparison to the commonly examined cube-octahedron
particles, increased the O binding energy for small Pt nanoparticles [27]. These calculations
showed a steep decrease in the potential for catalytic activity for particles less than 3.5 nm.

It can be suggested that the binding energy of O to the Pt catalysts cannot be directly
compared for nanoparticles to real non-symmetrical Pt clusters, due to the drastic change
in atomic coordination and shape. Under these circumstances more calculations and
experiments are required for the ORR of small clusters and single atoms. More specifically
in the case of clusters and single atoms, the electronic structure of the substrate and atom
must be considered as one entity, as the electron exchange during the bonding process can
result in a general modification in the electronic structure of the catalyst. It has been
observed through experimentation and predicted from DFT calculations that there is a
reduction in the number of electrons in the d-orbital for single Pt atoms when adsorbed on
N-doped graphene [32]. Unfortunately, the work performed through our collaborators,
showed that the single atom Pt catalysts were not effective for the ORR. X. Zhang et al.
determined that single atom Nb catalysts embedded in graphitic sheets had a higher kinetic-
limiting current density than commercially available Pt catalysts (in a basic medium),
which they attributed to the promotion of the four-electron pathway [171]. Additionally,
Zhang et al. [172] reported that the combination of single Ru atoms with N-doped graphene
produce a higher mass activity of the ORR reaction in an acidic medium similar to the
PEMFC. Through DFT calculations they proposed that a Ru=0-N4 species contributed to

the enhanced catalytic activity [172]. Similarly, Fe atoms in C/N macromolecules have
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been seen to be active for the ORR, which has been ascribed to a transition in oxidation
state at different applied potentials [173], and a FeN4C12 moiety [174]. More examples of
successful single atom catalysts for the ORR are reviewed by Zhang et al. [44], wherein
Co atoms were shown to have an ORR activity greater than commercially available Pt
nanoparticles on C black [175]. The specific cause for the poor ORR activity observed for
the samples presented in this work is not completely understood, but can be hypothesized
to be related to the effect of the substrate [41], the particle sizes [30], or potentially the
presence of the organic component of the Pt precursor due to incomplete reduction during
ALD. Choi et al. demonstrated that the ORR on Pt atoms on S-doped C zeolites undergo
the two-electron pathway, which is less prevalent on larger clusters and Pt nanoparticles,
wherein the four-electron pathway dominated [176]. This suggests the Pt atoms may be
kinetically sluggish for the ORR, thus resulting in the poor activity observed for the ALD
samples.

In later experiments, it was determined that the production of only single Pt atoms
and clusters using the ALD technique as shown in Figure 3.11 was an irregularity. It was
more commonly found that the size of the Pt entities could vary from single atoms to
nanoparticles when operating at as low as 50 ALD cycles. Qualitative variations in Pt size
and density were observed on N-doped graphene and graphene nanosheets within
individual and between multiple experimental runs, thus it should be noted that the Pt
cluster size during ALD is not as easily controlled as previously discussed. The Pt size can
be affected by many contributing factors such as the number of cycles, deposition
temperature, O, pressure and exposure time, Pt precursor exposure time, and the substrate
[177], [178], [34], [179]. Furthermore, these values can be system dependent, thus a
detailed analysis is required to understand the preferred deposition conditions for each
individual ALD system. With these considerations, the direct reason for the low catalytic
performance of the Pt atoms, clusters, and nanoparticles for the ORR is complicated, such
that a range of Pt sizes exist in a single electrocatalytic experiment. The system is then

further obscured by the fact that the Pt may be adsorbed to different locations on the N-
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doped graphene lattice, including various N-dopants, graphene defects, edge locations, and
surface hydrocarbon contamination. According to Holme et al. the specific binding
location of the Pt on the N-doped graphene can vary the d-band center of the Pt cluster,
thus resulting in individual changes in the activity [41]. Moreover, the electronic structure
of the Pt cluster or particle will also vary with Pt size [168], [169], [170]. Through the
combined electronic and geometrical effects from the substrate and cluster size, an ideal
system may be constructed; however, this will require in-depth DFT analysis and a better
controlled production method for both the N-doped graphene and Pt deposition.
Examination of controlled Pt deposition will be analyzed in Chapter Five.

Unexpectedly, it was experimentally determined that the Pt atoms, clusters, and
nanoparticles are electrochemically active for the HER. It can be proposed that the faster
kinetics of the HER contribute to the enhanced electrochemical activity for the HER
opposed to the ORR, thus the reaction may be less affected by changes in the electronic
and geometrical variations of the Pt entities on different N-dopants and defect sites. The
following section will outline potential HER catalysts, and the experimentally achieved
activity for the ALD Pt on N-doped graphene and graphene nanosheets, in comparison to

conventional Pt nanoparticles on C black.

3.2.4.1 HER Electrocatalyst Selection

Utilizing the same d-band theory as the ORR reaction, preferred electrocatalysts for the
HER reaction can be assigned based on the individual electronic system. Once again
Norskov et al. performed detailed DFT analysis on the HER reaction to determine the free
energy of adsorption of H on bulk catalyst surfaces, and compared these to experimental
values in the literature [180]. Similar to the ORR, Pt homocatalysts are the most active for
the HER, as the adsorbed H atom does not bind too weakly or strongly based on the d-band

center [180]. As is the case with the ORR reaction, alternative catalysts are being
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investigated to reduce the use of Pt, thus allowing the reduction in cost for the HER. As
outlined in numerous review papers, other catalysts include: Pt/non-precious metal alloys
(Ni-Mo), transition metal chalogenides (MoS2), and non-metallic materials with
carbides/nitrides/borides/phosphides [181], [182], [183], [184], [185]. Examination and
comparison of various electrocatalysts to Pt for the HER indicates that work is still required
to further increase the catalytic activity of the new potential catalysts in order for them to
be competitive with Pt. Within the following section, Pt atoms and clusters will be
examined as potential electrocatalysts to examine the effect of the size reduction and

substrate on the efficiency for the HER.

3.2.4.2 ALD Pt Catalysts on N-Doped Graphene and Graphene Nanosheet Supports for
the HER

During these experiments the material preparation, ALD, and electrochemical
characterization were completed by Dr. Sun’s group as described in ref. [32]. STEM
analysis was performed with an FEI Titan 80-300 Cubed TEM using ADF imaging
conditions and an XFEG operating at an 80 kV accelerating voltage. The hexapole based
probe corrector was utilized to minimize the aberrations in the probe forming lens. Prior to
imaging, the samples were baked at 100°C in vacuum to prevent beam-induced
contamination.

Qualitative image analysis was completed for the N-doped graphene nanosheets for
both 50 and 100 ALD cycles before and after accelerated degradation tests (ADT) (Figure
3.15 (a-d)) for 1,000 electrochemical cycles. Prior to electrochemical cycling the N-doped
graphene samples were examined and determined to have a range of Pt sizes from atoms,
clusters, and nanoparticles. It should be noted that for both 50 and 100 ALD cycles the Pt
size ranged from atoms to nanoparticles with inhomogeneous distributions between N-

doped nanosheets from the same production batch. It is possible that this inhomogeneous
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distribution of Pt sizes could be a result from the observed inhomogeneity in the N-doping
described in Chapter 3.2.2 Nitrogen-Doping. The Pt loading® was measured using
inductively coupled plasma-atomic emission spectroscopy (ICP-AES), which showed a
lower Pt loading (2.1 weight % (wt. %)) on the 50 ALD cycled sample compared to 100
ALD cycles (7.6 wt. %). Based on the loading it is expected that the 100 ALD samples
should contain a higher quantity of Pt nanoparticles.

While physical characterization is important, the real figure of merit is the activity
of the catalysts. Linear sweep voltammetry was used to determine the catalyst mass
(normalized to Pt loading) and specific (normalized to geometric area of electrode) activity
at an overpotential of -0.05 V (Figure 3.15 (e)), as compared to conventional Pt
nanoparticles (4.2 nm)’ on C black supports. Examination of the activities before
electrochemical cycling indicate that the ALD samples performed significantly better than
the conventional Pt catalysts. While the ALD samples showed inhomogeneity between the
N-doped sheets, it can be proposed that the presence of the Pt atoms and clusters resulted
in the increased catalytic activity observed for those samples. Moreover, a significant
improvement in the activity can be observed in the 50 ALD sample when comparing both
the specific and mass activity before and after ADTs (Figure 3.15). Qualitative analysis
was performed for the ALD samples after the ADT test (Figure 3.15 (c) and (d)), which
did not reveal a drastic increase in particle size with cycling; however, due to the
inhomogeneity in the Pt size on the N-doped nanosheets, this statement is not conclusive.
Cases in which inhomogeneous sizes exist within a single experimental batch require a
more detailed analysis when comparing catalysts before and after cycling, which was
outside of the scope of this investigation, but is outlined in Chapter 3.2.5 ILTEM of Pt on
Graphene and N-doped Graphene of this thesis. While the exact cause for the increased

activity of the ALD N-doped samples compared to the Pt/C sample cannot be specific, due

8 ICP-AES was measured by Dr. Sun’s group.
7 Size of nanoparticles were measured by Dr. Sun’s group from HRTEM images acquired at the CCEM with
an FEI Titan 80-300 Cryo-Twin TEM with an SFEG and a 300 kV source.
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to the inhomogeneous nature of the Pt deposition, it can be suggested that the Pt atoms and
clusters are responsible for this occurrence. This agrees with Bulushev et al. [186], who
determined that single Pt atoms on N-doped C nanofibers increased the turnover frequency
for the HER in formic acid when compared to samples containing larger nanoparticles. In
the future, better control of the ALD process is desired, such that a more precise size range
can be achieved, thereby resolving the dispute in literature related to the particle size versus

catalytic activity through firm and conclusive evidence.
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Figure 3.15 ADF images and respective HER activity of N-doped graphene with 50 and 100
ALD cycles. ADF images of (a) 50ALD Pt cycles on N-doped graphene nanosheets, (b) 50 ALD
Pt cycles on N-doped graphene nanosheets after ADT, (c) 100 ALD Pt cycles on N-doped
graphene nanosheets, and (d) 100 ALD Pt cycles on N-doped graphene nanosheets after ADT
[32] (N. Cheng, S.Stambula et al. 2016). (e) The electrochemical activity of the species in (a)-(d)
and for conventional Pt nanoparticles on C black electrodes, as measured by Dr. Sun’s group at
an overpotential of -0.05V. Adapted from [32] (N. Cheng, S.Stambula et al. 2016).
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In an attempt to better understand the system, the effect of the substrate was also
examined, in which ALD was used to deposit Pt on graphene nanosheets (Figure 3.16 (a)).
Similar to the N-doped graphene, the graphene nanosheets exhibited a range of Pt sizes
from atoms to nanoparticles, which could vary locally and between multiple graphene
nanosheets. Through comparison of the catalytic activity of the N-doped graphene to the
graphene nanosheets, it can be observed that there is a slight reduction in the activity when
comparing samples with 50 ALD cycles. The reduction in the Pt activity on the graphene
substrate versus the N-doped graphene substrate could originate from the substrate effect,
due to the different bonding nature of Pt on different defects or dopants. These results are
similar to Bulushev et al. [186], wherein they found that the Pt atoms have an improved
turnover frequency on N-doped C nanofibers in comparison to non-doped C fibers. Fei et
al. [187] also established that Co atoms performed more efficiently for the HER when
deposited on N-doped graphene, as opposed to graphene; however, the Co atoms on the N-
doped graphene did not out-perform the Pt/C sample. Importantly, the catalytic activity of
the 50 ALD graphene nanosheet sample is higher than the Pt/C sample. This further
supports the fact that the Pt atoms and clusters present on the ALD samples (N-doped and
pristine graphene) are responsible for the increased catalytic activity as compared to the Pt
nanoparticles found on the C black substrate. This result also illustrates that the electronic
structure of the catalyst atoms/clusters still dictates the activity of the HER, thus, as
predicted by Norskov et al. [180], Pt is the most efficient homocatalyst for the HER.
Furthermore, as apparent in Figure 3.16 (c), the activity observed after the ADTs on the
graphene sample caused a greater decrease in the specific activity compared to the N-doped
graphene support. This may suggest that the stronger Pt adsorption energy [32] on the N-
doped substrate is responsible for the decreased reduction in the catalytic activity with
cycling, when comparing the N-doped graphene to graphene substrate, thus resulting in
more stable Pt atoms and clusters with electrocatalytic cycling. STEM images were also
acquired after ADT of the graphene samples, but quantitative analysis was not performed.

From the images shown in Figure 3.16 (b) a slight increase in the Pt size is plausible;
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however, the inhomogeneous nature of the deposition method must be considered,
therefore a fair comparison between the Pt size before and after cycling is not possible

when associating individual nanosheets.
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Figure 3.16 Catalytic activity comparison of N-doped graphene to graphene with 50 ALD Pt
cycles. ADF images of (a) 50 ALD Pt graphene nanosheets and (b) 50 ALD Pt graphene
nanosheets after ADT [32] (N. Cheng, S.Stambula et al. 2016). The specific activity of species in
(a) and (b) compared to 50 ALD Pt on N-doped graphene nanosheets. Adapted from [32] (N.
Cheng, S.Stambula et al. 2016).

3.2.5 ILTEM of Pt on Graphene and N-doped Graphene

In order to account for the effects of the inhomogeneities of the Pt catalysts on the graphene
support material, identical location STEM (ILSTEM) imaging needs to be used to examine
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the stability of the Pt atoms and clusters for the HER. This method is used to study both
graphene and N-doped graphene support material for a sample prepared with 50 Pt ALD
cycles. The initial experimental design and results will be discussed in the following

sections with possible improvements and considerations for future experiments.

3.2.5.1 Experimental Conditions

The experimental set-up (with exclusion to the microscope settings) and sample
preparation was completed through consultation with a post-doctoral fellow in the group
with IL-STEM experience, Dr. Lidia Chinchilla. Au Quantifoil® holey C TEM grids from
Ted Pella Inc with a 300 mesh and 2 um holes were used to support the graphene substrate.
A dilute graphene (and N-doped graphene) powder (light grey in colour) was suspended
and ultrasonicated in high performance liquid chromatography (HPLC) grade methanol.
One drop was applied to the TEM grid using a glass pipette. The sample was baked in
vacuum at 100°C overnight, prior to TEM examination. High resolution HAADF imaging
was completed using the Titan 80-300 Cubed with the spherical aberrations in the probe
lens minimized. A dose and dose rate of approximately 2.0 x 10° enm2 and 7.8 x 10° &
nm?st were used, respectively. A series of images with increasing magnification were
acquired and mapped such that the exact location of the graphene sheets could be found

after cycling (Figure 3.17).
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Figure 3.17 IL-TEM microscopy set-up and notes for easy identification of sample positions. (a)
The direction that the TEM grid was placed into holder was noted to ensure a mirror image was
not obtained if inserted upside down after cycling, and (b) the location of the sample within the
TEM mesh was noted with respect to the center of the grid. A series of images ((c) and (d)) with

increasing magnifications were acquired while noting the location of each subsequent image. The
number of holes in the Quantifoil holey C was used as a reference to find the sample (c) before

and (d) after cycling.

The TEM grids were then sent to Western University, where Dr. Niancai Cheng
performed the electrochemical cycling for the HER. In order to cycle the TEM grid, it was
held in contact with the glassy carbon electrode using gold wire and scotch tape (Figure
3.18 (a) and (b)). The polarization curves for the graphene and N-doped graphene
substrates with 50 Pt ALD cycles are compared in Figure 3.18 (c), in which different curves
are observed for each substrate. It is possible that the difference in the polarization curves
originate from the substrates/catalyst, such that the N-doped substrate results in catalysts

that are more efficient for the HER reaction, as determined in Chapter 3.2.4
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Electrochemical Activity of Pt Atoms and Clusters on N-Doped Graphene. A reference grid
without a sample was not examined; however, the difference observed in the polarization
curves from the two substrates suggests the individual substrates were involved in the
cycling process. Furthermore, the polarization curves before and after 1,000 cycles can be
seen for the graphene (Figure 3.18 (d)) and N-doped graphene (Figure 3.18 (e)) substrates.
It is evident in the curves that the initial catalyst was more efficient than the cycled samples,
wherein the graphene sample saw a larger decrease in activity after 1,000 cycles. These
results resemble those observed in Chapter 3.2.4 Electrochemical Activity of Pt Atoms and
Clusters on N-Doped Graphene. After the electrochemical cycling was completed, the
TEM grids were used for imaging. The samples were stored in air at room temperature and

were baked at 100°C overnight in vacuum before HAADF imaging.

Graphene

(a) M (b) () o
U < 0.005
Gold Wire £
TEM grid § 0010
Glassy ¢ ©
electrode 0018
v Insulating
Plastic 0020
%2 | o1 oo | o1 o2
(d) —intial (e) — E (V vs RHE)

0.000 4 —— 1000 cycles 0.000 +—— 1000 cycles

Current/ mA

Current f mA

—DIZ 70‘1 00 Dli JIZ 02 -01 DYG OI1 OIZ
E (Vvs RHE) E (Vs RHE)

Figure 3.18 Electrochemical ILTEM experimental set-up and results. (2) RDE electrode holding

a TEM grid in contact with the glassy carbon electrode using gold wire and scotch tape and (b) a

schematic of the electrode contact. Initial polarization curves from (c) TEM grids with graphene

and N-doped graphene with 50 Pt ALD cycles, and (d) and (e) of graphene and N-doped with 50
ALD Pt cycles, respectively, before and after electrochemical cycling for the HER.
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3.2.5.2 ILSTEM of Pt on Graphene and N-Doped Graphene

Two different graphene nanosheets can be observed in Figure 3.19 (a) and (d) before
cycling. From the image it is evident that variability exists between the two graphene sheets
concerning not only the Pt loading but also the average Pt size. The Pt loading in Figure
3.19 (a) is qualitatively significantly higher, thus resulting in the formation of larger Pt
sizes likely due to the increase growth regime during the ALD cycles. The HAADF images
demonstrate that the graphene substrate results in the production of single Pt atoms, Pt
clusters, and Pt nanoparticles, with an inhomogeneous distribution across the graphene
sheets. The inhomogeneous distribution could be an effect of the substrate, or an intrinsic
effect of the ALD disposition on powders, based on its location within the ALD chamber.
Other than noting the inhomogeneity of the Pt catalyst on the graphene support, Figure
3.19 (a) and (c) can be compared to (d) and (e), respectively, to observe the difference in
the individual catalysts before and after cycling. Within Figure 3.19 red arrows were used
to point to locations of Pt growth after cycling, and the yellow arrows point to Pt
atoms/clusters that underwent dissolution, whether through complete Pt loss or a size
decrease. While not all Pt entities were examined, the arrows indicate that both Pt growth
and dissolution are occurring simultaneously on the graphene sample. It can be suggested
that the growth mechanism appears to be occurring through coalescence of the Pt
atoms/particles in close proximity to each other, while the dissolution mechanism may be
caused by the loss of the Pt atoms to the electrolyte. In an effort to provide a better image
of the comparison of the “before” and “after” conditions, an overlay was produced in
Figure 3.19 (c) and (f). It is clear there were significant changes to the substrate material
preventing the direct overlap of the images before and after HER cycling. It is unclear if
these changes were due to the sample handling, electrochemical changes to the substrate,
or potential beam effects through interaction with the catalyst or the edges of the sample.
Nevertheless, from these figures it can be inferred that Pt undergoes growth and dissolution

with cycling, but most importantly, atoms still appear after cycling. More cycles should be
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completed to determine the point in which the particle growth and dissolution are
detrimental to the catalyst surface area, thus leading to a poor catalytic performance. This
can potentially be used to understand the life-time of the Pt catalyst, and to devise methods

in which the life time can be improved.

Figure 3.19 ILTEM results of the graphene substrate with 50 Pt ALD cycles (a) and (d) before,
and (b) and (e) after cycling, respectively. Overlay images were produced ((c) (brightness and
contrast adjusted) and (f) (gamma, brightness, and contrast adjusted) for the two different
graphene sheets analyzed, wherein arrows were used to show Pt catalyst growth (red) and
dissolution (yellow). The colour coding of the overlay images is such that the blue image was
acquired from before cycling ((a) and (c)) and the red image after cycling ((b) and (g)).

The N-doped graphene nanosheets were also examined before (Figure 3.20 (a) and
(d)) and after (Figure 3.20 (b) and (e)) 1,000 HER cycles. These images are quite
representative of the 10 areas analyzed, such that they are composed primarily of Pt atoms
and clusters with some nanoparticles. Similarly, to the graphene substrate, arrows were
used to indicate Pt growth (red) and dissolution (yellow). Interestingly, while likely a
coincidence, each nanosheet seemed to have Pt undergo either growth or dissolution. Yet,
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in Figure 3.20 (b) a nanoparticle formed in a location without a clear presence of a cluster
or nanoparticle before cycling. This growth process could have originated from single Pt
atoms in an effort to minimize the overall surface energy of the system, or it may indicate
re-deposition from dissolved Pt in the electrolyte solution during cycling. This dissolution
could have taken place from any number of other N-doped graphene sheets that are
simultaneously cycled on the TEM grid, such as that observed in Figure 3.20 (e).
Furthermore, modifications to the N-doped graphene substrate can be observed in the
overlay images (Figure 3.20 (c) and (f)). Again, the exact reason for the change in the
substrate is unknown, but can be potentially attributed to sample handling, electrochemical
changes to the substrate, or potential beam effects through interaction with the catalyst or
the edges of the sample. Similar to the graphene sample, Pt atoms and clusters are clearly
observed to be stable on the N-doped graphene sheets after HER cycling, likely accounting
for the increased activity observed after cycling from the N-doped samples in Chapter 3.2.4
Electrochemical Activity of Pt Atoms and Clusters on N-Doped Graphene. Direct
quantitative analysis and comparison of the ILSTEM images before and after cycling are
required to directly determine the change in the number of Pt atoms and clusters on the

different substrates after cycling.
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Figure 3.20 ILTEM results of the N-doped graphene substrate with 50 Pt ALD cycles (a) and (d)
before, and (b) and (e) after cycling, respectively. Overlay images were produced ((c) (brightness
and contrast adjusted) and (f) (gamma, brightness, and contrast adjusted) for the two different
graphene sheets analyzed, wherein arrows were used to show Pt catalyst growth (red) and
dissolution (yellow). The colour coding of the overlay images is such that the blue image was
acquired from before cycling ((a) and (c)) and the red image after cycling ((b) and (e)).

While the results for ILSTEM of Pt in the form of single atoms and clusters seems
promising based on Figure 3.19 and Figure 3.20, some potential issues with this
measurement technique should be addressed before future measurements and quantitative
results are performed. It was previously mentioned that the beam can interact with Pt
atoms, causing them to move on the substrate, wherein it has been observed that they tend
to edge locations [120]. Furthermore, the beam has also been observed to break apart Pt
clusters into Pt atoms in high-beam current conditions [120]. Thus, for techniques such as
ILSTEM, in which it is desired to determine the direct effect of electrochemical cycling on
the Pt catalysts, the effect of the beam would ideally be removed, or at the very least
understood for particular experimental conditions. It is recommended that a quantitative
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analysis be completed on the Pt mobility with the desired imagining conditions, such that
the mobility is minimized. In order to accomplish reduced Pt motion, it may require
utilizing a lower beam energy [188] with a lower dose rate and/or dose. Once the Pt motion
is determined through fast sequential STEM image analysis, quantitative data can be
collected from the ILSTEM images, such that the exact location of the Pt atoms and sizes
can be better trusted, and the effect from the beam and electrochemical cycling can be
separated.

Additionally, experiments should be completed to ensure the transferring and
storing of the TEM grids is not responsible for changes to the Pt catalysts or the substrate.
As suggested by Mayrhofer et al. [134], a sample with known Pt sizes should be analyzed
via ex situ and using ILSTEM. Two electrochemical conditions can be chosen from the ex
situ experiments, such that one is known to induce change in the Pt size and the other has
no effect on the Pt. The same sample batch and electrochemical cycling conditions can then
be applied on the ILSTEM grids. The Pt size and change in substrate can be monitored
after cycling and compared to the ex situ results. If a change in the Pt was observed in the
control sample, where the cycling conditions should have little to no effect on the Pt, it
would suggest that the grid transfer and cycling is inducing an unwanted modification and
should be identified before further detailed experiments are performed. This is an important
aspect of the study, as bright spots which were not initially present, can be seen decorating

the Quantifoil C after electrochemical cycling (Figure 3.18).

3.3 Summary

In summary, a detailed chemical and structural investigation of N-doped FLG graphene
derived from graphite oxide on which Pt was deposited by ALD has been presented. From
HRTEM and computed diffractograms, it has been shown that the short-range hexagonal

characteristic lattice of graphene was largely preserved after N-doping, but a high density
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of defects was present. Detailed high-resolution spectroscopic analysis through ELNES of
the C-K edge showed that the nature of the graphene sp? hybridization, consistent with
strong ©* and o* peaks, was maintained after N-doping. The dopant-site locations of the
N-species were probed through detailed analysis of the N-K edge, which showed strong
features consistent with pyridinic/pyrrolic, amino/cyanic, and graphitic sites. Based on the
literature that has been discussed, the features present in the near edge structures promote
an increase in the Pt-C binding energy. It has been demonstrated that the dopant
concentration varies among and within the graphene sheets and that local probing
techniques, rather than bulk average methods, must be used to assess the effectiveness of
the doping process. Most importantly, the effects of the reduced Pt particle size achieved
through ALD and the prevention of the Pt agglomeration from N-doping and dangling
bonds were apparent through HAADF and HRTEM imaging, where only single Pt atoms
and atomic clusters were observed. These are sustained primarily at graphene edges with
few atoms and clusters stable on terrace sites. This effect was maintained up to 150 ALD
cycles without the formation of nanoparticles.

ALD cycled samples were also analyzed for the HER catalytic activity in
comparison to conventional Pt/C catalysts. It was determined that both the 50 and 100 ALD
cycled samples resulted in higher specific and mass activities than the conventional Pt
nanoparticles on C black. Upon STEM examination of the ALD samples it was determined
that a range of Pt sizes existed: from atoms and clusters to nanoparticles. Because all
samples produced with ALD, independent of the substrate, resulted in higher activities for
the HER in comparison to the conventional nanoparticles, it is feasible that the Pt atoms
and clusters are responsible for the observed enhanced catalytic activity. Furthermore, upon
comparing the N-doped graphene substrate to the graphene substrate, it was determined
that the specific activity of the Pt was more stable after ADTs on the N-doped support,
which can potentially be attributed to the enhanced Pt binding energy to N-doped graphene.
Further examination of this material is required to fully understand the mechanism behind

the enhanced catalytic activity, such as the Pt size, and specific dopant/defect effects.
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Before these effects can be fully understood, the control of the Pt deposition and the
substrate dopants must be enhanced. Nevertheless, the enhanced HER activity of the ALD
Pt on the N-doped graphene is a great step forward for the hydrogen FC industry.

Lastly, steps towards ILSTEM imaging were performed on N-doped graphene and
graphene substrates with 50 ALD Pt cycles. This method is preferred over ex situ cycling
such that it allows for the direct observation of the same Pt catalysts before and after
cycling, thus removing any ambiguities associated with inhomogeneous distributions of Pt.
Both Pt growth and dissolution were observed on the N-doped graphene and graphene
substrates, but most importantly the Pt atoms and clusters were stable on individual sheets
after electrochemical cycling. While this experiment was promising, in order to rule out
effects of the beam and sample handling on the Pt atom location, control experiments are

required for the future.
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Chapter Four

Production and Characterization of Single Sheet N-

Doped Graphene

Multilayer N-doped graphene produced through thermal reduction and exfoliation prevents
the physical and spectroscopic identification of individual N-dopants due to the projection
effect of the overlapping graphene sheets. Thus, the production of single sheet graphene
for the more fundamental examination of N-dopants is highly desirable. This limits
production and doping methods to CVD growth and/or post-processing of supported or
freely suspended graphene sheets. For the ease of TEM characterization, it is preferred to
N-dope suspended graphene TEM grids, thus taking advantage of commercially available
mass produced single-sheet graphene grids and the removal of a potential processing step.

Doping graphene through plasma or ion implantation, which are well established
methods from the semiconductor industry, has been investigated in literature. By using an
N2 plasma source, it has been reported that approximately 1% [189] to 8.5% N [190] can
be doped into the graphene lattice depending on the power of the plasma source and
exposure time; resulting in the production of pyridinic, pyrrolic, graphitic and nitrogen
oxide dopants. Unfortunately, plasma doping results in the introduction of oxygen as high
as approximately 13% [189], which is undesirable as graphene oxide behaves as an

insulator [67]. It was suggested that defects created during plasma doping resulted in the
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increased O content in the graphene lattice due to oxidation when exposing the sample to
air. Lin et al. suggests that the N content cannot exceed a few atomic percent for graphitic-
type dopants; however, higher concentration levels may exist for other N-dopants [132].
In an effort to decrease the O content in the N-doped graphene, N* ion beams have
been examined as a N-doping post-processing procedure. Initially, energies as high as 30
keV at varying fluences (102 to 10 ions-cm) were utilized to damage the graphene
sheets, which were then post-annealed in ammonia to create the N-dopants, at a doping
level of approximately 1% [191]. Using high-resolution microscopy and a He source of 30
keV, it was determined that a single sheet of graphene could withstand fluences up to 3 x
10 ions-cm™2 before inducing major structural changes [192]. However, it was determined
that surface contamination had become an issue at low beam exposures and greatly
increased with exposure time [192]. Rather than using such large beam energies, Ahlgren
et al. determined, through molecular dynamic (MD) studies and DFT calculations, that the
efficiency of N-doping reaches a maximum probability of 55% at an energy of 50 eV when
using only an N* ion source [193]. Experiments then followed using energies of 2 eV to
150 eV, in which doping occurred solely from the ion beam [194], [195], [196], and from
the amalgamation of ion beam exposure and a post-annealing step [197], [198], [199].
Generalizations from these studies concerning the experimental conditions indicate that, as
the ion beam energy is increased, the N concentration increases, defect density increases
to the point of irreversibility with annealing after 150 eV, and a preferential pyridinic-
dopant appears [199]. Furthermore, Bangert et al. observed that at an energy of 25 eV the
N concentration reaches an average value of 1%; however, this value can have local
variability [196]. The ion fluence has also been seen to affect the defect density in the
graphene lattice, where a fluence greater than 10 ions-cm™ could result in the formation
of amorphous C even when operating at low ion beam energies (20 eV) [191], [195]. In
addition, the exposure time of the ion beam not only increased the N concentration, but
also resulted in the preferred formation of pyridinic-type dopants due to damage induced

in the graphene lattice after long exposure times [194], [199]. Lastly, annealing has been
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used to recover the graphene lattice from the defects formed during ion bombardment,
which resulted in the increased formation of graphitic-type dopants and a decrease in N2
captured in the multilayered graphene sheets [197], [199].

This chapter will outline investigations regarding in-house doping methods using
modified electron microscopy sample preparation instruments to produce N plasma sources
and low energy N* ion beams. Additionally, a quantification method of the N content was
optimized for TEM grids using Auger spectroscopy to detect N with a concentration up to
approximately 1%.

4.1 Nitrogen Quantification on TEM Grids Using Auger
Spectroscopy

Auger spectroscopy? is a surface analysis technique, in which electrons can be detected
from an escape depth of 0.3 to 3 nm from the surface of the sample [200]. Under typical
Auger operating conditions, graphene is examined only after it has been transferred to or
grown on a solid substrate [201]. Therefore, to examine a free-standing graphene film on
a TEM grid, care must be taken to reduce the instrumental source of electrons from below
the sample. Graphene Supermarket© produces graphene TEM grids consisting of one to
six layers or 0.3 to 2 nm in thickness, respectively, thus Auger electrons can originate from
beyond the graphene source. When examining the free-standing graphene films, electron
sources may emanate from within the spectrometer chamber, resulting in an increased
background and unexpected elemental sources during Auger detection. The following

section will discuss methods devised to reduce the detection of electrons originating from

8 All Auger spectroscopy and quantification was performed by the CCEM operator, Travis Casagrande.
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below the sample, and perform Auger guantification from free-standing graphene TEM

grids.

4.1.1 Experimental Conditions and Design

A new holder for the Auger quantification of a TEM grid was designed after discussing the
potential issues with an expert in the field®. It was suggested to produce a holder in which
the TEM grid could be suspended over a small hole with a large aspect ratio to prevent the
detection of the material below the TEM grid, while simultaneously reducing any
background electrons from interacting with the sample. Other than the geometry of the
holder, the material selection was also of importance to reduce the background signal
generated from SE and backscattered electrons. Therefore, a material with a low
backscatter electron yield and non-overlapping Auger peaks with the N-doped graphene
was of primary interest. Considering these conditions, the holder was composed of Al and
machined to the specifications shown in Figure 4.1 (a).° During the design of the
schematic, it was determined that the TEM grid would be held in the Technoorg Linda™
Model 1V5 Gentle Mill holder, as it securely holds TEM grids while suspending the
samples in air. The measurements of the schematic in Figure 4.1 (a) were set based on
measurements from the Gentle Mill holder, resulting in the final holder displayed in Figure
4.1 (b). The Gentle Mill holder is composed of Ti, which unfortunately slightly overlaps
the N-KLL edge; however, the background signal will be minimized through our
experimental design and should have little effect on the final N quantification. Thus, for
the proof of concept of N-doping the graphene TEM grids, the Gentle Mill holder will be

used to reduce the cost of creating a specialty holder for the TEM grid. In the future, for

% 1 would like to thank Dr. Nestor J. Zaluzec for discussing this point with me during the 2014 CCEM summer
school.

10 Special thank you to Andy Duft for helping in the schematic measurements and performing the machining
of the holder.
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best quantification results, a holder with a design similar to the Gentle Mill holder can be
machined from Al to reduce the Auger peak overlap. If elemental quantification is to be
performed on other materials suspended on TEM grids, the material selection should be re-

examined.

19.5 mm

Figure 4.1 TEM holder adaptation for Auger quantitation (a) schematic and (b) machined
product.

The JEOL JAMP-9500F field emission Auger in the CCEM was used for the
quantification of N content. Typically, the Auger microscope is operated at an energy of
10 kV, a current of 20 nA, and a tilt of 30° with respect to the electron gun (Figure 4.2 (a)).
In order to determine the best experimental design for the TEM grid using the new holder
(TEMH) the effect of the voltage, tilt angle, and use/placement of an aperture were
examined. This was accomplished with the utilization of a holey C TEM grid. During the
examination, a spot analysis was acquired from the film of the holey C TEM grid and a
neighbouring hole, which were each suspended over the hole in the TEMH, producing the
representative spectra in Figure 4.2 (b). Full spectra were initially acquired to observe the
elements detected by the spectrometer when using the TEMH and a TEM grid. It is
apparent that an Al peak does not exist, suggesting that Auger electrons were not detected
from the TEMH. C, O, and Si peaks were found on the holey C film and over the hole,
which originate from the TEM grid.
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Figure 4.2 Auger guantification experimental set-up with TEMH. (a) Schematic of the Auger

arrangement. (b) Spectra acquired from the TEMH when looking at a holey C TEM grid with

spectra collected from the C film and a hole, respectively. The spectra were acquired with an
energy of 10 kV, tilt angle of 0°, and a beam current of 40 nA.

Ideally, Auger electrons should not be detected from the hole in the C film.
However, this background signal can occur from the excitation of Auger electrons from
the nearby C film, due to the interaction with the primary electron beam or from
backscattered electrons and/or SEs that are excited from the holder and/or the sample
chamber. Three experimental designs were used to minimize the signal acquired over the
hole in the C film: utilizing only the TEMH (Figure 4.3 (a)), inserting a Pt aperture on top
of the TEM grid when using the TEMH (Figure 4.3 (b)), and placing the aperture below
the TEM grid when using the TEMH (Figure 4.3 (c)). The effect of varying the aperture
size from 300 um to 800 um was investigated to reduce the background Auger signal. For
each analysis, a spectrum was acquired on the C film and compared to the spectrum
obtained from an adjacent hole (Figure 4.3 (d)). The background signal was quantified by
comparing the relative difference in the C-KLL signals attained from the C film and hole,

respectively. During examination of the tilt angle for a single voltage at 10 kV with the
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different geometrical arrangements outlined in Figure 4.3 (a), (b), and (c), the difference

between the highest C-KLL peak intensities (Ipeak in Figure 4.3 (e)) was analyzed:

Percent Dif ference (PD10kV) = (peak=riim ~Iyeak-note) 1 0/ (4.2).

Ipeak—film

In addition, a more generic version of equation (4.1) was used when comparing
experiments completed at different voltages, such that the relative C-KLL peak heights
were examined by comparing the difference between the highest peak intensity (Ipeax) and
the lowest peak intensity (Ibackground) (Figure 4.3 (e)),

((Ipeak—film_lbackground—film)_ (Ipeak—hole_Ibackground—hole))

Percent Dif ference (PD) = x100%

(Ipeak-fitm=Ibackground- fitm)

(4.2).
A PD of 100% would indicate that no signal was detected over the hole, which would result
in the ideal experimental scheme without a background signal. The following section will
use equation (4.1) and (4.2) to examine the effect of the proposed experimental design, the
primary electron beam energy, and tilt angle (Figure 4.2 (a)) on the removal of the

background Auger electrons when examining a TEM grid.
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Figure 4.3 Auger guantification TEMH configurations with (a) no aperture, (b) Pt aperture above
the TEM grid, and (c) the Pt aperture below the TEM grid. Each measurement was completed
with a spectrum acquired from (d) the C film (+1) and the hole (+2) producing a (e) C-KLL
Auger peak?!!.

4.1.2 Results and Discussion

The C-KLL peak was examined for the holey C TEM grids using the TEMH (Figure 4.1)
and equation (4.1). First, the effect of the TEMH tilt angle with respect to the electron gun

was examined when operating under typical Auger conditions with an accelerating voltage

11 Figure 4.3 (e) produced by Kevin A. Villegas (summer student) for varying thicknesses of graphene on
SiO;. The thicknesses were determined using light microscopy.
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of 10 kV. Initially the TEMH with the tilt angle varying from 0° to 50° at intervals of 5°
(Figure 4.4) was examined. At each tilt angle the PD10kV from equation (4.1) was used to
determine the decrease in the background signal. Without the use of an aperture (Figure
4.4 purple), it was observed that as the tilt angle increased the PD10kV decreased, thus
resulting in a higher background with an increasing tilt angle. It is possible that as the
holder was tilted the primary electron beam was potentially striking the side of the high
aspect ratio hole in the TEMH, resulting in the production of SEs and/or backscattered
electrons that were possibly resulting in the excitation of Auger electrons of the C film
around the hole. It was hypothesized that the background signal could be reduced by
decreasing the hole size in the TEMH, as less primary electrons would enter the high aspect
ratio hole in the TEMH. Rather than completely re-machining the holder, as a quick test,
an Al film with a small hole (size unknown) was placed on top of the TEM grid and an
increase in the PD10kV (Figure 4.4 green) was observed with respect to the purple curve
(no aperture). Having success with this make-shift Al aperture, a Pt aperture of 300 um
was placed above (Figure 4.4 orange) and below (Figure 4.4 blue) the TEM grid within the
Gentle Mill holder as outlined in Figure 4.3 (b) and Figure 4.3 (c), respectively. Overall,
anincrease in the PD10kV was observed for both positions of the aperture, with the greatest
value being obtained when the aperture was placed below the TEM grid. Simulations were
not performed to determine the specific reasoning behind the difference in the PD10kV
value with the position of the aperture. It can be speculated that when the aperture is above
the TEM grid the background electrons generated from the TEMH have an opportunity to
interact with the C film and through scattering mechanisms could result in the production

of Auger electrons in the area free from the aperture.

113



Ph.D. Thesis — Samantha Stambula McMaster University — Materials Engineering

70 {10 kV —w— TEMH with 300 um aperture on bottom
65 - TEMH with 300 um aperture on top

] —@— TEMH with aluminum foil
60 - —— TEMH only

V+—T—T— 7T T T T T 1

0 5 10 15 20 25 30 35 40 45 50
Tilt (9)

Figure 4.4 Effect of tilt angle and aperture arrangement when operating at 10 kV on a holey C
TEM grid.2

Following the positive results of positioning the aperture below the TEM grid
(Figure 4.3 (c)), the effect of the acceleration voltage, tilt angle, and aperture size was
analyzed in Figure 4.5. When using the 300 um aperture the maximum PD achievable was
approximately 84% at 20 kV. Upon increasing the aperture size to 800 um, an increase in
the PD was achieved when directly comparing equivalent acceleration voltages of 10 kV
and 20 kV, respectively. More importantly, when operating at 20 kV with a Pt aperture of
800 um below the TEM grid, a PD ranging from approximately 98% to 99% was achieved
with a tilt angle of 50° to 0°, respectively. It can be hypothesized that the PD increased
when increasing the aperture size because the Pt may have been acting as a source of
background electrons; therefore, an increase in the aperture size could result in the
reduction of the background signal when working in the center of the aperture. It should

be noted that an acceleration voltage of 10 kV would be ideal as the quantification

2 Error bars are missing, as only one point spectra was acquired for each data point.
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standards are collected under these conditions; however, the poor PD at 10 kV prevents its
use, thus the 20 kV acceleration voltage should be utilized. This suggests that the
quantification results may not be exact, but it can be assumed that the effect of the different
voltage on the N quantification will equally affect each measurement, thus the values can

be relatively compared.

100 *
= —8—5kV 300 um
95 —@— 10kV 300 um
15 kV 300 um
20 kV 300 um
90 @ 25kV 300 um
—4— 30kV 300 um
. —p—10kV 800 um
85 —— 20 kV 800 um
_. 80
S ]
~ 75
0
o
70
65
60
55
Nt+——TTT T T

0 5 10 15 20 25 30 35 40 45 50
Tilt (°)

Figure 4.5 Effect of accelerating voltage, tilt angle, and aperture size on the PD from a holey C
TEM grid.*?

To reduce the source of electrons originating from below the sample, based on
Figure 4.5, it is suggested to complete the quantification of the N-doped graphene TEM
grids at an acceleration voltage of 20 kV with an aperture of 800 um placed below the TEM
grid at a tilt angle of 0°. However, when operating at 0° with the TEMH it was determined
that the contrast in the SE image was reversed (Figure 4.6 (a)) in comparison to the
conventional operating conditions (Figure 4.3 (d)). It is possible that at this tilt angle
electrons (secondary and backscattered) are being excited through the hole of the TEMH,

resulting in the increased brightness at 0°. Due to the unusual contrast encountered at this
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tilt angle and the relatively stable PD when operating at 20 kV with an 800 um aperture
below the TEM grid, a tilt angle of 30° (standard operating angle) will be utilized for the
quantification in the following sections (Figure 4.6 (b)). When comparing the Auger
spectra on the Pt aperture and hole (Figure 4.6 (e)), it is clear that the signal greatly
decreased within the hole, resulting in a PD of 98%. An Al-KLL peak was found in the
hole, originating from the Al TEMH. Both C-KLL and O-KLL are found on the aperture
and hole from surface contamination. The examination of the low intensity spectra
originating from the hole illustrates that the TEMH was successful in removing the electron
source from below the sample, thus resulting in the collection of Auger electrons primarily
from the suspended sample on the TEM grid.
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Figure 4.6 SEM image of a hole in the C film with various tilt angles and the comparison of the
Auger spectra acquired over a hole and over an aperture. (a) SEM image acquired with the
TEMH at 20 kV and a tilt angle of 0°. (b) SEM image of Auger quantification set-up without a
TEM grid. Full scan Auger spectra were acquired over (c) the Pt aperture (+2) and (d) the hole
(+1), which are then compared in (e) when acquired with a 20 kV acceleration voltage, 800 um
aperture, and 30° tilt.
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It should be noted that it was qualitatively determined through multiple
examinations during Auger quantification of N-doped graphene, that smaller holes resulted
in lower PDs between the sample and the hole. This suggests that there is a minimum
diameter at which the Auger spectrometer collects signal, but this was not investigated
further and may be a source of error in the Auger quantification. For conciseness and
accuracy, in the future, the effect of the size of the hole diameter on the PD should be
measured and compared to prevent signal overlap during individual spot quantification.
Furthermore, the effect of the diameter size should be re-examined with regards to Figure
4.5 to ensure the PDs were not artificially affected by the diameter of the hole. For the sake
of the thesis, the fact that the 20 kV source results in the highest PD suggests that it is
sufficient for the Auger quantification. To ensure the hole diameter does not greatly affect
the quantification results, the measurements presented in the following section were only
acquired from quantification in which the PD is greater than 80%. Moreover, during future
analysis, multiple data points should be collected with respect to each experimental

condition in Figure 4.5 to determine the accuracy of the measurements.

4.2 Production of N-Doped Graphene TEM Grids Using In-

House Techniques

Three in-house electron microscopy instruments were examined as N sources to produce
single sheet N-doped graphene: Solarus plasma cleaner™, Technoorg Linda Model 1V5
Gentle Mill™, and a Fischione NanoMill®. Graphene Supermarket© TEM grids [202]
were purchased as the graphene source. Varying experimental conditions were examined
and the concentration of N was quantified first using EELS, followed by a more accurate
measurement technique for low N concentration, as outlined in Section 4.1, using Auger

spectroscopy. The NanoMill® results were the most promising for the production of the
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single-sheet N-doped graphene, which are discussed in this section. For more details
concerning the plasma cleaner, and Gentle Mill™, Appendix 1: N-doping Graphene TEM
Grids using a Plasma Cleaner and Gentle MillTM should be consulted.

4.2.1 Characterization of N-Doped Graphene Using High Resolution
STEM

The aberration correctors allow the acquisition of high resolution images in both TEM and
STEM. STEM imaging was performed using ADF (detector semi-angles of 31.4 mrad to
191.9 mrad, as measured by FEI) conditions with an FEI Titan 80-300 Cubed TEM
equipped with hexapole-based aberration corrector (Corrected Electron Optical Systems
GmbH) for the probe lens, and a high brightness field emission gun (XFEG). The aberration
corrector was tuned to minimize spherical aberration in the probe lens. An imaging current
of 40 to 100 pA was used (maximum dose of 1.7 x 10" enm~and dose rate of 1.9 x10* e-
nm2s™) to increase the signal to noise ratio. Based on the discussion in Chapter 2.2 Using
TEM to Study Graphene and Heavy Atoms defects were observed in the graphene lattice at
this high of a dose, thus the lower dose discussed in that chapter was utilized for the
subsequent images. It has been suggested in literature to increase the signal to noise ratio
by over-sampling the graphene lattice through the collection of more pixels, while working
atalower dose [122]. This method to increase the signal is suggested for future experiments
to limit the beam damage imposed on the sample. Figure 4.7 illustrates images of Graphene
Supermarket© TEM grids [202] before N-doping, acquired with an 80 kV ((a) low and (b)
high magnification) and (c) 40 kV electron source. As expected, the images acquired using
the higher acceleration voltage resulted in a better spatial resolution; however, the
correctors could be optimized such that graphene imaging was possible at an acceleration

voltage as low as 40 kV. Due to time constraints and ease of operation, 80 kV was used to
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examine the structure of the graphene lattice after the various in-house doping techniques

and conditions were trialed.

adjusted) and (b)) 80 kV and (c) 40 kV electron source (gamma adjusted).

4.2.2 NanoMill®: Nitrogen lon Source

The Fischione Instruments Inc. Model 1040 NanoMill® was considered as the most
favourable potential source, due to the fact that it can produce a low energy ion beam
(minimum 50 eV) that also operates with a low current (pA adjustments available),
providing more control of the source energy and overall fluence exposed to the sample.

During these experiments the ion energy, overall fluence, and impact angle were examined.

4.2.2.1 Experimental Conditions
The Fischione Instruments Inc. Model 1040 NanoMill® (Figure 4.8 (a)) equipped with an

electron impact source using an N2 gas supply was operated at 50 and 100 eV. A

magnification of 100x was used to increase the exposure area of the TEM grid in the fast
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scan imaging mode. A base vacuum of 2 x 107 torr was achieved with a specimen operating
under vacuum upon exposure to the N2 gas of 4 x 10 torr. All experiments were performed
at room temperature and a maximum tilt angle of 90° was examined. To complete the tilt
experiments the supplied sample holder (Figure 4.8 (b)) was used up to 30°, and a new
holder was made in-house®® (Figure 4.8 (c)) to rotate 360°, allowing the maximum 90°

angle to be achieved. The fluence (ions-cm) was approximated using

(current x Time x 6.241x1018/C)
Area

fluence = 4.3)

in which the current is measured in amps, time in seconds, and area in cm?. The beam size
is unknown at a beam energy as low as 50 eV and a N2 gas source, therefore it was assumed
that the area in equation (4.3) is the area scanned by the beam at 100x magnification (1.7
mm by 1.7 mm resulting in an area of 0.0289 cm?). The beam size is likely smaller than
the scanned area, thus the fluences reported may be underestimated. Additionally, the exact
nature of the ionic charge within the plasma is unknown (assumed to be 1%), which could
alter equation (4.3) by a division of the charge; however, this would then increase the

current by the same amount, thus cancelling the effect.

| (b

Figure 4.8 NanoMill® experimental set-up. (a) Fischione Instruments Inc. Model 1040
NanoMill® (b) conventional holder and (c) in-house 360° holder.

13 360° holder machined by Andy Duft.
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The ion beam current was measured prior to sample loading and was adjusted using
the NanoMill® controls. A specific time and current was selected to provide the desired
fluence to the sample in a single experiment. The current could vary within approximately
10 pA during a single exposure, therefore the approximate mean current was used during
the calculation of equation (4.3) and the reported fluences are not exact. It is suggested that
for future experiments the current by monitored for an entire TEM grid exposure to better
characterize the current fluctuations and determine if the current is consistent throughout
the entire ion exposure. Examining the current will ensure a more accurate calculation of
the ion fluence. When operating at 50 eV the image cannot be focused, therefore care must
be taken to ensure the sample is centered in the ion beam without exposing the sample to a
high energy beam source. A dummy sample was first placed in the NanoMill® and focused
at a high ion energy (200 eV) and centered in the screen. The energy was gradually
decreased until 50 eV, when the sample was no longer visible. The dummy sample was
then removed and the pristine Graphene Supermarket© TEM grid was placed in
approximately the same location. The grid was then inserted in the NanoMill® and exposed
to the N™ ion source for the indicated time based on the desired fluence. The samples were
rotated from 10° to 90° with respect to the ion beam (Figure 4.8 (c)).

Image analysis was performed using monochromated negative spherical aberration
imaging with HRTEM at 80 kV on the Titan 80-300 Cubed. EELS experiments were
carried out with an FEI 80-300 Cryo-Twin TEM equipped with a monochromator and an
XFEG. The EELS acquisition was performed in STEM mode with the spectrum imaging
technique implemented by the GATAN Digital Micrograph software, using the
monochromator to achieve an energy resolution of 0.08 eV as measured from the full width
at half maximum of the zero-loss peak. Prior to performing EELS experiments the sample
was baked at 150°C for 17 hours to prevent beam contamination that had previously been
problematic when the sample was not baked or baked at 100°C. A dispersion of 0.1
eV/pixel was used for EELS acquisition of the C-K and the N-K edges. The spectra in the
spectrum image were aligned and calibrated in energy to the C-K edge pi* peak (285 eV)
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using built-in functions in GATAN Digital Micrograph. The spectra presented in this
section were summed based on the intensity in the DF image which is related to the
thickness of the graphene sheets. Python code written by Isobel Bicket (PhD student in the
group) was used to sum spectra from a polygonal area [203].

Auger quantification was used to determine the average N content as outlined in
Chapter 4.1 Nitrogen Quantification on TEM Grids Using Auger Spectroscopy. The values
reported for quantification have been normalized for C and N content; however, beam
contamination could not be avoided so it should be noted that the N content may be slightly
underestimated. For quantification purposes, six to nine locations were examined and
averaged for each experiment. The signal and background on the holes were measured for
reference to ensure a clean source signal was obtained, and all signals included in this

examination contained a PD greater than 80%.

4.2.2.2 Results and Discussion

Multiple experiments were conducted to examine the effects of ion energy, fluence, and
tilt angle on the average N % in graphene. Figure 4.9 (a) shows the results obtained from
the various doping conditions, where the average N % (normalized to C and N) is plotted
with the error bars obtained by the two-tailed one-sample Student’s t-test with a probability
of 0.05. The large error bars indicate the wide data spread acquired from the Auger
quantification. It is believed that this spread may originate from the sample not being fully
centered in the ion beam during doping due to the lack of spatial resolution when operating
at 50 eV, the sample drifting during the doping experiment, and the instability in the
current. For conciseness, the exposure time and current are supplied in the legend for each
data point. A colour coding was utilized to more easily examine the plot, such that all
orange points were acquired at a beam energy of 50 eV and a tilt angle of 30°, and the pink

data points were acquired at a beam energy of 50 eV and a fluence of approximately 2 x
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10 ions-cm™. Direct observation of Figure 4.9 (a) (orange points) indicates that increasing
the fluence when operating at a fixed energy and tilt angle results in an increased N
concentration; however, the maximum concentration of approximately 0.86 + 0.20%
(normalized to C and N) occurs at 50 eV and a tilt angle of 90°, which agrees well with
literature [189], [191], [196]. It appears that the concentration plateaus at a fluence between
approximately 1.2 x 10%° ions-cm™ and 1.5 x 10° ions-cm™. The exact reason for the
plateau is unknown, but it can be hypothesized that it may be related to the contamination
production observed by Pan et al. [192] at 3.0 x10% ions-cm™ when operating at 30 keV.
When examining the series of pink data points, it is evident that as the tilt angle increases
the N concentration also tends to increase. This phenomenon has been predicted in
literature for O ions by Bai et al., in which a maximum probability of O substitution at 50
eV occurs at 90° [204]. 1t should be noted that at a tilt angle greater than 30°, the precision
in the angle is quite poor due to the 360° rotation of the new holder. While a rough
approximation of the angle was completed with a 10° scale marked on the holder with
permanent marker, the exact angle is unknown, which could account for the overlap of the
data points ranging from 40-50° and 70-90°, respectively. However, this trend can also be
observed at a fluence of 5 x 10%* ions-cm™, wherein the mechanical adjuster within the
NanoMill® was used to set the angle. In this case, as the tilt angle increased, the N
concentration also increased, thereby corroborating the trend observed at the higher dose.
There is a violation of this trend when comparing the low dose (yellow star) and high dose
(pink star) analysis for a 90° tilt, wherein the low dose doping resulted in a lower
concentration than the 30° tilt samples at a similar dose. This may be an artifact of the angle
adjustment or the data points may be influenced by the instability of the current, centering
of the sample, or sample drift during doping. Furthermore, as the energy is increased when
maintaining the dose, an increase in the average N % is observed to reach approximately
1.6 + 0.5% (normalized to C and N) at 100 eV. This effect cannot be explained based on
the DFT calculations performed in literature that predict a higher probability of N
substitution as opposed to vacancy formation at 50 eV versus 100 eV [193], [204]. Because
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50 eV is the minimum operating condition of the NanoMill®, it is possible that the beam

energy is more stable at 100 eV, which may account for the higher N content.
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Figure 4.9 Auger quantification of various NanoMill® experiment configurations. The data
points represent the mean values acquired from six to twelve measurements and the error bars
show the sample error as calculated by the two-tailed one-sample Student’s t-test with a
probability of 0.05.

In order to further increase the N concentration, experiments were performed in
which the graphene was first exposed to an oxidizing environment using a 10 s and 60 s
exposure to a 50 W O2/H. plasma source. This method was used to induce defects with the
O plasma source which could then be occupied with a N-dopant. Unfortunately, an O feed
gas could not be used in the NanoMill® as it could damage the ion gun, therefore a two
step-experiment with the plasma cleaner was utilized. According to Figure 4.9 (a) (green

points) the O plasma exposure had little effect on the N concentration when normalized to
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C. The reason for this may simply be due to the fact that the damaged sites from the plasma
cleaner acquired an O-species when exposed to air during the transfer from the plasma
cleaner to the NanoMill®. The O content was not examined during Auger quantification
of the N-doped graphene without the exposure to the O plasma; however, comparison of
the SEM images during Auger examinations (Figure 4.10 (a), (b), (c)) shows the damage

induced by the plasma cleaner as pitting after 10 s and 60 s, respectively.

2 pun - il X6000  s— (i

Figure 4.10 SEM SE images comparing N-doped graphene to N-doped graphene with O2/H;
plasma exposure. (a) N-doped graphene (NanoMill® 50 eV, 85 pA, 8 hours, 30° tilt), (b) N-
doped graphene with 10 second plasma pre-exposure (NanoMill ® 50 eV, 220 pA, 2.9 hours, 30°
tilt, 10 s O2/H, 50 W plasma), and (c) N-doped graphene with 60 second plasma pre-exposure
(NanoMill® 50 eV, 220 pA, 3 hours, 30° tilt, 60 s O,/H, 50 W plasma).

HRTEM imaging (Figure 4.11 (a) and (b)) and EELS spectra (Figure 4.11 (e) and
(F)) were utilized to examine the structure after N-doping without exposure to an O plasma
source. Following a doping level of approximately 0.50 = 0.21 % (normalized to C and N),
the graphene structure is still intact, which can be observed in a window of amorphous C
contaminants. The amorphous C likely originates from the TEM grids, as Graphene
Supermarket© grids tend to have high surface coverage of hydrocarbons; however,
increased coverage may have developed due to ion exposure [192]. The FFT acquired from
the entire image displays the characteristic hexagonal pattern acquired from graphene
sample, wherein multiple grains can be observed in the FFT of the low magnification image

(Figure 4.11 (b)). However, care must be taken when examining this sample, due to the
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fact that the grid is not in focus upon doping. Although unlikely, it is possible that the area
examined with HRTEM was not exposed to the N* ions. To conduct further evaluation of
the doping process, EELS was completed on a sample produced using the NanoMill® with
a beam energy of 50 eV, a fluence of approximately 2.0 x 10 jons-cm, and a tilt of 90°.
By employing Auger spectroscopy, it was determined that the sample was N-doped to 0.5
+ 0.6 % (normalized to C and N). This low N content in comparison to the equivalent
sample in Figure 4.9 (a) (pink star) may indicate that the current was not maintained
throughout the duration of the doping process, the sample was not centered in the ion beam
or the sample drifted during ion exposure; further emphasizing the approximation of the
total fluence the graphene receives. EELS spectra from this sample were separated based
on the thickness of the local graphene sheets, as observed in the dark field (DF) image
(Figure 4.11 (c)). The shaded areas in Figure 4.11 (d) show the areas in which the spectra
were summed to form the final spectra appearing in Figure 4.11 (e). The purple region is
the thinnest, followed by the red region, with the blue area being the thickest, respectively.
Upon examination of the three spectra it is apparent that an N-K edge exists in the thinnest
area. The fact that the N-K edge was observed in the thin area and not the thick area was
not surprising, as the concentration of N in this sample is quite low, and a deconvolution
was not performed to remove plural scattering effects from the sample. Due to the weak
N-K edge observed in the thin specimen and the lack of the N-K edge in the thick regions,
the fine structure of the C-K edge can be utilized to examine the effect of the NanoMill®.
The thicker regions in red and blue appear to have a sharp =* and o* peak at 285 eV and
292 eV, respectively, which is characteristic of graphene. More interestingly, when
examining the ELNES of the thin region (purple), the shape of the fine structure of the C-
K edge is modified. The n* and o* peaks are still present, but they have weakened and
broadened with respect to the thick graphene regions. Moreover, the fine structure at higher
energies after the o* peak in the thin region is lost and a broad onset to the o* peak is
observed. These spectra did not undergo low-loss deconvolution to remove multiple

scattering effects. This suggests that within the thin region the long-range order of the
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graphene lattice has been lost, or the sheet has a thin layer of amorphous C, while the
graphene lattice is maintained with short-range order. This has been observed in the N-
doped graphene in Chapter 3.2.1 Graphene and in graphene oxide in literature [205].
Furthermore, a shoulder on the o* peak has been observed in atomic resolution EELS of
N-doped graphene, as reported by Nicholls et al. [140]. The broadening of the c* peak
could be related to the formation of this shoulder from the presence of the N-dopants.
Because atomic EELS was not performed for this sample the reason for the broadening
cannot be directly specified, but based on the Auger results and loss of fine-structure in the
C-K edge, it can be speculated that the N* ions doped the graphene lattice. However, the
loss of fine structure could be attributed to damage from the N-doping process and/or a thin
layer of surface contamination. The broadening effects of the n* and o* peaks were not
observable in EELS when examining the thicker regions, likely due to the fact that only
the top-most sheets exposed to the beam were damaged, and the fine structure of the
undamaged lower graphene sheets overwhelms the C-K signal in these regions. Upon
normalizing the thick and thin regions using a 5 eV window at 300 eV, it is evident that
the 7* and o* peaks are of similar intensity, further confirming the fact that the graphene
lattice is present after the doping process; however, the lack of fine structure after the o*

peak is indicative of a defective graphene lattice.
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Figure 4.11 HRTEM and EELS analysis of NanoMill® N-doped graphene sample. HRTEM
images at (a) low and (b) high magnifications were acquired after N-doping of approximately
0.50 +0.21 % (normalized to C and N, error calculated from the two-tailed one-sample Student’s
t-test with a probability of 0.05) (NanoMill® 50 eV, 75 pA, 20 h, 30°). An EELS spectrum image
was collected from a multi-layered region as observed in the (c) DF image and the EELS
spectrum image was summed into (d) three polygonal regions based on the graphene thickness,
resulting in (e) three separate EELS spectra. (f) Normalized EELS spectra acquired from the
thinnest and thickest regions of the spectrum image.
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4.3 Pd Deposition on Pristine Graphene TEM grids

As a proof of concept, Pd was deposited on a pristine Graphene Supermarket© TEM grid
to determine if ALD could lead to a successful deposition. Pd was used rather than Pt, in
effort to reduce the cost of the samples that will not be used for electrocatalytic cycling.
Commonly Pd is deposited with the first half cycle of Pd(I1) hexafluoroacetylacetonate and
a second half cycle of formalin, glyoxylic acid, molecular Hz, or plasma sources* [206],
[207], [208]. After 20 ALD cycles, high resolution STEM images were acquired using
ADF imaging conditions. The sample was highly contaminating under the electron beam,
thus a beam shower in TEM mode with a current of 3.51 nA for approximately 15 minutes
was applied before high magnification ADF imaging. In Figure 4.12 (a) and (b) surface
hydrocarbons (grey level intensity) can be seen covering the graphene surface (black) and
Pd particles can be found (white) decorating the surface contamination. The specific area
imaged is multilayered graphene, as determined through the Moiré pattern in the darker
areas of Figure 4.12 (b). The location of the Pd with respect to the surface contamination
is not unexpected based on many examples in literature. Zan et al. summarizes the results
from a few sources, illustrating the preferential deposition on Au, Fe, Co, Ni, Pd, Ti, and
Al on the surface hydrocarbons rather than graphene [165]. This reference illustrates that
in most cases the metals sit on the center of the contamination, but can be dragged to edge
sites with the assistance of the beam and can result in graphene etching under ultra-high
vacuum [165]. Interestingly, in Figure 4.12 (b) the Pd particles tend to sit in the center of
the surface contamination with some atoms located at the edge of the hydrocarbons, as
labelled with white arrows. It is uncertain if this is the preferred location of those individual
atoms deposited by ALD, or if they were dragged to those locations under the excitation

of the electron beam. The area of 185 particles and atoms were manually measured from

14 ALD was completed by members of Dr. X. Sun’s group at Western University.
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ADF images using built in functions in ImageJ [209]. The results are contained in the
histograms in Figure 4.12 (b), in which the area of the particles was converted to an
equivalent diameter. It was determined that the average particle size in the high
magnification regime 0.8 + 0.9 nm® (Figure 4.12 (a)) with a maximum particle size
measured at 8.35 £ 1.03 nm in the low magnification regime (Figure 4.12 (b)). From the
histogram and low magnification images, it is evident that there is a large spread in the size
of the Pd particles on the Graphene Supermarket© TEM grid. During future examination,
the TEM graphene grid must first be cleaned from surface hydrocarbons and fewer than 20
ALD cycles should be utilized during the deposition to examine the bonding location of Pt

or Pd atoms with respect to the N-dopants.

Figure 4.12 ALD Pd on Graphene Supermarket© TEM grid at (a) high (gamma adjusted) and (b)
low magnifications (brightness adjusted) with white arrows pointing to Pd atoms sitting on the
edge of surface contaminants in (a). The inset shows the histogram acquired from the equivalent
diameter (nm) of the Pd particles and atoms taken from various ADF images.

EELS was used to examine the binding location of Pd on the TEM grid. The ADF
image in Figure 4.13 (a) shows that the Pd is located on the surface contaminants, as
observed in Figure 4.12. The ICA components can be observed in Figure 4.13 (b) with the

15 Error acquired from measured sample standard deviation.
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respective loadings in Figure 4.13 (c), (d), and (e). Based on the spectral signatures, loading
0 is assigned to Pd with a small amount of C, loading 1 has graphitic C and O, and loading
2 is composed of disordered C and O. Loading 1 shows a shell-like structure surrounding
the Pd structures, which could be originating from the C and O containing ligand from the
first half-cycle in the deposition process. It should be noted that the source of the graphitic
nature of the C-K edge surrounding the Pd particle is unaccounted for in this explanation.
It is expected that the graphene component should be more uniform, thus it is not clear if
loading 1 is in fact an isolated component or it is undergoing cross-talk between other
components. Alternatively, loading 2, which is associated with a disordered C-K edge and
an O-K edge, likely derives from the surface contamination observed in the DF image
(Figure 4.13 (a)). By simply adjusting the opacity of the loadings, overlay images can be
observed in Figure 4.13 (f) and (g). These images more easily illustrate the method in which
the Pd interacts with the different C sources. Figure 4.13 (f) clearly shows that the graphitic
C-K signal (loading 1) is coating the Pd particles, while the particles are sitting on what is
assumed to be the surface hydrocarbons (loading 2). It is unlikely in this case that the Pd
particles would be active as a catalyst due to the surface coating observed in loading 1, thus
care should be taken in the future to ensure the ligands are fully reduced, if this is indeed

the source of the C in loading 1.
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Figure 4.13 EELS spectrum images acquired from ALD Pd on a Graphene Supermarket grid.
The green box in (a) shows the DF image (gamma adjusted) of the area examined. ICA
decomposed (b) spectra and respective loadings for (c) Pd, (d) graphitic C-K and O-K edges, and
(e) disordered C-K and O-K edges. Overlay images were produced for (f) loading 0 and loading 1
and (g) loading 0 and loading 2 by adjusting the opacity the images in (d) and (e).
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4.4 Summary

In summary, Auger spectroscopy was used to quantify the N content of various in-house
doping conditions of thin-suspended graphene sheets on TEM grids. The Auger conditions
were optimized to reduce background signals originating from electrons below the TEM
grid. The conditions for N quantification included an acceleration voltage of 20 kV, at a
tilt angle of 30° with respect to the electron source, and with an 800 um Pt aperture located
below the TEM grid when using a specially design holder, resulted in a 98% reduction of
the background signal.

Three in-house sample preparation instruments were used to N-doped graphene
containing TEM grids. The NanoMill® had proven useful for N-doping the graphene
lattice. As quantified by Auger spectroscopy a maximum average N concentration of 0.86
+ 0.20% (normalized to C and N) when operating at 50 eV with a tilt angle of 90° and a
fluence of approximately 2.0 x 10 ions-cm2 can be achieved. Using HRTEM and EELS,
the structure of the graphene was determined to be intact with short-range order, but the
sheets were covered in a thick layer of amorphous C that likely originated from the TEM
grids and the ion exposure. ELNES of thicker regions clearly indicated that the graphene
sheets were present after N-doping; however, when examining the thin area, the fine
structure was weakened and the =* and o* peaks broadened. This can be attributed to three
potential factors: N-dopants disturbing the graphene lattice, damage from the ion beam,
and/or contributions from the surface C layer. Because the NanoMill® shows positive
results for the N-doping in a controlled manner, it is a viable source for N-doping thin
graphene sheets; however, the exact concentration will need to be examined after each
doping process, as the concentration was not observed to be consistent when using the same
energy and fluence. The difference in concentration between samples at the same operating
conditions could be related to the fact that the current in the NanoMill® fluctuates during
use since the minimum operating energy was utilized, thus the exact fluence and exposure

location on the TEM grid cannot be fully identified. As previously mentioned, the current
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should be monitored throughout the entire exposure of a TEM grid to better understand the
effects of the current fluctuations, and to determine if the current is stable throughout the
long exposure times or if it decreases. It is also suggested that a measurement of the beam
size is completed for future experiments to more accurately determine the ion fluence and
the diameter of exposure for TEM investigations. Moreover, a holder with a more precise
angle positioning should be machined to remove the ambiguity of the tilt angle.

Lastly, ALD was used to deposit Pd on the graphene containing TEM grid, as a
proof-of-concept for future experiments. It was determined that with 20 ALD cycles, a
distribution of Pd entities ranging from atoms, clusters, and nanoparticles were deposited
on the graphene TEM grid. The Pd was found to be preferentially located on the surface
hydrocarbons, and contained a C shell, likely originating from incomplete oxidation of the
ALD precursor ligands. For future, experiments it is suggested that the graphene be
thoroughly cleaned to reduce the source of surface hydrocarbons, and care be taken during
ALD to eliminate the C containing shell on the Pd particles.
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Chapter Five

NCNT Characterization and ALD Fine Tuning

Multi-wall carbon nanotubes (MWCNTSs) consist of concentric cylinders of rolled
graphene sheets. They were first produced by lijima et.al as a by-product of fullerene
synthesis in 1991; however, at that time, they were called graphitic microtubules [210].
Since the first creation of MWCNTS, many synthesis routes have been examined to solely
produce the CNTSs in which control of size, length, and number of layers has been a priority
to explore their effects on different physical properties. The most common synthesis routes
and physical properties are outlined in numerous review papers and textbooks, as listed
here, but these are outside the scope of this report [211], [212], [213], [214]. Within this
chapter NCNTs will be examined as media for gas containers, and as a substrate material
used to optimize the ALD parameters for Pt deposition. Using quantitative EELS, the
pressure within the NCNTs will be examined with respect to the size of the NCNT to
determine if a correlation exists. Furthermore, the effects of specific ALD deposition
conditions such as temperature, dosing time, and substrate (NCNT and CNT) will be
examined with respect to the first deposition cycle, in an effort to increase the control over

the size of the deposited Pt clusters.

135



Ph.D. Thesis — Samantha Stambula McMaster University — Materials Engineering

5.1 Gas Filled NCNTs with ALD Pd

Gas containing materials have been examined in the TEM for many years with samples
varying from He bubbles in nuclear reactor materials [215] to N2 containing CNTs [216],
[217], [218], [219], [220], [221], [222], [223]. Trasobares et al. completed an extensive
investigation into the chemistry and morphology of NCNTSs, illustrating the vast
dependence of gas-filling on catalyst selection, precursor gas, and reaction temperature
[224]. Various growth mechanisms have been proposed for gas incorporation, in which the
CNy precursor species or N carrier gas are absorbed in the catalyst, thus leading to N
production during the precipitation of the CNT. The gas had been reportedly trapped as a
by-product of the wall formation [216], [224], or had been absorbed within the Fe catalysts
and subsequently released/encapsulated upon saturation within the growth catalyst [217],
[221]. Currently, the encapsulation methods are hypothesized and seem to be system
dependent, as not all N containing precursors produce a N2 gas within the CNT.

In the following sections, the presence of the gas using an ultrasonic spray pyrolysis
synthesis technique [218] will be determined with emphasis on the relationship between
the pressure of the trapped gas and the size of the tubes. The growth mechanism of this
technique is outside the scope of this report; however, a discussion outlining necessary
steps to determine the growth will be presented. It should be noted that during the synthesis
technique both the C, N, and Fe catalysts are introduced into the reaction chamber as a

single solution [218], thus CNT growth and N-doping occur simultaneously.
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5.1.1 Experimental Conditions

5.1.1.1 Material Preparation

All samples were prepared by Dr. Sun’s group at Western University. The NCNTs and
ALD were produced in-house using the technique outlined in ref. [218]. During the ALD
process a precursor of Pd(I1) hexafluoroacetylacetonate was used in the first half cycle, and
the second half cycle consisted of formalin, glyoxylic acid, molecular Hz, or plasma
sources [206], [207], [208]. TEM samples were prepared by drop casting an ultrasonicated
solution of dilute HPLC grade methanol with the sample of interest onto a lacey C grid.

5.1.1.2 High Resolution Imaging

High resolution images were acquired using an FEI Titan 80-300 Cubed TEM equipped
with hexapole-based aberration correctors (Corrected Electron Optical Systems GmbH) for
the probe and imaging lenses, and a high brightness field emission gun (XFEG). The
acceleration voltage was set to 80 kV to minimize knock-on damage to the CNT, while still
maintaining an energy that allows relatively easy image acquisition. STEM imaging was
performed using HAADF (detector semi-angles of 63.8 mrad to 200 mrad, as measured by
FEI) conditions with a C2 aperture of 50 wum and a spot size of 9. The aberration corrector
was tuned to minimize spherical aberration in the probe lens. Monochromated negative
spherical aberration corrected HRTEM was performed, in which the image corrector was
used to adjust the Cz in combination with the C; to compensate for the intrinsic Cs.
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5.1.1.3 Auger Quantification

Auger spectroscopy was also utilized to quantify the N content in the NCNTs. The
spectroscopy was completed using a JEOL JAMP-9500F field emission-Auger at an energy
of 10 kV, a current of 30 nA, a tilt of 30°, and M5 mode. Beam contamination could not
be avoided during spectral acquisition; thus, it should be noted that the elemental content
other than C may be slightly underestimated. Quantification was completed using an in-
house HOPG standard from a freshly cleaved surface, and Cr2N, Pd, ZnS, and SiO, JEOL
supplied standards for the C-KLL, N-KLL, Pd-MNN, S-LVV, O-KLL, and Si-KLL Auger

electrons, respectively.

5.1.1.4 EELS Quantification and ICA Conditions

Using the Titan 80-300 Cubed, EELS spectra were acquired to examine the elemental
content and species within the NCNTs. EELS spectra were acquired in EFSTEM mode
with a dispersion of 0.4 eV/pixel, and a convergence and collection semi-angle of 19 mrad
and 58 mrad (as measured by FEI), respectively (as measured by FEI), resulting in an
energy resolution of 1.2 eV, as measured by the FWHM of the zero-loss peak. DualEELS™
was used to collect both the zero-loss peak and core-loss spectrum using the GATAN
image filter (GIF) Quantum® [225]. To reduce the NCNT exposure to the beam and reduce
the sample drift, a current of approximately 40 pA with relatively quick exposure times of
4 x 10° s/pixel and 0.01 s/pixel were used for the zero-loss and core-loss spectra,
respectively. Core-loss edges were collected for ICA with an exposure time of 0.1 s/pixel.
Using DualEELS™ the zero-loss peak was used to align and calibrate the low-loss

spectrum image, and the high-loss spectrum image was aligned and calibrated using the ©*
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peak (285 eV) in the C-K edge. Using GATAN Digital Micrograph software, X-ray spikes
were removed from the spectra prior to quantification and ICA.

The N2 pressure within the NCNTs was quantified by following procedures
outlined by Egerton [125], Walsh et al. [226], and Lacroix et al. [227]. The N volumetric

density (atoms/nm3) within the NCNTs was determined using,

ny = —N (5.1) [226], [227],

- Izond

in which Iy (counts) is the integrated intensity of the N-K edge, Iz (counts) is the integrated
intensity of the unscattered beam (deconvolved zero-loss peak), on (barns) is the integrated
cross-section, and d (nm) is the inner diameter of the nanotube. Digital Micrograph
software was utilized to acquire the N density from equation (5.1), as will be detailed in
the following text.

Spectrum images were acquired with a magnification of 160 Kx and 320 Kx (Figure
5.1 (a)), which were calibrated using a linear extrapolation from a gold cross-grating at 10
KX. The spectra within a spectrum image were aligned and the energy was calibrated using
the zero-loss peak. The spectra used for quantification were summed (Figure 5.1 (b),(d)
and (c),(e)) from the center-most regions of the inner diameter for each NCNT, and for
each individual compartment within the NCNT under examination (region of interest (ROI)
in Figure 5.1 (a), (b), (c)). Following the alignment and calibration, X-ray spikes were
removed using Digital Micrograph’s built-in function. The low-loss and core-loss spectra
were then spliced together using 100 overlapping channels to calculate the new scale
(Figure 5.1 (f)). Multiple scattering events were then removed from the spectra through a
deconvolution of the zero-loss peak performed in Digital Micrograph using a Fourier-log
deconvolution with the reflected-tails model (Figure 5.1 (g)). The zero-loss modifier was
used during the deconvolution; however, this method occasionally resulted in a periodic
noise, in which case the Gaussian modifier was used with the width set to the FWHM of
the zero-loss peak. During deconvolution, Digital Micrograph stores the integrated
intensity of the zero-loss peak which it later uses for the calculation of the areal density

(atoms/nm?), as shown in equation (5.1). The N areal density was then calculated within
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Digital Micrograph from the deconvoluted core-loss spectra (Figure 5.1 (h)) and the
“Quantification” routine in Digital Micrograph. To calculate the absolute areal density the
background fit was individually set for each N-K edge to ensure an adequate background
was set for each quantification. Further parameters for quantification included, the signal
integration window which was set at 50 eV with the window ranging from approximately
395.9 to 445.9 eV with the partial cross-section modeled using the hydrogenic model.
Using the equation outlined in Chapter 2.2.3.1 Elemental Quantification using EELS, and
the stored integrated zero-loss intensity, the “Quantification” routine calculated the areal
density. The areal density (atoms/nm?) was then converted to the density (atoms/nm?)
through means of dividing by the inner diameter, as shown in equation (5.1). The density

was then converted to pressure using the ideal gas law:

Equations used: (n—"’) =N p= (%) X RT

14 - Izo'Nd'

Example of Numerical Input:

N atoms N, molecules % 1 3

=10

—_ mol 1nm
- : = 1.7x10723
nm nm 6.022x102

3 moleml;les nm3 1x10~27 m3
mo
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9.86923 x10~° at
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mol

168777 2% x 8314 —— x 298K x
m mol K

T =412 atm (5.2).
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[

Figure 5.1 Various steps used in the quantification of the N pressure within the NCNT. For each
NCNT and compartment in the NCNT the (a) ADF, (b) core-loss spectrum image, and (c) low-
loss spectrum image were acquired. The spectra were then summed from the inner most region of
the NCNT for the (d) low-loss and the (e) core-loss spectra. These summed spectra are then (f)
spliced together to form one spectrum and the zero-loss peak is removed using a (g) spectrum
deconvolution to remove the effects of multiple scattering. The spectra (h) after deconvolution of
the C-K and N-K edges can be used for quantification.

In order to determine the diameter of the nanotubes, specific steps were utilized to
ensure the most accurate calculation. The ADF image (Figure 5.2 (a)) of the NCNT
analyzed was first calibrated using a linear extrapolation at 14 Kx and 20 Kx of the Au
cross-grating which contains a period of 463 nm. An error analysis was performed by
examining the percent difference between the maximum and minimum calibration scale
(pixels/nm) from eight measurements, which resulted in 3% error. Using previously
analyzed data for the FEI HAADF detector, the linear extrapolation resulted in a percent
error of approximately 4.4%, as compared to a standard magnification calibration sample,
which suggests an adequate approximation for the NCNT size. The diameter of the NCNTSs
was then determined using the line profile tool (Figure 5.2 (b)) in Digital Micrograph,

wherein multiple measurements were acquired on a single NCNT (labelled boxes in Figure
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5.2 (a)). The line profile was converted to an EELS spectrum and the first derivative of the
spectrum was obtained (Figure 5.2 (c)). When considering the walls of the NCNT, the
inflection points result in the inner and outer diameter, which can be seen as a peak in the
first derivative plot (Figure 5.2 (d)). This method of analysis is better suited to measure the
inner and outer diameter of the NCNTSs, rather than strictly using the line profile plot, as
the inflection points are easier to identify than the noisy summed line profile. Areas where
Pd was located at the inner or outer diameter were excluded from the measurement, as this
resulted in intensity shifts in the line profile that distorted the diameter measurement. The
diameter used in equation (5.1) to calculate the areal density of the N2> molecules was the
average inner diameter measured from single NCNT compartments the error calculated by

the two-tailed one-sample Student’s t-test with a probability of 0.05.

Figure 5.2 Experimental measurement of the diameter of the NCNTSs. The diameter of the
NCNTSs was measured using (a) ADF images (gamma adjusted), wherein the annotated areas
were used for the measurements along the NCNT. The (b) summed profile and (c) first derivative
were acquired for each of the annotated areas in (a), wherein they were used to measure the inner
diameter from the dashed lines outlined in (c). A (d) schematic of the line profile (green) and first
derivative (red) with respect to the intensity of the two-dimensional projection of the NCNTSs side
walls (blue) shows that peaks in the first derivative (with a positive and negative value) can be
used to determine the edge of the CNT.
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Lastly, ICA was completed on the EELS spectra from the NCNTSs to determine the
different elemental composition of the Pd catalysts on the surface of the NCNTs, and the
catalysts used to grow the NCNTs (Fe). HyperSpy [127] was used to produce the ICA
loadings and respective factors. In order to produce physically significant factors, the EELS
spectra were cropped, such that the C-K and N-K edges were examined separately. Prior
to performing the ICA, Digital Micrograph was used to align the spectra in the spectrum
image using the =* and o™ peaks in the C-K edge. The spectra were then calibrated to the
n* edge at 285 eV and the X-rays were removed using Digital Micrograph’s internal

function.

5.1.2 Identification of Gas and Elemental Components

The NCNTs with Pd were examined using various imaging conditions, including SEM,
ADF, and HRTEM (Figure 5.3). The SEM shows the small Pd particles through the bright
contrast that were also visible in the ADF (bright particles) and HRTEM images (dark
particles). According to the ADF images, the Pd nanoparticles resulted in an average size
of approximately 2.15 + 0.05 nm*® (excluding the quantification of Pd single atoms). Using
the ADF and HRTEM images, it can be concluded that the NCNTs are multiwalled of
varying thicknesses. More specific structural examination of the NCNTSs can be completed
with HRTEM images, wherein defects can be observed on the surface of the NCNT and on
the walls, especially in the walls separating the compartments in the NCNTs due to its
bamboo structure. It should be noted that this can be due to both the synthesis technique,
and potential beam induced damage. Importantly, these NCNTSs are relatively clean, as
most areas of the CNT wall contain only a thin (< 2 nm) layer of disordered C. Looking at

the interior of the tubes in the HRTEM images, crystalline material is observed, suggesting

16 Sample errors were calculated using the two-tailed one-sample Student’s t-test with a probability of 0.05.
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the walls maintain the graphene structure after N-doping with defects potentially arising
from the N-doping, the synthesis technique, the disordered C contamination, and possible

electron beam interactions.

Figure 5.3 NCNT images acquired by (a) SEM' (b,c) ADF, and (d,e) HRTEM.

The elemental composition of the NCNTs was analyzed using Auger
quantification, as outline in Table 5.1. It can be observed that the tubes contain both N and
O, which are likely introduced through N-doping, and surface hydrocarbons or N-oxides
[218], respectively. A small amount of S contamination was found on this sample, the
source of which is unknown. Interestingly, the O content is larger than the N content;
however, the significance of these values for the stabilization of Pd is unknown without
the use of spectrum imaging. It is expected that the N content originates from the walls of

the tubes, and not the N encapsulated within the tubes as the average wall thickness

17 Image acquired by Travis Casagrande, CCEM research associate.
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measured from 18 CNTs is approximately 12.1 + 1.0 nm, which is greater than the escape

depth of the Auger electrons.

Table 5.1 Auger quantification of NCNTSs after Pd deposition. The reported values are averages,
and the sample errors were calculated using the two-tailed one-sample Student’s t-test with a
probability of 0.05.

Signal (standard) Average Atomic Percent

C 93.2+16
Pd 13+05
N (Cr2N) 1.6+0.4
0 (Si0y) 30+1.1
S (znS) 0.9+0.4

Upon EELS examination, a sharp peak was identified in the N-K region for some
NCNTSs. At the time of collection, it was proposed to produce a hole in the NCNT to
determine if the peak was related to a gaseous species. Figure 5.4 (a) illustrates the ADF
image of a filled NCNT before the hole was produced. The spectrum image in Figure 5.4
(b) and the summed spectra in Figure 5.4 (e) shows the intense peak at 401 eV with the
source originating from within the CNT. A hole was produced by placing the electron beam
on the NCNT for one minute with a 40 pA current. As can be shown in Figure 5.4 (b) and
(e), after the beam exposure a small hole was produced; however, the tube was still filled.
In order to produce a larger hole, the beam was defocused and exposed to the NCNT for
two minutes with a current of 250 pA. Following the production of the larger hole, the
EELS spectra was modified such that the intensity of the peak greatly decreased and shifted
to a lower energy (~399 eV). Because the N-K edge changed after the production of a larger
hole, it is believed that the NCNT was filled with a gas prior to puncture. It is expected that
gas is still present within the tube after the creation of the hole, based on the evidence from
the high intensity in the spectrum image located at the hole and along the interior walls of
the NCNT. The presence of the gas after puncturing the NCNT could be caused by

incomplete release of the gas before spectrum acquisition and/or physisorption of the gas
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to the inner side walls. The shift in energy of the N-K edge EELS spectrum observed after
the production of the hole may suggest the presence of N-dopants in the graphene wall of
the NCNT. Similar spectra have been observed by Trasobares et.al [216], who noted that
after puncturing a NCNT that contained N2, a N-K peak related to a graphitic-type dopant
was found. They proposed the N-K peak originated from the incorporation of N2 gas into
an amorphous C layer created at the puncture site due to the electron beam interaction.
When considering the findings from this paper [216], it is unclear if the N-K peak at 399
eV in Figure 5.4 (e) originates from the hole or a graphitic-type N-dopant in the NCNT

walls.
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Figure 5.4 EELS N-K maps and edges from NCNTSs. (a) ADF image of the NCNT with Pd, (b)
N-K edge composite map from (a), (c) N-K edge composite map after a hole was created from a 1
min exposure to a 40 pA electron beam, and (d) N-K edge composite map after a second
consecutive hole created from a two minute exposure to a 250 pA electron beam. (e) The summed
N-K edge from the composite maps.

To determine the source of the N gas within the NCNTSs, a comparison of the fine
structure was performed for the N-K edge in Figure 5.4 (e) with literature reference spectra
(Appendix 2: N-K Edge Reference Spectra) acquired by gas phase EELS. In this
investigation, it was determined that a sharp peak located at 401 eV was evidence for both
N2 and acetonitrile. Because the fine structure is so similar for N2 and acetonitrile, in which

the sharp peak is only separated by 1 eV, strictly using the reference spectra cannot be
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utilized to discern the gas held within the NCNTs. However, when referring to the
production method of the NCNTs as outlined by Liu et al. [218], it can be observed that an
N2 XPS peak only arises when imidazole is added to the acetonitrile solvent, thus
suggesting that a reaction occurring with the imidazole is responsible for the N2 production.
Due to the fact that the reference used to produce the NCNTs [218] observes an N2 XPS
peak, and the peak is only visible when imidazole is used during the production method,
the peak we are observing in EELS is likely originating from N2, as opposed to acetonitrile.
This is also supported by other work [216], [220], [217], which has identified N2 gas filled
CNTs as a by-product of the production methods. Furthermore, STXM spectra from this
sample, acquired by Dr. Adam Hitchcock, confirmed the origin of the gas to be Ny, as
opposed to acetonitrile.

While observing the gas peak within the N-K edge, other edges were evident within
the EELS spectrum image, including the C-K, O-K, Pd-M, and Fe-L edges. Unfortunately,
the Pd-M edge overlaps the N-K edge, thus making spectral separation very difficult. In
order to separate the spectral features and better understand the nature of different
components within the spectrum images, ICA was performed on an NCNT containing N2
gas, Pd nanoparticles, and a growth catalyst. The spectra examined were divided such that
the C-K edge and higher energy edges were cropped to result in physically meaningful
data. Figure 5.5 shows the components acquired from the higher order core-loss edges in
which different spectral features are identified: (a) spectrum of the background, (b) O-K
edge with a weak Pd-M edge, (c) Pd-M edge, (d) Fe-L and O-K edge, (e) N-K edge, and
() Fe-L edge, respectively. Examination of the maps can provide some interesting
information concerning the growth catalyst and Pd nanoparticles. Loading 1 indicated that
an oxide exists within the sample through the large catalyst located on the right-hand side
of the NCNT and on some Pd particles; however, comparison of loading 2 indicates that
not all of the Pd particles are oxidized. The oxidation observed on the Pd particles may
have manifested from the incomplete reduction of the Pd(ll) hexafluoroacetylacetonate

precursor used in the ALD process. Furthermore, the large oxide observed in loading 1 can
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be attributed to an iron oxide particle observed in loading 3. Interestingly, loading 5
indicated that there are two Fe particles, which are introduced during the production
method as the growth catalyst. Shown in Figure 5.5, the Fe particle located within the
NCNT walls remains in pure Fe form, while the Fe particle outside of the NCNT is oxidized
due to its exposure to the atmosphere. During the spray pyrolysis production method, it is
possible for the catalysts to deposit on the outside of an already formed tube, as the catalyst
is being introduced simultaneously with the C and N reactants. Lastly, the N2 gas peak can
be observed in loading 4, wherein it is contained within the NCNT, as previously observed.
Once again, a higher density of the N> gas is observed on the interior walls of the NCNT,

which may be an indication of physisorption.
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Figure 5.5 Higher energy NCNT ICA results showing different spectral components: (a)
background, (b) weak Pd-M edge with an O-K edge, (c) Pd-M edge, (d) O-K and Fe-L edge, (e)
N-K edge, and (f) Fe-L edge, respectively.

Further examination of the same NCNT was completed for the C-K edge in an
effort to examine the cleanliness of the NCNTs through spectral separation of the
disordered and graphitic C. Due to the uncertainty in the decomposition, spectral
fingerprinting was not completed on the disordered C; however, through direct analysis of
the spectrum image, the disorder C resembles the amorphous C observed in Figure 3.3, but
it could originate from a number of surface hydrocarbons. Figure 5.6 shows the spectral
components identified for the C-K edge. Loading 1 was assigned to the disordered C in
which the highest intensity is located on the outer walls of the NCNT. The exact cause is

unknown, but potential sources include surface hydrocarbons from the production method,
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surface contaminants from the Pd deposition, hydrocarbons from the TEM production
method, and potential beam contamination. Lastly, the individual graphitic spectral
components are removed as the ¢” and n” peaks in loading 2 and loading 3, respectively.
Through minor image processing, by overlapping loading 2 in Figure 5.5 and loading 1 in
Figure 5.6, it can be shown that the Pd is located on the outside of the disordered C signal
(Figure 5.6 (e)), thus the contamination likely originates from the NCNT production
method.
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Figure 5.6 NCNT ICA C-K results showing different spectral components: (a) background, (b)
disordered C, (c) graphite ¢”, and (d) graphite =" peaks, respectively. (e) Overlapped images of
loading 2 (red) from Figure 5.5 and (b) loading 1 (green).

To further investigate the graphitic N-K peak observed after the gas escaped from
the nanotube, ICA was performed on the spectrum image from Figure 5.4 (c) as shown in
Figure 5.7. A series of loadings were decomposed related to the background, amorphous
C contamination, Pd nanoparticles, the C-K and N-K edges, disordered C oxide originating

from surface hydrocarbons and/or beam contamination, and the graphene n* and o* peaks,
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respectively. Interestingly, the C-K edge fine structure in loading 3 (Figure 5.7 (d)) is
different than the disordered C and graphene fine structure in loadings 1, 5 and 6. Based
on factor 3, the N-K signal from loading 3 originates from the interior of the NCNT,
wherein the tube walls are excluded from the measurement. This suggests that the walls of
the NCNT do not contain substitutional N, or in other words are not N-doped; however,
the presence of an N-KLL signal from Auger spectroscopy suggests the presence of
substitutional N within the tube walls (N- doping), thus the concentration may be below
the detection limit of EELS. Furthermore, it should be noted that the negative loading in
the NCNT walls from loading 3 may suggest an issue with the decomposition, thus the
substitutional N-doping cannot be ruled out. It is possible the N-K edge resembles
substitutional N because it has doped the amorphous C created at the site of the hole, as
suggested by Trasobares et al. [216]. Through observation of loading 3, it is also evident
that the source of the signal arises from the hole and interior walls of the NCNT. The
intensity observed at the hole may be present from the substitutional N-doping of the
amorphous C, and the intensity at the walls may be from the incomplete release of the gas
due to physisorption. Because only one hole was produced within these tubes, it is not
possible to observe if the C-K signal is consistent among many samples, thus the fine
structure of the C-K edge could be an artifact of the ICA decomposition. However, poor
decompositions were obtained from other tubes, not shown herein, which relate the N gas
to a o -like graphitic C-K peak, due to the location of the gas along the interior walls of the
NCNT. Therefore, the C-K edge observed in loading 3 may in fact be a weak C-K edge ¢~
peak. This is further supported by loading 6, wherein the strong ¢~ peak arises with a weak
N-K edge, thus point towards physisorption of the remaining gas within the NCNT after

the hole formation.
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Figure 5.7 ICA results from Figure 5.4 (d) showing different spectral components: (a)
background, (b) disordered C, (c) Pd-M edge, (d) C-K and N-K edge, (e) disordered C-K and O-
K edge, and (f) C-K edge =" peak and (g) " peak, respectively.

Following experiments completed in literature for various materials containing gas
bubbles [226], [227], [216] and N2 filled CNTSs, pressure quantification was performed on

152



Ph.D. Thesis — Samantha Stambula McMaster University — Materials Engineering

the NCNTSs. In the literature, a correlation has been observed between the radii of bubbles
[226], [227], [228] and the pressure of the gas which is contained within them.
Furthermore, the beam has been seen to affect the quantification process through
interactions with the gas [216] and detrapping [229]. These effects will be discussed in
context to the pressure quantification performed here, with a brief examination of potential

beam effects on the quantification accuracy.

5.1.3 Pressure Quantification

In order to draw correlations between the diameter of the NCNTSs, and the pressure of the
gas within the NCNTSs, quantification was performed following steps outlined in Chapter
5.1.1.4 EELS Quantification and ICA Conditions. The accumulated results can be observed
in Figure 5.8. Experimentally, 18 tubes were analyzed in detail, in which 8 of 13 randomly
selected NCNTSs contained N2 gas with an additional 5 NCNTs specifically selected for
their gas containment. Quantification was performed on individual compartments for each
NCNT (Figure 5.8 (a) and (b)), and as an average measurement for each individual tube
using the compartments from Figure 5.8 (a) and (b) (Figure 5.8 (c)). Of the randomly
selected 13 NCNTSs, 3 individual NCNTs contained one empty and one gas filled
compartment. In a single case, a hole was produced during the spectrum image acquisition,
which caused the gas to escape, and in the other two cases, the signal to noise ratio was too
low and it was questionable if the gas was present in the measurements. These two cases
were excluded from the data analysis in Figure 5.8. Of the 5 empty NCNTSs, there appeared
to be no visible signs of damage in the ADF image after spectrum image acquisition that
could have caused the release of the gas; however, this cannot be ruled out, as a low
magnification was utilized (160 and 320 KXx), thus a small hole may go unnoticed in the
ADF image. Furthermore, there are no physically significant features or similar diameters

that relate the empty tubes to each other. Assuming the empty NCNTs did not undergo
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damage during the signal acquisition, it can be suggested that it may be possible to produce
a distribution of gas filled and empty tubes during the production method. This could be
caused by the local environment during the growth process; however, the exact conditions
cannot be known or predicted as the empty tubes do not contain any physical resemblances.
Of the tubes that were empty, half contained an N-K edge with an average concentration
of 7.4 + 0.7 % (normalized to C and N), while the other half lacked an N-K edge.
Interestingly, the N concentration measured by EELS is significantly higher than that
measured by Auger spectroscopy (Table 5.1). Following data presented in Appendix 1.1.2
Results and Discussion, Auger spectroscopy is a better quantification tool to determine the
concentration of N in graphitic C materials. This suggests that the NCNTs lacking an N-K
edge either had a low N concentration (below the signal to noise ratio), or completely
lacked N within the NCNT walls. Under these pretenses, no comment is made on the
possibility of the tubes observed in Figure 5.4 being N-doped, as the NCNTs can be doped
with varying concentrations.

It is suggested that for further investigation and understanding of the growth
mechanism of these NCNTSs, an in situ experiment with an environmental TEM (ETEM)
or liquid-cell holder is performed, wherein the growth process with and without
imidazole/acetonitrile is monitored. Literature has pointed to the use of ETEM to examine
the growth mode for both single-walled CNTs (SWCNTs) and MWCNTS by replicating
CVD growth conditions within the TEM [230], [231], [232]. In both references, elongation
and a dynamic restructuring of the catalyst particles were observed before CNT growth
commenced. Hofmann et al. [231] noted the incorporation of N during the growth of C
nanofibers, but did not report if it appeared as a dopant or as a gas. Yoshida et al. [230]
were interested in the state of the Fe catalyst during MWCNT growth, and they suggest
three major findings: (1) the catalyst is in a solid state of fluctuating crystal structure during
growth, (2) the Fe is in a carbide form during CNT growth, and (3) C undergoes volume
diffusion through the Fe catalyst to form the CNT. Within the EELS maps observed with
ICA (and from the raw data) in Figure 5.5 and Figure 5.6, C appears to be absent in the Fe
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catalysts in our NCNTSs. This suggests a different growth mechanism may be occurring
during the spray pyrolysis, possibly due to the growth method itself, or the selected solvents
used in the growth process. Using an ETEM or a liquid-cell, the growth mechanism of the
ferrocene/imidazole/acetonitrile precursor can be determined. This is a rather difficult
experiment due to the potential for the beam to interact with the solution. To further
complicate the results, the ELNES of the acetonitrile and N2 gas are very similar in shape
and energy, thus the quantification of the development of the gas must be normalized to
the acetonitrile background. In addition, the small confines of the liquid will limit the
experiment to the flow of the precursors, rather than the droplet form found in the spray
pyrolysis. In this case, the true experimental conditions will not be completely replicated
but approximated, which could lead to different results than those obtained using spray
pyrolysis.

Examination of the ex situ NCNTSs leads to the production of various plots in Figure
5.8, describing the quantitative information derived from the NCNTs. Based on the various
NCNTSs examined, it was determined that the density of N atoms within a compartment of
the NCNTs can vary from approximately 4 to 55 atoms/nm?® (2 to 27 molecules/nm?)
(Figure 5.8 (a) and (c)). This agrees with literature which indicate an approximate density
of 11 molecules/nm® in an NCNT [216], and 40 to 72 atoms/nm?® within an SiOxNy
nanobubble [227]. Using the ideal gas law at room temperature, a pressure ranging from
87 to 1123 atm (9 to 113 MPa) can be achieved within the gas filled NCNTs (Figure 5.8
(b)). The ideal gas law underestimates very high pressures through its assumed
simplifications. Thus, using a calculated pressure-volume equation of state at 300 K for N2
[233], the pressures in the NCNTSs are approximately 150 atm to 14800 atm (approximately
15 MPa to greater than approximately 1.5 GPa). While these pressures are quite high, they
are not outside of the realm of possibility, as the radial Young’s modulus fora MWCNT is
30 GPa for external radii greater than 5 nm [234]. Within these pressures and at room
temperature the N2 is still in a fluid state according to the phase temperature diagram [235],

[236], which agrees with the N2 gas signal observed through the EELS fine structure.
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Figure 5.8 EELS N> gas quantification results. Quantitative analysis of (a) the density
(atoms/nm?) and (b) pressure (atm and MPa) for each compartment within the NCNTs containing
N as a function of the NCNTSs inner diameter. The average density (atoms/nm?) for each NCNT

containing N; as a function of the NCNTSs (c) inner diameter and (d) total wall thickness
(considering the upper and lower wall of the 2D projection). The error bars shown for the density
and pressure were acquired from the quantification routine in Digital Micrograph, and the error
bars for the diameters were measured using the two-tailed one-sample Student’s t-test with a
probability of 0.05 from the measurements performed based on Figure 5.2. The numbers next to
the data points in (c) and (d) correspond to the NCNT analyzed. Number 8 and 7 are missing
from missing from (d) as an accurate thickness measurement was not possible due to the high
density of Pd obscuring the outer edge of the NCNT during the measurement process.

Notably, within Figure 5.8 a decrease in the density and pressure of the N is

observed with an increase in the inner diameter of the tube. To determine if the decrease
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was legitimate, the N, pressure was quantified using STXM?®®, wherein a pressure of
approximately 50 atm was quantified for a nanotube of 150 nm in outer diameter, and
approximately 70 atm for nanotubes with outer diameters ranging from 75 nm to 350 nm.
Furthermore, the stability of the gas was remarkable considering the initial experiments
were performed in January 2015, and the STXM experiments were completed using the
same TEM grid stored in atmosphere in May and September 2017. Based on the STXM
data, the decrease in the pressure observed with an increase in the inner diameter is
considered real; however, the variability in the data points from the EELS quantification
indicate inconsistency and errors associated with the quantification method. While the error
associated with the diameter measurement was discussed in Chapter 5.1.1.4 EELS
Quantification and ICA Conditions, other errors likely occurred while collecting the EELS
data. It was first thought that potential knock-on damage could result in the slow release of
gas through a small puncture in the tubes that would not be visible in the ADF image.
Under this assumption gas would release during acquisition, thus possibly reducing the
pressure measured through the EELS quantification. To determine if this was an issue the
N density was plotted as a function of the NCNTs wall thickness (Figure 5.8 (d)). The rate
of knock-on damage has been calculated to increase in the center of the CNT, and would
be more pronounced in NCNTs with thinner walls. Thus, if knock-on damage was affecting
the quantification, it is expected that the thinner walls would have a lower N2 density.
Based on Figure 5.8 (d), there appears to be no correlation between the wall thickness and
the density, thus knock-on damage is likely not the cause for the variability in the data.
Other possible issues that may arise during the data acquisition include the electron beam
interacting with the gas which could lead to local increases in pressure through Coulombic
attraction with ionized gas [216], or local decreases in the pressure through detrapping due
to specific experimental conditions [229]. Following David et al. [229], N density maps
that are normalized to the maximum N density were produced and can be observed in

18 An acknowledgement to Dr. Adam Hitchcock and his student Juan Wu, for collecting the STXM data and
performing the data processing and quantification.
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Appendix 3: N-K EELS Maps Gas Filled NCNTSs. Detrapping can be observed as a linearly
decreasing gradient towards the bottom of the spectrum image (based on the beam scan
direction) of the N density maps. For the maps obtained by the NCNTs, a relatively
constant N density within the NCNTs was observed. An increase in the N density can be
seen along the interior walls, thus indicating that detrapping was not an error associated
with our experimental conditions, but the N2 gas is likely experiencing physisorption on
the walls of the NCNT. Moreover, the N density maps can be utilized to examine the
Coulombic attractions of the gas to the electron beam. It is expected that if the gas was
ionized and attracted to the beam, an increase in the gas density would be observed at the
bottom of the N density map, as the ionized molecules would follow the electron beam
scan from the top of the NCNT to the bottom. The relatively constant N density maps
indicate the Coulombic attraction likely did not affect the quantification results. Issues may
have been generated during the spectrum image acquisition from sample drift and the
quantification process from the presence of Pd. Each NCNT underwent a different drift
rate and direction based on the time allowed for stabilization and the alignment of the tube,
respectively. Furthermore, the Pd-M edge, which overlaps the N-K edge, may have resulted
in variability with the background subtraction for each NCNT, which could affect the final
quantification. A multiple linear least square (MLLS) fit was considered for the Pd and N>
gas; however, due to the small amount of Pd, it was determined that the MLLS fit could
result in a larger error in the measurement. Thus, it is suggested that both the drift and Pd
may have played a role in the variability of the observed data. In the future, for best
quantification results, it is advisable to perform the N. quantification with NCNTs
containing no catalysts or surface functionalization, and that sufficient time is provided
between EELS measurements to allow the tubes to completely stabilize.

The trend of decreasing density with an increase in the inner diameter of the NCNTs
observed in Figure 5.8 is not completely understood, but the mechanism can be
hypothesized. Experiments by Reyes-Reyes et al. [217] suggested that the N2 is produced

within the NCNTSs as a result of supersaturation within the Fe catalyst from the reactor
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environment. Once the Fe is supersaturated, the N2 will be released as the NCNT walls are
forming, thus causing it to be captured within the interior walls of the NCNT. Therefore,
as the inner diameter decreases, the growth time potentially increases, resulting in an
increased concentration of N. This also agrees with Trasobares et al. [216] and Liu et al.
[218], who proposed that the N is a by-product of the chemical reactions occurring to
produce the NCNT. As the C containing molecules are absorbed in the Fe catalyst and
precipitate upon saturation, they react to form N2 which is then captured in the newly
formed NCNT walls. Alternatively, it can be theorized that if a constant concentration of
N2 is produced during the growth process, capturing it in a smaller volume (smaller
diameter) could result in a higher density assuming the height of the bamboo structures are
relatively constant (Figure 5.9). However, this hypothesis was proved incorrect when the
density was plotted against the volume of the compartments and no correlation was
observed. This suggests that the gas may continuously evolve, while the NCNT is growing.
As previously mentioned, these are all hypotheses and would potentially require in-depth

ETEM analysis for further understanding.
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Figure 5.9 Quantitative analysis of the N density (atoms/nm?) for each compartment within the
NCNTSs containing N as a function of the NCNTs’ compartment volume. The error bars shown
for the density and pressure were acquired from the quantification routine in Digital Micrograph,
and the error bars for the volume were measured by the two-tailed one-sample Student’s t-test
with a probability of 0.05 from the measurements performed based on Figure 5.2. In cases in
which only one measurement was made for the diameter and height of the NCNT compartment
the error was determined through the uncertainty in the number of pixels in the measurement and
the pixel size.

5.2 ALD Fine Tuning to Consistently Produce Single Atom
Catalysts with NCNTSs

As previously determined in Chapter Three, producing a range of particle sizes from single
Pt atoms to nanoparticles when dealing with ALD on graphene substrates is most common.
Ideally, we could better control the size of the Pt to ensure a more homogenous size when
depositing on graphene substrates, which would allow us to truly determine the cause of
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the enhanced activity observed for the materials containing a mix of single Pt atoms, Pt
clusters, and nanoparticles.

A significant amount of research has been completed in literature to examine the
effects of different ALD operating conditions on the size of the deposited material. A range
of substrate materials from insulators [237], [178], metal oxides [238], [239], [240], [241],
pure metals [179], [242], and C structures (C cloth [38], C aerogels [243], CNTs [167],
[34], HOPG [244], graphene [245], [162], [138], and ozone treated graphene [177]) have
been examined. From these experiments and calculations general trends have been
observed concerning the effects of the experimental parameters on the ALD Pt deposition
and growth. Generally, it has been agreed that the thickness of the Pt film or size of the
nanoparticles can be controlled by the number of ALD cycles, in which a linear increase
in size is observed with the number of cycles after an initial nucleation delay [238], [239],
[244], [245]. Mackus et al. examined the effect of the ALD O pulse based on duration and
pressure [239]. They determined that prolonged exposures to O, encouraged Pt ripening,
but interestingly resulted in an increased particle density [239]. This suggests that the O
atom acts as a nucleation site for Pt deposition, upon which subsequent exposure to O, was
observed to cause enhanced rates of Pt atom diffusion and agglomeration, causing the
increased density and growth rate, respectively [239]. Setthapun et al. proposed the idea
that the Pt precursor first reacts with available hydroxyl sites on metal oxide supports and
only once there are few nucleation sites available will the Pt deposit on the previous
nucleation Pt-O sites [240]. Through this mechanism, Pt metal is deposited after the first
half reaction through the combustion of precursor ligands with the hydroxyl group [240].
Furthermore, they suggested that the Pt loading can be directly related to the surface area
of the substrate [240]. This was corroborated using nanoparticles on C cloth, in which
increased acid treatment time resulted in increased Pt nanoparticle density and loading [38].
Mackus et al. [179] and Kessels et al. [242] also examined the Pt growth from ALD on
metal oxide supports and determined that Pt prefers to deposit at Pt-O sites through

combustion, producing CO2, Hz, and H20. Yan et al. similarly showed that Pd prefers to
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bond to OH sites on graphene, wherein single Pd particles were stabilized on graphene
nanosheets containing O functional groups [246]. When O sites are not available, Mackus
et al. and Kessels et al. determined that the Pt will adsorb on the substrate, which results
in a dehydrogenation reaction, and subsequently the production of Hz, CO, CHs, and a
carbonaceous layer over the Pt film that can only be removed with O exposure [179],
[242]. Meanwhile, Kim et al. showed that Ru films can readily adsorb on metallic surfaces
without the presence of O containing groups [247]. Nevertheless, the differences in the
nucleation and growth rate of the ALD deposited material on varying substrates illustrates
the importance the substrate plays in the ALD process, and the complex nucleation and
growth reactions occurring.

While growth is a major source of interest for many groups, as thin films are
generally desired with ALD, nucleation has been studied to a lesser extent. Liang et al.
examined the effect of precursor dosing time, and found that an increased dosing time
resulted in an increased Pt particle size and loading, and a decreased dispersion [178].
Furthermore, deposition on HOPG illustrated that the Pt prefers to nucleate at edge
locations, wherein Pt nanowires were formed at the HOPG edge and nucleation was not
observed on the basal plane [244]. It was suggested by Lee et al. [244] that the edge sites
are more chemically active due to the dangling bonds, thus they are easily oxidized during
the O exposure resulting in many preferred nucleation sites, as discussed in previous
literature [179], [242]. This was also observed in Chapter Three with the N-doped
graphene, wherein the Pt atoms and clusters were found preferentially located at edge sites;
however, some Pt atoms were found on the basal plane, as suggested to be stable from
point defects. This was also found by Kim et al. from CVD grown graphene, in which Pt
nanoparticles and nanowires were observed to nucleate at point defects and grain
boundaries in graphene, respectively [245]. Interestingly, they showed through DFT
calculations that defects from the grain boundary resulted in a chemically reactive species
from the induced strain, resulting in relaxation with Pt nucleation; suggesting that O

adsorbents are not necessary for Pt nucleation [245].
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Pt films or nanoparticles growth is commonly studied by examining the change in
the Pt size, density, and loading with ALD cycles. Mackus et al. have made progress
towards understanding the nucleation stage of ALD on oxide surfaces [248], [249]. They
indicated that the nucleation stage is quite complex in the sense that it involves Pt diffusion
and particle ripening [248], which are temperature and surface dependent [249].
Furthermore, the adsorption and desorption rate of the Pt precursor on the substrate must
also be considered, which is also dependent on the temperature and the substrate [250].
Grillo et al. performed experimental and computational studies that showed that
nanoparticle diffusion and coalescence is the main source of growth when considering
thermal Pt growth with O, exposure [177]. They suggested that local heat and pressure
from the subsequent combustion reactions between Pt and O results in the unpinning of the
Pt nanoparticles, thus enabling their mobility [177]. Additionally, upon saturation of the
nucleation sites, the growth process of the Pt catalyst can significantly modify the growth
rate due to the presence of the catalyst, thus further complicating the understanding of the
initial nucleation process [249]. During ALD, in an effort to minimize costs of the overall
process, the temperature is generally selected to be as low as possible to obtain the desirable
results [250]. It is commonly believed that as the temperature increases, the distribution of
the particle size broadens, due to the increased average diffusion distance of the adatom
and nanoparticles [208], [177], [37]. Some theorize that cases in which the Pt size
distribution does not change with temperature may be caused by diffusion limitations from
surface contamination, such as ligand decomposition rather than combustion, thus
suggesting a surface controlled diffusion process [208]. In further consideration of cost,
the quickest deposition time is selected without compromise of the desired outcome. Long
Pt precursor deposition times have been found to lead to steric hindrance between the
adsorbed precursor molecules, thus preventing Pt agglomeration and decreasing the growth
rate [250].

In order to better understand the production of Pt atoms using ALD, the nucleation

of the Pt precursor within the first ALD cycle was examined. Specifically, we investigated
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the effects of the Pt dosing time, substrate deposition temperature, and the substrate
material. For this study NCNTs and pristine CNTs (PCNTSs) were used as the substrate.
Examination was completed using HAADF imaging to analyze the particle size, and EELS
to determine the quality of the NCNTSs.

5.2.1 Experimental Conditions

5.2.1.1 Material Preparation

All samples were prepared by Dr. Sun’s group at Western University. The NCNTs and
ALD were produced in-house and the PCNTs were bought from MER Corporation© [251].
These NCNTSs were prepared in a similar manner to ref. [218]; however, the ferrocene and
imidazole were injected separately rather than as a single solution. Prior to ALD, the
NCNTs and PCNTs were suspended in ethanol to produce a slurry that was then wiped on
an Al foil plate to ensure the substrate material was not free when entering the ALD
chamber, which can cause vacuum damage. The NCNTs and PCNTSs were then exposed to
various deposition conditions to examine the effect of dosing time (1 minute, 30 minutes,
and 60 minutes), and temperature (100°C, 175°C, and 250°C). After ALD, the powder was
removed from the Al foil using a razor blade.

5.2.1.2 HAADF Imaging
TEM samples were prepared by drop casting an ultrasonicated solution of dilute HPLC
grade methanol solution with the sample of interest onto a lacey C grid. Generally, two

samples were prepared, in which one was baked at 100°C overnight and the other was left

to dry in air. Whenever possible the non-baked sample was used, and only in cases of high

164



Ph.D. Thesis — Samantha Stambula McMaster University — Materials Engineering

beam contamination that prevented the ability to image the Pt atoms was the baked sample
used for imaging. High resolution images were acquired using an FEI Titan 80-300 Cubed
TEM. The aberration corrector was tuned to minimize spherical aberration in the probe
forming lens and the acceleration voltage was set to 80 kVV. STEM imaging was performed
using HAADF (detector semi-angles of 63.8 mrad to 200 mrad, as measured by FEI)
conditions with a C2 aperture of 50 um. Varying exposure times were used for each given

sample with a beam current of approximately 50 pA.

5.2.1.3 Image Quantification

To examine the effect of the ALD conditions on the Pt size, the acquired HAADF images
required quantification. For each sample, the Pt size was examined for six individual CNTs.
Selection of the CNTs was random based on size (diameter); however, CNTSs that appeared
to be the cleanest were preferred. Generally, the CNTs appeared to have a layer of residue
surrounding them, which added background contrast, making the CNTs more difficult to
image. Furthermore, some tubes were filled with either a liquid or gas (as to be discussed
later) that would move when imaged and cause the tube to become more easily damaged.
Therefore, to ensure better quality images, tubes that were highly covered in residue or
seemed to be filled were avoided. Additionally, when possible, during quantification,
images that showed signs of beam damage to the CNTs and/or beam contamination were
avoided. Based on the nature of knock-on damage to CNTs [91], [252] and beam
contamination issues when using solvents, it was not always possible to avoid these effects,
as these images occasionally offered the best resolution, such that the Pt was in focus, thus

in these cases the images were selected. For openness and clarity to the reader, all raw and
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processed images used for quantification can be observed in Appendix 4: Images Used for
ALD Pt Quantification.

The steps used for image quantification are as follows (quantification was
performed on “tiff” image types). First, each HAADF image was calibrated using a
MAG*I*CAL® reference standard from Electron Microscopy Sciences© (Figure 5.10 (a)).
Second, ImageJ [253] was utilized to perform a background subtraction using the “subtract
background” built-in function with the smoothing function enabled (Figure 5.10 (b) and
(c)). Third, using the polygon selection tool and consulting the original image, the Pt atoms
and particles that appeared to be in focus were manually encircled and deleted from the
image (Figure 5.10 (d)). Fourth, the “Simple Math” built-in function in GATAN Digital
Micrograph software was used to subtract the image with the deleted Pt particles (Figure
5.10 (d)) from the original background subtracted image (Figure 5.10 (c)) to produce an
image wherein the particles were of varying greyscale and all other areas in the image were
black (Figure 5.10 (e)). Fifth, the threshold of the subtracted image was adjusted using
ImageJ to accept all grey levels except pure black (background) (Figure 5.10 (f)).
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Figure 5.10 Experimental steps used for the quantification of the Pt equivalent diameter. 60
minute Pt dosing time at 250°C (a) calibrated raw HAADF image (“tiff”” image type was used).
ImageJ was used to subtract the (b) background from (a), thus forming the (c) background
subtracted image. Pt was then (d) manually removed using the polygon selection tool in ImageJ.
Digital Micrograph software was used to subtract image (d) from (c) to produce image (e),
wherein the (f) threshold was adjusted, and the image was (g) analyzed with ImageJ.

The particles from Figure 5.10 (f) were then analyzed in ImageJ using the “Analyze
Particles” function with the particles on the edge excluded. Specifically, the “Analyze
Particles” function was used to determine the area of each individual particle, the number
of particles, and the total area of the particles (Figure 5.10 (g)). Prior to constructing the
histograms shown in Chapter 5.2.3 Effect of ALD Conditions, the measurements were
analyzed and particles of one-pixel area were removed, which likely originated from noise
in the image. ImageJ provided a value of the area (A) measured for each particle based on
the number of pixels encircled per particle and the calibrated scale. This value was then

converted into an equivalent diameter (deg) by assuming the Pt particles have a spherical

shape or a circular shape when projected in the two-dimensional image (deq =2 X \/%)
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5.2.1.4 Error Analysis and Histogram Formation

Errors were introduced into the measurements through intrinsic mechanisms related to the
image collection process from STEM and from manual error during data processing.
According to Browning et al. the resolution of STEM images can be affected by the object
under investigation, the probe size, vibrations experienced at the sample and from the
scanning coils, and the image being out of focus [254]. Other effects may also include
sample drift, atom movement from beam excitation, and beam damage. Following error
analysis completed for manual measurements of biological samples [255] and after
discussion with group/department members®®, an error analysis was completed using a
single image in which the Pt size was measured on five separate days. This information
was used to determine the binning width and the error associated with each bin. The image
was selected based on its magnification and particle size range. The images analyzed in
this report most commonly had a magnification of 1.8 Mx or 2.55 Mx (with exception of
one image with a magnification of 1.3 Mx and two images with a magnification of 3.6 Mx).
The selected image for the error analysis was acquired at 1.8 Mx, which would be more
susceptible to error based on the image resolution. Furthermore, the selected image had the
broadest range of particle sizes based on the original data analysis, thus allowing the error
characterization over more Pt sizes. After performing the image quantification process
described in Figure 5.10 for the same image on five separate days, the total error and intra-
observer error was then estimated.

The data was compiled for the five days, and a histogram was created wherein each
bin represents as a single pixel, and the counts per bin were acquired based on the number
of pixels measured in each particle. The bins were then summed over the five days to

compile the total number of counts for each bin into a single histogram, as shown in Figure

19 Thank you to PhD students in Dr. Botton’s group, Isobel Bicket and Alexandre Pofelski, and Mukesh
Sharma (PhD student in Material Science and Engineering department) for discussion on methods of
performing error analysis.
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5.11 (a). Two peaks were observed in a low and high pixel number regime (Figure 5.11
(@), at approximately 25 and 650 pixels, respectively. The error associated with Pt particles
containing a lower number of pixels will be greater, as the deviation of one pixel will have
a greater effect on the total area of the Pt particle examined. Following this rationale, a
Gaussian fit was performed on the peak in the low pixel number regime from 0 to 174
pixels using OriginPro software (Figure 5.11 (b)). While the model did not entirely fit the
data, likely due to the high noise, the FWHM (w) was used to estimate the total error of the
measurement. Therefore, with a w equal to 20 pixels, the error equates to an area of 0.032

nm? (image calibration of 24.8412 pixels/nm) and an equivalent diameter of 0.20 nm.
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Figure 5.11 Error analysis for the Pt quantification process. Histogram showing the (a) total
counts for the Pt entities as a function of the number of pixels, summed from five days of data
analysis on a single image. (b) Fitted Gaussian model and parameters from the low range peak in

(@).

Using the error as the bin width, the data collected over the five days is presented
in Figure 5.12 (a) as individual components, and (b) as the mean value per bin with the
error bars calculated by the standard deviation for each bin. These error bars represent the
error introduced by the manual measurement (intra-observer error) and are individually

calculated for each bin. The data presented in the remaining histograms has been

169



Ph.D. Thesis — Samantha Stambula McMaster University — Materials Engineering

normalized to the total number of Pt particles for each individual CNT, such that over a

single measurement the frequency of all bins sums to 1.
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Figure 5.12 Error analysis results from five days of study on a single HAADF image with bins
showing the experimental error. Data analysis from a single image showing (a) each individual
analysis over five days and (b) the mean and standard deviation for each bin from the five days of
measurement. The errors in (b) represent the error introduced into the measurement from the
manual process.

Following the error analysis, all histograms were produced with a bin width of 0.2
nm. The histograms were constructed by examining the size of the Pt entities on six
different tubes, in which a minimum of 59 atoms were counted per nanotube. If a single
image did not contain 59 atoms, multiple images of the same tube were analyzed from
different areas along the tube (see Table 5.2 for details). It should be noted that in a single
location, only one side of the tube was examined to limit the electron exposure to the CNT
and hence decrease the possible beam damage. In some cases, out of curiosity, both sides
of the tubes were imaged, and it was found that a higher loading was preferentially
deposited on one side of the tube. This was not further examined for the extent of this
report, but could be a future area of research, possibly using electron tomography to get a
better representation of the Pt homogeneity on a single tube. The individual density of Pt

varied between the CNTs within the same sample. Individual CNT, histograms showing
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the frequency of the equivalent diameter between the individual CNTs under the same
experimental conditions can be observed in Appendix 5: Individual Histograms from Each
Tube Analyzed in Appendix 4. The histograms are presented in frequency, rather than
fractional frequency, to provide the reader with the number of Pt entities analyzed per CNT.
The numbers located on top of the bins in the histograms are the standard deviations that
are greater than the standard deviation related to the error in the measurements (Figure
5.12), thus indicating the variability between the Pt size on different CNTs within the same
preparation conditions. The exact cause for the difference in the histograms from the same
batch cannot be completely known; however, it is possible it is due to local variabilities in
the Pt density, which could be affected by the local binding locations, and the CNTSs
potential location in the ALD chamber during deposition. This indicates that, while ALD
can produce ultra-small clusters and atoms, variability will still exist within a single sample
batch. The histograms produced in the remainder of this chapter are produced from the
summed counts of all the CNTs presented in Appendix 5: Individual Histograms from Each
Tube Analyzed in Appendix 4 and are represented in fractional frequency to account for the
normalization to the number of Pt entities analyzed per sample preparation conditions. A
secondary method of normalization is presented in Appendix 5: Individual Histograms
from Each Tube Analyzed in Appendix 4, wherein the fractional frequency has been
normalized to each CNT analyzed per sample. Generally, the high frequency bins have
been observed to have a similar fractional frequency to those normalized by the overall
number of Pt entities per sample preparation technique. A maximum of 9.7% difference of
the two measurement techniques is observed for the high frequency bins. The exact
fractional frequencies for each normalization method can be found in Appendix 5:

Individual Histograms from Each Tube Analyzed in Appendix 4.
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Table 5.2 Number of images analyzed, and the number of Pt entities counted per image.

Time Temp Number of Images Number of Pt
(min) (°C)/Substrate Analyzed Entities
1 250/NCNT 12 1034
250/PCNT 15 613
175/NCNT 8 825
100/NCNT 10 934
30 250/NCNT 6 3534
250/PCNT 11 863
100/NCNT 9 927
60 250/NCNT 6 2490

Using the threshold images produced from the quantification routine, the density of
the Pt was measured. In order to perform the measurement, it was necessary to have the Pt
in focus across the entire area examined. Due to the curvature of CNTSs, the area under
examination cannot be easily measured. Therefore, images from the center most region of
the tubes (one quarter of the inner diameter of the tube) were analyzed. These values should
be considered strictly approximations, as not all tubes could be analyzed, due to the fact
that some images were acquired at the edge on the CNT. In cases in which the edge of the
tubes could not be seen in the image, it was assumed that the image was centered on the
CNT, and those images were used in the density quantification. All errors presented in
density measurements were acquired from the two-tailed one-sample Student’s t-test with
a probability of 0.05.

5.2.1.5 EELS Analysis

Using the Titan 80-300 Cubed, EELS spectra were acquired to examine the quality of the
NCNTSs. EELS spectra were acquired in EFSTEM mode with a dispersion of 0.4 eV/pixel
and a convergence and collection semi-angle of 19 mrad and 58 mrad (as measured by
FEI), respectively. Relatively fast acquisition times are preferred to decrease the amount
of sample drift and beam interaction with the Pt atoms. The Pt spectrum image was
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acquired using an exposure time of 0.1 s/pixel. The C-K and N-K edges were acquired with
an exposure time of 0.05 s/pix and 0.01 s/pix. The spectra in each C-K spectrum image

were aligned and calibrated in energy using the C-K > (285 eV) peak.

5.2.1.6 Auger Analysis

Auger spectroscopy was also utilized to quantify the elemental content in the NCNTs. The
spectroscopy was completed using a JEOL JAMP-9500F field emission-Auger microprobe
with an energy of 10 kV, a current of 40 nA, a tilt of 30°, and M4 mode. The reported
values from the quantification were normalized with respect to the total elemental content;
however, beam contamination was an issue, therefore the concentrations of all elements
with exception to C may be slightly underestimated. Quantification was completed using
an in-house HOPG standard from a freshly cleaved surface, and Crz2N, SiO., NaCl, ZnS,
CaF, JEOL supplied standards for the C-KLL, N-KLL, O-KLL, CI-LVV, S-LLV, Ca-
LMM Auger electrons, respectively. The values reported are averages acquired from a
minimum of nine measurements on NCNT bundles. The sample was prepared by drop
casting suspended samples in HPLC methanol onto an SiO, wafer with a Au sputter coated

surface.

5.2.2 Elemental Quantification and Examination of NCNTs

Using Auger spectroscopy, the surface of the NCNTs were examined for their elemental
content, as this would dictate the potential available surface sites for Pt adsorption. Table

5.3 indicated that the N content of these tubes was 3.2 + 0.4 at. %% and the O content was

20 sample errors were calculated using the two-tailed one-sample Student’s t-test with a probability of 0.05.
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approximately 5.4 + 0.7 at. %. Trace amounts of contaminants (Cl and S) were found on
the NCNTSs during a full spectrum acquisition; however, the elemental concentration was
low, therefore these trace elements are expected to have little effect on the surface sites of
the NCNTSs. The O content may be originating from a few potential sources: hydrocarbon
contamination, and O or N-oxide adsorbents. Through a separate examination on the Au
substrate without NCNTs, the contamination caused by the methanol solvent and beam
contamination is evident by the 30 at. % C content, suggesting that the values acquired
from the NCNTs were also affected by the C contamination, which could lead to the
underestimation of the doping levels. In an effort to examine the effect of the C
contamination, after all measurements were completed, the sample was exposed to a 3 kV
Ar* beam at 30 nA for 20 s to remove the surface contamination. When comparing the Au
substrate before and after sputtering, it is apparent that the Ar* cleaned the surface, resulting
in a C concentration of 5.9 at. % after sputtering. A single area on the NCNT was then
compared before and after sputtering (Table 5.3) to see if it greatly affected the N
concentration. Surprisingly the N concentration decreased after sputtering. While the
reason for this phenomenon is not known, it can be postulated that the tube under
examination was gas filled, and upon Ar* exposure was damaged and released the gas thus
decreasing the overall N content. The decrease in the N signal after Ar* exposure could
also indicate that the N is contained in a C contamination layer and was removed with
cleaning, or the Ar* preferentially etched the N-dopants versus the C sites. Conversely, a
decrease in the O content was expected due to the fact that the sputtering would remove
the surface hydrocarbons. Lastly, Au was found on the NCNT after sputtering, which can
be attributed to re-deposition from the Au surface after the sputtering process. Based on
these results sputtering is not recommended for NCNT quantification, due to the drastic
decrease in the N concentration and the contamination caused by the re-deposition of the
substrate material on the sample of interest.
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Table 5.3 Auger Spectroscopy elemental quantification of NCNTs. Reported at. % were acquired
from the average value of nine measurements with the error calculated using the two-tailed one-
sample Student’s t-test with a probability of 0.05. Measurements without an error were acquired

from a single measurement.
C (%) N (%) 0(%) CI (%) S (%) Au (%)
NCNT Before Pt Deposition
90.0+15 32+04 54+07 08+0.6 0.51+0.19 0
Au Substrate without NCNT

30 0 3.9 0 0 66
Au Substrate After Ar* Sputtering without NCNT
5.9 0 14 0 0 92.8
NCNT Area 9 Before Ar* Sputtering
89 2.8 5.6 1.5 0.7 0
NCNT Area 9 After Ar* Sputtering
91 1.2 1.8 0.7 0.4 4.4

EELS was also used to examine the quality of the NCNTs before Pt deposition.
Based on the ADF image in Figure 5.13 (a), bright spots can be seen covering the NCNT
and lacey C support. A spectrum was collected through the summed spectra in the ROI
(red box) over the bright areas in Figure 5.13 (a), in which a C, Ca, and O peak can be
assigned (Figure 5.13 (b)). Through fingerprinting the ELNES structure, the Ca containing
contamination is likely calcium carbonate [256]. Using the Ca-L edge, the location of the
signal was mapped in the spectrum image (Figure 5.13 (c) acquired from the green box in
(@), wherein the Ca can be seen covering the NCNT and acting as the bright contrast
observed on the lacey C grid. Furthermore, polymer-like material, which was highly beam
sensitive was also apparent in high quantities on this sample. The source of the Ca and the
C contamination is unknown. These bright spots remain on the TEM grid for the Pt
deposited samples, but to a lesser extent, and a weaker Ca edge (if at all) can be found on
the grids after Pt deposition. Through further investigation, it is possible that the Ca source
and C contamination may have originated during the TEM sample preparation, as a quick
HAADF investigation of a newly prepared sample showed cleaner NCNTSs. Auger results
from the newly prepared sample showed lower N content and higher O content than Table

5.3, likely due to the fact that the Si substrate was collected in the signal. More importantly,
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a Ca source of 0.54 + 0.14 at. % was found, thus indicating that some Ca was located on
the NCNTSs, but Cl and S were not observed on these samples. Hence, the NCNTs likely
contain an approximate N content of 3 at. % with trace amounts of Ca, Cl, and S.
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Figure 5.13 EELS analysis of NCNT before Pt deposition. (a) ADF image of a NCNT before Pt
deposition. The red box in (a) was the ROl in which spectrum (b) was extracted, showing a
material containing a C-K, Ca-L, and an O-K edge. Using the spectrum image from the green box
in (a), the Ca-L edge was mapped in (c).

Multiple NCNTs were further examined after Pt deposition using a dosing time of
30 minutes and a temperature of 250°C. Under these conditions, different elemental
compositions were observed through ELNES examinations. First, some NCNTs were
observed to have a bright intensity region located on the interior of the tube (Figure 5.14
(a)). Upon imaging, it was found that the substance moved when exposed to the beam
(Figure 5.14 (b)) and caused the NCNT to become easily damaged by the rapid creation of
a hole. Through EELS analysis, a C-K edge resembling graphite and a strong O-K was
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observed (Figure 5.14 (e)). As expected, mapping the C-K edge resulted in the signal
originating from the NCNT structure (Figure 5.14 (c)), but the O-K edge was clearly
located within the compartments of the NCNT (Figure 5.14 (d)). The source of this O is
unknown, as a Ca-L edge is not present in the spectrum (Figure 5.14 (e)), as previously
observed in Figure 5.13 (b). Based on the high intensity in the ADF image, and movement
when exposed to the electron beam, it is expected that the substance within the tube is quite

dense, thus it is likely a liquid.
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Figure 5.14 EELS analysis of Pt deposited on NCNTSs for 30 minutes at a temperature of 250°C.
Three NCNTs were analyzed with EELS. The first NCNT contained a bright intensity region in
the ADF image (a) before and (b) after the EELS acquisition. From the first NCNT the (c) C-K

and (d) O-K edges were mapped from the (€) summed spectra from the region of interest (red
box) in (a).
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A second and third NCNT were analyzed with EELS, each having a unique
chemical distribution that can be observed in Figure 5.15. A tube containing N2 gas (Figure
5.15 (a) and (b)) was found in this batch of samples; however, on a qualitative basis, the
frequency with which the tubes are gas-filled was less frequently observed than in Chapter
5.1 Gas Filled NCNTs with ALD Pd. It was more common to find tubes with the bright
contrast observed in Figure 5.14, as seen in the NCNT in the bottom left corner of Figure
5.15 (a). Additionally, the third NCNT was found to be composed of C, Ca, N, and O
(Figure 5.15 (c) and (d)). The Ca source is likely originating from the Ca carbonate
observed on the as-made NCNTSs. Correlation of the Pt (bright spots in the ADF image)
with the N and Ca is difficult as the Pt is mobile under the electron beam; however, based
on image simulations (Appendix 6: STEM Image Simulation), it is expected that the Ca
would not appear as bright as the Pt in the ADF image, thus its contrast should blend into
the C background for both thick and thin regions. It is possible that the Pt is sitting on a Ca
site, since the Ca carbonate was found on the NCNT sample prior to Pt deposition, and
EELS maps correlate the location of Ca with the bright intensity of the Pt in the ADF
image. This suggests that at 250°C, the Ca carbonate is still present on the NCNT, thus in
the future the samples should be cleaned by heating the NCNTSs to a higher temperature.
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Figure 5.15 Second and third, EELS analysis of Pt deposited on NCNTSs for 30 minutes at a
temperature of 250°C. The (a) ADF image of the second NCNT shows N gas in the (b) summed
spectra acquired from the center of the NCNT marked by the red box in (a). Lastly, the (c) ADF

image of the third NCNT contains C, Ca, N, and O, as determined by the (d) summed spectra

from the entire spectrum image in (c).

Low magnification ADF images and EELS maps were acquired for Pt deposited
with a deposition time of 60 minutes and a temperature of 250°C (Figure 5.16). Within the
ADF image (Figure 5.16 (a) and (b)) large bright particles were observed on the interior of
the tubes, and two low contrast less defined particles were observed on either side of the
tube located below the other particles. Using EELS spectrum imaging, elemental maps
(Figure 5.16 (c)-(e)) were acquired from the ROl in Figure 5.16 (a). It was determined that
the bright particles are Fe oxide (Figure 5.16 (d) and (e)), which likely originate from the
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catalyst used for the NCNT growth, as observed in Chapter 5.1 Gas Filled NCNTs with
ALD Pd. Furthermore, the other particles can be identified as the Ca oxide observed on the
NCNTSs (Figure 5.16 (c) and (d)). Interestingly, the Fe that is contained within the NCNT
is oxidized, which is in contrast to the Fe particle found in Figure 5.5. Based on the contrast
in the ADF image of the NCNT, it is possible that it is storing the O containing liquid
observed in Figure 5.14, which may have caused the Fe to oxidize. Because the larger
particles in these low magnification images were determined to be growth catalysts and
contaminants, during image quantification low magnification images were excluded, such

that only the Pt atoms and particles were examined.
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Figure 5.16 EELS analysis of Pt deposited on NCNTs for 60 minutes at a temperature of 250°C.
(a) ADF image of the NCNT. The (b) DF image can be used to examine the presence of the large
nanoparticles from the ROI in (a) using extracted EELS maps of (c) Ca-L (red circles
highlighting areas of higher density above the noise), (d) O-K, and (e) Fe-L edges, respectively.

Examination of high magnification ADF images acquired in GATAN Digital
Micrograph (Figure 5.17 (a) and (b)) shows many bright spots decorating the NCNT. It is
expected through the z-contrast imaging, that the bright spots are related to Pt. For

confirmation, EELS was used to determine the origin of the bright spots. Through
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inspection of the ADF image (Figure 5.17 (c)) and the spectrum image (Figure 5.17 (d)) a
Pt-M edge at 2122 eV (Figure 5.17 (e)) is evident from the ROI over the bright region
found in the ADF image, thus confirming that the origin of the bright spots in the HAADF
images used for quantification are the ALD deposited Pt catalysts. The beam effects on the
Pt atoms are observed when comparing the ROI (green box) in the ADF image before
(Figure 5.17 (a)) and after (Figure 5.17 (b)) the EELS acquisition. Due to beam excitation,
the atoms tend to migrate on the surface of the NCNT, thus acting as a source of error on
the size of the Pt atoms (as mentioned in Chapter 5.2.1.4 Error Analysis and Histogram
Formation). Using the high magnifications mentioned in the experimental conditions of
this chapter, the following section will examine the Pt quantification and the effects of the

different deposition conditions on the Pt size and density.

Figure 5.17 High energy EELS analysis of Pt deposited on NCNTSs for 60 minutes at a
temperature of 250°C was imaged using ADF (a) before and (b) after the EELS acquisition. The
(c) ADF image corresponding to the (d) spectrum image shows that the bright spots correlate to a

Pt-L edge, as shown in the (e) extracted spectra from the areas outlined in (c) and (d).
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5.2.3 Effect of ALD Conditions

Ideally, homogenous single Pt atoms could be produced on any substrate using the ALD
deposition technique. Experience working with ALD has led to the belief that a better
understanding of the deposition parameters is required to ensure homogenous Pt deposition
is possible, such that single atoms and nanoparticles do not exist simultaneously. In reality,
due to the difference in substrates and potential inhomogeneity of a single substrate
powder, it is expected that the ALD may not be able to produce solely single Pt atoms;
thus, we strive to understand how the deposition parameters affect the particle size
distribution (PSD) and particle density on real substrate materials. Table 5.4 illustrates the
Pt density from the various experiments performed and the following chapters show
collected histograms to understand the effects on the first ALD cycle (Pt precursor). The
individual effects of the dosing time, temperature, and substrate will be examined in the

section below with reference to Table 5.4.
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Table 5.4 Average measurement values from various deposition parameters of the first ALD
cycle for Pt on NCNTs and PCNTSs are shown with the error calculated using the two-tailed one-
sample Student’s t-test with a probability of 0.05. The density measurements were measured by

counts and area, which refer to the number of Pt atoms and the area of Pt atoms as measured from
the center of the NCNTSs during image analysis, respectively.

Time Temp Number of CNT Measured for Density
(mins) (C) the Density Counts/nm? Area/nm?
1 250 3 0.08 +0.09 0.0121 + 0.0005
3 0.05 + 0.07 0.012 +0.012
(PCNT) (PCNT)
175 4 0.09 +0.05 0.005 + 0.001
100 5 0.08+0.11 0.0062 + 0.0024
30 250 6 0.44 £ 0.25 0.05 +0.03
5 0.19 +0.04 0.05+0.18
(PCNT) (PCNT)
100 4 0.13+0.18 0.015 + 0.008
60 250 4 0.3+0.4 0.074 + 0.028

5.2.3.1 Effect of Dosing Time

The first cycle in the ALD procedure is the introduction of the Pt precursor into the reaction
chamber. To understand the effect of the dosing time, NCNTs were exposed to the
precursor for 1 minute (Figure 5.18 (a)), 30 minutes (Figure 5.18 (b)), and 60 minutes
(Figure 5.18 (c)) when held at a temperature of 250°C. Through image processing and
analysis of the HAADF images, PSDs (Figure 5.18 (d)) were constructed using the six
NCNTs examined for each sample. Figure 5.18 demonstrates that as the dosing time
increased, the distribution of the particle size increased, leading to the eventual production
of Pt atoms mixed with clusters and nanoparticles after 30 minutes of exposure.

Interestingly, after 1 minute of dosing, mostly single atoms and small clusters were

183



Ph.D. Thesis — Samantha Stambula McMaster University — Materials Engineering

observed; however, large clusters and nanoparticles of 1 nm were formed for the longer
dosing times, with a single nanoparticle arising in the 2.8 nm bin for the 1 minute exposure.
It was also determined from the PSDs that the distribution of the equivalent diameters
increased as the dosing time increased, due to agglomeration of Pt. This agrees with Liang
et al., who also observed an increase in Pt particle size with an increased Pt dosing time
[178]. The trend in particle growth is clearly evident when comparing the dosing time PSD
histograms. As the time increased the fractional frequency within the bins corresponding
to atoms and small clusters (0.2 and 0.4 nm) began to decrease and shift to larger clusters
and nanoparticles, resulting in the broadening of the PSDs for the increased dosing times
(Figure 5.18 (d)). Remarkably, nanoparticles were able to form without an O exposure.
This suggests that the Pt precursor is undergoing ligand decomposition; otherwise, steric
hindrance from the ligands on the MeCpPtMe3 precursor would prevent the formation of
nanoparticles. This decomposition could potentially occur from the dehydrogenation
reaction found by Mackus et al. [179] and Kessels et al. [242]. This requires further
investigation, as the production of the surface carbonaceous layer produced through the
dehydrogenation reaction would be detrimental for catalysis reactions, and may suggest
the need for a final O, exposure to remove the carbon layer. Furthermore, as evidenced in
the HAADF images, the density of Pt also increased with dosing time; however, careful
inspection of the individual densities can provide significant details concerning the
nucleation of the Pt on the NCNTs (Table 5.4). When comparing both the counts/nm? and
area/nm? between the 1 minute and 30 minute samples, it is apparent that each density
measurement increased with dosing time. This suggests that as the dosing time increased,
more nucleation sites were formed, while former Pt sites grew in size, respectively. As the
dosing time was increased to 60 minutes, the counts/nm? slightly decreased while the
area/nm? increased. This suggests that after 30 minutes, or even potentially before 30
minutes of deposition, the nucleation sites were fully saturated, and the remaining Pt
deposition resulted in growth. This growth may have occurred through multiple venues, as

outlined by Grillo et al., such as atom diffusion and deposition, nanoparticle coalescence,
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and Ostwald ripening [177]; however, the true nature cannot be known without detailed

calculations on similar substrates to the NCNTSs.

[l NCNT-1min-250°C
[ NCNT-30min-250°C
[ INCNT-60min-250°C
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Figure 5.18 Effect of dosing time on the equivalent diameter of Pt with NCNTs and a
temperature of 250°C. HAADF images of Pt with a dosing time of (a) 1 minute, (b) 30 minutes,
(c) 60 minutes, and the respective experimentally measured (d) PSD histograms.

Similar experiments were completed for the PCNT samples using a dosing time of
1 minute and 30 minutes (Figure 5.19 (a)). Following the same trend as the NCNTSs, as the
dosing time increased the PSD histogram broadened (Figure 5.19 (b)), tending to a higher
density of large (>1 nm) clusters and nanoparticles. It was noted that after 30 minutes of
dosing time, a second peak in the histogram began to form at bin sizes 1.0 and 1.2 nm,
indicating the production of a secondary preferred Pt size. Furthermore, like the density
observed for the NCNTSs the counts/nm? and area/nm? both increased with an increase in

dosing time (Table 5.4). This finding suggests that there is not only an increase in the

185



Ph.D. Thesis — Samantha Stambula McMaster University — Materials Engineering

number of Pt particles, but also their size, thus the number of nucleation sites increased,

and growth took place between the two dosing times, respectively.
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Figure 5.19 Effect of dosing time on the equivalent diameter of Pt with PCNTs and a temperature
of 250°C. HAADF image of Pt with a dosing time of (a) 30 minutes and the respective
experimentally measured (b) PSD histogram for dosing time of 1 minute and 30 minutes.

As a final confirmation, the effect of dosing time can also be established at a lower
deposition temperature of 100°C. As shown in Figure 5.20, as the dosing time increases,
the width of the PSD histogram also increases, leading to the production of single Pt atoms,
Pt clusters, and nanoparticles. Furthermore, as expected from the previous samples, the
density increased for both the counts/nm? and area/nm? when increasing the dosing time

(Table 5.4) even at a substrate temperature of 100°C.
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Figure 5.20 Effect of dosing time on the equivalent diameter of Pt with NCNTs and a
temperature of 100°C. Cumulative PSD histograms of Pt deposition on NCNTSs a dosing time of 1
minute and 30 minutes.

5.2.3.2 Effect of Temperature

Using a dosing time of 1 minute, the effect of temperature on the particle size and
distribution was examined using temperatures of 100°C, 175°C, and 250°C. The HAADF
images and PSD histograms in Figure 5.21 indicate that very little change occurred in the
Pt size observed for varying deposition temperatures. For each deposition temperature, a
narrow size distribution is observed with most of the fractional frequency originating
between the 0.2 and 0.4 nm bins. This suggests that when operating at the varying
temperatures and a deposition time of 1 minute, Pt single atoms and small clusters
dominate. As suspected by the HAADF images, the deposition temperature also has little
effect on the density of the Pt coverage, which was calculated to be virtually equivalent at

all deposition temperatures (Table 5.4).

187



Ph.D. Thesis — Samantha Stambula McMaster University — Materials Engineering

I NCNT-1min-100°C
[ NCNT-1min-175°C
I NCNT-1min-250°C

»
1

— T T T
02 04 06 08 10 12 14 16 18 20 22 24
Pt Equivalent Diameter (nm)

Figure 5.21 Effect of temperature on the equivalent diameter of Pt with NCNTs and a constant
dosing time of 1 minute. HAADF images of Pt deposited on NCNTs with a temperature of (a)
100°C, (b) 175°C, (c) 250°C, and the respective experimentally measured (d) PSD histograms.

To ensure the effect of temperature was not an anomaly for a dosing time of 1
minute, a dosing time of 30 minutes was examined at deposition temperatures of 100°C
and 250°C. Figure 5.22 (a) and (b) shows little variability between the width of the PSDs
with the deposition temperature. According to literature, as the temperature is decreased it
can be expected that the particle size will decrease, and a narrower size distribution will
ensue, due to a decreased Pt diffusion rate [37], [177]. In situations where temperature had

little effect on the particle size, it was theorized that the diffusion of the Pt was not limited
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by the temperature, but the substrate [208]. This suggests that surface contaminants, ligand
steric hinderance, or ligand decomposition from the dehydrogenation reaction could be
limiting the Pt diffusion [208], [250]. However, unlike the 1 minute samples, as the
deposition temperature increased, the density of the Pt increased for the 30 minute sample
(Table 5.4). Various results have been found in literature outlining the effect of
temperature. Feng et al. determined that the Pt loading generally increases when the
temperature decreases, due to a decreased desorption rate of the Pt [37]. Meanwhile, Grillo
et al. found almost no effect from the temperature on the Pt loading when examining
differing number of ALD cycles [177]. In contrast, Setthapun et al. noted that at higher
deposition temperatures (300°C in air) the particle size and loading increased, due to the
decomposition of the precursor at the high temperature. While this may be unlikely at a
temperature of 250°C, it is a possible explanation for the increased loading at higher
temperatures. Rose et al. examined the effect of the temperature of the sticking coefficient
for various Ti and Hf precursors through experimentation and calculation [257]. It was
determined that different precursor ligands and their respective adsorption sites (assuming
free movement) can affect the sticking coefficient, but in general higher temperatures likely
result in higher sticking coefficients [257]. This however, is not universal for all precursors
and substrates, thus possibly resulting in the variability observed in literature. Through the
sticking coefficient explanation, it is possible that the higher temperature deposition
conditions resulted in preferred adsorption versus desorption of the Pt precursor, thus
leading to the observed increased Pt loading from the 30 minute dosing time. To be certain,
specific calculations for the Pt precursor and NCNT substrate should be conducted.
Similarly, the slight increase in the area/nm? with temperature can be explained by the

increased loading of the Pt particles.
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Figure 5.22 Effect of temperature on the equivalent diameter of Pt with NCNTSs and a constant
dosing time of 30 minutes. HAADF image of Pt deposited with a deposition temperature of (a)
100°C and the respective experimentally measured (b) PSD histogram for 100°C and 250°C
deposition temperatures.

5.2.3.3 Effect of Substrate

The effect of the substrate can be examined by comparing the Pt deposition on NCNTs and
PCNTs with varying dosing times. It should be noted that while it is expected that the N-
dopants act as potential nucleation sites on the NCNTS, the Ca, Cl, and S contamination
and presence of O likely contribute to nucleation sites, thus specific nucleation sites will
not be discussed with respect to the N-dopants. In some cases, the PCNTs have a much
cleaner surface in comparison to the NCNTs in which the C edges of the CNTs can be
observed in contact with a Pt particle (Appendix 4: Images Used for ALD Pt
Quantification). It is expected that the cleanliness of the PCNT surface and lack of doping
will reduce the number of surface sites available for Pt adsorption, thus limiting deposition

to defects in the lattice, facets in the nanotube walls, and adsorbed hydrocarbons. With this
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being said, it is likely that the surface area for Pt adsorption is decreased on the PCNTs
with respect to the NCNTSs.

Using the HAADF images (Figure 5.23 (a)), PSD histograms were produced to
compare deposition dosing times of 1 minute (Figure 5.23 (b)) and 30 minutes (Figure 5.23
(c)) at 250°C on NCNTs and PCNTSs. As expected for both deposition times due to the
decreased adsorption sites on the PCNTSs, the PSD histograms for the PCNTSs revealed a
much broader size distribution in comparison to the NCNTSs. This suggests that as the
number of nucleation sites decreases, the average particle size increases, as can be expected
from an increased growth regime. This was also observed by Settapan et.al on metal oxide
surfaces, such that higher surface area substrates resulted in higher Pt loadings and smaller
nanoparticles [240]. The Pt densities also confirm this story, as the counts/nm? are larger
for the NCNTSs, but the area/nm? is lower (Table 5.4). This indicates the presences of more,
but smaller Pt particles on the NCNTs as compared to the PCNTSs, due to fact that there
likely exists a higher surface area for Pt nucleation, as a result of the high level of

contamination on the NCNTSs.
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Figure 5.23 Effect of substrate on the equivalent diameter of Pt with a constant dosing time of 1
minute and a temperature of 250°C. HAADF image of Pt on (a) a PCNT and the respective
experimentally measured (b) PSD histogram for deposition on NCNTs and PCNTSs. (c) PSD
histogram for NCNTs and PCNTSs with a dosing time of 30 minutes and a deposition temperature
of 250°C.

5.3 Summary

In summary, NCNTSs containing N2 gas were examined using EELS. It was determined that
the gas is likely undergoing physisorption with the tube walls, leading to a higher
concentration of the gas at the interior walls of each NCNT compartment. Using Auger
quantification, it was determined that the NCNTs are N-doped with a concentration of
approximately 1.6 + 0.4 at. %. Through EELS analysis, this N-doping was confirmed in
tubes that did not contain N2 gas; however, separation of the N2 gas and substitutional
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signal, proved difficult and thus it was not conclusively determined that the tubes that
contained the N2 gas were also N-doped. Furthermore, an N-K edge was not observed in
all tubes examined, thus suggesting varying N concentrations within the batch sample.
Upon examination of the N2 gas it was determined that the NCNT inner diameter is related
to the pressure through a decreasing function. To decrease the variability in the data, it is
suggested in the future that the quantification be completed on NCNTSs that do not contain
a Pd catalyst, and more time is given for the sample to stabilize from drift before the EEL
spectra are acquired. While, trends were observed concerning the growth mechanisms of
the NCNTs, the mechanism itself cannot not be fully understood now, and it is suggested
that in-depth ETEM or in situ liquid cell experiments be completed in effort to determine
the origin of this relationship between the inner diameter of the NCNTs and the gas
pressure.

Using NCNTs and PCNTSs as a substrate for Pt ALD deposition, the effect of the
first ALD cycle was examined through varying the dosing time, temperature, and substrate.
The aim of this investigation was to examine the effect of these parameters on the
nucleation of Pt, such that the size of the Pt could be better controlled for future
experiments concerning the catalytic efficiency of single Pt atoms. For each deposition
condition analyzed, none solely produced single Pt atoms. It was observed that the
temperature had little effect on the particle size, but caused an increase in the Pt density
when working at higher temperatures. It was suggested that this could be related to
substrate-limiting diffusion, through the potential decomposition of the Pt precursor upon
deposition, steric hinderance of Pt ligands, and surface contaminants. Furthermore, an
increase in dosing time and fewer nucleation sites on the PCNTSs resulted in the broadening
of the PSD and an average increase in the Pt equivalent diameters when compared to the
NCNTSs. Based on this study, it may be possible to produce single atoms and small clusters
when working at low dosing times, and when the Pt density can be controlled with the
temperature. In the ideal case, if a completely uniform substrate could be produced with

many nucleation sites, it may be possible to deposit solely single Pt atoms using ALD. The
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dosing time and temperature provide some degree of control over the particle size and
density, respectively. Because the substrate influences the diffusion properties and the
number of nucleation sites, it will always play a major role in the particle size, the size
distribution, and the Pt density, thus individual studies of specific substrates is required. In
the case of the substrates used in this study, single Pt atoms could be deposited on the
NCNTSs, if a faster deposition time was utilized, and the density was controlled by the
deposition temperature. It may be possible to form single atoms on the PCNT with
extremely short exposure times; however, the dispersion is likely to be poor due to the

decreased degree in control over the exposure and the available nucleation sites.
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Chapter Six

Synopsis and Future Work

In this thesis, experimental work was completed to fully characterize and understand N-
doped C allotropes decorated with noble metal catalysts on the atomic scale. This work
was completed using aberration-corrected TEMSs, wherein multiple avenues of
characterization were utilized to examine the morphological structure of the material and
chemical bonding composing the C substrates. Specifically, negative spherical aberration
corrected HRTEM was primarily used to physically examine the structure of the material,
EELS was used to examine the chemical bonding and preform in-depth quantification of
N-dopant species, and STEM was utilized to examine the structure of the noble metals.
These techniques were used in the capacity to examine three specific C allotropes: FLG
and N-doped FLG with single Pt atoms and clusters (Chapter Three), CVD produced
graphene with N-doping from in-house techniques (Chapter Four), and NCNTs used as N2
gas-conduits and as substrates for Pt deposition (Chapter Five). A summary from each
group of results is detailed below, followed by considerations for new experiments and
future work to be completed.

The work pertaining to the few-layer N-doped graphene was completed using
thermally reduced N-doped graphene, which was found to be highly defective and multi-
layered when examining the material on a large-scale basis. Upon examination with

HRTEM imaging, nanoprobe diffraction, and EELS, it was determined that the graphene
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maintained its structure on the short-range; however, the long-range order was lost due to
defects originating from the production method, incomplete reduction, N-dopants in the
graphene lattice, and grain misorientation between and within graphene sheets. The N-
dopants were characterized through examination of the ELNES, where it was determined
that three peaks originating from the various N-species existed within the 7* region of the
N-K edge. Interestingly, the peaks varied between and within the N-doped graphene,
suggesting local variability of the N-dopants. Additionally, some sheets were found to be
lacking N, thus suggesting that the N-doping process is inhomogeneous, which in effect
will contribute to the ALD deposition sites. DFT analysis was performed to determine the
origin of the peaks in the 7* region of the N-K edge; however, due to the complexity of the
material, the proposed structures did not enable an appropriate reproduction of the
experimental spectra, and further work is required. Using HAADF imaging, the Pt catalysts
were analyzed, and single Pt atoms and clusters were found on this sample in the absence
of nanoparticles. It was shown through image processing that the Pt prefers to sit at edge
locations with few atoms stabilized on the basal plane, likely originating from a defect in
the lattice.

The few layer N-doped graphene was analyzed as a potential electrode material for
the HER. Within this experiment, Pt atoms, clusters, and nanoparticles were observed on
both N-doped graphene and graphene substrates, which were compared to Pt nanoparticles
on C black. The samples containing the Pt atoms and clusters, out performed the Pt/C black
samples for both mass and specific activity before and after accelerated degradation tests.
While quantitative analysis was not performed for the material, it is expected that the Pt
atoms and clusters resulted in the increased activity. Furthermore, the N-doped graphene
showed higher specific activity before and after cycling in comparison to the graphene
substrate, which may be an effect of the substrate, due to modifications to the electronic
structure of the Pt catalysts. The graphene substrate also showed a larger decrease in its
activity after cycling, when compared to the N-doped graphene. It may be suggested that

the smaller activity decrease observed on the N-doped graphene substrate arises from a
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potential increase in binding energy with the N-dopants, thus decreasing the possibility for
catalyst growth or dissolution during cycling. Because a variability in the size of the Pt
catalyst existed on the graphene and N-doped graphene, quantification was not completed,
as the results would directly depend on the sheets examined, thus comparison before and
after cycling would not be significant in this case. To address this issue, ILSTEM imaging
was performed for the N-doped graphene and graphene samples with 50 ALD cycles.
Through comparison of both samples, before and after cycling, growth and dissolution
were observed. Most importantly, the Pt atoms appeared physically stable after cycling on
both samples. Before quantification of these samples is performed, control experiments
should be completed to understand the influence of the beam and sample handling.

Using CVD grown graphene on TEM grids, in-house N-doping experiments were
completed to produce a single-sheet N-doped graphene for TEM analysis, such that Pt
could be deposited on the grids to determine the theoretically preferred binding locations
of Pt on graphene. Prior to N-doping, Auger analysis was performed to determine
optimized conditions for TEM analysis, such that background electron signals were
reduced. Using the determined conditions, N quantification was performed on the TEM
grids. Three sample preparation techniques were used for N-doping, which include a
plasma cleaner, Gentle Mill™ and a NanoMill®, each with a N source. The plasma cleaner
successfully doped the graphene lattice; however, it had many sources of contamination
and resulted in destructive doping. Furthermore, the Gentle Mill™ also was able to dope
the graphene lattice; however, control over the deposition fluence was poor due to high ion
currents. The NanoMill® is the preferred method of N-doping, due to its low
contamination, and high degree of control over the ion fluence through pA current control.
It was determined that the NanoMill® successfully doped the graphene lattice; however,
damage was caused to the single to few layer graphene sheets, likely originating from the
N-dopants, ion beam damage, or surface hydrocarbons covering much of the graphene
surface. Additionally, the doping concentrations cannot be fully trusted, as concentration

variability for similar doping conditions existed. The variability on the overall N
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concentration likely originated from fluctuating current during sample exposure. Lastly,
Pd was deposited using 50 ALD cycles on a TEM grid as a proof-of-concept, wherein
nanoparticles were observed to be decorating the surface hydrocarbons. It is suggested for
future experiments that proper cleaning methods are devised to remove the surface
hydrocarbons before noble metal deposition to ensure metals bind to the graphene lattice.

As a final analysis material, NCNTs were examined. It was determined through
ELNES analysis that the NCNTs were N2 gas-containing, and through Auger analysis that
the walls were N-doped. Based on in-depth quantification a decreasing trend of the N>
pressure with an increase in the inner wall diameter was observed. It is possible that the
gas is captured during the growth process as a by-product of the reacting species to form
the NCNT walls, but this hypothesis requires further experimentation for confirmation.
Moreover, NCNTs and PCNTs were used as substrate material to examine the effects of
ALD parameters on Pt nucleation during the first ALD cycle, in effort to determine
methods to produce solely single Pt atoms. Specifically, the effect of dosing time,
deposition temperature, and substrate were examined. It was determined that as dosing time
increased, the Pt density increased and the PSD broadened, due to the initiation of particle
growth. It was determined that within the one minute regime, small clusters and Pt atoms
dominated. The temperature seemed to have little effect on the Pt size, which was deemed
to be due to substrate-diffusion limitations; however, the density was observed to increase
with temperature, but this may be an effect of the approximation used for this specific
quantification. Lastly, the PSD histograms appeared to broaden and result in a larger
equivalent diameter of the Pt catalysts on the PCNTs compared to the NCNTs, likely
deriving from the reduced number of nucleation sites. While in this study Pt atoms were
not solely produced, it was determined that potentially working at dosing times less than 1
minute could result in the production of single atoms. Furthermore, the importance of the
substrate was observed, as it imposed diffusion limitations with the deposition temperature
and controlled the number of the nucleation sites. This suggests, that while generalities can

be observed for dosing time, individual experiments may need to be completed for specific
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substrates to individually understand how the surface effects the diffusion properties and

nucleation sites.

6.1 Future Work and Considerations

Based on the work completed during this Ph.D. thesis, much has been learned about
graphene and single atom imaging. This section will outline considerations during future
experiments based on my experience with this material and some potentially interesting
experiments which could provide answers to open questions.

To begin, experimental design will be addressed for future considerations during
imaging. First, it is suggested that a 60 kV alignment should be completed and utilized on
the Titan Cubed, as this will reduce knock-on damage to the graphene lattice without being
limited by the Cc. This should allow for higher resolution images than the 40 kV electron
source, and less knock-on damage than the 80 kV electron source [122]. To err on the side
of caution, lower dose and dose rates could be utilized without a loss in signal by increasing
the sampling of the image and working at a current lower than 40 pA. Additionally, others
have reported the use of cleaning the graphene sample in the microscope and even imaging
at temperatures as high as 500°C to reduce the beam contamination during imaging [154].
This should be used with caution and consideration of the material under examination, such
that melting of supported nanoparticles or thermal excitation of atoms can occur at elevated
temperatures.

The ILSTEM experiments are important for future material consisting of a range of
catalysts sizes, such that it allows for the individual examination of different particle size
ranges, and also shows the stability of individual atoms with cycling. In this thesis, the
atoms appear to be stable after electrochemical cycling; however, it should be noted that
these were preliminary experiments. Important ILSTEM imaging experiments are required
for the future to understand the origins of the observed changes in the TEM sample before
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and after cycling. It has been shown in literature that atoms are affected by the electron
beam [120], therefore the effect of the beam on the Pt atoms must be understood before
quantification of the Pt size and location can be determined in ILSTEM. Utilizing STEM
imaging, the average atomic movement with the electron beam can be monitored through
sequential image acquisition, wherein the dose should be monitored and maintained once
the examination is complete. Conditions that minimize atomic movement should be
utilized, to ensure the imaging does not affect the atom location. Furthermore, as expressed
by Mayrhofer et al. [134] and explained in detail in Chapter 3.2.5.2 ILSTEM of Pt on
Graphene and N-Doped Graphene, the effect of sample handling should also be examined
to ensure the observed changes on the TEM grid are related to the electrochemical cycling
and not external factors, such as personal handling and sample storage.

Furthermore, the production of single Pt atoms and controlled Pt cluster sizes are
paramount to understand the effects of these small catalysts on various reactions. In effort
to remove the overlapping effects of the Pt atoms, clusters, and nanoparticles from
electrochemical experiments, it is desired to have better control over the deposition
parameters. While headway was made in this thesis to understand the nucleation
parameters of the ALD conditions on NCNTSs, other substrates specific to electrodes under
consideration should be utilized, due to the control of the substrate on the Pt size,
distribution, and density. It would be beneficial to have high throughput quantification of
various substrate material using HAADF imaging. The challenge of quantification of single
Pt atoms arise from the poor contrast of the atom on a thick substrate, due to the contrast
mechanisms in HAADF images. For this thesis, manual individual image analysis was
completed to account for the identification of the Pt atoms. It would be better to have the
Pt atoms automatically identified, as the manual process accounted for a majority of the
time for analysis. To increase the throughput of the analysis and allow more samples to be
examined, it is suggested to produce a script that can perform the image quantification.
With the advent of machine learning this processing may be possible. Machine learning

has been used to examine images on the medical community [258] to agricultural
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landscapes [259]. Currently, a trainable method is available through ImageJ [260] that can
be used as a starting point for the automated image analysis; however, due to the
complexity of the images, a code may need to be written. Nevertheless, final inspection of
the image should be performed to ensure all selected atoms are in focus and indeed atoms.
Additionally, neural networks have been seen to successfully segment cells in low contrast
biological light micrographs [261], thus they may be useful for the suggested application.
In this case, many?! input images produced through manual identification will be required
to train the network, thus this approach may be impractical. The use of automated image
analysis could be beneficial as it would remove the time required for image analysis, thus
more time could be put towards image acquisition, thus increasing the experimental
throughput. This method may also be used in conjunction with electron tomography [135],
in order to observe and quantify the distribution of Pt atoms around a NCNT. It was noted
in the thesis in a couple of instances that an uneven distribution of Pt was observed on a
single NCNT, such that one side had a higher Pt density than the other. Through
tomography and machine learning, it may be possible to map the location of the Pt atoms
on a single NCNTs, thus indicating how evenly distributed the Pt atoms are on a single
nanotube. It should be noted that this is experimentally very challenging due to the small
size of the Pt atoms, thus a large convergence angle should be used in combination with
fine-tuning of the corrector.

While necessary, but on a less important note, the ELNES of the N-K edge should
continue to be modelled in WIENZ2K. For future consideration, multilayered sheets should
be utilized, first with single noninteracting dopants. Should a spectral match not exist, then
varying concentrations and species of N-dopants should be examined in a single structure.
These calculations will be very time consuming, and without having an idea of the

individual dopant concentrations, very difficult; it is suggested that the structural

21 According to Masters student Michael Chatzidakis, whom has experience working with neural networks,
it may take up to 1000 images for the training to result in a successful segmentation process.
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complexity of the N-doped FLG may be too high to get a spectral match in a reasonable
amount of time.

Lastly, in situ liquid cell experiments or ETEM experiments should be completed
on the growth kinetics of the ferrocene/imidazole/acetonitrile solution used to grow the
NCNTSs in this thesis. The specific experimental design with reference to other experiments
is discussed in Chapter 5.1.3 Pressure Quantification, but in short it will require careful
examination of the ELNES structure with CNT growth. While the evolution of the gas may
not be obvious, due to spectral overlap with the acetonitrile N-K edge, it may be possible
to monitor the gas evolution through normalization of the local acetonitrile concentration.
However, the gas evolution may be apparent in the ELNES structure through the
broadening of the sharp peak in the N-K region due to the 1 eV separation of the N2 gas
and acetonitrile peak. As the gas concentration increases this could be observed as a
shoulder on the right-hand side of the acetonitrile peak followed by peak broadening with
increased N2 concentration. While quantification of the gas may not be possible, due to the
spectral overlap, the evolution should be apparent through peak broadening. Through
observation of the gas evolution during the growth process, the origin of the gas and growth

process may be made apparent.
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Appendix

Appendix 1: N-doping Graphene TEM Grids using a Plasma

Cleaner and Gentle Mill™

Appendix 1.1 Plasma Cleaner: Nitrogen Plasma Source

The Solarus 950 Gatan Advanced Plasma System with an RF power supply (13.56 Hz) and
a maximum operating power of 65 W is commonly used with an O2/H. gas source to
remove surface C contaminants before TEM imaging or spectroscopy, as a so-called
“plasma cleaner.” For N-doping, the feed gas was replaced with an N2/H; source operated
with a gas flow of 27.5 standard cubic centimeter per minute (sccm) and 6.4 sccm,
respectively. The effect of plasma power, exposure time, and sample distance from the

direct source on the N concentration were investigated.

Appendix 1.1.1 Experimental Conditions

N-doping was performed using the Solarus 950 Gatan Advanced Plasma System with a
feed gas mixture of N2o/Ho, resulting in a bright purple plasma (Figure A.1.1). For EELS
quantification, the plasma source power was adjusted to 10, 20, 25, and 30 W for exposure
times reaching up to 30 minutes. A Graphene Supermarket© TEM grid was inserted and

exposed to the N* plasma in five to ten minute intervals, in which the total exposure time
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was determined by the total duration of plasma exposure. The graphene examined for
Auger quantification was not supplied from Graphene Supermarket©, but was
mechanically exfoliated using the scotch tape method from highly-ordered pyrolytic
graphite (HOPG) and placed on an SiO» wafer with a 300 nm oxide thickness [50], [262].
This process was performed by Kevin A. Villegas, a summer student assisting with
graphene production and doping. N-doping proceeded by exposing the graphene sheets to
the N* plasma in 5 minute intervals, in which the N quantification was completed between
each exposure.

Figure A.1.1 N2/H plasma activated in the Solarus 950 Gatan Advanced Plasma System. The
central window shows the pink colour of the plasma inside the chamber.

EELS experiments were performed on the FEI 80-300 Cryo-Twin TEM equipped
with a Schottky field emission gun (SFEG). The EELS acquisition for the N-K edge was
performed in TEM mode using GATAN Digital Micrograph software, in which three to
seven measurements were performed for each sample condition. The same areas were
analyzed before and after each doping exposure when using EELS, as the sample was not
removed from the holder during plasma cleaning. A broad beam without the use of an
objective aperture was used as a rough estimate for the N concentration. Because the fine
structure was not of concern for this specific experiment, the monochromator was not

excited. EELS acquisition times were varied depending on the thickness of the local area
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examined to acquire a N-K edge with a high signal to noise ratio. A dispersion of 0.1
eV/pixel was used to acquire the C-K and the N-K edges simultaneously. GATAN Digital
Micrograph was used to quantify the relative N % for each operating condition by
considering a convergence semi-angle of 3 mrad and a collection semi-angle greater than
100 mrad. In the future, when performing this experiment, the objective aperture should
be used to better control the collection angle. High resolution ADF imaging was completed
using details listed in Chapter 4.2.1 Characterization of N-Doped Graphene Using High
Resolution STEM. Using the Titan 80-300 Cubed, high-resolution EELS spectra were
acquired to examine the source of surface contamination with a dispersion of 0.4 eV/pixel
and a convergence and collection semi-angle of 26 mrad and 58 mrad, respectively (as
measured by FEI). The spectra in the spectrum image were aligned and calibrated in energy
to the C-K edge pi* peak (285 eV) using built-in functions in GATAN Digital Micrograph.

Auger spectroscopy was also utilized to quantify the N content in graphene after
plasma exposure. The spectroscopy was completed using an energy of 10 kV, a current of
20 nA, a tilt of 30°, and M5 mode. The reported values from the quantification of the N %
were normalized with respect to the C content (relative %); however, because beam
contamination could not be avoided it should be noted that the N content may be slightly
underestimated. Quantification was completed using an in-house HOPG standard from a
freshly cleaved surface, and supplied internal standards from JEOL of Cr2N, and SiO- for
the C-KLL, N-KLL, O-KLL, and Si-KLL Auger electrons, respectively.

Appendix 1.1.2 Results and Discussion

The effect of the plasma power, and exposure time to the N plasma are of interest to

understand the potential for N-doping graphene using a TEM plasma cleaner. Figure A.1.2

(a) summarize these effects. Observation of the average N at.% (normalized to C and N) in

the graphene samples with respect to the power reveals that over time, the concentration of
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N remains relatively stable excluding the increase observed at 30 W. According to the
EELS quantification acquired from GATAN Digital Micrograph an average maximum N
concentration of approximately 4 at. % (normalized to C and N) can be achieved when the
graphene is directly exposed to a 30 W N plasma source for 20 minutes. This value
disagrees with the literature [189], [191], [196], which reports an average N concentration
of 1%. Higher concentrations have been reported with plasma doping [190], [263] as
opposed to ion doping, and for N-dopants other than graphitic-type [132]. However, in the
case of the experiments from this report, the source of high N content is postulated to arise
from the quantification procedure from the EELS spectra. It can be suggested that the
extended fine-structure modulations from the C-K edge interfere with the background
subtraction during the quantification of the N-K edge, thus causing a systematic error in
the signal detection when N is not present, and a large variation in the detected
concentration. The effect is confirmed when a concentration greater than three percent can
be apparently detected from a sample that has not been exposed to the plasma source, which
is an indication that the background was not removed appropriately.

To more accurately characterize the N concentration, Auger spectroscopy was
utilized for the 30 W power source, as this condition showed a positive increase in the N
concentration with time when performing EELS quantification. Figure A.1.2 (b) shows an
approximate linear increase in the N concentration with time. Consistent with other
literature references [189], [191], [196] an average N concentration of approximately 1.3
+ 0.7 at. %?? (normalized to C and N) was observed after a 25 minute exposure to the 30
W plasma. A maximum exposure time of 25 minutes at 30 W was utilized, due to the

adverse graphene structure observed after a 20 minute exposure.

22 sample error calculated using the two-tailed one-sample Student’s t-test with a probability of 0.05.
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Figure A.1.2 Quantification results from N plasma exposure. (a) Effect of power and time on the
N concentration after plasma exposure (error showing the minimum and maximum quantification
values) as quantified with EELS. (b) Auger quantification from exfoliated graphene on SiO2
exposed with 5 minute intervals of N* plasma (error calculated using the two-tailed one-sample
Student’s t-test with a probability of 0.05).

High-resolution images were acquired for graphene exposed to the 30 W plasma
source for 20 minutes. Following the exposure to the plasma source, ALD was used to
deposit Pt on the TEM grid with hopes of finding the Pt binding location. Upon low
magnification imaging (Figure A.1.3 (a)), it was determined that the graphene was
damaged after doping. Higher magnification images show two possible outcomes from a
single TEM grid after exposure to the N* plasma and 50 ALD cycles: the complete removal
of graphene (Figure A.1.3 (b)) with the structurally sound contamination layer remaining,
or the presence of the graphene lattice (Figure A.1.3 (c)). The remaining graphene layers
in Figure A.1.3 (c) appear to be decorated with bright atoms (yellow arrows) and darker
atomic clusters (red arrows). Following EELS examination of this material (Figure A.1.3
(d), (e), (F)) many contaminants were identified: Cu, O, F, and Gd. It should be noted that
beam contamination was an issue during the collection of these EELS spectrum images;
however, through ELNES analysis, pertinent information was still obtained. Comparing
the intensity from the ADF image (Figure A.1.3 (c)) to STEM simulations (Appendix 6:
STEM Image Simulation) it is expected that the bright atoms are Pt (Z=78) and/or Gd

(Z=64) and the larger clusters are Cu (Z=29). It is unclear if the Gd source is from the
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plasma cleaner or the ALD process, as high energy core-loss EELS spectra were not
acquired prior to ALD. However, it should be noted that samples containing low
concentrations of Gd were plasma cleaned in the Solarus around the time of the N-doping
experiments, thus it is suspected that the Gd contaminant originates from the plasma
cleaner. Moreover, it is suspected that the Cu source originates from a sputtering process
of the TEM grid during the doping process. Using separate spectrum images of the same
area (Figure A.1.3 (d) and (e)) the presence O and F were detected on the substrate. The O
may arise from surface hydrocarbon contaminants or the plasma doping process, but the
source of F is unknown. Furthermore, examination of the C-K edge reveals a sharp «* and
o* peak, thus suggesting the presence of graphene in the area examined. Lastly, it was
noted that a N-K edge was not present in this area of examination after N-doping, likely

due to the N concentration being below the detection limit of EELS.
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Figure A.1.3 STEM images and EELS analysis from N-doped graphene after exposure to the
Solarus plasma cleaner at 30 W for 20 minutes with direct N plasma exposure and Pt deposited
using 50 ALD cycles. ADF images were acquired at (a) low magnification (gamma adjusted), and
(b) (gamma adjusted) and (c) high magnifications. (d) DF image and EELS spectra of Gd particle
found in the same spectral area as (f) summed spectra containing C, O, and F. () DF image and
EELS spectra of Cu contaminant.

In summary, using the Solarus plasma cleaner as a potential N source successfully
resulted in the doping of approximately 1% N (normalized to C and N). Through ADF
images and EELS it was shown that the graphene lattice was maintained in some regions;
however, the sample had various sources of contamination, regions with low N

concentrations, and the complete absence of the graphene lattice in other areas. Due to the
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high degree of damage upon achieving a 1 at. % N-doping concentration and the multiple

contamination sources, a different N-doping method should be used.

Appendix 1.2 Gentle Mill: Nitrogen lon Source

The Gentle Mill lon Miller Technoorg Linda Model 1V5 [264] is primarily utilized during
final thinning steps when producing TEM samples using an Ar* source. It operates at
relatively low angles and low energy, thus allowing the removal of potential amorphous
layers created during other sample preparation techniques. For the purpose of N-doping,
the source was replaced with N, and other instrument modifications such as tilt angle and
beam energy were personalized for the doping process. The effect of the beam energy and

exposure time using the Gentle Mill will be examined as a source for N-doped graphene.

Appendix 4.2.1 Experimental Conditions

N-doping was performed using a Gentle Mill lon Miller Technoorg Linda Model IV5 [264]
(Figure A.1.4 (a)) with an N2 gas source at room temperature on Graphene Supermarket©
TEM grids [265]. Traditionally, this instrument is operated with a beam energy ranging
from 100 V to 2000 V, a minimum vacuum of 10 Pa, and Ar* ions. Modifications were
made to the Gentle Mill to decrease the energy to a minimum of 25 V by applying a positive
bias to the sample stage. When applying the bias, the current could not be continually
monitored, thus the current was set prior to the application of the bias. The minimum
achievable current of 1-2 pA, was utilized in these experiments. A maximum tilt angle of
40° to the surface normal with respect to the ion gun was possible using the internal rotating

mechanism of the Gentle Mill. In order to achieve higher angles, the rotation mechanism
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was disconnected, and the angle was measured by eye to 90°, Figure A.1.4 (b)). The ion

energies examined included 25 V, 50 V, and 300 V at different exposure times.

(b)

(I)O

90> (—

Ion Source

Figure A.1.4 Gentle Mill experimental set-up. (a) Gentle Mill lon Miller Technoorg Linda Model
IV5 under regular operating conditions. (b) The TEM grid orientation with respect to the ion
beam.

N-doping concentrations were measured using Auger spectroscopy, as outlined in
Chapter 4.1 Nitrogen Quantification on TEM Grids Using Auger Spectroscopy. During
quantification JEOL supplied reference spectra were utilized and Si and O contaminants
could be found in some locations. The N concentrations reported have been normalized to
C; however, beam contamination could not be avoided, thus it should be noted that the N
content may be slightly underestimated. The PD was monitored for each area analyzed and
all signals included in this examination contained a PD greater than 80%. One area for the
50 V sample was excluded from the data analysis as it had a relatively low PD. It was
qualitatively determined through multiple examinations that smaller holes resulted in lower
PDs between the sample and the hole. This suggests that there is a minimum diameter at
which the Auger spectrometer collects signal, but this was not investigated further and may
be a source of error in the Auger quantification. For conciseness and accuracy, in the future,
the effect of the size of the hole diameter on the PD should be measured and compared to

prevent signal overlap during individual spot quantification.

247



Ph.D. Thesis — Samantha Stambula McMaster University — Materials Engineering

High resolution ADF imaging was completed using details listed in Chapter 4.2.1
Characterization of N-Doped Graphene Using High Resolution STEM. Using the Titan 80-
300 Cubed, EELS spectra were used to examine the C-K, N-K, and O-K edges with a 0.25
eV/pixel dispersion and a convergence and collection semi-angle of 26 mrad and 58 mrad,
respectively (as measured by FEI). The spectra in the spectrum image were aligned and
calibrated in energy to the C-K edge pi* peak (285 eV) using built-in functions in GATAN
Digital Micrograph. To minimize beam contamination, the sample underwent a beam

shower using a low magnification in TEM mode.

Appendix 4.2.2 Results and Discussion

Using the Auger quantification, the effect of the ion source energy and exposure time can
be examined in Figure A.1.5. It can be observed that as the exposure time increases from
3 to 30 seconds at 25 V, the average N concentration increases to 0.36 + 0.06 %2
(normalized to C and N). Furthermore, as the energy increases to 300 V at 30 seconds the
average N concentration increases to 2.81 + 0.12 % (normalized to C and N). This suggests
that both the exposure time and beam energy can increase the N loading in the graphene
lattice. Another sample was examined at 50 V for 60 seconds resulting in an average N
concentration of 2.1 £ 0.6 % (normalized to C and N). While this cannot be directly
compared to the other samples as it has a different beam energy and exposure time, it is
interesting to note that the average N % is quite similar to the 300 V sample. The Gentle
Mill operates by optimizing the negative bias applied at the sample to increase the ion beam
current, such that it attracts the positive N* ions and repels any generated secondary
electrons [264]. However, to decrease the overall fluence and to maintain better control on

the exposure time, the current was minimized to 1-2 pA, thus potentially resulting in an

23 Sample errors calculated using the two-tailed one-sample Student’s t-test with a probability of 0.05.
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increased concentration of electrons interacting with the sample. In addition, to decrease
the energy down to 25 V and 50 V, a positive bias was applied to the sample, which likely
further increased the sample exposure to electrons. Therefore, it is not surprising that the
300 V sample has a higher N % than the 25V and 50 V samples, such that the Gentle Mill
could be operated in conditions closer to the optimum. It should be noted that the N-doping
in the samples from a 50 V and 300 V ion source, is still higher than some literature values.
A potential explanation for the increased level of doping is that the graphene has been
partially amorphized [192] leading to the doping of amorphous C, or the introduction of

defects other than the graphitic-type dopant occurred, due to damage to the graphene
lattice, thus enabling higher doping levels to be achieved [132].

d abeiany
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Figure A.1.5 Average N % (normalized to C and N) in Graphene Supermarket© TEM grids, as
characterized by Auger spectroscopy (errors calculated using the two-tailed one-sample Student’s
t-test with a probability of 0.05).

To examine the effect of the ion beam, the sample was imaged using ADF
conditions and the C-K edge was acquired with EELS to examine the fine structure. Figure

A.1.6 (a), (b), and (c) show different areas of the graphene lattice. Each area appears
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disordered and multilayered, which may be an effect of the milling process. Furthermore,
bright atomic contaminants were observed in both ADF images; however, their origin is
unknown. An Si-KLL Auger peak could be observed in a few locations examined during
Auger quantification, which possibly originate from the TEM grid; however, the Si-K edge
was outside of the acquired EELS spectra (Figure A.1.6 (d)), thus direct analysis of the
atomic contaminants is not possible. The EELS spectra (Figure A.1.6 (d)) contain both a
C-Kand N-K edge, suggesting a successful doping process. When examining the C-K edge
the fine structure resembles a graphene edge, accordingly confirming the presence of the

graphene lattice observed in the ADF images.
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Figure A.1.6 STEM images and EELS analysis of Gentle Mill sample acquired at 50 V for three
minutes using a current of nine to ten pA. High magnification ADF images (a), (b), and (c)
(gamma corrected), and an EELS spectrum (d) were acquired.
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To conclude, while this doping method was partially successful due to the fact that
it was able to N-dope the graphene lattice, it still resulted in local structural changes as
observed by ADF imaging. Moreover, this is not an ideal doping method due to the poor
control over ion fluence from the relatively high beam currents (1-2 A minimum). A more

restricted doping method is preferred that allows the ion fluence to be controlled by time.
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Appendix 2: N-K Edge Reference Spectra

All reference spectra were acquired from a database compiled by Prof. Adam Hitchcock.

[266]. The NCNT production method contains N sources from acetonitrile and imidazole
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Figure A.2.1 EELS N-K reference spectra acquired from gaseous species from (a) air, (b)
acetonitrile [267], (c) imidazole [268], (d) N2 [269], () urea [270], and (f) nitric oxide.
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Appendix 3: N-K EELS Maps Gas Filled NCNTs

Using GATAN Digital Micrograph software and the spectrum images used to quantify the
gas, N-K areal density maps were produced using a power law background subtraction,
collection window of 50 eV, and the hydrogenic model. Each map was normalized to the
maximum areal density quantified per spectrum image, as follows from [229] (black has
an intensity value of 0 and white an intensity value of 1). The N-K areal density maps
acquired from the quantification can be found in Figure A.3.1Error! Reference source
not found.. The N areal density is relatively uniform within each NCNT, which may be an
indication that the beam is not greatly affecting the N pressure during acquisition. There
are cases in which the N density seems higher within the walls of the NCNTs, which may
be a cause of a poor background subtraction, gas physisorption on the walls, and/or N-
doping within the NCNTSs.

NCNT:8 Tty 7 e e

NENT 413 Tt

Figure A.3.1 N-K areal density maps normalized to the maximum areal density for each
individual NCNT.
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Appendix 4: Images Used for ALD Pt Quantification

CNT4

CNT 6

Figure A.4.1 250°C NCNT 1minute
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Figure A.4.2 250°C NCNT 30 minutes
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Figure A.4.3 250°C NCNT 60 minutes
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Figure A.4.4 100°C NCNT 1 minute
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Figure A.4.5100°C NCNT 30 minutes
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Figure A.4.6 175°C NCNT 1 minute
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CNT1

CNT3

Figure A.4.7 250°C PCNT 1 minute
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Figure A.4.8 250°C PCNT 30 minutes
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Appendix 5: Individual Histograms from Each Tube Analyzed
in Appendix 4

Histograms were produced from each individual CNT analyzed in Appendix 4: Images
Used for ALD Pt Quantification and grouped based on each sample preparation conditions.
The histograms were left in frequency, rather than fractional frequency, to provide the
reader with the number of Pt entities analyzed for each CNT. The numbers on top of each
of the bins are the standard deviations from the fractional frequency of the measurements
that were greater than the standard deviation from the error in the measurement (Figure
5.12).
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In order to examine the effects of the varying number of Pt entities counted per
CNT on the final fractional frequency for each sample preparation technique, an
unconventional method was used to determine the normalized fractional frequency per
CNT, rather than the normalized fraction frequency per Pt entity presented in Chapter Five.
The fractional frequency of each CNT was normalized to the number of Pt entities on the
single CNT. The fractional frequency for each sample preparation method was then
determined by summing the fractional frequencies per bin for each CNT and dividing by
the number of CNTs analyzed (six). The results for the new normalization and a
comparison to the method used in Chapter Five can be observed in the tables below. Large
percent differences are observed when low fractional frequencies are present, due to low
statistical counts, as can be observed in the figures above. Colour coding was used to
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highlight the percent difference for CNTs with a fractional frequency per CNT bin greater
than 0.05 (five percent, blue) and 0.01 (one percent, green). A maximum percent difference
of 9.6% and 20.7% are calculated for a fractional frequency per bin greater than five
percent and one percent, respectively. This suggests that for high frequency bins, there is a
small effect of the individual CNTs on the overall fractional frequency, thus ensuring the
histograms presented in Chapter Five are sufficient. The tables presented below can be

used for the readers, who desire to examine the data based on a per CNT basis, rather than

normalized to the number of Pt entities, as presented in Chapter Five.

NCNT 1 min 250C

CNT 1 2 3 4 5 6 Normalized to CNT  Normalized to Pt % change
0.2 0568345 0.505155 0.234043 0.218182 0.309735 0.180851 0.336052 0.321083 4.7
0.4 0431655 0.479381 0.680851 0.648485 0.654867  0.734043 0.60488 0.616054 -1.8
0.6 0 0.010309 0.070922 0.09697  0.035398  0.053191 0.044465 0.045455 2.2
0.8 0 0.005155 0.007092  0.024242 0 0.021277 0.009628 0.011605 -17

1 0 0 0.007092 0.012121 0 0.007092 0.004384 0.004836 9.3
1.2 0 0 0 0 0 0 0 0  #DIV/0!
14 0 0 0 0 0 0 0 0  #DIV/0!
1.6 0 0 0 0 0 0 0 0  #DIV/0!
1.8 0 0 0 0 0 0 0 0  #DIV/0!

2 0 0 0 0 0 0 0 0  #DIV/0!
22 0 0 0 0 0 0 0 0  #DIV/0!
24 0 0 0 0 0  0.003546 0.000591 0.000967 -39
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NCNT 30 min 250C

CNT 1 2 3 4 5 6 Normalized to CNT  Normalized to Pt % change
0.2 0.138568  0.145492 0.06576 0.19403  0.194719  0.131363 0.144989 0.147142 -1.5
0.4 0.711316 0.625  0.548753  0.513859 0.59571  0.663383 0.60967 0.612903 -0.53
0.6 0.099307  0.130123  0.185941 0.10661  0.118812  0.116585 0.12623 0.12592 0.25
0.8 0.030023  0.042008 0.07483 0.03838  0.033003  0.049261 0.044584 0.04386 1.6

1 0.016166  0.031762  0.054422  0.053305 0.018152  0.024631 0.033073 0.031975 34
1.2 0.002309 0.017418 0.052154 0.046908 0.018152  0.011494 0.024739 0.02292 7.9
14 0.002309  0.007172  0.013605 0.017058  0.008251  0.001642 0.00834 0.007923 5.2
1.6 0 0.001025 0.004535 0.01919 0 0.001642 0.004399 0.003679 20
1.8 0 0 0 0.006397  0.008251 0 0.002441 0.002264 7.8

2 0 0 0 0.002132 0.00495 0 0.00118 0.001132 43
2.2 0 0 0  0.002132 0 0 0.000355 0.000283 26

NCNT 60 min 250C

CNT 1 2 3 4 5 6 Normalized to CNT  Normalized to Pt % change
0.2 0.110312  0.045147 0.033133 0.029279  0.085791  0.139293 0.073826 0.075904 2.7
0.4 0.671463  0.501129 0.376506 0.572072  0.525469  0.654886 0.550254 0.559036 -1.6
0.6 0.086331  0.128668 0.108434  0.220721  0.120643  0.066528 0.121888 0.122088 -0.16
0.8 0.043165 0.085779  0.123494 0.06982  0.067024  0.049896 0.073196 0.071084 3.0

1 0.031175  0.088036  0.150602  0.047297 0.0563  0.031185 0.067433 0.063855 5.6
1.2 0.023981  0.081264  0.096386  0.029279  0.053619  0.027027 0.051926 0.049799 43
14 0.016787  0.042889  0.087349  0.027027  0.034853  0.016632 0.037589 0.035341 6.4
1.6 0.007194  0.015801  0.018072  0.002252  0.021448  0.010395 0.012527 0.012048 4.0
1.8 0.007194  0.004515 0.006024  0.002252  0.024129  0.004158 0.008045 0.007631 5.4

2 0 0.004515 0 0  0.005362 0 0.001646 0.001606 25
2.2 0.002398  0.002257 0 0 0.002681 0 0.001223 0.001205 15
2.4 0 0 0 0 0 0 0 0  #DIV/0!
2.6 0 0 0 0 0 0 0 0  #DIV/0!
2.8 0 0 0 0 0.002681 0 0.000447 0.000402 11
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NCNT 1 min 100C

CNT 1 2 3 4 5 6 Normalized to CNT  Normalized to Pt % change
0.2  0.154506 0.129032 0.067797  0.145985  0.059322  0.204255 0.126816 0.140257 9.6
0.4 0751073 0.774194 0.830508 0.766423 0.779661  0.693617 0.765913 0.754818 15
0.6  0.085837 0.096774 0.084746  0.087591  0.144068  0.093617 0.098772 0.09636 25
0.8 0 0 0.016949 0 0.016949 0.008511 0.007068 0.006424 10

1 0.004292 0 0 0 0 0 0.000715 0.001071 -33
1.2 0.004292 0 0 0 0 0 0.000715 0.001071 -33

NCNT 1 min 175C

CNT 1 2 3 4 5 6 Normalized to CNT  Normalized to Pt % change
0.2 0.062147 0.070313  0.208333 0.1 0.07563  0.144828 0.110208 0.104242 5.7
04  0.779661 0.84375 0.729167 0.71875 0.747899  0.786207 0.767572 0.768485 -0.12
0.6  0.084746 0.0625 0.0625 0.15 0.134454  0.055172 0.091562 0.093333 -1.9
0.8  0.028249  0.023438 0 0.025 0.016807  0.013793 0.017881 0.019394 7.8

1 0.016949 0 0 0.00625 0.008403 0 0.005267 0.006061 -13
12 0.028249 0 0 0 0 0 0.004708 0.006061 -22
14 0 0 0 0  0.008403 0 0.001401 0.001212 16
1.6 0 0 0 0 0.008403 0 0.001401 0.001212 16

NCNT 30min 100C

CNT 1 2 3 4 5 6  Normalized to CNT  Normalized to Pt % change
0.2 0149123 0.380597 0.181556  0.097087  0.076271 0.27027 0.192484 0.194175 -0.87
0.4 0394737 0.350746 0.556196 0.427184 0.533898  0.585586 0.474725 0.492988 -3.7
0.6  0.166667 0.134328 0.146974  0.184466  0.152542 0.09009 0.145845 0.145631 0.15
0.8 0114035 0.074627 0.072046  0.135922  0.101695  0.036036 0.08906 0.084142 5.8

1 0122807 0.052239  0.020173 0.07767  0.076271  0.018018 0.061196 0.050701 21
12 0.052632 0 0.005764 0.029126  0.042373 0 0.021649 0.01726 25
14 0 0.007463  0.014409  0.019417 0 0 0.006882 0.00863 -20
1.6 0 0 0.002882 0.029126  0.008475 0 0.006747 0.005394 25
1.8 0 0 0 0 0.008475 0 0.001412 0.001079 31
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PCNT 1min 250C

CNT 1 2 3 4 5 6 Normalized to CNT  Normalized to Pt % change
0.2 0.195402 0.107527 0.373737  0.156863 0.2 0.292453 0.220997 0.218597 1.1
0.4 0.54023  0.602151 0.40404  0.359477  0.546667  0.537736 0.498383 0.482871 3.2
0.6 0.103448 0.129032 0.121212  0.169935 0.12  0.075472 0.11985 0.12398 -3.3
0.8 0.114943  0.086022 0.050505 0.169935 0.053333  0.056604 0.088557 0.096248 -8.0

1 0.022989 0.043011 0.040404 0.065359 0.066667  0.018868 0.042883 0.044046 -2.6
1.2 0.022989 0.021505 0.010101  0.052288  0.013333  0.009434 0.021608 0.02447 -12
14 0 0.010753 0 0.013072 0 0.009434 0.005543 0.006525 -15
1.6 0 0 0  0.013072 0 0 0.002179 0.003263 -33

PCNT 30min 250

CNT 1 2 3 4 5 6 Normalized to CNT  Normalized to Pt % change
0.2 0433735 0.355932 0.321739  0.362963 0.275  0.255172 0.33409 0.34299 -2.6
0.4 0.369478 0.305085 0.278261  0.281481 0.3625 0.4 0.332801 0.34299 -3.0
0.6 0.080321 0.101695 0.104348  0.088889 0.0625  0.062069 0.083304 0.079954 4.2
0.8 0.024096 0.050847  0.086957  0.022222  0.05625  0.062069 0.050407 0.04635 8.8

1 0.028112 0.067797 0.078261  0.066667 0.05  0.089655 0.063415 0.057937 9.4
1.2 0.040161 0 0.052174  0.059259 0.075  0.082759 0.051559 0.05562 -7.3
14 0.012048 0.050847 0.034783  0.044444 0.06875 0.027586 0.039743 0.035921 11
1.6 0.008032 0.050847 0.017391 0.02963  0.03125  0.013793 0.025157 0.020857 21
1.8 0.004016 0 0.017391 0.014815 0.00625  0.006897 0.008228 0.008111 14

2 0 0.016949 0.008696  0.014815 0 0 0.006743 0.004635 45
2.2 0 0 0 0.014815 0.00625 0 0.003511 0.003476 0.99
2.4 0 0 0 0 0.00625 0 0.001042 0.001159 -10
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Appendix 6: STEM Image Simulation

Multislice STEM simulations were utilized in JEMS to calculate the relative intensity
profiles of Pt, Gd, and Cu on a six-layer graphene crystal, in which the metallic atom took
a substitutional position. Six-layers were selected, as the Graphene Supermarket© grids
are composed of one to six layer sheets, thus the least contrast would be generated from a
six-layer sheet, due to the projected thickness. [265] A 3 x 3 x 6 supercell was developed
using CrystalMaker and the substitutional atoms were placed at the bottom most layer.
JEMS was developed in 2004 by P. Stadelmann through the use of java. [99] The multislice
simulation was completed using a slice thickness of 0.34 nm, a Titan 80-300 microscope
configuration with an 80 kV electron source, 70 um C2 aperture, ADF conditions (detector
semi-angle of 31 to 192 mrad), and minimal lens aberrations. The projection potentials
were developed using the analytic option with a multislice approximation on the order of
z!, and a temperature of 298 K. The Weickenmeier-Kohl atomic form factor was used with
the frozen lattice approximation. Lastly a multislice and scan area size (pixels) of 256 x
256 was utilized with a scan step size of 2. Using these inputs Figure A.6.1Error!

Reference source not found. was generated for the three respective dopant atoms.

Figure A.6.1 JEMS multislice ADF image simulations of six graphene layers from (a,d) Pt, (b,f)
Gd, and (c,g) Cu.
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To further accentuate the difference and similarities of the intensity profiles of the
dopant atoms a line profile averaged over the yellow squares in Figure A.6.2 (a), (b), and
(c) was acquired, as shown in Figure A.6.2. Using the maximum peak and maximum next
nearest-neighbour value, a ratio of 3.6, 3.7, and 1.7 were calculated for Pt, Gd, Cu,
respectively. Using these relative intensity ratios, it can be suggested that the bright atoms

in Figure A.1.3 (c) originate from Pt or Gd, and the dark clusters arise from Cu.

200

175 ] ——Gd
—2Cu
150
125
100

754

504

Averaged Intensity (grey value)

254

T T T T T
0 50 100 150 200 250
Distance (pixels)

Figure A.6.2 Line profiles acquired from averaged intensities in the yellow rectangle in Figure
A6.1.

Utilizing the same simulation conditions in JEMS, 21 nm thick graphene slabs were
compared for Pt and Ca substitutional atoms in the bottom-most graphene layer, to examine
the contrast observed by the HAADF detector and the DF detector when performing EELS
(Figure A.6.3). For each image simulation, experimental conditions were set to contain a
C2 aperture of 50 um and collections angles of 64-200 mrad and 61-139 mrad, respectively.
Single sheet graphene was also modelled in (e) containing both Pt and Ca atoms, wherein

the respective ADF image was simulated with collections angles of 64-200 mrad ((f) and

(9)).
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Figure A.6.3JEMS multislice ADF image simulations from 21 nm thick graphene sheet (a,b) Ca

and (c,d) Pt for collection angles of (a,c) 64-200 mrad and (b,d) 61-139 mrad. A single sheet of

graphene was (a) modelled with both Pt and Ca atoms present (C=grey, Pt=blue, Ca=purple). (f)
and (g) are the resulting ADF image for collection angles of 64-200 mrad.
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