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Abstract

Graphene and its functionalized derivatives, suchhidtgendoped graphene, have
recently become a popular substrate material for the proton exchreamgbrane fuel cell
(PEMFC) due to its enhanced electrical conductivity, electrochemical stability, and
increased surface area when compared to the conventariayblack. In order tdurther
developthe alternative fuel industry, thiet catalystwithin the PEMFCmust also be
consideredSingle Pt ators have a higher surface area to volume ratiencompared to
nanoparticleshus offeringthe potential to create a more affordable and efficient PEMFC.
In this thesis, electrode materials comprising grfefl atoms and clusters, produced using
atomic layer deposition (ALD) on various C derivatives, including grapherdgiéd
graphene, carbon nanotubes (CNTs), andoNed CNTs (NCNTshare investigated
through the utilization of aberration corrected trarssoin electron microscopy.
Structuraland chemicahnalysiswas performed othermally exfoliated Ndoped
grapheneand CVDproduced graphenéhat wasexposed to Nion sources. It was
determined that the thermally exfoliatedddped graphene maintainglak shortrange
order of the graphene lattice; howevkacal inhomogeneities existed for thetal N
concentrationand the specific Mlopantswithin and between graphene sheéflore
importantly Pt atoms and clustewgereobserved andetermined to bprimarily stabilized
at the edge of the-Noped graphene sheethe stabilization of the Pt atoms and clusters
resuliedin a significantly higher mass and specific activity for thigdrogen evolution
reactionwhencompared téhe use of graphene substrasadPt nanoparticles on C black.
The N* ion implantation in the CVD graphene showed the incorporation-dépants;
however electron energy loss spectroscopy revealed structural damage to thin sheets
NCNTswere alsacharacterizedn this thesisas posdile gas containerand as a
substrate material to examine the effects of varyih® conditions.It wasdetermined
that the NCNTswere an effective N gas conduit, wherein decreasing pressureas
observed with an increase the inner diameter of theanotubes. Using similar NCNTs



the effect of dosing time, temperature, and substratéhe Pt sizavereanalyzed using
ALD. While no singular condition resulted in the sole production of single Pt atoms,
modifying both the substrate and dosing time weoshto provide the greatest potential
for producing individual Pt atormatalysts
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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) emissiongh the transportation secttweingone of the top
contributors to GHG emissions in Canddlp Short term emission trends show a decrease
in GHG emissions since 2005 in all sectors with the exception of transpof&tiamere
the common internal combustion engine (ICE) of road vehicles is respoifmib8i
percent of fuel use in the transportation se¢®r [3]. Not only are natural disasters
expected due to climate change, as seen by increased extreme weather activity in recent
years, but moremportantly the cost and risk can amount to five percent of the global gross
domestic product (GDP) by 203@]. This suggests that climate change mitigation is
required to reduce costs associated with natural disaster ocag@rat risk management.

In an effort to decrease or remove GHG emissions from road transportation,
modifications to industry and personal attitudes are essg3jtidls vehicles are becoming
more economically viable, a globmcrease in car ownership has been observed. With
more vehicles at the disposal to individuals, road congestiombesasedand general
trends showindividual motor travelrather thanpublic transportation or zef@mission
modes of transportation (i.evalking or cycling) have been gferred[3]. In order to
maintain the convenience and preference of personal vehicles and still decrease GHG

emissions, lowor zereemission vehicles must become the norm.
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Global adoption ba 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 techewimg
available withreduced 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 isep@ssion due to
the requred processes to produce the fugd$. In regards to performance, batteries lag
behind the ICE an&Csdue totheir weight; generally causing the vehicles to operate at
lower speeds or travekss distance on a single chaf@g [5]. Furthermore, battery
operated vehicles can take hours to ref8elAccordingly, to increase the desirability and
probability ofadoptinga new clean technaly to replace the ICE, it is recommended that

FC vehicles be ansidered as the key candidfig

1.1 Fuel Cells A Quick Introduction

FCs were first realized by Sir W. Groves in 1842, where he demonstrated that the
connecibn of a circuit consisting of separate catalysts ina@d H rich environments
produced an electrical currdi. This particular construction is known today aspheton
exchange membrane FEEMFQ); however it is only ore of six main classes ¢iCs.

Each class of F& determined by the reacting gases, and the operating tempg&ture
Generally, low temperaturéCshave lower reaction kinetics and require more complex
catalyst and electrodgesigns to facilitate the electrochemical reacti@js Further, the
reacting gases control the power of €, as determined by the number of electrons

delivered to the logdhnd complexity of a single reaction scheme. Téwgations in thd=C
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classes impart eadfFC to a specific applicatiof], such as personal power sources for
houses or cars, or scaling to power grid energy produf@jon

The FC compatibility witha specific application requires the delivery of a suitable
guantity of powerThe PEMFC lends itselo the automotive industry, where it can be
utilized to replace th&CE [8]. The PEMFC offershe benefits of lonCO, emissias[10],
a higher energy conversion efficiency in comparison td@e[10], and the simplicity of
the PEMFC design suggests that less mechanical damage will occur during ofj@fation
The low operating temperature also offers a fast-sfgras theFC does not require an

initial heating, therefore instantaneous operation is possible as desired in autofhpiles

1.1.1PEMFC

The PEMFCmakes 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 anodegfietds pr

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

¢OO 10 1Q (1.2).
The protons react with O atoms through a reduction reaction to form water,
0 T1TQ 710 ° 00 (1.2),

where atheoreticalpotential drop of 1.229 V is generatfkD]. A membranes placed
between the electrodes for electrical isolation to ensure the electrons are delivered to the
load; howeverthe membrane musbnduct protons to facilitate @), thus it is referred to

as an electrolytegure 11). The membrane is composed of a hydrophobic backbone with
hydrophilic sidechaing[8], therefore in the presence of water the polymer phase separates
into a porous system where the morphology and pore size arelthtry the relative
lengths of the backbone and sidigains. Secondly, the sigédain must contain a negative

charge to facilitate th&ransportatiorof the proton to the cathode, whilst preventing the
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transporation of O% ions to the anode. Water isguéred in the membrane to create the
porous system and createnediumfor free movement of the proton. The conductivity of
the electrolyte is controlled by the water conteéypically, 20 water molecules per one
side chain is ideal to prevent swellingiocomplete 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 mer{feigume 11). Following the
electrodes, a gas diffusion layer (GDL) is fabricated, consisting of a series of macroporous
to microporous C paper coated with aydiophobic polymer (generally
polytetrafluoroethyleng[12], [11]. The GDL controls the diffusion of the reacting gasses
to the electrode to ensure an even distribution is obtained across all ctdlystarther,
the polytetrafluoroethylengrevens excessvater producedy (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 coolaRC and
components, andolate 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 electroit assembly commonly known as a membrane electrode assembly
(adapted fronj13]).
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1.1.1.1Challenges and Solutign

The theoretical potential drop imposed by the electrochemical reactions in the PEMFC is
never achieveduk to the most prevalent enedggsesthat occurduring the chemical
reaction and transport of the electrons to lta, leading to a potential drop as low as
approximately 0.6 J14]. These losses are a result of poor kinetics at the electrode where
theoxygen reduction reactio®RR ) 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 theslectrode supportonductivity respectively. Selecting an electrode
support of higher electrical conductivity th@nblack will increase the efficiency of the
PEMFC by ensuring all electrons produced at the catalyst are delivered to the load. Further,
sekection 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 efficeandiyhnanocatalysfor both

the hydrogen oxidation reaction and the ORR 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 tsurface area of a material while utilizing the same load

can be achievedy decreasing the size, therelbyoving from bulk Pt catalysts to
nanoparticles.

A major challenge for economical mgs®duction of the PEMFC is introduced
through the high cost othe precious metalPt. Possible solutions include further
downsizing the Pt catalyst into clusters or atdfts]. This suggests that a method of
producing Pt clusters must be developed. An additional issue plaguir€ftimelustry
results in decreased efficiency over time due to catalyst degrad@@enerally,
nanoparticles will grow from dissolution of small particles followed by redeposition on

larger particles (Ostwald Ripening), random particle movement on the supportaiate
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resulting in agglomeration, or small clusters depositing on large particles to reduce the
Gi bbbés free e n ¢he gtogmic boprdinatiorfll]eZegradatign can be
prevented by increasing the catalyst to suppondbenergy, thus further stabilizing the
catalyst andlecreasing the opportunity fdiffusion and dissolution.

The US Department of Energy has set targets measurement standafds FC
light-duty vehicles with a standard production rate of 500,000cteshmanufactured per
year[9]. Within the 2015 and 202¢ear targets the stauip time, specific power (650
W/kg), and power density (650 W/L) hatteus farbeen met; however, the vehicles are
still lacking durability (5,000 hars with less thaa 10% loss), and cost ($40/k\8]. The
electrocatalyst and support material are major contributors to the targets riotheweto,
due to the high cost of the Pt catalysts, and degradation of the Pt catalgsnembrane

support9].

1.1.2Hydrogen Evolution Reaction

Within the renewable energy sector, hydrogen productiontisal to ensure pure Hgas
is widely available for the PEMFCin the automotive industry. Commonlgteam
reforming of hydrocarbon gasesutilized; however, hiis results in GHG emissisrand
the reduction of individual [Xbp[lirhRrafeyablysy aut onom
a clean produon 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
dependingon then at i iadividugl electricity productionmethod, but in certain
circumstance such as hydroelectricityhe water splitting method can be made clean
through electrolysigl7].
Using a similar setip to the PEMFC, PEM water splitting makes use of proton

conduction through a watspluble membrane. A pential greater than 1.229 V must be
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applied to drive the reverse reactions of the PEMEQ, in which hydrogen gas is

produced at the cathodeydrogen evolution reaction (HER))

¢ONTO 1Q (1.3),
and oxygens produced at the anode
0 TQ TON OU (1.4)

as described ifigure 12. Similar challenges associated witte PEMFC as outlined in
Chapterl.1.1.1Challenges and Solutisnalso apply to the PEM water splitting reaction,
thus leadng to the overall reduction in the efficien@nd a need for a higher applied
potential than 1.229 VThe material selectig@as discussed in the following sectipako
apply to the HER reaction, but the specigtectracatalyss used forthe HER will be
discussed ilChapter3.2.4.1 HERElectroatalyst 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 splittingelectronc assembly

1.2 Material Selection

Before economical mass production can be considered for the PEMFESficiency must

be increased by addressing the loss mechanisms and cost. Specifically, the support material
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musthavehigh electrical conductivityat 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 cytBhd19]. Further,

the support material must be thermally and electrochemically stable to prevent degradation
of the support durin§C operation18], [19].

The selection of the callyst must also be addressed, such that it is desired to
decrease the Pt loading while maintaining or increasingetaetrochemicallyactive
surface aredECSA). The process of decreasing the catalyst size to increase the surface
area to volume ratio suggts the use of nanoparticles Pt clusters and atoms. Moreover,
the use of a secondargtalystfor 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 thaanproduce far or wo-electrong20]. The adsorption of &in
a sideon manner results ifté consumptiorof four-electronshowever the adsorption of
O endoncan proceed in the two or featectronpathways producing hydrogen peroxide
and waer, respectively20]. The mechanim is further complicated by thiact that the
proton can react with O through surface adsorption or by direct bonding to an 2&jom
Ideally, the fourelectraon process will be followed, as this enhances the total current per
single surface reaction.

Norskov proposed a method to predict the activity oatalgst by the position of
thed-band center for the transition metalhich is summarized herej@2]. The d-band
is formed from the overlapping density of states (DOS) of the valdockital 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 orbi%&D] 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 thetband is narrow. The activity of the catalyst can be predicted
by the center of theé-band, as this determines the position of the interaction state with
respect to the Fermi level. The Fermi leveloisated athe highesfilled electron orbital
energy a@bsolute zero, where all energy states below are populated by elgatrdras!

states above are empty. As thband center shifts towards the Fermi level, the antibonding
orbital of the interaction state shifts above the Fermi level and is no longdafexp thus
strong chemisorption occurs between the metal and adsoFiatee(l.3 (a)). Conversely

when thed-band center shifts away from the Fermi lewiké antibonding orbital illed

and adsorption is wtable, 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 adsorbateand the dissociative process for the ORR will be prevented. Further,
the binding energy of the adsorbate cannot be too weak, such that adsorptionostiunpt

or the desorption rate will surpass the dissociation Fegare 1.3 (b) compares the binding
strength ord-band energy to the activity of varying catalysts for the JRR. This
suggests that Pt has the optimum binding energy for the ORR kinetics, thicsruy it
highest activity and dictating its conventional use in the PEN22C
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(a) M Interaction state —— d-band center (b) oo
[] d-band O Anti-bonding orbital
|O Bonding orbital o
Fermi = > 10
Energy :) E
< s
=20
25
-3 -2 -1 0 1 2 3 4
Strength Chemisorption AEgQ (eV)
Strong Weak

Figure 1.3 d-band theory for transition metalg) Schematic of DOS illustrating the
chemisorption strength as anfttion ofd-band metal position and adsorbate molecule interactions
(adapted fromj22]).( b) Vol cano pl ot for the ORR). as a funct.i
Reprinted with permission from rgR3]. Copyright 2004 American Chemical Society.

The Q dissociation to form t# adsorbed hydroxide specisegate Imiting in the
ORR. Thereforeincreasing th&-band center of Pt would hinder the catalytic process, as
the adsorbed molecular.Qvould remae active sites for dissociatid4], [25]. The
catalystadsorbate interaction is further complicated when you move fromdséhed
surfaces of nanoparticles to metallic clusters of 2 to 20 srtheasubstrateatalyst bond
energy will affect the energy states of the catdB2}, [26] and the geometric structure of

the nanopatrticle will affect the interaction strength with the adsofpa}e

1.21.1 Pt Deposition

Conventionally Pt nanoparticles are deposited by chemical and heat reduction, sputtering,
and electrodepositiof28]. Typically, these deposition techniques on grapheng @n
nanotubes @NTS9), result in nanoparticle diameters ranging from 2 to 9[B8&). The
geometry and size d?t nanoparticles have been extensively stutheahvestigate their

effect on the catalytic activitfor particles of3 nm and greatgR7]. Upon reducing the

size of Pt nanoparticlethree effects are hypothesized to cause a modification in the ORR

10
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rate: increased surface aréncreased density of edge and kink gibesnhance adsorption,
andvarying crystal face ratid29].

Ideally, the particle size will continue to decreaseameffort to decrease the
loading and cost induced by the use of the Pt catalysts; eventually resulting in the
employment of ultrsmal Pt clusters (<1 nm). Unfortunately, the productio®bélusters
with a narrow size distribution is extremely difficult, due to agglomeraticanieffort to
reduce Pt surface energy through increased coordination. Experimeiitdiy is
understood laout 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 coordiratibn,
surfacebonding effects as the electrdistribution is modified from the Fdubstrate
binding energy30]. Additionally, the understanding of Pt cluster catalystaot certain
asthere is a deate in literature concemg whetherclusters or nanoparticdeare more
electrocatalytically active for the ORR (discussed in detail Ghapter 3.2.4
Electrochemical Activity of Pt Atoms and Clusters eDdped 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.

1.2.12 Atomic Layer Deposition

A method to produce conformal and homogenous thin films hasdeeloped through a
self-limiting process. Atomic layer deposition (ALD) utilizes a single gas phase reaction
of chemical vapour depositidi€VD) and separates them into discrete surface reactions.
In the case of Pt ALD, the substrate is first purgedhwd Pt precursor
((methylcyclopentadienyl) trimethyl platinueCpPtMe)), followed by a purge gas to
remove the reactant from the chamber. Thepf@cursors are then introduced into the

chamber to form PO on the surface and hydrocarbonrgpducts. Theubsequent cycle

11
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of Pt gas forms a Pt thin filrar Pt nanoparticlesn the surface of the substrakégire
1.4). One entire cycle includes the Pt gas precursor, purge gasegrsor, and final
chamber purgg1]. The thickness of the thin film can lentrolled by the number of ALD
cycles,gas pressures, temperatures, and substrate material (discussed in Gétadter
5.2 ALD Fine Tuning to Consistently Produce Single Atom Catalysts with NCNTs

Figure 14 Pt ALD reaction mechanism f&LD. (i) In the first cycle the Pt precursor is
introduced into the chamber. After the chamber is purged, {iJa® is intrauced into the
chamber, causing the oxidation of the hydrocarbons. After a final purge the cycle begins again
with (iii) the introduction of the Pt precurs@from [32]).

ALD on an inert surface, such as grapheesults inthe formation of nanoparticles
rather than thin films, as the entire surfacenist ideal for chemisorption[33].
Consequently, the size of the nanoparticles depends on the number of ALD cycles and
defects in the graphene lat [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, pr¢3shri4], [36], [37],

[38]. Liu et al.reportedon ALD of Pt onacid treated paper{38]. Figure 15 demonstrates
an initial substratenhanced growth rate attributed to the nucleation of Rtioctional
groups (<P ALD cycles) which createdtatoms andlusters, followed by a linear growth

in Pt loadng through the productioof Pt nanoparticles as a function of ALD cyc|88],

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

graphene.

=Y
[\ ]

=

Pt loading (ugcm‘z)
= 2]

0100 200 300
Cycle number

Figure 15 Thegrowth rate of Pt nanoparticles as a function of the number of ALD cgtes
ALD on acid treated carbon per. Reprinted with permission from r¢88]. Copyright 2009
John Wiley and Sons.

1.2.1.3Catalyst: Pt Atoms and Clusters

Theoretical and experimental studies have been conducted to understand the mechanism
of catalysis a Pt clusters and atoms, specifically concerningoXidation and @
reduction. St. Johet al. designed a layeby-layer deposition technique to examine the
ORR on substratiree Pt cluster§29]. It was determined that the satption strength of

OH after Q 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, throughdensity functional theoryDFT) calculations showed that small Pt

clusters (P resulted in increased:ldissociativechemisorption 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 orbital40]. It was illustrated by Toyodat al, that the substratdfacts 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 &tr¢80]. Figure 16 (a)
illustrates the shift im-band center for Pt clusters of varying size on different substrates.
The binding energy increase in defective graphene (Pt/G@))pared to pre graphene
(Pt/G), results ina decreasedl-band energy for small clusters due to the enhanced Pt
coordination with the substrafd0]. The decreased-band energy of Pt on glassy C for
larger nanoparticle diameters resuttgn increased ORR activity-{gure 16 (b)) from the
decreased ©adsorption energ§30]. This suggests that small Pt clusters on defective
graphene from vacancies ordépingcan postbly result in an enhanced ORR activiag

a wide range ofl-band centers can be achieved through controlling the number of atoms
in the Pt cluster. Holmet al. confirmed that the Mlopants decrease tdeband center of

Pt clusters (R}; however a direct correlation of adsorption energy astband center does

not form the volcano plot introduced from NorskpMl]. Because Pt clusters do not
resemble classic bulk surfacabe d-band center and the adsorption eneagg not
expected to becorrelated, but the workunction illustrates a means of determining the
correlation between the grapteedefects and the ORR activihi]. This suggests that NH
bonds interstitial N,and double vacancies maysudt in the highest ORR activity. Holme

et al.also suggested that the ORR activity is incregasdhe tweelectron pathway is not
stable on Pt clusters @Pton N-doped graphene, as was experimentally corroborated by
Bai et al, thus the fouelectron pathway is favoureddl], [42]. Lastly, single Pt atoms

were experimentally examined by Qiabal.as a possible Pt catalyst, thus resulting in the
ultimate surface area to volume raf#8]. It was determined that single Pt atoms on an
FeOs 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-Nloping can result in catalytically active single Pt atdRexent
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review paper$aveoutlined othersingle atom catalysts for the use intbtthe ORR and
HER [44], [45], [46]; however, specific details will be discussed Qmapter 3.2.4

Electrochemical Activity of Pt Atoms and Clusters eDdped Graphene
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Figure 1.6 Catalytic activity of Pt atoms and clusters, as a functiattlmdnd centera) d-band

center position as a function tifenumber of Pt atoms per cluster for various Plasies and

substrates with (b) the respective experime@faR adtivity for Pt on glassy GPt/G from (a))
Reprinted with permission from rgB0]. Copyright2011 American Chemical Society.

1.3 Electrode Support

In the 19" century,Gr o VFE 6ossisted of a porous Pt support to increas&MBA for
catalytic interaction, while also facilitating the diffusion of the gaseous s{d@ie# was

later realized that powdered materials incresesurface 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 e# 2ng-cn? was observed to be
limiting the cost of the~C, therebre the Pt was distributed o8 black resulting in a
reduced Pt loading of 0.35 mg-@mith a similar performancf48]. The operation rate
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was maintained by increasing the surface area of Pt and the conductivity of the suppor
through the use o black, thus decreasing the ohmic loss inFfe
Although C black enhanced the Pt loading by introducing a high surface area
support, it is highly susceptible to degradation. Sttad. reviewed potential degradation
mechanisms o€ black and illustrated that both electrochemical and chemical reactions
can degrade the C supp@tB]. C corrosion occurs at a standard fadfl potential with
reference to H of 0.207 V and can be written as
0 ¢O0O° 060 TO 1Q (1.3).
According to Wuet al. the kinetics of the reaction are slow and corrosion is negligible
below a potential of 1.1 12]. Nevertheless, the corrosion rate is enhanced in an
environment lacking k therefore corrosion is generally a productHaf startup [12].
Further, the C support can undergo degradation through reaction with water
0 OULOSO 00 (1.4)[18].
Unfortunately, lboth degradation mechanisms are enhanced by the presence of Pt, thus
promoting the decomposition of C at Pt sit@sich resultsin the loss of Pt duringC
cycling[12], [18]. Another deterring mecimésm is the productionf COin (1.4), as it acts
as a poison to Pt catalysts, thus promoting the decrease of active sites available for the ORR
[18]. Stevenset al.determined that a higher degree of graphitization produ€esupport

that is less susceptible to degradation due to the enhanced chemical §#&kility

1.3.1Graphene

Two-dimensional crystals have been theorized for many ydmwever it was not
physically produced and experintally examined until 209 resulting in Geim and
Novoselovbeingawarded the Nobel Prize for Physios2010[50]. Graphene is a two
dimensional crystal composed of?’dponded C, which is the basis material for zero

dimension&fullerenes, onalimensionalCNTs and threalimensional graphitéFigure
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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 depositidrurther, electrons and holes undergo ballistic
transportin graphene, thus resulting in an enhanced electrical conductivity as scattering
centers are separated by {cm?%dopanncoreentationi n t h
[51]. It should be noted that to maintain the electromadductivity of graphene the material

cannot exceed 10 layef52]. The increased surface area and electrical conductivity
suggests that the use of graphene as an electrode support will greatly increlé8e the
efficiency throgh possible increased Pt loading and decreased ohmic losses.

vvvvvvvvvvv

(a) (®) (©) +

Figure 1.7 Two-dimensional graphene crystal structure oftsgnded Qused to form (a) zero
dimensional fullerenes, ordimensional CNTs, and (c¢) threimensional gaiphite.Reprinted by
permission from Macmillan Publishers Lidature Materialgref. [51]), copyright (2007)

Graphene can be produced through mechanical exfoliation of grdphji¢53],
[54], CVD [55], [56], [57], andchemicalthermal exfoliation of graphetoxide[58], [59],
[60]. Mechanical exfoliation of graphitesing the scotctape methodnd CVD produce
pristine graphenenowever the process of removing and transieg 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 intrinSi©, gas produced when heating graphite
oxide to create a large pressure between the grdpiées for separatiofs8], [59], [60].
This facile process is fast and can be applied to a substantial amount graphite powder, thus
producing a large yield of graphehénfortunately, the elimination of the gas in the process
of separation is destructive and produces vacancies in the graphene lattice. Additionally, if
the process is incompletine graphene can consist of many layers and contaipeies.
For the purpos of masgroductionof non-pristine graphene sheetbermal exfoliation is
preferredcompared to CVDas it offers a fast and inexpensive method to create a large
yield of product.

The strong spbonding in pristine graphene precludes the availabilityaofgling
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 supportdegradationhowever,it can result in large Pt naparticles as the entire
surface area cannot be iztdd for Pt depositionFjgure 18) [61]. It has been theoretically
determined through DFT calculatiof82], [63], and experimentallj61], [64] confirmed
that Pt atoms experience a larger binding enefggniocated at a defeair edgesite on
the graphene sheet, due ihcreased 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 volumef thttoelectrocatalysts
Shacet al showed that the incorporation of defective matteet graphene as the electrode
support forFCsresults in a comgrable activity taC black; however the durability of the
support was increas¢@5]. Defect sites in grapheraecur from vacanciesr edgesn the
hexagonal C latticeand from incomplete oxidation reduction, thus leavingddtaining
species on the surface of the graphene sheets. The spedfieci@s aralebated in
scientific literature;however it is suggestd that the surface contains hydroxyl, epoxy,
carbonyl, and carboxyl grougé6], [67], [68]. Unfortunately, graphene oxide is an

insulator, thus it is desirable to dease the oxide specifY].

18



Ph.D. Thesi§ Samanth&tambula McMaster University' Materials Engineering

Figure 1.8 Pt chemically reduced on fekayer graphene sheatsth arrows pointing to graphene
edges, where large nanoparticles and a high density of Pt are obsew@useltshows Pt
clusters locatedtalefects in the graphene shdeeprinted with permission from rgb1].

Copyright© 2012 American Chemical Society.

1.3.1.1NitrogenDoped Graphene

Functionalization is utilized to inbduce 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 dopanttypes are available to offer advantages, such as participation in the ORR, and
increased Pt binding ergy. The possible Mlopants include amino, pyridinic, pyrrolic,

and graphitic, as illustrated Figure 19 [69], [70], [71]. Benefits of the Ndoinginclude

an increased Pt dispersi{8b], Pt agglomeration preventidd1], and an increase in the
number of ORR active sit¢82], [73].
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graphitic pyridinic pyrrolic

Figure 19 Possible dopants in-doped graphen&chematic produced using Vesta software
[74].

A common method dN-doping can baccomplished by introducing the graphene
powder into an Nrich environment aelevated temperatus¢35] or in the case of single
sheet grapheng@erforming the CVD in an ammonia/methane rich environnjés}. The
high temperaturgrovides eargy 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 increasedexgy permits increased coordinationvkeen the Ndopant
and C latticd35]. It should be noted that the pyrrolimpant only forms in the presence of
a fiveemember ring defect in the graphene lat{i¢6]. Further, the specific gas used to
introducetheN-dopanidetermines the sigma bondeebdpant; where ammonia introduces

an amino bond, and ureatioduces a urea and amino b¢ind].

1.3.1.2Advantages and Limitatits

Experimental and theoretical evidence suggests thdopgéd graphene acts as an ORR

catalyst. The specific dopant responsible for this effestiliscontroversial irthescientific

literature as the reaction cannot be directly observed with cumgerioscopy techniques.

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]. Denget 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 limgidg€dciation

[78]. Further, in the case of pyirdc and pyrrolic dopanishe G can directly bond to the

N atom, where the lone electron pair will participate in backdon4#Bh Xing et al.
experimentally corroborated that the pyridinic dopant is the most active siteefORR
process, but suggested that the C atom adjacent to the pyridinic dopant is the active species
[79]. According to Niet al.the graphitic dopant aids in increasing the ORR rate as it
decreases the energy barrier ferdissociation, accredited to impurity levels in the band
gap as the graphene is transformed from a-karmgap semmetal into an fype
semiconductof80]. Wanget al. expanded on this point, suggesting that the electronic
states in the band gap of-dloped graphene will approximately align with the empty
antibonding orbitals of &) thus facilitating the electron backdonation process for O
dissociation[72]. Alternatively, it has been reported thayridinic dopants produce a
higher activity for the ORRhowever therelative strengttof the pyridinic dopant versus
the edge locatiohasnot been determined, as the falectron process is also favoured at
graphene edgef81]. Kim et al. further examined the ORR process using DFT, and
ascertainedhat the majority of ectron transfer prefers the tvedectron process, as
determined by the lower energy barrier for @mdadsorptiorj24]. They dso concluded

that the graphitic N atom located adjacent to azaig edge had thedhest selectivity for

the fourelectron process and lowest activation energy for the rate limiting step of O
dissociation. The reactischeme proposed by Kiet al.resdted in the breaking of the C

to N bond during the ORR, creating a pyridiniadhpant from the original graphitiype
dopant. The paper suggests that this reaction scheme may address the contrélversy in
scientific literature, as the N could be measuasd graphiticor pyridinictype dopant
depending on detection before or after ORR cyc]ia®]. Experimental results disagree
with theoretical calculations in the case of ORR in acidic media fdopéd graphen

where the éss efficient tweelectron process dominatp®], [73], [42]. Although the N
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doped graphene participatesie ORR, an additinal catalyst is still required to mainai

an efficiency equivalent to Pt on C black.

Other than participating in the ORR, the act efldpinggraphenencreases the Pt
binding energy to the graphene lattice. Kat@l.[62] and Grove®t al.[82] determined
that Pt prefers to bind to briddocations of graphene 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 Ptdomaty el ectrons to t he
atoms in graphene, and the C atoms donatliagtrons to the-band orbitain 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 [2]. This results in anisotropic diffusion, as the enhanced
binding energy results in a larger activati@er along graphene edges than on graphene
surfaced62]. The incorporation of Mlopants in graphene is another method to increase
the binding energy of Pt to C, where the C atom adjacent to the N atom toems
chemisorptiorbond(Figure 110) [62], [41], [82]. It is suggested by Holmet al.that the
positive charge invoked by the-dlbpant on the @tom attracts Pt, as the Pt will transfer
charge during the formation of a covalent bfft]. The increased binding energy from N
results in a decreased particle size and improved distribuéienPt ripening and
agglomeratia is reduced and nucleation thte defect sites igncouraged41]. It is
suggestedhat Pt will nucleate at Mopants and vacancies before binding to the pure
graphene surfaddl]. Zhanget al.experimentally observed the effect of the increaBed
nucleationenergyon N-doped graphene, as an improved Pt distribution and decreased Pt
catalyst size was observed in comparison to pure grajf@hdt wassuggested thahée
pyridinic N is responsible for the improved catalyst distributi@®]. Calculations
performed by my own collaborators also confirm these re@#{s It was shown that the
bonding of a Pt atorto 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 I8¢eThe electron

transfer was observed experimentally using XANES, wherein samples comprising small

Pt clusters and atoms resulted in a higher total unoccupied DOS fat tharacterwhen

compared td”t nanoparticle§32]. In contrast, Lin et al. experimentally determined with

electron energy loss spectroscoffe(LS), thatduring the production ofr -N bonds at a
divacancy(pyridinic dopant)the N atoms donate electrons to the nietal state, causing
areductionof themetal[83]. These differing resultsuggests that the specific catalyst and

defect sitecani nf l uence the bonding <characterist.i
caalytically active energy state. This further complicates 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{doped graphen®&l-doped grapheng is blue atan in the
graphene latticeyith blue Pt adatom bonded to C adjacerd graphiticN dopant Reprint with
permission from ref{82]. Copyright®© American Chemical Society

These calculations suggest that theldypant is responsible for an increaseeCPt
binding energy, which is confirmed through experimental observationawopid hollow
C spheres from Galearet al.[84]. Smaller particle sizes were observexnl the Ndoped
substraten comparison tehenonN-doped samples, resulting in better Pt dispersions and
ahigherECSA This resulted in an initial high mass activity foe ORRon the Ndoped
samplesin acidic media compared to the other samples, but a lower specific activity
comparable with conventional catalysf84]. Unfortunately, it was determined that
between 360 and 1080 ORR cycléee ECSA drastically degeased from the loss of the
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smalkr, less stable Pt clustersesulting in a decrease ihe catalyticactivity [84]. This
suggestghat more studies are required to examine the Pt degradation mechavittms
respect to Ndoped samples

Although N-doped graphene facilitates the ORR and increases tBebRtding
energy, it limits the electrical conductivity of graphene by introducing scattering centers
from defects into the lattice. Further, the incorporation of graptyiie dopants creates an
n-type semiconductor, thus decreasing the electrical conductivity tine intrinsic semi
metal zero bandap grapheng70], [85]. Electron mobility in graphene, Noped
graphene, an@ black can b@bserved inrable 11. Thedirectcorrelaton of conductivity
and mobilitysuggests that the conductivity of theddped graphenwill be less than pure
graphenehowever the value is much larger thad black. Thisimplies that N-doped
graphene will enhance theonductivity of the electrode support in comparison to the

conventional material, thus increasing the overall efficiency oFthe

Table 1.1 Electron mobility in various C support materials.

Source Mobility (cm2v-1S?)
Pure Grapheng 0], [57] 3001200
N-doped Graphene (8.9 atomic §3p] 200450
Carbon BlacK86] 3.66.3
1.4 Summary

In order to address the current state ofGsEmissions and its contribution to climate
changethe automotive industry should be taegkby moving away from the traditional
ICE to new cleaner technology, such as PEMFCs. The current state BEMEC
technology still requires improweentsin effort to reach the targets set by the US

Department of Energy, wherethe primary concern ighe electrode support degradation
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and catalyst selection relatedie costand efficiency Within this thesisthe use of higher
electrically conductive and increatcorrosionresistant support material will be analyzed
through the use of graphemmad CNTs In effort to further decrease the degradation
mechanismdue to Pt dissolution, idoped substratesill be examined. Furthermore, the
cost of the catalyst will daddressethrough theproductionof ultrasmall Pt clusters and

Pt atoms byutilizing the ALD technique. This suggests that the material must be
characterized at the atomic scatsbserve the small Pt catalysts and the graphene support
which will be completed ging electron microscopgchniquesThis thesis is focused on
the material characterization of a real electrode support material, followed byttbesa
production of singlesheetN-doped graphene for theoretical investigations of the N
dopans and Pt catalysts. Lastly,-ébped CNTs (NCNTs) will used as a platform to
understand the effects of different ALD conditions on the Pt size and ddnditye-tune

the sole production of Pt atonfaull characterization of the NCNTs will also be contgdie

using electron microscopy techniques.
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Chapter Two

Electron Microscopy

A variety of characterization techniqua®utilized to analyze the quality of graphene and
functionalized graphene understand the defect density and chemical bondingdéfect
density is commonly analyzed with Raman spectroscopy through compairtbenD and
G bands however this gives a relative percent without the qualification of the specific
defects and distribution through observat[66]. Further, the chemical bonding can be
determined throughX-ray absorption near edge spectroscopy (XANES), Ancy
photoelectron spectroscopy (XPS), but the distribution and specific locafitresdefects
with respect to the graphene latticenist possible[87]. Scanning transmissioK-ray
microscopy (STXM) can be usgds it collects the transmittestrayswith the XANES
techniquesvhile scanning the Xay beanover a desired area of the sample. STXM allows
the mappng of each XANE spectra with respect to the position on the graphene;lattice
however the best achievde spatial resolution is 1@m with a more general value of 25
nm [88]. Lastly, the material has been characterized oratbmic scale using scanning
tunnelingmicroscopy (STM) for the purpose of locating dopants and analyzing defects.
Unfortunately, the process of obtaining STM méapsme consuming and the resolution
concerning chemical bonding is restrictedhetip 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 wld 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 characterizationf@raphene, 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 says must be understood to deterntimeappropriate imagg

and spectroscopy techniques to gather the desired information from the sample of interest.
A simplistic schematiadiagram of the signals generated whdagh energyelectrons
interactwith a thinspecimen (<100 nngan be seen iRigure 21 (a). Within this figure,

only the signals that pertain to this thesis are labelled and briefly discussed herein, as many
more signals can be prockd from the interactioof electrons with the sample, but are
outside the scopaf this report.The characteristic peaks from theay signal, inelastically
scattered electrons, and Auger electrons are labelled K, L, and M, based on the respective

principle quantum numbers lalkedin Figure 21 (b).
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(a) Incident Electron Beam (b)

Characteristic X-rays Secondary Electrons
Auger Electrons\ /
v

| Specimen \
Transmitted signal

Elastically Scattered Inelastically Scattered
Electrons Direct Beam Electrons

Figure 2.1 Simplistic schematic of thelectron interactions with mattér) Interaction ofa fast

electronwith a thin specimen and the producgghals analyzeuh this thesis, and (b) the atomic

model with the corresponding principle quantum numhbgafid characteristic peak labels for X
rays, EELS, and Auger electrons.

Using a scanning electron microscope (SEM) secondary electrons &t e
detected During the incidentelectron interaction with a thick specimére electrongan
lose energy through inelastic scatterwigh electrons in the sample. Secondary electrons
are generated through these inelastic scattering events, such that the outer stosis elec
from the atoms within the sampler conduction band electrarere excited with enough
energy to escape the surface of the saffgdg While travelling through the sample the
SEswill lose energy, thus only those closethe surface can escapefore the kinetic
energy is completely attenuatf®B]. These electronprovide topographical information
about the sampland were used to analyze features of NC[8B3.

The SEM caralsobe used in conjunction with an Auger detector to chemically
map surface elements by examining the Auger electaosSEs. Auger electrons are
created during the dexcitation of a cee electrorto its ground state froran excited state
due toan ionization process through inelastic scattering with the incident b&aims
techniquewill be discussed in more detdklow, but in brief, during thee-excitation
processhe internalenergyof the electronic transition is converted to theitation and
release of anothezlectron. Thekinetic energy of this electron can be detected, which is
sensitive to the elemental identity which the electron originally resided. Due to the
secondary nature of the excitation event for the Auger elestiioey are of low energy

and can only escape the sample surface from a few nanometerthishissasurface
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sensitive characterization technigéeiger electrons were used in this report to quantify
the N concentration within fdoped graphene and NCNTSs.

Similar to Auger electrons, -xays are produced during the-eecitation of a core
electron to its ground state after being ionized t@em pty energy statom an inelastic
excitation with the incident electromuring the deexcitation energy relatedo the
difference in theenergy of theemptyandcore stategauses theeleaseof a photon(X-
ray). The Xrays are characteristic of each element, as each elementifigue energy
states thus the characteristic -bays can be used for elemental idengfion and
guantification. The Xays can be detected in both SEM and TEM through a detector
located above the samplEhrough the use of Xay detection in TEM the presence of Pt
was found on the Moped graphene samples.

The transmittecklastic electrorsignal is used in TEM and has many practical
appliations for analyzing the samp#tructure, and chemical compositiosimply by
examiningthe different signals generated frahe transmitted electron&dditionally, the
transmitted inelastic electrongsial can be inspected using EEMB)erein the chemical
composition, and bonding can be determirtgath signal will be discussed in malepth

based on the techniquasedin the remaining chapters of this thesis.

2.2 Using TEM to Study Graphene and Heay 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 mateair
examination. Theoretically, the use of electrons for imaging can produce a spatial
resolution on the sulingstrom scale, due to the inverse relation between wavelength and
energy.Elastically and inelastically scattered electrons from sample intenactan 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 imagintechniques include the broad bebased 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 wilkcet 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 energig$ius resultingn partialspatial and temporaoherence of
electrons interacting with the samp®)]. Further, aberrations in the primary imaging and
probe forming lens (objectiv@nd condensdenssg distort the information transfer to the
backfocal plane, which limits the images@ution for both TEM and STEM.

The resolution of the microscope can be enhanced through aberration correction
with multipole lens and byncreasing the electron energyowever when examining
fragile sampledow energies are required to prevent krookdamage. Knockn damage
occurs when the energy of the incident electron exceeddishlacement energyf the
sample, therefore damaging the sample by causing the elimination of &dins
Particularly, graphenebés composition of a
inherently susceptible to knoa@n damage above eleah excitation voltages of 86k
[92], [93], [94]. Meyeret al.reported thaatenhanced dos®f 10'°enm? (dose rate 3.5 x
10° enm?st) at 80 K/ in TEM caninstigate knockon damage in grapheméen operating
in TEM mode[93]. On the othehand, Robertsoet al.determined thattdnigherdose rate
in TEM (1¢® enm?s?) it was possible to induce damaggth a lower electron dose
wherein a dosef 3 x10°enm?at 80 K/ caused an average of 0.1 atoms pet torbe lost
from thegraphendattice [94]. The increased defect rate determined by Robegsah
was suggested to bmusedby knockon damage from phonon excitation due to local
heating from the electron source and enhanced vibrations in-tleection, which

increased the elecin momentum and sputtering r®d].
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Alternatively, adose rate of 2.54 x ¥enm?sdid not result in a sputtering event
of pristine graphene when operating in STEM mode at 8@ry/situatig the beam on a
single C atom for five minute@ssumed dose of 7.6 x #@&nm?). Neverthelesslarge
holes were observeapproximately 5 to 20 nm away from the electron bedier a 30
minutecontinuous STEMXxposuredue to chemical etching from Fetalystsand indirect
beam exposurf4]. Furthermoreijt should be notethatareas containing contamination
and edge sites are more inhehgrstusceptibleto knockon damage due to the reduced
stability as compared to the giree graphene lattice, thus edge atoms can be displaced at
energies as low as 20 k5], [93], [96]. Lowering the energy of the electron source
reduces induced beam dage;howeverthe overall achievable relition of the image is
limited [93]. This was confirmed by Suenagtal, where it was determined that imaging
edge structures required a large decrease of excitation voltage to poareage
originating from the decreased atomic coordinatj®s]. Additionally, Suenagaet al.
validated the ability to atomically examine the electronic structure of single C atoms in the
graphendattice, resulting in local ectronic variations depending on its location along the
edge or within the bulk structuréth an electron source of 30 H97]. In this experiment
damage was still induced on the sample when acquiring spectrum images, tdasethe
was reduced by using line scaf®/]. To reduce knockn damage, most graphene
experiments in literature ammpleted withthe use of a 60 k\electronsource with an
aberrationcorrector and a reduced current.

Based onthe microscopes availabkt the CCEM high resolution imagewere
performed with ar80 kV electron sourceUsing the pixel size as reference for the probe
size, an over estimation for the approximaigper dose used during STEM image
acquisitionin the experimentsof this report isl.4x 10’ enm? and a dose rate 4f4 x 10
enm?sl. A more reasonable estimation of the dose and dose rate is acydiesd
consideringa probe size of 0.0éim for annular dark field ADF) imaging conditions
(measured fnm thefull width half maximum (FWHM)), as measured from a singlatom
in Chapter4.2.1 Characterizabn of NDoped Grahene Using High ResolutiddTEM
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which results in a dose @.9x 1¢° enm? anda dose ratefa2.3x 10" enm?st. When
operating inhigh angle ADF HAADF) imagining conditionsa probe size of 0.2 nm (as
measured by Pt atoms @hapter5.2 ALD Fine Tuning to Consistently Produce Single
Atom Catalysts with NCNYsvas usegdresultingin a maximum dose and dose rate of 9.6

x 1® enm?and 1.9% 10°° enm?3s?,

2.21 High Resolution TEM

This section is summari zed -cormeatechim&gmdg h Er ni 0s
transmissi on e [96].d6r morencomprebensi/e detailg gndhe exit plane
wave (EPW) of the electron beam, aberrations in the objective lens, and the operation of
the image correctoconsult thiseasily readable and very detailextbook.The fird step

in high-resolutionTEM (HRTEM) micrograph image formation occunghenthe initial

plare electron wave travetiown the TEM column with its wave vectdo) parallel to the
optical axis. When the beam reachesgamplejt diffracts at angles deteiimed through
Braggs law Figure 22 (a)), where the diffracted beams acetfised on the back focal plane

of the objective lens, forming a diffraction patt¢®d]. The partial beamsk§) generating

the diffraction spotshen 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 decit electron wavavhen interacting with the
sample This information is contained in the wave function of the elecplanewave
(EPW)exiting the specimen. Modifications to the EPW function can be introduced through
aberrations in the objective ledgctated by thephasecontrast transfer functioPCTF)

(Figure 22 (b)), which aretransferred to the final HRTENNnage Therefore, the contrast
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comprising the HRTEM image contains information about the speératmic potential
and the lens aberrations.

Generally, thePCTF is an oscillating function witliespect tospatial frequency,
thus resulting in varying contrastor different spatial frequenciesithin the HRTEM
image The pas$and is the range of spatiakfuencies that fall within a single PCTF
value, and ensusethat the image intensiiyan be directly interpre
atomic potentia[90]. The pas$and and point resolution (spatial frequency with the first
zerocrossingof the PCTIr can be enhanced by adjusting lower order aberrations (defocus
(C1)) to compensate for the intrinsic thicdder spherical aberratids), which is known
as the Scherzer defoc[88]. Ideally, the PCTFwill have a larggpassbandandthe point
resolutionwill exceed the information limit (maximum spatial frequency contributing
intensity to the image)herefore producing an image wherein contrast reversal does not
occur for different spatial frequencig]. Very specific conditions are required to expand
the passand,thus most HRTEM images requireage simulations to accurately interpret
the contrast of the imagd-urthermore, the effect of the partial spatial and temporal
coherence of the electron source can be se&igure 22 (b), as envelopes which reduce
the contrast in the image arektrictsthe information limit ofthe TEM imageln the case
of conventional TEM, the limihg Cz aberrationof the objective lensauses thespatial

coherence envelope to damp the PCTF, thus caasavg frequency information limit.
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Figure 22 HRTEM image formation(a) Ray diagram schemataf 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(intensity)was
generated in JEMP®9] to illustrate tle effect oftheaberrations on the HRTEM image contrast.

Multipole lens(image correctorare utilized to correct for intrinsic and parasitic

geometrical aberrations up to the thotler[100], [101], which limit the resolution and

spdial coherence of the sour{@0], [100], [101]. By minimizing the lensberrationsthe

transfer function approaches finite was 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 resoluti®@imilar to the conventional TEM, in TEMs

containing image correctorsgptimized conditions must be utilized by setting lower order

aberrations to compertsdor higherorder aberrationdVhen thentrinsic Czis controlled

the fifth-order spherical aberratid@s) limits the resolution. The £Is considered a fixed

positivefinite aberration due to the geometry oé thbjective lens. An optimize@; and

Cs can be derived when thes & limiting the resolution through different nunesd and

analyticalapproachesTable 21) [90]. It is apparent inTable 21 thata negative €is

required to compensate for the positive fiftlder spherical aberrationsCthus this

condition is called negative spherical aberratimaging.Upon optimization of the lens

aberrationsthe passand and point resolutiasf the PCTF can be expanded, thus allowing
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for the direct interpretation of the HRTEM imagdtsshould still be noted that lven
working with crystalline samples contrasan arise from crystallographic features,
thickness, and atomic potentials, theref@een when working in optimized TEM

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

Table 2.1 Equations to calcuta optimized @and G coefficients These are used compensate
for the intrinsic limiting G when using an image correctarheregmaxis the maximum spatial
frequency transferreanda-is the wavelength of the electron souft@2], [103].

Scherzer (2) Chang (2.2 Lentzen (2.3
Defocus G 0 i 0 ﬁ 0 i
¢ _6 P® Q_0 _S
=N
Sy oy
puv —
Third-order 0 i 0 A 0 R
spherical - - p Tt
aberration o8 0 & _0 o_n
Cs g,
="

2.2.1.1 Increasing the Temporal Coherence

The microscope configuration for negative spherical aberration imaging results in bright
atomic contrast on a dark backgroumten operatingvith a required negatives&and a
positive C1. 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 posbjective las, thus inherently increasing the chromatic
aberration(Cc) from approximately 1.2 mm to 1.4 mfi04]. Currently, chromatic
aberration correctors are availabib@at can correct theddrom the source instabilities and

the objetive lengd105]; howeveronly a few exist in the world which are dedicated to very

specific usestherefore a different approach to decrease the energy spread of the imaging
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electrons is required until the development of ¢heomatic aberration correckohave
advancedThree 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 Satdon

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 (LaB[104]. A consequence of the weakng ofboththe spatial

and temporal coherence envelsfier 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 bEEI6]. This suggests that the use dfl&G is
necessary for HRTEM imaginbowever an inherent energy spreadagproximately0.8

eV still exists[106].

2.2.1.3 Monochromator Excitation

Further impovement 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, anan energy selecting slit07]. The specific selection of a
monochromator design will determine the energy spread and electron current of the source
[108]. The monochromator disperses the electiobs 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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envelopd108], [109]. An increasing excitation voltagef the monochromataesults in a
stronger dispersion and a lower energy spread, as the relative energies of the electron
source are more readily separa{@¢d0]. 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 areductionin the signal to noise ratio of the image and limits the maximum
magnification that can be achieved before the contrast in the image dimidisBgg he
selection of a moderate excitation voltage will ensure that the electron sosreedwa

energy spread, while also maintaining a beam current that can reach high magnifications.
Omission of a selection sljtainbow modewill also increase the current used to acquire

the image; howevei slightly higher energy spread is obtairj&dlO]. 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 spditoherence 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 divergernaagiemi

2.2.1.4ElectronSourceAcceleration Voltage

Lastly, the information limit of the microscope can be enhanceddogasing thelectron
energy;however as previously mentionesvhen examining fragile samples low energies

are required to prevent knock damage. This putsi@mphasis on the requirement fan

image corrector, FEG electron source, and a monochromator to increase the spatial
frequency of the information limitL07]. Freitag et al. [107] compares the PCTF fa&
conventional TEM, spherical aberration correction, and spherical aberration correction
with the application of a monochromat@hey indicate that thpassband increases with

each subsequent change in the imaging system; first due to the decreaseaxiith
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aberrations and weakening of the spatial coherence envelope, and second to the weakening
of the temporal coherence envedppespectively107].

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

be compared to HRTEM simulations using equivalent microscope conditions.

2.2.1.5Examples of HRTEM Imaging of Graphene

Although, there is a means to directly interpret the structural information from the HRTEM
micrographs, atomic distinction is nstrong The small scattering angtmllected when
performing HRTEMindicates that the detected electromsteract 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 chargg11]. Using negative spherical aberration imaging with an
aberration corrected microscqopdeyer et al. showed that the graphene lattice can be
directly extractedKigure 23 (a)) when spatial frequencies reached the 1.23 A reflection

in the characteristic hexagonal pattern of the computed diffractogfamsed 23 (b))

[103]. Care must still be taken when interfong the image as indicated by Warrmtral,

as multilayered graphene sheets at varying defocus may have a similar lattice in HRTEM
micrographs to a single layer sh§&2]. Further,the computed diffractogram froRigure

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 monolaygraphenethe intensity of

the diffraction spots remains coast 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 structurgl12]. Anisotropic broadening of diffraction spots cée

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 angl¢$13], [114], [115], [116]. Alternatively, multilayered
graphene results in a decreased intensity of the diffraction spots as a function of specimen
tilt, but isotropic broadenings not observed as a function thie tilt-angle as the two
dimensional structure is no longer maintairjéd2]. The fact that the intensity of the
diffraction spots change for multilayered graphene, suggests that small apéltsrieom
imperfections in the graphene lattice will result in brightness variations across a multi
layered graphene sheet in a HRTEM microgrddl2]. To fully interpret the structure and
number of sheets withigraphene,ite 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 Kirklaqd 11].

LA A R AR R D PR RN R R R R NN
LR R R R R R R RN EEE R RN

Figure 23 HRTEM images and computed diffractogram from a single sheet of grapfagne.
HRTEM micrograph of graphene lattice using negative spherical dbermamaging (scale bar is
2 A) and(b) the computed diffractogram with labelled reflectioReprinted (adaptedyith
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 Withe 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
planeof the objective lenswherethe electronbeamis focusedo a point on the sample
(Figure 24). Raster scanning is employed to move the probe across the surface of the
sample where a convergent beam diffraction pattern is formed in thetdegglane from

each scanned location.

Electron Source

i
= 1 e Objective

— ! — Lens

Overlapping
Diffraction Discs

Detectors: B, ADF, HAADF

Figure 24 Simplified schematic o6TEM image formatiomndtherelative detector positions

2.2.2.1STEM Image Brmation

Diffraction pattern overlap isecessary to produce lattittngeswhen using the STEM
imaging techniquewhich can be accomplished lyilizing a largerlimiting aperture
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Moreover, the annular shape and angular position of the STEM detectors detehmines
intensity of the image, as low to high scattering angles caroliected with an annular
detectorWhen operating in STEM a bright fie(BF) and annular dark field ADdretector
can be utilized simultaneously, due to the hole inAD& detector. Similar to HRTEM,
the intensity function of the BF detector relies dre tcoherence of the scattered
wavefunction and forms an imageth an intensitythat isa convolution of the sampées
atomicpotential and th®CTF[117].

On the other handhé ADF cetector can be used to collexdastically sattered
electrons amuchhigher angles. Simplisticallyvhen moving to highecollectionangles
and assuming the reciprocity theory between STEM and TEM, it can be understood that
incoherent imaging conditions are satisfied as to#ection angle increses[117].
Mathematically this is shown when examining the intensity functionAdF imaging
conditions, which is a convolution of tlieb ] ect 6 s at omi prob@pshape nt i al
[117]. This carbe understood as applyiagoptical transfer functio(OTF)to thesamples
atomic potential when transferring fromeciprocal space (specimen) toeal space
(detector)[117]. Unlike the PCTF in HRTEMthe OTF is a monotonicdy decaying
function withrespect to thepatial frequencginddoes not oscillateke the PCTEthus the
contrast in ADF images can be directly interpreted as the ébgect a potential[@17].

It should be remembered thtite incoherence of the electrons forming the image
depend orthe inner angle of the ADF detect@as small inner angles will lead to more
coherent wavefunctionshus moving towards a PCTEL7].

Theintensity of anADF image can be furthecontrolledto collect specific signals
through adjustment of the inner seaoaillection angleof the detectarin the literature,
medium angle ADF (MAADF)maginghas an inner angle of approximately-&0 mrad
and HAADF has an inner angté approximately 80 mrad[118]. The inner angle can
be controlledbased on the camera length selected during the experirtrethss thesis
the MAADF imaging conditions are referred to ADF. The higher collection angles
achieved when usinthe ADF detectoy as opposed to the BF detectodicate that they
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collect Rutherford scattered electroiisus thesemages contairelemental information
through nuclear interactiortf the incident electronwith the sampleThis suggets that
HAADF imagesof atoms with éhigh atomic numberZ) are of higler intensity, as these
atomscan scatter electronso higher angles than low Z materidlhe contrast othe
HAADF imaging technique is proportional t&-Z thereforea sampleof congant thickness
has an intensity variation corresponding to the elemental compd&€@hrThe exponent
of Z depends on the collection angles, where larger collection angles lead to the
approximation of Z Furthermore, the masof the sample can be imaged with HAADF,
such that a linear increasethre signal exists for stacked atonmsa colummn117], but this
increase is ndonger linear when working in MAADF condition$118]. Generally,
HAADF conditions are acquired to directly observe tha@d masgontrast in the image,
due to the combination of the incoherent imagiogditionswith the Rutherford scattering,
thus image interpretation is more direct when comparddRTEM imaging. MAADF is
used when imaging light elements in effort to increase the signal, as lower Rutherford
scattering angles are experienced wherathenic numbers decreased

In STEM imaging the probe size dictates the image resolutibereforemethods
to increase the resolution through decreasing the probe sstdomoonsidered. Generally,
a condenseaperture is used to limit the introduction of aberrations in the drobethe
objective lens, thus increasinige resolution of the OTF. Thiperture willcontrol the
convergence senraingle of the prob@Jin Figure 24), thereforeénfluencingthe diffraction
limit [118]. It should be noted that the diameter of the prolagfectedby the diffraction
limit and the source size, whichd#ectly related to the probe current to brightness ratio,
and inversely related to the seatinvergence anglg.18]. This suggests that the largest
aperture that removes the probe aberrations should be uiiligéfdrt to ncrease the semi
convergence anglerin other wordsto decrease both the diffraction limit atie source
size Similar to HRTEM, an aberratieocorrector can be used for the probe forming lens,
thus decreasing the aberrations in the probe and allowargexr semiconvergence angle

to be usedWhen working at low acceleratiomltages with a aberrationcorrector it has

42



Ph.D. Thesi§ Samanth&tambula McMaster University Materials Engineering

been determined that above approximately 50 kV the beam is limited g thieen the
Cs has been correcteddditionally, whenoperaing below 50 kV the beam is limited by
Cc, therefore similar strategies discussed aboved®asehe temporal coherenshould
be utilizedfor these operating conditiof&18]. In thisthesis a probe size of 0.2 nm was
achievedwith a limiting aperture of 56m and spot 19 mrad as measured by FEBnd

0.06 nm with an aperture of Ztn and spot 1026 mrad as measured by FErespectively.

2.2.2.2Examples of HRSTEM Imaging of Me@Gilaphene Interactions

ADF has preen invaluable in examination of mefglaphene 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
distribuions. Ramasset al. demonstrated the observation of various metal atoms on a
graphene lattice through HAADF, as observeéigure 25 [119]. The brightintensityin

the images is du® the high electron scattering of the metallic atoms and thekewsity

results from individual C atoms. It was also confirmed by &aab., using HAADF that Pt

binds at bridg sites on the graphene lattidegwever adsorption will first occur on
hydrocarbon contaminatiofl20]. In Figure 25 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 foigotthmetal§120]. They
attributed this to local heating of the graphene lattice, tbwer dose rates should be
considered when examining metahphene interactiong20]. Many other researches
have published STEM images of the indivad C lattice of graphene ar@NTs with
interacting metal atom{d21], [122].
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Figure 25 HAADF"micrographs of graphene with depositadtals.(a) Pd, (b) Ti, and (c) Al
Reprint with permission from ref119]. Copyricht © 2012 American Chemical Society.

2.2.3EELS

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 spémen can result in a loss of energy due to excitation of atomic

electrons. Detectionf the incident electron energgss when exciting a bound electron

to theconductionband from the sampl&ith use of a spectrometer results in an intensity

graph withpeaks corresponding to energy levelithin the material Kigure 26 (a)).

Specific regions in the EEL spectrum are outlineBigure 26 (a), where the transmission

ofd ectrons that are el ast Hcoaslsloy psecaadf,t eea xeai tcaotr
elecrons r om t he valence band to thel ceo9d@urcd dioon ba
(50-100 eV), and excitation frorthe core energy level electrons to the conductand

f or ms-l B e s 0D[@28]tCareless states can be used for elemental identificagion

each element has unique energy levels and binding enefdiescoreloss states are

labelled based on thground state ofhie exited coreelectron(K implies an excitation

from a I state).More importantly the coross states contain information concerning the

chemical bonding within a material through the examination of the fir201€V of a core

lossedge, known as elgon energyloss near edge structure (ELNEE)gure 26 (b))
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[123]. Within crystalline material the conduction band will contain empty electronic states,
where the specific number ofases per energy are not equivalent and can be described
through he DOS of the materiaELNESis anapproximatamage of the emptpOS of a
material, which is sensitive to the chemical state and the bonding envirofir@8ht
Botton illustratel the DOS for graphite, where a large number of available states occur at
t h ea n denérgy levels, thus suggesting an increased probability of core excitation into
these statesompared to the other available empty st§i@g]. 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 théF detector results in the acquisihi@f a data ebewith thex and y
positionscorresponding to the Rutherford scattered electron HAADF image, andiiie z

to the EELS spectrui24]. The data cube allows for elemental mapping, thus providing
identification ofelements within an HAADF image to be used to determine elemental
distribution and chemical bondir23].
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Figure 2.6 Schematic of EELS total spectrum and ELNES EEL spectuim produced fromthe
inelastic interaction oénincident electron wittN, gas filled NCNT with respective labelled
regions and (b)schematic of ELNES produced from thmptyDOS of the material under
investigation.

45



Ph.D. Thesi§ Samanth&tambula McMaster University Materials Engineering

2.2.3.1 ElementalQuantificationusing EELS

Other than simplydentifying elemental composition and bonding environments, EELS
can be used for elemental quantificafi@uch that the edge intensity depends on the
inelastic crossectionfor the specificionization processand elemental concentration
DetalsonEES quanti ficati on c¢an -bossinftre Elearoni n
Mi cr os c op e d25pbut abBripfexplaration will be discussed herein. Commonly
the integration method is used to determine the areal densityg/aiaf) and/or atomic
ratios. During quantificatiorthe background signal is first removed by modetimg pre
edge regionvith a power law. Secondly, a partial inelastic scattering esesgon(k(b ,))op
is modeled based on the element of interest, E&tollection angle, anithe energy range
under consideration. Wheralculating the areal densiti), theintegrated intensity of the
zercloss peak(lo) and the cordoss edgg’O), must both be collecteduch that when
performing deconvolution teemove the effects of plural scattering,

%

¥ = (2.4)[125].

Atomic ratios are calculated using a similar methioolwever, de to the nature of the
calculation the zerelosspeakis notrequired, thus the calculation can be more versatile
when considering experimental conditions. When different elementgiargified,and a
deconvolution isnot performed to remove the plural scatterieagergy windows of the
same size should be used. Htemic ratb of element ANa) and elemenB (Ny) can be
completed by employing the integrated intensity of each elethe(fitc) andlp(b,q9) and
their respectivescattering crossectionglka(b , amiilip( b , respectively)

1% 1
- (2.5)[125].

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

absolute and relative atonmfiactionof N within various samples.
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2.2.3.2 Signal Processingndependent Component Analysis

Often when extracting EELS elemental maps, signal processingecgunte difficult due

to overlapping EELS edge¥/ithin this thesis issues from overlapping edges have resulted

in poor backgroundubtraction®rthe inability to spectrally separateoverlapof a broad

edge (PeM) with a sharp welldefined excitation(N-K). Furthermore, when performing
atomic resolution EELS, noise often dominates the signal due to the requirement of fast
spectra acquisition in effort to reduce beam damage. In theasessignal processing
routines can be used to extract the indraildsignals from the spectrum image. Independent
component analysis (ICA) has been used in this thesis to separate overlapping spectral
features in order to observe the originidfand " * C-K peaks within NCNTSs, to separate
overlapping edges, such as theN@nd NK edges, and to extract mixed signals such as
FeOx catalysts from only Fe catalysts. ICA separates statistically independent components
from a mixed source by considegi a linear combination of independent sould&$].

When using the ICA algorithm each componentc@sidered of equal importance,
therefore component one is of no more importance ti@mther componentslyperspy

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

2.2.3.3Examples of EELS Characterization of Metal Atoms eddgded Graphene and
CNTS

The detection of the i edge through XANES is strongly preeal in scientific literature.
XANES detects the disappearance ofays through anlmsorption process from a core
levelelectron excitation within the material under study. The intiexssif the XANES and

EELS peaks are related to the excitation cgEssons for each element and concentration.
Because each-Nopant has a different bonding environmezgich has aeparate peak in

the NK edge Specific values for these peaks have been measured with XANES, XPS, and
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calculations basedn the DOS of Ndopedgraphenehowever the peaksaand chemical
speciesvary between papers with an energy range of-8%% eV with a consistent
arrangement of species from low to high energy of pyridipyerolic, amino,cyanic,and
graphitic[69], [128], [77], [129], [130], [131], [132]. Zhanget al.determined the relative
change in Nspecie concentration as a function of temperature through XANES detectio
[69]. An increase in temperature resulted in thaldpant species tnaforming from
primarily amino to pyridinic, and finally tgraphitictype dopantsUnfortunatelythe local
variations of Ndopants within graphene sheets cannoblierved in XPS and XANES,
as they examine the average dopamgisenceover a lage area due tthe lowerspatial
resolutionof the technique with respect to TEM et al.used EELS to map the-K edge
through simultaneous acquisition of HAADF and EELS for @dyped CNT with Fe
catalystg[133]. It wasdetermined that & predominately binds next to Npwever the
specific Nspecies anthe GFe bond could not be resolved through enhanced noise levels
associated with low atomic concentragonin et al.[132], later used atomically resolved
EELS to determine that multiple metallic ato(@s, Mg, Al, Mn, Ca, [, Ti) prefer tobind

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 ofsfechts on
the spin state of Cr atoms and determined that asrth@a@ed bonds with more N atoms
the d-bandbecamdilled from the lone N electropairs[83]. The d-band filling suggests
that a method exists to control the spin state of the adsorbed atom thredgfedy
manipulation. Thee experiments demonstratee benefit of EELS versus XANES
through the ability to atoially resolve binding species frothe higher spatial resolution

offeredby the electron probehenSTEM is utilized.
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2.2.4 Special Techniques: Identical Location Trmasmission Electron
Microscopy (ILTEM)

Generally, catalyst sizes and distributions are compared before andeaftg@tu
electrochemical cycling. Unfortunately, there often exists inhomogeneities between the
support structures on a single TEM grid, thus ¢atalysts 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 sameaavefore and after cycling, in order to observe
the explicit effects of the edttrochemical reactions on the catalysts. This can be
accomplished through the direct cycling of the TEM grid containing the support and
catalyst material LTEM has been developed such that TEM grids are cycled in
conventional rotating disk electrode expsents, and the exact catalysts are imaged before
and after cycling134]. Through detailed image analysis, a change in particle size can be
measured similar tex situ results, but more importantlthe direct change of indigual
catalysts can be observ§t34]. Moreover, other than examining the structures in 2D
projections, this quasn situ technique can be coupled with tomography to examine the
volume changes and nearestighbour distances ihe 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 catalysnaterial[136].

2.3 Auger PhotoelectronSpectroscopy

Similar to EELS, Augerphotoelectrorspectroscopy examinasinelastic scattering event;
however, thencidentelectron beam is not detectiedthis caserather theeleasedAuger

electron is analyzed. After the ionization of an atom from inelastic scattering from ground
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stateW (Figure 27 (a) and (b)) the atom will undergo aesexcitationprocesgFigure 27

(c)), wherein anrelectron from a higher energy statewill move to stateW, thereby
releasing energy. This energy can result in the production of a charactefiayi@Kt can

cause the emission of an electron (Auger elecfron) stateY (Figure 27 (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 ehdrgy
statefWXY), relatedo Figure 21, andcommon transitions include KLL, MNN, and LVV
[137]. Through the detection of the kinetenergy of the Auger electrdhe elemental
composition can be determindd37]. Generally, Auger electrons will be released with
kinetic energies below 2,000 eV, otherwise the fluorescent yield takes overragd Xre
subsequently producdd37]. Due to the low energy of the Auger electrdinsy have a
small attenuation lengthhusthey are extremglsurface sensitive, resulting in sample
emission from thicknesses varying from 0.3 to 3[h8Y]. Furthermore, th 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 KLIAuger electron excitatiorfa) Ground state aginatom
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 sourtiee égrited electron
moves back to the ground staaed (d) anAuger electron is released due to tleexcitation
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 cregstion, and the fluorescent yield37].
Quantification is usually completed through the comparison of the experimental intensity

of the pealto-peak heighfrom the derivative of the signab a pure elemental reference
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acquired using the sanegperimentatonditions (spectra resolutionurrent, voltage, and
the emission ang)d137]. When the Auger peaks aseparatedandthe signals do not
overlap, a single reference spectrgan be used to determine the mole fractiy) ¢f the
element A) underconsideration,

QO - (2.6)[137],

wherela is the peako-peak intensity of the experimental data, &d the peako-peak
intensity of the reference spectra. Once the riratgions of all the individual elemerdse
determinedthe relative atomic percent of each element can then be quantified. Using this
methodthe Auger peaks were quantified in this thesgih specificconditiors outlined in

eachindividual section.

2.4 Summary

In effort to fully understand the material produced and potentially engineer the most
efficient electroddor the ORR and HER the electrodeterial must be characterized on
the atomic scale. Using electron microscopy techniques, the struaftihe Ndoped
graphene and NCNT supports will baalyzedusing HRTEM and ELNE®xamination

with EELS. HAADF and ADF will be used to examine the heavy metal strisctuth
respect to the support material. Furthermore, quantification of N concentratispexific
N-dopants within the support material will be performed using Auger electron
spectroscopy and EELS, respectively. Lastly, using quantification techniques in
combination with HAADF imagingthe ALD technique will be finréuned to understand

the dfects of the temperature, dosing time, dhe nature of theubstrateon 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 understarahd optimize the productmoof 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, specifidddants, and the Pt size
(atomic to sulmanometer clustsj on the catalytic activity can only be understood and
optimized through detailed characterizatio
Through the use 6fEM, the Ndoped graphene and Pt catalyst were fully characterized.

It is demonstratedhat the combination of idoped graphene with ALD Pt generates
clusters and single atoms, resulting in a catalyst with a high surface area to volume ratio
for the PEMFC. Specifally, HRTEM andHAADF imaging were utilized to determine

the structural informi@on of the graphene lattice and the Pt distribution. Electron
diffraction and EELS were used to investigate the quality of Hueped graphene, local
variation of N content, and the site preference of N in the lattice. These techniques
ultimately providea 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-dopantswithin the EELS NK edge andILTEM was utilized to observe the presence of
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Pt atoms before and afteelectrocatalystcycling. A mix of Pt atoms, clusters, and

nanoparticlesvere also examined for their efficiency as catalysts for the HER.

3.1 Experimental Conditions

3.1.1 Material Preparation

All material preparation was perimedby collaborators in Dr. Andysundés group at

Western University and the specific details can be found in refe[&88¢

3.1.2 TEM Sample Preparation

The Ndoped graphene powders were transferred to ar&h copper grivith a lacey
amorphous C support via the goyess methodsampleswith hydrocarbon contamination
were baked in a TEM holdesvernightat 100°C tominimize electron beam induced

contamination.

3.1.3Microscope Settings

The samples were examined with&hkV electrorbeamto reduce knoclon damage to
the grapheng92], [93]. In addition,the high electrical conductivity of ddoped graphene
inherently reduces the possibility of ionization damagthe sampl¢139]. HRTEM and

HAADF experiments were performed with an FEI Titan3® Cubed TEM equipped
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with a monochromator, hexapebased aberration correcsqiCorrected Electron Optical
Systems GmbHior the image andrpbe lenses, and a high brightness field emission gun
(XFEGQ). For HRTEM thesphericalaberration correction of the object lens was set to

a negative spherical aberration imageunfiguration[139] and a monochromated beam.
Similarly, HAADF-STEM was performed with the aberratioarrector tuned to minimize
spherical aberration in the probe lens.

EELS and nanoprobe diffraction experiments were carried out with an FEIB0
Cryo-Twin TEM equipped with a monochromator, andsehottky 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-khedge
was performed in STEM mode with the spectrum imaging tecienimplemented by the
GATAN Digital Micrograph softwareThe monochromatoras usedo achieve an energy
resolution of 0.08 eV as measured from tW&HM of the zereloss peak. The low N
concentration in the graphene and small ceesgion of the NK edgeincreases the
difficulty in collecting the ELNEJ140]. Long acquisition times ranging from 3.0 to 4.0
seconds/pixel were utilized to acquire theKNedge with a high signal to noise ratio to
ensure the fine structuo®rrespoading toeach Ndopant was resolved. A dispersion of 0.1
eV/pixel was used fathe EELS acquisition of the & and the NK edgeswith the areas
carefully monitored before and after acquisition of the spectra to ensure contamination
from surface hydrocarims did not influence the fine structures. The EEL spectra
containing the &K edge were acquired on the FEI Titan3I0 Cubed with a dispersion
of 0.2 eV/pixel for simultaneous acquisition ofCN-K, and OK edges. The background
of the EEL spectravasremoved using a powdaw fit [141]. Lastly, theenergy dispersive
X-ray spectroscopyEDXS) datawas acquired with an FEI Tecr@siris microscope
equipped with é&SuperEDX spectrometer and a single aligned excitation voltg200
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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3.14 Quantification of HAADF Images and EEL Spectra

The quantificatiorand processingf the HAADF images to determine the location of Pt
with respect tahe grapheneedgesverecarried out as follows. A banghass filter was first
applied tothe HAADF images in order to determine the Pt atom locations. Images were
thensmoothedvith a Gaussian blur, and the local gradig&sbel 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 ilhgmages were
personally visually inspected to ensure the Pt locations were correct; manual addition and
removal of Pt atom locati@wasperformedwhenit was apparent that the routineléai
with comparison to the original imagghe coding utilized fothe 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 inv#ai&d,
makes use of code from Zhenhai Wang generated in 2002. These codes are available
through MATL AB MATLABcentral file ekcbangé m,

Quantification of the sample composition was determined using EELS edges. The
concentration of the N and @omswere calculated using the quantification routine in the
GATAN Digital Micrograph software with the Hartre&later crossection model and the

extraction of the signals of the-Kland OK edges relative to the-K edge.

3 Code was found at http://www.mathworks.com/matlabcentral/fileexchal?7703draw-a-filled-
circle/content/filledCircle.m
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3.2 Results andDiscussion

3.21 Graphene

Graphene obtained from thermal exfoliation grhphite oxide[142] is susceptible to
incomplete exfoliation at reduced temperature and time, thus producidgyemgraphene
(FLG), as observed by the fringesdunced by foldingn Figure 3.1 (a) (orange arrows
indicating fringe locations) and the overview of theldped FLG sket in the bottom inset

of Figure3.1 (c). The defectsnflicted on the graphene lattice by the thermal exfoliation
[143] and the incorporation offopants can be visualized with HRTEM imagesingle
layer grapheneas illustrated bysdmezNavarroet al.[144] andMeyeret al.[103], [145].

For the use of qualitate analysis andomparison,Figure 3.1 (b) of commercially
produced CVD graphene illustratéhe 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 CVDgrown graphene is not defeftee (defecs may be
intrinsic or beam induced)in qualitative comparison, thid-doped graphene is highly
defectiveon the longrange, as suggested by the multitude of grain boundaries and layers
from the edges of the-Noped graphene sheets in the HRTHEMge Figure3.1 (c)) with
confirmation from the computediffractogramgFigure 3.1 (c) and(d) top inset) In the
short rangethecomplexhexagonal lattice of the-Noped FLG is visiblein the thin regions

of the N'doped graphenedge Figure 3.1 (c)), wherethe computed diffractogram of the
bulk areamage Figure3.1 (d) top insetronfirms the presence of the hexagonal lattice of
grapheneTwo sets of hexagonal elongated spots indifiieactogram (encircled in blue
and green)indicate that the Mloped graphene in this area contaiw® main grain
orientations. An isotropic broadening tife diffraction spots can be observed in the
diffractograms originating from the-Noped graphene, while distinct diffraction spots are

observed for the CVEgrown graphene. The angular broadening is attributedulitiple
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low and high angle misorientatisplikely due to the defects present in the lattice, lattice

folding, and the presence of misoriented shedtsin and between graphene laygr$3],
[114].

Figure 3.1 HAADF and HRTEM images of doped FLG and@dommerciallyavailable graphene.
HAADF image after 150 Pt ALD cycles ontlbped graphene. The edges of the graphene sheets
are labeled ing) in orange, indicating that the thermadiyfoliatedgraphene does not castsof
single sheets. HRTEM micrographere acquired from (lommercially obtained graphene, (c)
theedge ofanN-doped graphene sheet;(@0em), and (d)thebulk area of Ndopedgraphene
after 50 ALD cycles (€-15&m). The commercial graphene contains floating hydrocarbons
encircled in blue. The lower inset in (c) shows a general overview of-thepld graphene
sheets (scalear1lem). Fourie transform diffractograms are displayedtlietop 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 ra@in g
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.
Thetopinsetin (d) suggestthat the shortange order offte hexagonal lattice is maintained.
Reprinted with permission from rgf.38] (S. Stambulat al.2014).Copyright © 2014 American
Chemical Society.

58



Ph.D. Thesi§ Samanth&tambula McMaster University Materials Engineering

The quality of the graphene is further examined using nanopriffoection as
observedn 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 diffracth spots are anisotropically broadened in a similar
fashion to the computed diffractogranMost importantly, the obvious hexagonal
arrangement of theomputed diffractiorpattern reveals that th&hortrange graphene
structure is maintained afterdbping.Because the graphene sheehidtilayeredand the
broadening is anisotropic, corrugations are not responsible for the broaflerthg his
indicates that the broadening is due to the fact that the sheets are multilangeredhdy

defective.

Figure 3.2 Diffraction pattern of Ndoped graphene with 50 ALD Pt cycldhe diffraction
pattern shows elongated spots from graid stacking misorientationkattice folding, and defects
within thelatticein thefield of analysiswhere a single main grain was analy¢gamma
adjusted)Reprinted with permission from rdfL38] (S. Stambulat al.2014) Copyright © 2014
American Chemical Society.

The nature of the local emenmentof the Catoms in the FLG was studied through
a comparison of the-8 edge ELNES otheN-dopedgrapheneKigure3.3 (a) green plot)
to the amorphou€ support on the TEMyrid (Figure 3.3 (a) red plot)and commercial
graphene Kigure 3.3 (a) blackplot)*. While a first inspection reveals similarities in the

4 The graphene EE&.spectrum was acquired iyr. David Rossouw using commercial graphene obtained
from Graphene Supermarlaat
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overall shape of the three spectra, thephar * peak (|l abeled as Cl1l) an
the CK edge of the Ndoped graphene bears strong similarities to the pure graphene EEL
spectrum, as opposed to the we@Wwhere€isiand broad
the sp configuration The excitoic peakat approximately 292 ew C2 is present in both

the pure graphene andddped graphene, while it absent in the amorpho@K edge.

This suggests that defects introduced from theoNing process do not affect the very

shortrange order (i.e. #C is still mostlyin trigonal coordination) and the hybridization

of the C atoms in a detectable wawhich is likely due to the small concentration of
dopantsTheslightb r o ade ni n g (62) of thenNelopéd’graghena ik comparison

to the commercial graphemedicates longerange distortions and is consistent with the

disorder observed frortihe computedliffractogramsin Figure 3.1 (d). In particular, the

loss of some finestructure features occurring in t8eK edge after the excitonic peak (e.g.

at 296, 302 and 306éV) and a broadening of thi¢ peak(C1)in the Ndoped graphene

EEL spectrum, as compared to the referemapliene, suggests the highly defective nature

of the N'doped graphene.
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Figure 3.3 C-K ELNES from various C source$a) GK edge ELNES spectra from amorphous
C (red), Ndoped graphene with 50 ALD Pt cycles (green), and pure gnapgbéck). Thec-K
edge "~ * and 0* peaks ar e ThaMdegedglapreea@dl and
amorphousC EEL spectra in (a) were acquired from the correspondinguedooutlined areas in
(b) and the EEL spectrum of pure graphene in (a) was acquired framdaist commercial
reference sampl&eprinted with permission from rgfil38] (S. Stambulat al.2014) Copyright
© 2014 American Chemical Society.

Defects in the structure of the-ddped graphene lattice can be attribuiedhe
graphene production method and thedpants. Direct visualization of thedbpant 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 risentoash in imaging techniques
in TEM [69]. Consequently, the site location of specific dopants in images sigguas
3.1 (c) and (d) cannot be taken furthertms work. An addition& defect source is due to
the incorporation of &pecies from the incomplete reduction of #@phite 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 aftheak (C1) of
the N'doped graphenedgein Figure3.3 (a), butno single peak attributed to any of the O
growps appear to dominatéis wellresolved regior{146], [147]. O-containing defects
contribute to the structural defeabserved irFigure3.1 (d), asEELS analysi®f the G
K edee indicatesa9.08 + 1.19at. % (atomicpercent normalized to CN, and Q O within
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the samfe (Figure 3.4). This suggests that the defedh the graphene arideom the
thermal exfoliation production methodcomplete reduction, and-Bbecieshowever as
suggested by the various characterization techniques the oskaatrange graphene
quality is preservedMoreover, Ca contaminants were found on thedged graphene

samples, which occasionally correlatedhaft catalysts.
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Figure 34 EELS of CK, N-K, and OK edges acquired from-Noped graphene with 50 ALD Pt
cycles.The * and i* components of the & edge are labeled as C1 and C2, respectively.
Furthermore, the X edge is also divided by thi¢ (N1) and* (N2) regionswhere the €K
edge contains only & (O2) componentReprinted with permission from rgfL38] (S. Stambula
et al.2014) Copyright © 2014 American Chemical Society.

3.22 Nitrogen-Doping

Various experimental results report the incorporation of speciip@ties in the graphene
lattice through XANES of the ¥ edge,[69], [77], [128], [129] XPS binding energies,
[71], [148], EELS[131], [149], [132], and DFT calculation§150], [130], [131], [149],
[132]. The N-dopant atoms were detecteerewith EELS through examination of the N
K edge asshown inFigure3.5. Throughquantification of the spectra, relative to thekC

edge, the loal concentration of the N atoms in different ar@asdetermined Table 31).
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The noise associated with theKNedge is a result of the low atomic N centration, as
reported inTable 31. In addition, from inspection of the near edge structure, the presence
of strong features the NK edge from397-400 eV associatedith a “* hybridization
(P1-P3), andthe feature a405eV (P4 associatesvith ad* hybridization can be observed.
Each Ndopantspecieasa specific bonding environmetitat representa characteristic
peak in the NK edge finestructure appearing in the eggrange from 397 to 400 e\¥he
identification of the peaks is not entirely straight forward, due to discrepancies in literature
and the uncertainty in the absolute energy in EELS measurenhentsver it can be
suggested that the peaks candemtifiedwith increasing energgspyridinic/pyrrolic (P1),
amindcyanic(P3), and graphitidP3) (recognizedn Figure3.5) [69], [128], [77], [129],

[130], [131], [132], [151]. Unlike Nicholls et al.[140], anaddiional well-resolvedfeature
attributed to the N atomis not observed in the-K edge as the EEL spectra were averaged
over hundreds of nanometens an effort to extract the N edgerather than acquiring
atomically resolved spectra from surrounding @ag.However,when comparing the-C

K and NK edge on a relative energcale Figure 3.5) the similar covalent bonding

between the C and N atoms is evident.
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Although we cannot be quantitatiie the absalte N-species concentration

because reference spectra of individual species are not avadhbalgges in theelative

contributionsof N atoms

infer, from the NK near edgestructure(Figure 3.5), thatthere are local variations in the
relative proportions of differeM-speciedbetweerN-doped FLGsheetsand even possibly
within a single sheet, as the relative inignsf the P1 to PPpeaks (hencehe weight of
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EEL spectraf C-K and NK edges acquired from threedbped
graphene sheets with 50 ALD Pt cycles and two separate areas on Jiest*land 0*
components of the-® edge are labeled as C1 and C2, respectively. Furthermore;Khedye

is also divided by thé* (P1-P3) andd* (P4) regions, where P1 ta3Rire attributed to the
individual N-dopants of pyridinigpyrrolic-, aming/cyanic, and graphitietype, respectively.
Energy scale is withiet 2 eV. Adapted with permission from rgfLl38] (S. Stambulat al.2014)
Copyright © 2014 American Chemical Society.

in various bonding environmen# be shownlt is possible to
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pyridinic/pyrrolic, amindcyanic and graphitieanoieties respectivelyvarylocally. The N
concentration, as determined by EELS analysis, is within the same compositional range
betweeneach examinedheetin Figure 3.5 (Table 31); however, local variations in the
distributionand concentratioaf the individual Nspecies exist among the graphene sheets.
This is specifically evident through the presence ofdlpeaks in sheet(®P1, P2, and B,
whereas only two peakP1, and PBare observed in the otherdbped graphene sheets.

P2 is not visible in the * region dueto the posible overlap from the strong P&ak.

Table 31 Atomic N fraction deduced from quantification of the EELEKNdgedrom Figure
3.5 (error acquired from EELSuantification routine in Digital MicrographReprinted with
permission from refl138] (S. Stambulat al.2014) Copyright © 2014 American Chemical

Society.
graphene sheet numb@rea number’ P_ercent N
' (normalized to C anil)
1(2) 7.3%+1.0
1(2) 6.6 £0.9
2 6.9+0.9
3 6.0+0.8

From spatially resolved EELS measuremaitseveral FLG flakes, it is also clear
that N is not present in every sheet its concentration is below the practical detection
limit of EELS of approximately 0.5% in our experimental conditions. It caprioposed
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 procesanithenia
gas waild likely be more readily available to sheets directly exposed to the flow of the gas
rather thamwithin regions of the batghowderwhere doping would be limited by diffusion.
N-doped graphene sheetsTable 31 were likely located near the surface of the batch
powderduring the doping process, while the sheets without a detectakledge were
likely located deeper within the powder.

The NK near edge structures of the electrode material presented herestiyges
each of thelopant sitegpyridinic/pyrrolic (P1), aminécyanic (P2), and graphitic (P3are

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 dleetrochemical
performance. Nevertheless, thedNpants are not homogmusly distributed across the
graphene sheets or within the FLG sample, gussiblyresulting in local variations dhe

ORR. Our results also suggest that local measurersantsas the ones reported in the
present workrather than average measurements with bbesoin methods, need to be
carried out in order to optimize the synthesis and thus ensure full utilization of the electrode

support for the ORR.

3.2.2.1DensityFunctioral Theory (DFT)ELNES Calculations

In order to better understand the origins of the peaks irthegion ofthe NK edge DFT
was used to modi¢he ELNES structure using WIENJ&52].°> WIEN2K is an ab initio
basedsoftware pakage 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 includecabnsn its
calcdation rather than employing pseugotentials, where the cestates and nuclei are
combined into a single potenti§l53]. This program is commonly used to calculate
ELNES spectrd131], [154], as the calculated total DAS very precise from the full
potential code. Unfortunately, this can lead to lengthy calculations, thus WIEN2k is not
recommended for large unit celldsor more information on WIEN2k and its
implemenétion the following references can be consuligsb], [156], [157].

In order to complete the calculatiorggaphene crystal structures were prashlic
following a simuléion fromWarneret al.[154]. Two main considerations weappliedas
follows: (1) a large (2% c-spacing was used to prevent the interaction of graphene sheets,

and(2) the sukunits for the Ndoped graphensheetsvere ingeased to a 3x3x1 supeell

51 would like to thank Dr. Matthieu Bugnet and Dr. Stefadffler for discusions concerning DFT
implementation, WIEN2k code, and WIEN2k downfalls for graphene modelling.
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to prevent the interactioof the dopant$l54]. Each graphene structure was produced by
Dr. Ali Malek, wherein they were relaxed usitige Vienna Ab initio simulation package
(VASP) beforetheir use in WIEN2k. Using thefi cif o files of the relaxed structurefiye
different graphenestructuresvere examinedFgure 3.6): graphenggraphitic Ndopant,
pyridinic N-dopantat a zigzag edgeamino Ndopant, and Pt adatom with a graphiti¢-
dopantBased on irdepth analysis of DFT parameters on ELNES calculations from single
sheet graphen¢l49] and singlewalled carbon nanotubed31], the corehole was
excluded from the calculation. While a cdrele best replicates the physical electron
excitation during the EELS process, when included in the DFT calculation the ELNES
resulsin a poor spectral matchowever,the agreement with the experimental spautr

is better when theore-hole isomitted A possible explanation for the poor spectral match
when adding the cofeole is that it is addeitito an abitrary conduction state without the
consideration of electron rearrangement after excitation. In reahig/ground state
electronic structure will be modified from thatroduction of an electron ia the
conduction bandwhich will affect the ELNES spectra and could result in the poor

agreement observed by others.
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Figure 3.6 Relaxa&l and optimized structures used for DFT calculat{@)$egend, (b) graphene,
(c) graphiticN-dopant, (d) pyridinidN-dopant, (e) amin®-dopant, (f) graphitidtN-dopant with
Pt adlaom. All structures were constructed using Vesta softyad¢

Following the construction of each structutiee symmetry was optimized using
WIENZ2k, and the DOSwere producedwith the TETRAprogram[158], [159]. Theself
consistent field$CH calculatiorwasused taconvergehe basis sdity examining theotal
DOS with varyingnumber of basis set functiofiRKmay andthe number of 4points in
reciprocal spacekfémesl) for eachstructure(Figure3.7). A linear augmeretd plane wave
(LAPW) basis set was selecteahdthelinear density approximatio.DA) was used for
the calculation of the exchangerrelation energpased on ref131]. For the structures
containing thesingle Pt adatonthe calculatios were performed with spin polarization.
Following the convergence of the DOS, the ELNES structures for the atoms of interest
were produced using tREELNES3program[157]. The k-mesh was gradly increased
for each structure until convergence was achieVed.convergence and collection semi
anglesfor the ELNES calculatiorwere selected to be a median valie20 mrad
Additionally, the spectra were selected te Sampledin all directions toremove the

anisotropic effects of the graphene structure. It was believed that this would better represent
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the nanosheets observed Figure 3.5, dueto the fact that the graphene sheets were
randomly oriented fnm the defects found within the graphene latti€ewther, a
spectraneter Gaussian broadening of ¥ was added to each spewtr based on
experimental conditions. For more accurate spectra simulaidrmsentzian with a linear
energy broadening shoul@ bppliedto the converged spectta resemblehe lifetime of
the excited state. Unfortunately, this broadenm@VIEN2k is too strongly implemented,
and therefore wasot utilized, and an externalade should be writteat a laer date.
Convergence vaks for theLAPW basis seand ELNES foreach structure can be found
in Table 32.

[El) 60 (b) 70
——rkmax 6.0 k2x2x1 DOS 50 (-5 core) rkmax 7.0 k2x2x1

—— rkmax 6.5 k2x2x1 DOS 50 (-5 core) rkmax 7.0 k3x3x1
50 {—— rkmax 7.0 k2x2x1 801 rkmax 7.0 kdx4x1
rkmax 7.5 k2x2x1

——rkmax 7.0 k5x5x1
50 1 rkmax 7.0 kBx6x1

40 —— rkmax 7.0 KTx7x1

40 4

204 r J
of 1l ""W |
0 WJMMV Bj\ JM}\.\’M

Energy (eV) Energy (eV)
Figure 3.7 Convergence of the basis sétthe graphene structumsing the totaDOS by first
converging lhe (a) RKmax, followed by the convergence of tflg) kmesh Spectra were acquired
with 50 kpoints and broadened by 0.003 Rydbergs.

30 4

DOS (states/eV)
DOS (states/eV)

20 A

20

Table 32 LAPW basis seand ELNES convergenac@lues.
LAPW Basis St 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
GraphiticPt 6.5 6x6x1 2,000
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The DOSfrom the totakrystal structurgan isolated C atom, arlde Ndopant an
be found inFigure 38 with a broadening of 0.03 Rydberggplied to the spectrdt is
expected that the incorporation of various defects and N species within the graphene lattice
will affect the DOS, as the ettronic properties are being modified through a doping
process. It has been suggested thatgia@hitic N-dopant acts as antgpe electronic
dopant to the graphene crystal structure, as an additional electron is added into the lattice
[87]. Alternatively, it has beetheorizedin literature that theminc and pyridinic type
dopansresultin a ptype dopind87]. FromFigure 38 (a) the effects of the gong can be
observed through relative shifts to the total DOS with respetitetéermi energy (0 ey
of the graphene structure. Graphdéebavess a semimetal with a zerdoand gapwhich
is observed at theermi energy. When examining the tolaDS of he graphitic dopant
with respect to the pure graphene structure, a shift towards lower energy appears with
respect to the érmi energy, thus filling theonductionband and illustrating the-type
doping.Interestingly the Pt atom on the graphiigpe dgant seems to haweeakened
the ntype behaviourfrom the total DOS, thu#ndicating that the additionaN atom
incorporatednto thegraphene lattice is acting in the chemisorption bond with the Pt atom.
The ptype characteristic of the other dopaistsot as obvious; however, there are @iec
states that appear at therfi level which is an indication of thdoping processand a
potential shiftin the valence bandswards a higher energit.can be notedrom Figure
3.8 (b) thatthe N atoms affect the totpartial DOS (PDOS)of an individual isolated atom
that is located-5 C atoms away from the dapt. This indicatethat the N atoms are not
effectively isolatedrom each otheand are interacting. Based tre atomic mode|she
N concentration are set to 2a8 % for the graphitic and pyridinic dopants, and 28/
for the amino dopant. This is not ideal, as it does not replicate a sirdbpant, thus
interaction of the Ndopants will occur within theomputation. Liet al. suggested that a
change in the dopant concentration with the size of the crystal structureochfy the
nature of the NK ELNES, as seen through intensity variations dading of the higher
energy oscillationg130]. Lastly, the totalPDOS of the Ndopants can be observaud
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Figure 38 (c). Here the contribution of the changes in the total DOS obseirvé&igure
3.8 (a) canbe isolatedo the Ndopants, such th#lte ntype behavior from the graphitic
dopant is observed Figure 38 (c) asashift of theconductiorband toenergiedelow the
fermi energy, and the-fype behawr of the amino and pidinic dopant is observed as
shift in thevalenceband tavards higher energieés a final notethe graphitiePt dopant
has a nearlpverlapping DOS for the spiap and spirdown calculatios, suggesting that

spin polarization callations are not necessary in tsisucture
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Figure 3.8 Converged DO$%or the five structures outline iFgure 3.6 showing the (a) total

DOS, (b) total APDOS from an isolated C atofeane legend as (g)and (c) the totdPDOS

from the Ndopant.Spectra were acquired with 5pkints and broadened by08.Rydberggo
smooth the noise.

When probing the ELNES structure in graphewe are observing the 3% 2 p
transition of the core electron, andindoinggear e exami ni ng t he
states from thezpand p and g orbitals, respectively. With this being said, tbeal PDOS
of the N atoms antheir p-orbitals are plotteth Figure 39. Simply by examining the total
N-PDOS it is apparent that local changes with the band structure ocasexlton the
incorporated Ndopant indicating the origins of the sensitivity othe NK edge for

fingerprining the type of dopant present in the sample. Based on thesfdtesthe

approximate shape ofthell edge can be resolved, such

at | ower energy and broader 0* Fepnéeendrgy.at

Interestingly,of the four structures examinetie peaks in the pyridiaitype dopantvere
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more spread out. It should be noted that in the case of the pwigi@adopant, thep

orbital is out of plane due to the optimized orientation introduced by WIENZ2k, thug the p
orbital i s r el at edandtporhitallare related tash ea t e *Thesitda tt en.e  p
broadening of the NPDOS for the pyridinigype dopant differérom Schiroset al. [87],

Lie et al.[130], and Linet.al[132],inwhi ch sharp ~* peaks were obse
an effect of the doping concentration, as suggested blydli[130], or due to the fact that

the pyridinic dopant was set at a-zigg versus a vacancgnfigurationcommonlyused

in literature
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Figure 3.9 N-dopant PDOS for the total N contribution angpMtatesPDOS of (a,c,e,q,ithe

total N contributioras constructed from the-dland Np statesand of (b,d,f,h,j) the Np state as

constructed byhe p, py, and p states. The specific dopants examined are (a,b) graphitic, (c,d)
pyridinic, (e,f) amino, (g,h) graphitiPtspindown, and (i,j) graphitiePt-spinup.
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Using the converged DOS and fRELNES3rogram the NK edgeELNESfrom
each Ndopantwas calculated as shownin Figure 3.10. Through comparison b the
calculated ELNESo the Np PDOS inFigure 39 (d), the origins of the peaks in the-
edge can be detained. As expected, the amino and pyridinic structures resulted in broad
“* and 0* peaks, which differ from those found in literaty8], [130], [132]. However,
the graphitiedopant results in a sharper (~0 eV)and 0* (=7 eV) peak, whichmore
closely resembles literatustructureg§131], [149], [154], [132]. The comparison with the
experimentally obtainetll-K edge fromFigure 3.5 to the computedtructures irFigure
3.10is the most importanaspect for examining the validity of the calculatias these
structureswvould ideallybe used to cracterize the specific peaks associated with the N
dopants in the graphene-W edge. Unfortunately, the three peaks observed in the
experimental NK edgewerenot replicatedrom the calculationexcept forthe graphitic
dopant.Initially, optimism for ths calculation was quite high, based on the successful
modellingin literatureof C-K ELNESfrom 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 highetegree of complications when attempting to model the system.
First, the graphene used to obtain th& N Figure 3.5 is multilayered, and has a total
doping concentration of ~7 af6 (normalized to C and Npr less with varying
concentrations of individual dopants. It has been suggested bst lal. that the
concentration of the dopants will affect the DOS and hence the ELNES str[i&30te
This suggests that a model structure thettdy represents the experimental conditions
should be used. laneffort to obtain anore representativéistribution of theN-dopants,
X-ray spectroscopy can be used to gatherelativeat. %for each dopant on an average
scale. Furthermore, the prese of different defects in the graphene lattice have been
shownto greatly affect theeLNES ofthe GK edge, thus it can be suggested that the
selection of the Mlopants and the defeacisth their relative proximityto the Ndopant
under examinatiommayalsoaffect theoverallN-K edge[160]. Throughinspection othe

HRTEM imagesn Figure3.1 (c) and (d)possibledefectamay rangdrom point defects to
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graphene edges and foldindhérefore, the effect of defects on theKNshould be also be
examinedLastly, Arenalet al.[131] noted that the presence of N in an amorphous C layer
resulted in a significant change in thekKNedge with respect to the grapbidopant
resulting in a broadeninand overlappin@f the "* and (* peaks. As they suggested, this
amorphoudayer may not be visible at low magnificat®ar spatial resolution, thus

would notbe accounted for in the proposeekNedge structures. BhN-K edgeacquired
experimentallyherewas collected at a low magnification, to increase the signal to noise
ratio, thus an amorphous layer magvegone unnoticedtherefore possiblyesulting in

the discrepancies between the experimental and computecEDNES. Overall, it is
suggested that the individual dopants modeled using WIEN2k do not represent the
configuration of the Ndopants in this system. It is possible that the spectral signatures
found in literature match the experimental data with moreigien than the results found
here, due to the fact that single sheet graphene and CNTs were examined with specific

dopant configuratiomimaged with STEM.
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Figure 3.10 Calculated NK ELNES for each Ndopant (a) pyridinic, (b) amio, (c) graphitic, (d)
graphiticPtspindown, and (e) graphiti®tspinup.

Comparison of the WIERk datato calculations andgxperimentsin literature

suggestshat WIENZ2k can effectively calculate theK edge of thegraphitictype dopant.

Other thanthe potential causes for the disagreemegttvben the ELNES calculated in

Figure3.10, andthe experimental data Figure3.5 discusse@bove additionalcauses of

inconsstenciesnay 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 electrotheondystal

(i.e. elastic scatteringnultiple scatteringandchannéing). Because graphene is a single
layer, this effectshould bear little influence on the accuracy of the simulation to produce
the same structurasthe ELNES spectraHowever,in the @se of the experimental data
which is from a multilayered graphene sheet, this may have a small &éecindly, the
existence of an excitonic state between the -bote and excited electron @oorly
described by DFTWith the complexity of the structarto be calculatedand the shoft
comings of the code, the possibility of achieving a direct spectral niegtivteen the
experimental and computed ELNESunlikely without the direct characterization of the

Pt bonding location with respect to the spedificlopants and lattice defects.

3.2.3 Pt Catalyst

The Pt atoms and clusters deposited edojded graphene through ALD avesible in
Figure3.11(a,b,c) usig HAADF imaging, where they appear as bright dots awtairker
backgroungdcorresponding to the graphene support and vacuum. In each image, the N
doped graphene hdscalized small regions with fewer laye(examples encircled in
orange) and folds, resulting in intensity variations in the support mateoabifthe mass
contrast contribution in the HAADF signal. The graphene andoping production
method consistently yields multilayered, and folded sheets, as determined through HRTEM
(Figure 3.1 (c)). Due to the mullayered nature of theN-doped FLG and sheet
misorientation®bserved fronthe computedliffractogram Figure 3.1 (d)), the graphene
lattice cannot be resolvaasing the experimental conditions for ddAADF imaging.
Similarly, the exact location of the Pt atomvgh respect tahe graphendnexagonal lattice

and the Ndopants, as done previoudly other researchevgith other elements on single
layer graphenecannot be retrievefll40], [120], [161]. However, through quantitative

analysis ofthe HAADF signals in our imagesje can retrieve the location tfe edges
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(yellow lines) composinghe N-dopedFLG and Pt atom and clustkrcations (pink dofs
(Figure3.11 (d,e,)). From this analysis, it is clear that the Pt atoms are primarily located
along the edges of the graphene stacked nanoshegtsfew Pt atoms situated in the
central parr of the sheetg¢indicated by green arrowslRemarkably, in each set of ALD
cycles (50, 100, and 150), Pt atoms and-&@m clusters are observed on thadped
graphene suppqgnather than nanoparticles. According to ®airal.[162], increased ALD

cycling results in increased Pt loading, and the formation and growth of nanopatrticles on
pure graphene nanosheets. Instead, our work shows that the growth of nanoparticles did
not occur within the Nloped graphene samples, as dt@ms and clusters appear to be
stabilized and thus rendered immobitsy the defects within the goaene lattice and the
N-dopants. Also, decreasedominalPt loading in comparison to the graphene nanosheets
reported by Suet al.[162] may be responsible for the lack of nanoparticles in tu@ped
samplesFurthermore, our measurements show that the specific Pt density indibieel
samples varied amongst locations on the graphene sheets, likely due to local variations in
defects in the graphene lattice;ddpant concentration, dopant site distributi@md
variations in Pt loadingt is expected, as suggested by Hsathl.[34], that increasing

the number of ALD cycles and therefore thed@iding, will eventually form nanoparticles

as the Ndopant and edge nucleatisites are filled by Pt atoms; howevtris 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 Ptobys on Ndoped FLGRaw (left) and
processed (right) HAADF images of (a,d) 50, (b,e) 100, and (c,f) 150 ALD Pt cyclesiopéed
graphene, respectively. The orange circles in the raw images locate the specifidthréager
layers in the graphene e from the destructive thermexfoliationprocess. 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 SRepointed with
permission from refl138] (S. Stambulat al.2014) Copyright © 2014 American Chemical
Society.
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HRTEM, using negativepherical aberratioimagingconditions(Figure3.12), can
be used t@rovide complementary informati to the HAADF imagem Figure3.11. The
Pt atoms are observed as sharp dotiseRIRTEM imageg163], [164] and the amorphous
C contamination is encircled in blue, where the conth#ite image is dependent on the
microscopemaging parametersiowever, the unambiguous identification of Pt atoms and
clusters is difficult in the HRTEM images, due to the multiplgered nature of the
grapheneTo more precisely observe the locatidrtlee Pt with respect to local graphene
defects and Mlopants, experiments with single sheet graphene would need to be

conducted.

Figure 3.12HRTEM image of Ndoped graphene with 50 ALD Pt cycles at two separate
locations(a) and ) (G -15em for each image)lhe 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 ambigReysinted with permission fromfte

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

Further, the presence of Pt on tNedopedFLG is confirmed with EDXSn a
similar sampleo Figure3.11with 100 ALD Pt cycles on Mloped graphen@igure3.13).
Small Pt peaks are present in the EDX spectrum cfahmple Figure3.13), while no such
peaks are observediine 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 thesample and the reference spectrum contain Si, which could be a
contaminant originating from the lacey C suppdtie spectrum from the -NopedFLG

and the comparison of the-ilacuum spectrum confirm that the Pt signal is arising from
the sample rather thainstrumental effects or contamination. Further, the O in both the
reference and sample spectra is relatethémxidized Si that contaminated tHacey C
supportandan incomplete reduction of the graphite oxidespectively
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Figure 3.13EDX spectra from a refence area and the sani@elEM image of respective areas
utilized to acquire (b) the reference and sample EDX spgsitrélar sample to those Figure
3.11with 100 ALD Pt cgles on Ndoped graphenelReprinted with permission from rgfL38]

(S. Stambulat al.2014) Copyright © 2014 American Chemical Society.

The relationship between the Pt observation and the detection of N in different
bondng configurationsan now beconsideredThrough various calculatiof41], [76] in
literature it has been shown that Pt is expected to bind to the C atoms adjacedpais
due to the imposegbsitive chargelndeed Holmeset al.[41] showedhat 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 resalts1 increased Pt loading without
Pt agglomeration, as shovim Figure 3.11 andFigure 3.12, through the production of Pt
atoms and clusters. The predominant locatioftoat Ndoped graphenedges(Figure
3.11), and the lack of Pt ripeninig consistent with calculatiorj62], suggestinghat the
adsorption energy of Pt on graphene is enhanced atl@cgens due to dangling bonds
andthe presence of pyridinitype dopants at the FLG edglus allowing for the stable
formation of atoms and cluste/dditionally, Konget al.[62] calculated thathe diffusion
rate of Pton the surface of graphene is greater than the diffusion at edgensitels,is
consistent with thexperimental data found here with theation of Pt on graphene edges.
An additional contribution to the observation is due to Grates. [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 nanq&issed with green arrows
in Figure3.11), andnot as Pt nanopatrticles, likely linked to Ndopants increasing the-Pt
C bond energyor to vacancies in the graphene lat{g&]. This possiblysuggests that the
Pt remains in atomic and atormgtuster form on the Ndoped graphene due to the
incorporation ofvacancies and edge defects, #mgincreased binding energy between Pt
and Cfrom N-dopantstherebyreducing the mobility of Pt on the surface of the FaGd
preventing the growth into larger ngrarticlesThe EEL spectran Figure3.5indicate 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 edbesef sheets.
According to calculations performed by Holnetsal.[41], Pt nucleation is more favorable
on pyridinictype dopants rather than graphitype, while Pt ripening is unfavorable on
pyridinic-type in comparison tgraphitictype. Our study agreewith thesecalculations
[41], as the EElspectra irFigure3.5 indicate that both pyridinic (P4and graphitic (P3)
type dopants moderate the effect lmjth ripening and nucleation in the sample.
collaboration withDr. Ali Malek (Simon Fraser Universityralculationsvere performed
to determine the binding engrgf Pt on different Ndopantsm single sheet graphene. It

was determined that the Pt Hing energywas greatest when locatedbindng spots 1
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and 5 (or 6)in Figure 3.14 on pyridinictype dopants, as compared to graphene and
graphitic Ndopants. The schematicdiagram in Figure 3.14 illustrates thebonding
configuration of the stabilized Pt atoms at the edge location adjacent to the pytyiganic
dopant One should note, however, thiaé binding energy of Pt to a pyridirigpe dopant

at a vacancy or the gancy 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 dopantNeverthelessiiis clearfrom Figure3.11, and the calculations performed to
produceFigure3.14, 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 nanoparticlédsefrom
increased binding energy of available dangling bpadd the decreased ripening from N

dopants.

Figure 3.14 Calculationof Pt atons (purple)located at an edge site bonded to C atfmsyn)
adjacent to a pyridinidopant(green). Based on energy calculations performed by Dr. Ali Malek
the most stable configuration of Pt orddped graphene occurs at locations 1 afat B).
Structure was constructed using Vesta softiadg

It is still unclear if the sheer volume of graphene dedestd edgesvithin the N
doped FLGeffectthe preferred bind spots, and hence the size of tex&thined. It can be
argued that the Ritomwill preferto bind to edge locatiors defects whetheror not an
N-dopant is presentOtherthan calculations, this would require andepth experiment
ensuringthe ALD is performed withidentical experimental setp on graphene and-N

doped graphenesamplesthat contain theFLG sheets with thesame ratio ofthe
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circumferencef the edgeso the surface area of thimsal planeThis experimentouldbe
compléded in the future; however, a higlifficulty level isexpected due to estimating the
total edge area with respect to the surface afdhe basal plane. ily ratios thatare
relatively similar should be examinednd compared for the Pt size on graphene and N
doped graphene substratesensure the edge effects are removed from the experimental
results Further complicatios with this study could result from observationd &t on
graphendrom Zanet al.[165], [120]. They found thaimetalatomscanbe mobile under
the electron beam and divide small clusters into atoms, which inevitably leads to the
distribution of @oms along the graphene edges, wherein catalytic hole growth and repair
can ensuélVanget al.also determined that Si atoms are mobile and can also act as catalysts
for graphene hole growth under electron beam expd$664. With this understanding it
is possiblego proposehat the Pt atoms were dragged toekge of theN-doped graphene
sheetsvith thehelp of the electroheam. In the specific conditions usadheexperiments
discussed earliethe movement of the Ritams with the beam cannot beonclusively
omitted It can be suggested that if the Pt atoms did nnoder the influence ahe electron
beam thenthis movement would inevitabkesult inthe Pt atoms finding thenost stable
sites thus suggestinthattheedge location is the preferred nucleation sites when the atoms
are provided conditions for diffusion

The role of Ndopant sites on the ALD growth mechanisan also be discussed
Literature orC nanotubesdicates that a substraémhanced growth raté ALD Pt occurs
when defects are introduced Gyplasma treatmeriB4], [167]. Thatwork showed that Pt
atoms initially attach at defect siteand then linearly grow into nanoparticles with
subsegent ALD cycles once the defect sitagere 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 forrmwiueleationsites
remain available by ensurinpe Pt atomic density does not exceed ldigce defect
density.The Iteraturediscussedhere,and the results shown Figure3.11, suggesthat in

order to ensurdt atoms and clusters are consistently formed, both defectioepbd
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graphene and ALD are requirgadl increasethe binding energy from dangling bonds at
defect sites and Mopants,and to control the Ptdensity with deposition cycles,
respectivelyBecatse the Ndopant 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 coaihing Pt nanoparticles, while other areas with high N concentration will

still maintain atoms and clusters. &n 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 NDoped
Graphene

Taking an industrialperspective the production of stable single Pt atom catalysts is
importantwhen consideringhte potential for theoverall reduction in the cost tthe
PEMFC, but the real figure of merit is the catalytic activity of the single atohne
literature predic, through DFT calculationghe potential for single atoms to behave as
efficient ORR catalgts through the optimization of the electronic structure witerded

to a defective graphene lattid80]. Conversely it is generally believedwithin the FC
community that the catalytic properties of Btelimited to partides witha diametewof 2

to 3 nm[168], [169]. This belief potentially originates from the examinationchifsters
andparticles consisting of the fAmagian numbe
structures[168]. When comparing neeymmetrical structures to the icosahedroms Pt
cluster, which have similar electronic properties, it was determined that the less
symmetrical Pt hada catalytic activity greater thanf@ld when compared to B{168],

and Pig hada greater than-Bld catalytic activity[170]. This suggests that when dealing

with Pt clustersas opposed to nanoparticléise surface geometry cgneatly change the
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catalytic activity Thus,the pure electronic model predictedlgmmer and Norskoj22]
may no longer hold. It was determined through DFT that the sharp edges rufrthe
symmetricaklusters were responsgfor the enhanced ORR catalytic actijity0]. This
finding was contradicted bfaronset al.throudh a detailed electron microscopgalysis
accompanied bYDFT calculations in which theO binding energyf real catalysts as
calculated through atom countingnangarticles rangingn sizefrom approximately 2 to
5 nm[27]. It was determined that the reduced atomic coordination induced from the surface
roughness of the real particl@s comparisorio the commonly examined cuoetahedron
particlesincreased th® bindingenergy for small Pt nanoparticlg¥]. Thesecalculations
showed a steep decreasé¢ha potential focatalytic activity for particles less than 3.5 nm.
It can be suggested that thieding energwf O to the Pt catalystannotbedirectly
compared for nanoparticles teal nonsymmetricalPt clusters, due to the drastic change
in atomic coordination and shape. Under these circumstances more calsukatidn
experiments are required fibre ORR of small clusters and single atoms. More specifically
in the case of clusters and single atpthe electronic structure of the substrate and atom
must be considered as one enty the electron exchange durthg bonding process can
result in a generamodification in the electonic structure of theatalyst. It has been
observed through experimentation goedicted fromDFT calculations that there is a
reduction in the number of electrons in therdital forsingle Pt atoms when adsorbed on
N-doped grapheng32]. Unfortunately, the work performetthrough ourcollaboraors,
showed thathe single atom Pt catalystgerenot effectivefor the ORR.X. Zhanget al.
determined that simgatom Nb catalystsmbeddedh graphitic sheets had a higher kinetic
limiting current density than commercially available Pt catalystsa basic medium)
which they attributed to the promotion of the fealectron pathwayl171]. Additionally,
Zhanget al.[172] reporedthat the combination of single Ru atoms witlubped graphene
produce a higher mass activity of the ORR reactioan acidic medium similar to the
PEMFC Through DFT calculatiomthey proposed that a Ru=84 speciecontributel to

the enhanced catalytic activif§72]. Similarly, Fe atoms in C/N macromolecules have
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been seen to be active for the ORR, which has beenbedto a transition in oxidation
state at different applied potentigls 3], and a FebCi> moiety[174]. More examples of
successful single atom catalysts for the ORR are reviewed by #tatd44], wherein
Co atomswere shownto have anORR activity greater than commercially available Pt
nanoparticles on C blagk75]. The specific cause for the poor ORR activity observed for
the samples presented in this wkot completely understood, but can be hypothesized
to be related to the effect of the substidtt], the particle size§30], or potentially the
presence of the organic component of the Pt precdrsoto incomplete reduction during
ALD. Choiet al.demonstrated that the ORR on Pt atoms @of$d C zeolites undergo
the twoelectron pathway, which is less prevalent on larger clusters and Pt nanoparticles
wherein the fowelectron pathway dominatefll 76]. 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 thret production of only single Pt atoms
and clusters using thALD techniqueas shown irFigure3.11 wasan irregularity It was
more commonlyfound thatthe size of the Pt entitiesould vary from single atoms to
nanoparticles when operatingaet low a0 ALD cycles. Qualitative variations in Pt size
and density were observed onddped graphene and gtene nanosheets within
individual and betweemultiple experimental runs, thus should be noted that the Pt
clustersize duringALD is not as easily aatrolled as previously discussékhe Pt size can
be affected by many contributing factors such as the number of cyaeposition
temperature, @pressure and exposure time pRecursolexposure 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 considerationthe direct reason for the low catalytic
performancef the Ptatoms clusters andnangarticlesfor the ORR is complicated, such
that a range of Pt sizexist in a single electrocatalytic experimemhe system isthen

further obscuredby the fact that the Pt may be adsorbed to different locations on-the N
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doped graphene lattice, includiagriousN-dopants, graphene defects, edge locations, and
surface hydrocarbon contamination. According to Holeteal. the specific binding
locationof the Pt on the Mloped graphenean vary thed-band center of the Pt cluster
thus resulting in individual changes in the actiyitg]. Moreover, the electronic structure
of the Pt cluster or pacle 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 maye constructechowever, this will require HilepthDFT analysis and a better
controlled production method for botthe N-doped graphene and Pt deposition.
Examination of controlled Pt deposition will be analyze€hapter Five

Unexpectedly it wasexperimentallydetermined that the Pt atomdusters and
nanoparticlesre electrochemically active for the HEIRcan be proposed that the faster
kinetics of the HER contribute to the enhanced electrochemical tactori the HER
opposed to the ORR, thus the reaction may bedéssted by changes in the electronic
and geometrical variations of the Pt entities on differeigtoNants and defect siteBhe
following section will outline potential HER catalys&nd thke experimentally achieved
activity for the ALD Pt on Ndoped gaphene and graphene nanoshaetsomparison to

conventional Phangarticles orC black.

3.2.4.1 HERElectroatalyst Selection

Utilizing the samead-band theory as the ORR reaction, prefdrelectrocatalysts for the

HER reaction can be assigned based on the individual electronic system. Once again
Norskovet al.performed detailed DFT analysis on the HER reactiatetermine théree

energy of adsorption of H on bulk catalyst sueia andcompared thest experimental
valuesin theliterature[180]. Similarto the ORRPt homocatalysts are the most active for

the HER, as the adsorbed H atdoes not bind weakly or strongly based on théand

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 theASIER.
outlined in numerous review papeoshercatalysts include: Pt/meprecious metal alloys
(Ni-Mo), transition metal chalogenides (M9S and nonmetallic materials with
carbides/nitrides/borides/phosphidds81], [182], [183], [184], [185]. Examination and
comparison of various electrocatalysts to Pt for the HiflRates that work is still required
to further increase the catalytic activity of thew potential catalystin orde for them to

be competitivewith Pt Within the following section Pt atoms and clusters will be
examined as potential electrocatalysisexaminethe effect of the size reducticend

substraten theefficiency forthe HER.

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

During these experiments the material preparati&t,D, and electrochemical
characterization wereompletedby Dr . Sunds gr oulp2]. aTEM descr i
analyss was performedvith an FEI Titan 86800 Cubed TEM using ADF imaging
conditions and an XFEG operating at an 80dd¢elerating voltagerhe hexapole based
probe corrector was utilized to minimize the aberrations in the probe forming lens. Prior to
imaging the samples were baked at 100in vacuum to prevent beamduced
contamination.

Qualitativeimageanalysis was completed for thedéped graphene nanosheets for
both 50 and 100 ALD cycles before aater accelerated degradation tests (ALHiyure
3.15(a-d)) for 1,000 electrochemical cycleRrior to electrochemical cycling the-doped
graphene samples were examined derminedo have a range of Pt sizes from atoms,
clusters, and nanoparticlds should e notedthat for both50 and 10ALD cyclesthe Pt
size rangd from atoms to nanoparticlesith inhomogeneous distributions between N

doped nanosheets from the saomneductionbatch It is possible that this inhomogeneous
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distribution of Pt sizes could lzeresult from the observed inhomogeneity in thddping
describedin Chapter 3.22 NitrogerDoping The Pt loadinf) was measuredising
inductively coupled plasmatomic emission spectroscopy (KMES), which showe a
lower Pt loadig (2.1weight % (vt. %)) on the 50 ALD cyclegample 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 nanopatrticles.

While physical characterizain 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 (hnormalized to geometric area of electrode) activity
at an overpotential 0f0.05 V (igure 315 (e)), as compared te@onventional Pt
nanoparticles (4.2 nyh on C black supports. Examination of the activities before
electrochemicatycling indicate that the ALD samples performed signiitbabetter than
the conventional Pt catalysts. While the ALD samples shomezmogeneitypetween the
N-doped sheets, it can peoposedhat the presence of the Pt atoms and clusters resulted
in the increased catalytic activity observed foodt samplesMoreover, a significant
improvement in the activity can be observed in3BALD sample when comparingoth
the specific ananass activity before and aft&DTs (Figure 315). Qualitativeanalysis
was performedor the ALD samples after the ADT tegstigure 315 (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 theddped nanosheethis statement is not conclusive
Cases in whichnhomogeneousizes exist within a single experimental batefjuirea
more detailed analysis when comparing catalysts before and after cycling, which was
outside of the scope of this investigatibnt isoutlined in Chapter3.2.5 ILTEM of Pt ;
Graphene and Nloped Graphenef this thesisWhile the exact cause for the increased

activity of the ALD N-doped samplesompared to the Pt/C sampmlannd be specificdue

u

5IC,-AES was measured by Dr. Sunds gr p
r by Dr. Sunds

0
'Size of nanoparticles were measur ed
an FEI Titan 86800 CryoTwin TEM with an SFEG and a 300 kV source.
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to theinhomogeneousature of the Pt deposition,dan besuggested that the Pt atoms and
clusters are responsible for this occurreridas agrees with Bulushest al.[186], who
determined that single Pt atsion N-dopedC nanofibers increased the turnover frequency
for the HER in formic acid when compared to samples containing larger nanopalrticles.
the future better control of the ALD process is desiredch that a more precise size range
can be achievethereby resolwgthedispute in literatureelated tolie particle size versus

catalyticactivity throughfirm and conclusive evidence
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Figure 3.15 ADF images and respective HER activity ofddped graphene with 50 and 100
ALD cycles.ADF images of(a) 50ALD Ptcycles orN-doped graphene nanoshe¢tg,50ALD
Ptcycles onN-doped graphene nanosheets afteir, (¢) 100 ALD Ptcycles orN-doped
graphene nanoshegtsd(d) 100 ALD Ptcycles onN-doped graphene nanosheafier ADT
[32] (N. Cheng, S.Stambukt al.2016) (e) The electrochemical activity of the species inr(@)
and for convational Pt nanoparticles on C blaelectrodes as measur grdupadby Dr . Suno
an overpotential 0f0.05V. Adapted from[32] (N. Cheng, S.Stambukt al. 2016)
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In an attempto better understand the systdhme effect of the substrate was also
examined, in which ALD was used to deposit Pt on graphene nanodfigats 316 (a)).
Similar to the Ndoped graphene, the graphene nanostedtibited a range of Pt sizes
from atoms to nanoparticlesvhich could vary locally and between multiple graphene
nanosheetsThrough comparison of the catalytic activity of thedblped graphene to the
graphene nanosheegitscan beobservedhat there is slight reduction in the activity when
comparingsamples wittb0 ALD cycles.The reduction in the Pt activity on the graphene
substrate versus the-ddped graphene substrate could originate from the substrate effect,
due to the different bonding natureRt on different defestor dopantsThese results are
similar to Bulushe\et al. [186], wherein they found that the Pt atoms have an improved
turnover frequency on fdoped C nanofibers in comparison to rawped C fiberskei et
al. [187] also established that Co atoms performaate efficiently for the HER when
deposited on Mloped graphene, as opposed to graphene; however, the Co atoms on the N
doped graphene did not eperformthe Pt/C sampldmportantly, the catalytic activity of
the 50 ALD graphene nanosheet sample is higher tharfPtil@ sample.This further
supports the fact that the Pt atoms and clusters present on the ALD samptgse(Nand
pristine graphene) are responsible for theaased catalytic activitgs compared to tHet
nanoparticles found on the C blaskbstrateThis resultalso illustrateshat the electronic
structure of the catalyst at@fulustes still dictates the activity of the HER, thysas
predicted by Norskowet al. [180], Pt is the most efficient homocatalyst for the HER.
Furthermoreas apparent ifrigure 316 (c), the activity observed aftehe ADTson the
graphene samptmused a greatdecrease in the specific activity compared tdNkdoped
graphenesupport This may suggeghatthe stronger Pt adsorption enefg§f] on the N
doped substrate is responsible for the decreased reduction in the catalyilg et
cycling, when comparing the fdoped graphene to graphene substrate, thus resulting in
more stable Pt atoms and clusters with electrocatalytic cy@ingM images were also
acquired after ADTof the graphene sampldsut quantitative analysis wast performed.

From the images showin Figure 316 (b) a slight increasen the Ptsize is plausible
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however, the inhomogeneous nature of the deposition method mustnselered
therefore a fair comparison beten thePt sizebefore and aftecycling is not possible

when associating individual nanosheets

(c) 18

N-Doped

-Doped Cycled

16
14_- raphene
raphene Cycled

12 4

Activity

Specific Activity (mA cm?)

Figure 3.16 Catalytic activity comparison ofddoped graphene to graphene with 50 ALD Pt
cycles.ADF images ofa) 50 ALD Ptgraphe&e nanoshestand(b) 50 ALD Ptgraphene
nanoshesatafter ADT[32] (N. Cheng, S.Stambulket al.2016) The specific activity of species in
(a) and (b) compared &0 ALD Pton N-doped graphene nanostedtdapted fom [32] (N.
Cheng, S.Stambulket al.2016)

3.25ILTEM of Pt on Graphene and Ndoped Graphene

In order toaccount fothe effects of the inhomogeneities of the Pt catalysts on the graphene
support material, identical locati@TEM (ILSTEM) imagingneeds tde used to examine
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the stability of the Pt atoms antlstes for the HER. Thisnethodis used tostudyboth
graphene and {doped graphene suppaoniaterialfor a sample prepared with 50 Pt ALD
cycles. The initial experimental design and results will be discusséde following

sectionswith possible improvementnd considerations for future experiments.

3.2.5.1 Experimentalonditions

The experimental setp (with exclusion to the microscope settings) and sample
preparation was completed through consultation with agasoral fellow in the group
with IL-STEM experienceDr. Lidia Chinchila. Au Quantifoil® holey C TEM grids from
Ted Pella Inc with a 300 mesh aneh® holes were used to support the graphene substrate.
A dilute graphendand Ndoped grapheng)owder (light grey in colour) was suspended
and utrasonicated irhigh performance liquid chromatography (HPLC) gradethanol.
One drop was applied to the TEM grid using a glass pip&lte.sample was baked in
vacuum at 10T overnight prior to TEM examination. High resolution HAADF imaging
was completd using the Titan 8300 Cubed with the spherical aberrations in the probe
lens minimized A dose and dose rate of approximatel§ 2 1¢ enm? and 7.8 x 10e
nm?st were used, respectivel series of images with increasing magnification were
acquied and mapped such that the exact location of the graphesis ahald be found
aftercycling (Figure 317).
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Figure 3.17 IL-TEM microscopy setip and notes for easy identification of sanmmbsitions.(a)
The directiorthatthe TEM grid was placed into holdeas notedo ensure a mirror imageas
not obtained if inserted upside down after cycling, and (b) the location of the sample within the
TEM meshwas notedwith respect to the centef the grid. A seriesf images ((c) and (dl)with
increasing magnificationsereacquired while noting the ¢ation of each subsequent image. The
number of holes in the Quantifoil holeywiasused as a reference to find the sample (c) before
and (d) aftecycling.

The TEM gridswere then sent to Western University, where Dr. Niancai Cheng
performed the electrochemical cyclifay the HER. In order to cycle the TEM grid, it was
held in contact with the glassy carbon electrode using gold wire and sap&(frigure
3.18 (a) and (b)). The polarization curves for the graphene amtbpged graphene
substrates with 50 Pt ALD cyclesecompared ifFigure 318(c), in which different curves
are observed for each substratés ppossiblethat the difference in the polarization curves
originate from the substrateatalyst such that the Mloped substrateesults in catalysts
that are more efficient for the HER reactipnas determmed in Chapter 3.2.4
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Electrochemical Activity of Pt Atoms and Clusters eDdped GrapheneA reference grid
without a sample was not examined; howevée tifference observed in the polarization
curvesfrom thetwo substratesuggests the individual substrates were involved in the
cycling processFurthermore, the polarization curves before and af@€0lcyclesan be
seen for thgrapheneKigure 318 (d)) and NdopedgrapheneKigure 318 (e)) substrate

It is evident in the curves that the initial catalyst was more efficienthi@arycled samples
wherein the graphene sample saw a larger decrease in aafteityl,000 cyles These
resuts resemble those observeddhapter3.2.4 Electrochemical Activity of Pt Atoms and
Clusters on NDoped GrapheneAfter the electrochemicatycling was completedhe
TEM grids were used for imagin The samples were stored in air at room temperature and

were baked at 100 overnightin vacuumbeforeHAADF imaging.
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Figure 3.18 Electrochemical ILTEM experimental sep and resultga) RDE electrode holding

aTEM grid in contact with the glassy carbon electrating gold wire and scotch tape dijla

schematic otheelectrode contactnitial polarization curvefrom (c) TEM grids with graphene

and Ndoped grapheneith 50 Pt ALD cycles,and(d) and (e) of graphene andde¢ped with 50
ALD Pt cycles, respectively, before and aiérctrochemicatycling for the HER
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3.2.5.2ILSTEM of Pt on Graphene and-Dloped Graphene

Two different graphene nanosheets danobserved inFigure 319 (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 PRglaaBigure

3.19 (a) is qualitatively significantly higher, thus resulting in the formation of larger Pt
sizedikely due to the increase growth regime during the ALD cydlae HAADF images
demonstratéhat the graphene substrate results in the production of singlen®s, @b
clusters, and Pt nanopatrticles, with an inhomogeneous distribution across the graphene
sheetsThe inhomogeneous distributi@ould be an effect of the substrate an intrinsic

effect of the ALD disposition on powders, based on its locationmitie ALD chamber.

Other than noting the inhomogeneity of the Pt catalyst on the graphene skjgoe,

3.19 (a) ard (c) can be compared to (d) and (e), respectivelgbservethe difference in

the individual ctalysts before and after cycling/ithin Figure 319redarrows were used

to point to locations ofPt growth after cycling and the yellow arrows point tet
atoms/clusters that underweditssolution, whether thrgih complete Pt loss or a size
decrease. While not afit entities were@xamined, the arrows indicate that both Pt growth
and dissolution are occurring simultaneously on the graphene sdngale.be suggested

that he growth mechanismappears to be occimg through coalesmce of the Pt
atoms/particlesn close proximityto each othemwhile the dissolution mechanism may be
cause by the loss of the Pt atoms to the electrolytearieffort to provide a better image

of the comparison of thébefor® and fiafterdo conditions, an overlay wasroduced in

Figure 319 (c) and (f). It is clear there were significant changes to the substrate material
preventing the direct overlap of the images before and d&& 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 catalygteoedges of the sample.
Neverthelessyrbm these figures it can be inferred thatiRdergoes growth and dissolution

with cycling, butmost importantlyatomsstill appear after cycling. More cycles should be
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completed to determine the point in which the particle growth and dissolution are
detrimentalto the catalyst surface area, theading to a poocatalyticperformance. This
can potentiallype used to understand the Jifme of the Pt catalysandto devisanethods

in which the life time can be improved.

Figure 3.19ILTEM results of the taphene substrateith 50 Pt ALD cycles (a) and (d)before,
and (h and (e) after cycling, respectively. Overlay images were prodiice(brightness and
contrast adjustd) and (f)(gammaprightnessand contrast adjust)) for the two different
graphene sheetmalyzedwherein arrows were used to sh&wcatalysgrowth (red) and
dissolution (yellow). The colour coding of the overlay imaigesich that the blue image was

acquired from before cyclin@a) and (c)jand the red image after cyclif@) and (e))

The N-doped graphene nanosheets were also examined beiigues(320 (a) and
(d)) and after Figure 320 (b) and (e)) 1,000 HER cycles. These images are quite
representative dhe 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). Interdgtinghile likely a
coinddence, each nanosheet seemedubiee Piundego either growth or dissolutior¥et,

99



Ph.D. Thesi§ Samanth&tambula McMaster University Materials Engineering

in Figure 320 (b) a nanoparticléormedin a locationwithout a clear presence of a cluster

or nanopatrticle before cycling. Thigowth process coulbdaveoriginated from single Pt
atomsin aneffort to minimize theoverallsurface energgf the systemorit may indicate
re-deposition from dissolveBtin the electrolyte solution during cyclinghis dissolution

could have taken pte from ay number of other Nloped graphene shedtsat are
simutaneou$y cycled on the TEM grid, such as that observedFigure 320 (e).
Furthermore, modifications to the-doped graphene substrate can beeplexl in the
overlayimages(Figure 320 (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 subate, or potential beam effects through interaction with the catalyst or
the edges of the samplgimilar tothe graphene sample, Pt atoms and clusters ardyclear
observed to be stable on theddped graphene sheetfiterHER cycling, likely accounting

for the increased activitybservedfter cycling from the Nloped samples Bhapter3.2.4
Electrochemical Activity of Pt Atoms and Clusters orDdped GrapheneDirect
guantitative aalysis and comparison of the ILEM 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 320ILTEM results of theN-doped graphene substrate withF0ALD cycles(a) and (d)
before, and (b) and (e) after cycling, respectively. Overlay images were produdgdigdhess
and contrast adjustedpd (f)(gammabrightnessandcontrastadjused) for the two different
graphene sheets analyzed, wheegehows were used to show Pt catalyst growth (red) and
dissolution (yellow). The colour coding of the overlay imaigesich that the blue image was

acquired from before cycling ((a) and (c)) and the red image after cycling ((b) and (e)).

While the resubk forILSTEM of Pt in the form of single atoms and clusters seems
promising basedon Figure 319 and Figure 320, some potential issues with this
measurement technique st be addressed before future measurensmsjuantitative
results are performedt 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 location§l20]. Furthermore, the beam has also been observed to break apart Pt
clusters into Pt atoma high-beam current conditiorj$20]. Thus, for techniques such as
ILSTEM, in whichit is desired to deteninethe direct effect of electrochemical cycling
the Pt catalystshe effect of the beam would ideally be removed, or at the very least
understood for particular experimental conditiolhss recommendedhat a quantitative

101



Ph.D. Thesi§ Samanth&tambula McMaster University Materials Engineering

analysis be completed @he Pt mobility with thedesiredmagining conditions, such that
the mobility is minimized. In order to accompliseduced Pt motionit may require
utilizing a lower beam enerd$88] with a lower dose rate afat dose Once he Pt motion
is determined through fast sequential STEM image analysis, quantitatevecaa be
collected from the ISTEM images, such that the exact location of the Pt atoms and sizes
can be better trustednd the effect from the beam and electrocheldgaling can be
separated

Additionally, experiments should be completed to ensure the transferring and
storing of theTEM grids is not responsible for changes to the Pt catalysts or the substrate.
As suggested by Mayrhofet al.[134], a sample with known Pt sizes should be analyzed
via exsitu andusinglL STEM. Two electrochemical conditions can be chosen fronexhe
situ experiments, i&ch that one is known to induceange in the Pt sizand the other has
no effect orthePt. The same sample batch and electrochemical cyadimgditionscan then
be applied on the IRTEM grids. The Pt size and change in substrate can be monitored
after cycling and compared to tbgsitu results If a change in the Rtasobserved in the
contol sample wherethe cycling conditions should havigle to no effect m the Pt,it
would suggesthatthe grid transfer and cycling inducing an unwanteshodificationand
should be identified befe further detailed experiments are perfornidds isan important
aspect of the study, asight sptswhich were not initially presentan be seen decorating

the Quantifoil C afterelectrochemical cyclingrigure 318).

3.3 Summary

In summary, a detailed chemalcand structural investigation of-lbped 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 thersinge hexagonal

characteristic lattice of grigne was largely preserved aftedbping, but a high density
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of defectswas present. Detailed higlsolution spectroscopic analysis through ELNES

the GK edge showed that the nature of the grapheAdgdpridization, consistent with
strong ~* and 0* pe adoging.Thedoganisitalocations ofthe d af t
N-speciesvere probedhrough detailed analysis of thelNedge, which showed strong
features consistent with pyrididyrrolic, amindcyanic and graphitic sites. Based the
literature thahas beenliscussed, the features present in the near edge structures promote
an increase in thétC binding energy.lt has beendemonstrated that the dopant
concentration varies among and withire tigraphene sheets and that local probing
techniques, rather than bulk average methods, must be used totlassdfsctivenesesf

the doping process. Most importantly, the effects of the reduced Pt particle size achieved
through ALD and the prevention tiie Pt agglomeration from-Noping 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 terrsites. This effect was maintained up to 150 ALD
cycles without the formation of nanopatrticles.

ALD cycled samples weralso analyzedfor the HER catalytic activity in
comparison to conventional Pt/C catalysts. It was determined that both the 50 #&idD100
cycled samples resulted in higher specific and mass activities than the conveRtional
nanoparticles on C blacklpon STEM examination of the ALD samples it was determined
that a range of Pt sizes existdtbm atoms and cluster® hanoparticles. Bewse all
samples produced with ALD, independent of the substrate, resulted in higher activities for
the HER in comparison to the conventional nanoparticles féaisiblethat thePt atons
and clusters are responsible for the observed enhanced catalyity.e-urthermore, upon
comparing the Nloped graphene substrate to the graphene substrate, it was determined
that the specific activitpf the Ptwas more stable after ADTs on theddped support,
which can potentially be attributed to the enhancedairfeling energy to Mloped graphene.
Further examination of this material is required to fully understand the mechanism behind

the enhanced catalytic activity, such #®e Pt sizeand specific dopant/defect effects.
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Before these effects can be fully undecsl, the control of the Pt deposition and the
substrate dopants must be enhanced. Nevertheless, the enhanced HER activity of the ALD
Pt on the Ndoped graphene is a great step forward for the hydrie@endustry.

Lastly, steps towards ILSTEM imagingere performed on Ndoped graphene and
graphene substrates with 50 ALD Pt cycles. This method is preferredxsiéu cycling
such that it allowdor the direct observation of the same Pt catalysts before and after
cycling, thus removing any ambiguities asgted with inhomogeneous distributions of Pt.
Both Pt growth and dissolutiowere observed on the #doped graphene and graphene
substrates, but most importantly the Pt atoms and clusters were stable on individual sheets
after electrochemical cycling. Wi this experiment was promising, in order to raig
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 SingleSheet N

Doped Graphene

Multilayer N-doped graphene produced through thermal reduction and exfopagieants
the physical and spectroscopic identificatadnndividual N-dopants due to thgrojection
effect of theoverlaping graphene sheet$hus, theproduction of singlesheetgraphene
for the more fundamentakxamination ofN-dopants is highly desirableThis limits
production anddopingmethods taCVD growth and/ompostprocessing of supported or
freely suspended graphesigeetsFor the ease of TEM characterizatidnis preferredto
N-dope suspended graphene TEM grids, takgg advantage afommercially available
mass produced singkheet graphengrids andhe removal of potential processing step
Doping graphene through plasma or ion implantatwnich are vell established
methoddrom the semiconductor industiyas been investigated in literatuBg. using an
N2 plasma sourcet has been reported that approximately f1%0] to 8.5% N[190] can
be dped into the graphene lattice depending on the power of the plasma source and
exposure timgresulting in the production of pyridinic, pyrrolic, graphitic and nitrogen
oxide dopants. Unfortunately, plasma doping results in the introduction of oxyggas h
as approximately 13%189], which is undesirableas graphene oxide behaves as an

insulator[67]. It was suggested that defects creatadng plasmadopingresulted in the
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increased content inthe graphenéattice due tooxidationwhenexposing the sample to
air. Lin et al.suggests that the N content cannot exceed a few atomic plncgraphitic
type dopants; however, higher concentration enely exist for other Mlopant4132].

In aneffort to decrease the contentin the Ndoped graphen@&\™ ion beamsave
beenexamined as a {doping postprocessing procedure. Initia)Jlgnergies as high as 30
keV at varying fluences (1dto 10" ionscm?) were utilized ® damage the graphene
sheets, which were then pasinealed in ammonia to create theldpantsat a doping
level of approximatelyt% [191]. Using highresolution microscopgnda He sourcef 30
keV, it was determined that anglle sheet of graphene could withstand fluences Boxto
10" jonscm? beforeinducing majoistructural changgd 92]. However jt was determined
that surfacecontaminationhad become an issueat low beamexposures and greéwpt
increased with exposure tini£92]. Rather than using such large beam enerdibigren
et al.determinedthroughmolecular dynamicNID) studies and DFT calculatiorthat the
efficiency ofN-doping reaches a maximum probiy of 55% atan energy of 50 eV when
usingonly an N* ion source[193]. Experiments then followed usirenergies o eV to
150 eV, in whichdopingoccurredsolelyfrom the ion bean194], [195], [196], and from
the amalgamation ofon beamexposureand a posannealing stepl97], [198], [199].
Generalzationsfrom these studiesoncerning the experimental conditiondicatethat, as
the ion beam energy is increasdte N concentration increases, defect density increases
to the point ofirreversibility with annealingafter 150 eV, and a preferential piginic-
dopant appeafd.99]. Furthermore, Bangedt al. observed that at an energy of @8 the
N concentration reaches an average valud%f however, thisvalue can have local
variability [196]. The ion fluencehas also been seen ttiegt the defect density in the
graphene lattice, wheeefluence greater that0'®ionscm? could result in the formation
of amorphous C even when operating at low ion beam ene@fles\f [191], [195]. In
addition the exposure time of the ion beam not only increasedNtbencentration, but
also resulted in the preferréarmationof pyridinic-type dopants due to damage induced

in the graphene latticetaf long exposure timg494], [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 cdgtitictype dopants and a decrease in N
capturedn themultilayered graphene she¢i97], [199].

This chapter will outline investigationggardingin-house doping methods using
modifiedelection microscopgample preparation instruments to prodigdasma sources
andlow energy N ion beamsAdditionally, a quantification method d@he N content was
optimized for TEM grids using Auger spectroscopy to detewith a concentration up to
approximately1%.

4.1 Nitrogen Quantification on TEM Grids Using Auger
Spectroscopy

Auger spectroscofiyis a surfaceanalysistechnique, in which electrorsan be detected
from anescape depth of 0.3 to 3 rfrem the surface of the sam200]. Undertypical
Augeroperating conditiongraphenas examinel only after ithasbeen transferretb or
grown on a solid substraf201]. Thereforeto examine dree-standinggraphene film on

a TEM grid caremust be takerto reduce thenstrumental source of electrofiem below

the sampleGraphene Supermarkiproduces graphenEEM grids consisting obne to

six layes or 0.3 to 2 nnin thicknessrespectively, thus Auger electrons can originate from
beyond tle graphene source. Wn examining thé&ree-standinggraphene filmselectron
sourcesmay emanatdérom within the spectrometer chambeesuting in an increased
background andinexpected elemental souscguring Auger detectionThe following

sectionwill discuss methods devised to redtize detection oélectronsoriginating from

8 All Auger spectroscopy and quantification was performed by the CCEM operator, Travis Casagrande.
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below the sampleand perform Auger quantification from fretéanding graphene TEM

grids.

4.1.1 Experimental Conditions andDesign

A new holder for the Auger quantificatioh@ TEM grid wagdesignedifter discussinghe
potential issuswith an experin 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 materiabelow the TEM grid while simultaneouslyreducing any
background electrons from interacting witie sampleOther thanthe geometry of the
holder, the material selection watso of importance to reduce the backgrousignal
generated from SEand backsdtered electrons. Therefore, aatarial with a low
backscatteelectron yield and neoverlapping Auger peaksith the Ndoped graphene
wasof primary interest. Considering thesenditionsthe holder was composed of &hd
machined to the specificatiorshown in Figure 4.1 (a)1° During the design of the
schematic, it was determined that the TEM grid would be held in the Technoord".inda
Model IV5 Gentle Mill holder, as it securely holds TEM grids while suspenthieg
samples in air. The measurements of the schematggure 4.1 (a) were set based on
measurements from the Gentle Mill holder, resulting in the final holder displayeguire

4.1 (b). The Gentle Mill holder is composed of Ti, which unfortunately slightly overlaps
the NKLL edge; however, the background signal will be minimized through our
experimental desigandshould have little effect on the final N quantificatidrhus, for

the proof of concept of Noping the graphene TEM grids, the Gentle Mill holder will be
used to reduce the costafkatinga specialty holdefor the TEM grid In the future for

9| would like to thank Dr. Nestor J. Zaluzec for discussing this point with me during the 2014 CCEMrsumme
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 designilar 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 ghdanaterial selection should be re

examined.

19.5 mm

Figure 4.1 TEM holder adaptation foAugerquantitation(a) schematic an¢b) machined
product

The JEOL JAMR9500F field emissiorAuger in the CCEM wasused forthe
guantification of N contenfTypically, the Augermicroscopds operated at an energy of
10 kV, a curent of 20 nA, and a tilt of 3Qvith respect to the electron guridure4.2 (a)).

In order to determine the best experimedtdignfor the TEM grid using the newolder
(TEMH) the effect of the voltagetjlt ange, and use/placement of an apertuere
examined. This was accomplished with thdization of a holey C TEM grid. During the
examinationa spot analysis was acquirbdm the film ofthe holey C TEM grid anda
neighbouringhole,which were each suspaed over the hole in the TEMIdroducingthe
representativepectra inFigure4.2 (b). Full spectra wereinitially acquired to observe the
elements detected by the spectrometben using theTEMH and a TEM grid It is
apparent that an Al pealoes noexist, suggestinthat Auger electrons were not detected
from the TEMH. C, O, and Si peaks were found the holey Cfilm and over the hole
which originate from the TEM grid
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Figure 4.2 Augerquantification experimental sep with TEMH. (a) Schematic othe Auger

arrangement(b) Spectra acquired from ti&MH when looking at a holey C TEM gridith

spectra collected from thefidm and a hole, respectively. The spectra were acquired with an
energy of 10 kV, tilt angle of®Q and a beam current of 40 nA.

Ideally, Auger electrons shuld not bedetected fromthe holein the C film.
However this background signal can ocduom theexcitation ofAuger electrons from
the nearby C film due tothe interaction with the primary electron beam or from
backscattere@lectronsand/or SEsthat are excited from the holder and/or the sample
chamberThree experimental designs were used to minimize the signal acquired over the
hole in the Cfilm: utilizing only theTEMH (Figure 43 (a)),insertinga Pt aperture on top
of the TEM gridwhen using the TEMHFigure 43 (b)), andplacing theaperturebelow
the TEM gridwhen ughg the TEMH(Figure 43 (c)). The effectof varyingthe aperture
size from300>m to 800>m was investigatetb reducehe background Auger signadior
eachanalysis,a spectrumwas acquired on the C film and coampd to thespectrum
obtained from an adjacehoble [Figure 43 (d)). The background signal was quantified by
comparing the relativdifference in the €KLL signalsattainedfrom theC film and hole,

respectivelyDuring examination of thélt angle for a single voltage at 10 kV with the
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differentgeometricalarrangements outlined fFigure 43 (a), (b), and (c), the difference

between thdighestC-KLL peakintensities(Ipeakin Figure 43 (e)) was analyzed

0 Q1 OORBQQI 0O D 6p TTT b (4.1).
In addition a more generic version of egfion (4.1 was used when comparing
experiments completed at different voltages, such that the reaifel. peak heights

were examinedby comparingthe difference between the highest peak intensigy)land

the lowest peak intensitybgtkground (Figure 43 (e)),

0 Qi OARVQQI 0O O Gp T b
4.2).
A PDof 100% woudl indicate that no signal was detected over the hole, which would result
in the ideal experimentalchemavithout a background signarhe followingsectionwill
use equation (4.1) and (4.2) to examine the effect of the proposed experiesigalthe
primary electronbeam energyand tilt angle (Figure 4.2 (a)) on theremoval of the

backgroundAuger electrons when examiningr&M grid.
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Figure 4.3 Auger quantificatiolTEMH configurationswith (a) no aperture, (b) Pt apertaieove
the TEM grid and(c) the Pt aperture below the TEM gridach measurement was completed
with a spectrum acquired fro(d) the C film (+1) andhe hole (+2) producing a (e}CLL
Auger peak.

4.1.2 Results andiscussion

The GKLL peak was examined fahe holey C TEM grids using thEEMH (Figure4.1)
and equation (4.1First, the effect of th&@ EMH tilt anglewith respect to the electron gun

was examined when operagiunder typical Auger conditions with an accelerating voltage

11 Figure 43 (e) produced by Kevin A. Villegas (summer student) for varying thicknesses of graphene on
SiOs. The thicknesses were determined using light microscopy.
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of 10 kV. Initially the TEMH with the tilt anglevaryingfrom O° to 5C at intervals of 3
(Figure 44) was examinedAt each tilt angle th@D10kV from equation (4.1) was used to
determine the decrease in the background signal. Without the use of an affégiune

44 purple), it was observed that as the tilt angle incik#sePD10kV decreased, thus
resultig in a higher background with an increasing tilt angiles possible that as the
holder was tilted the primary electron beam was potentstliging the side of the high
aspect ratio holen the TEMH resulting in the production of SEsd/or backscatted
electrons that were possibly resulting in the excitabbuger electron®f the C film
around the holelt was hypothesized that the background signal could be reduced by
decreasing the hole simethe TEMH as less primary electrons would enter bigh aspect
ratio hole in theTEMH. Rather than completely#machining the holder,saa quick test,

an Al film with a small hole (size unknown) was placed on top of the TEM grid and an
increase in the PD10k\WF{gure 44 green) was observed with resp&zthe purple curve

(no aperture)Having success with ifhhmakeshift Al aperture,a Pt aperturef 300>m
wasplaced aboveHigure 44 orange) and belowR{gure 44 blue) the TEM grid within the
Gentle Mill holder as outlined iRigure 43 (b) andFigure 43 (c), respectively. Overall

an increase in the PD10kV was observed for both positions of the aperthtbe greatest
valuebeingobtainedwhen the aperture was pladeelow the TEM gril. Simulations were

not performed to determine the specific reasoning behind the diffenenibe PD10kK
value with the position dhe aperturelt can be speculated that when the aperture is above
the TEM grid the background electragsnerated from thEEMH have aropportunityto
interact with the C film and through scattering mechanisms could result in the production

of Auger electrons in the area free from the aperture.
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Figure 4 4 Effect oftilt angleandaperture arrangemewhen operating at 10 kgn a holey C
TEM grid.*?

Following the positive results of positioning the aperture below the TEM grid
(Figure 43 (c)), the effect of the accelerati voltage, tilt angle, and aperture siwas
analyzed irFigure 45. When using the 306m aperture the maximum PD achievable was
approximately 84% at 20 kV. Upon increasing the aperture size ter80@n increase in
the PD was achieved when directlyngparing equivalent accelerationltages of 10 kV
and 20 kV, respectively. More importantlyhen operating at 20 kV with a Bperture of
800em below the TEM grida PD ranging from approximately 98% to 99% was achieved
with a tilt angle of 50to (°, respectivelylt can be hypothesized thiie PD increased
when increasing the aperture size becahsePt may have beeatting as asource of
background electrongherefore an increase irthe aperturesize could resultin the
reduction ofthe backgroundsignal when working in the center of the apertitreahould

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

12 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 k\Acceleration voltage should be utilized. This suggests that the
guantification 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 measurementitibuslues can

berelatively 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
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S ]
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Figure 45 Effect of accelerahg voltage tilt angle,and aperture size dhe PD from a holey C
TEM grid.*?

To reduce thesource of electronsriginating from belowthe sample basedon
Figure 45, it is suggestedot completethe quantification of the Moped graphene TEM
grids at an acceleration voltage of 20 kV with an aperture o€ 80placed below the TEM
grid at atilt angle of 0. However, when operating at @ith theTEMH it was determined
that the contrast in th8E image was reversefFigure 4.6 (a)) in comparison to the
conventionaloperating conditionsHigure 43 (d)). It is possible that at this tilt angle
electrons gecondary and backscatterade being excited through the haethe TEMH
resulting in the increased brightness atMue to theunusualcontrast encountered di$
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tilt angle and the relatively stable PD when operating at 20 kV with are®08perture
below the TEM grid, a tilt angle of 3@standard operating anglejll be utilized for the
quantification in the following section@~igure 4.6 (b)). When comparing the Auger
spectra on the Pt aperture and hdtegre 4.6 (e)), it is clearthat the signal greatly
decreased within the hole, resulting in@ & 98%. An AFKLL peak wa found in the
hole, originating from thé&l TEMH. Both GKLL and O-KLL are found on the aperture
and hole from surface contaminationhe examination of the low intensity spectra
originating from the hole illustrates that the TEMH was successful in rexytve electron
source from below the samptausresulting in the collection of Augelectrongrimarily

from thesuspended 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 thepawison of the
Auger spectra acquired over a hole and over an apefay®EM image acquired with the
TEMH at 2 kV and a tilt angle of 0 (b) SEM image of Auger quantification sab without a
TEM grid. Full scan Auger spectra were acquired ovethg)Pt aperture (+2) and (d) the hole
(+1), which are then compared in (e) when acquired with a 20 kV acceleration voltagea 800
apertureand 30 tilt.
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It should be noted that it was qualitatively determined through multiple
examinations during Augepuantification of Ndoped 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 aource 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,he effect of the diameter size should b&xamined with regards téigure
45to0 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 smuresults 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 quantifidgaon in which the PD is greater than 80Rtoreover, during future
analysis multiple data points should be collected with respect to each experimental

condition inFigure 45 to determine the accuracy of the measuents.

4.2 Production of NDoped Graphene TEM Grids Usingln-

House Techniques

Three irhouseelectron microscopy instrumentgere examined as N sourdesproduce
single sheet Mloped graphene: Solarus plasma cle&heFechnoorg Linda Model 1V5
GentleMill ™, and a Fischione NanoMill@GrapheneSupermarke® TEM grids [202]
werepurchased as the graphene souvaying experimental conditions were examined
and the concentration of N was quantified first using EELS, follolmed more accurate
measurement ¢dnique for low N concentratipas outlined in Section 4.1i1sing Auger

spectroscopyThe NanoMill® results were the most promising for the production of the
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singlesheet Ndoped graphene, which are discussed in thisaecFor more details
concerning the plasma cleaner, and Gentle™lilhppendix 1: Ndoping Graphene TEM

Grids using a Plasma Cleaner and Gentle Wl should be consulted.

4.2.1 Characterizaton of N-Doped Graphene Using High Resolution
STEM

The aberration correctors alldive acquisitionof high resolution images in both TEMhd
STEM. STEM imaging was performed using AQ#etectorsemiangles of 31.4 mrad to
191.9 mrag as measured by FEGonditionswith an FEI Titan 80300 Cubed TEM
equippedwith hexapolebased aberration correctforrected Electron Optical Systems
GmbH)for the probe lensand a high brightness field emission gdREG). The aberration
correctorwastuned to minimize spheritaberratiorin the probe lensAn imaging current

of 40 to 100 pAvasused(maximum dose of 1.X 10’ enm?anddose ra¢ of 1.9x10" &
nm?s?) to increase the signal to noise raBased on the discussion@napter2.2 Using
TEMto Study Graphene and Hgatomsdefects were observéa the graphene lattice at
this high of a dosethus the lower dose discussed in that chaptes utilized for the
subsequent imagels.has been suggested in literature to increase thel sgnaise ratio

by oversampling the graphene lattice through the collection of more pixels, while working
at a lower dosfL22]. This method to increase the signal is suggested for future experiments
to limit the beam damagmposed on the sampleigure 47 illustrates imagesf Graphene
Supermarke® TEM grids[202] before Ndoping acquiredwith an80 kV ((a) low and(b)

high magnificaibn) and(c) 40 kV electron sourceAs expectedhe imagescquired using

the higher acceleration voltageesulted ina better spatial resolisn; however, the
correctors coulde optimized sch that graphene imaging was possiblaraicceleration

voltageas low as 40 kVDue to timeconstraintand easef operation 80 kV was used to
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examinethe structure of the graphelatice after thevariousin-housedopingtechniques

andconditionswere trialed

Figure 4.7 HR-STEM images ofsrapheneSupermarlet© TEM gridsusing an((a) (gamma
adjusted)and (b) 80 kV and (§ 40 kV electron sourcégamma adjusted)

4.2 2 NanoMill®: Nitrogen lon Source

The Fischione Instruments IndVlodel 1040 NanoMil® was considered as the most
favourable potentiabource due to the fact that it can produce a low energybeam

(minimum 50 eV) that also operatedgth a low current(pA adjustments available),
providing more control of the source energy and ovédhadinceexposed to the sample

During these experimentsgiion energy, overalluence, andmpact anglavereexamined.

4.22.1 Experimental Conditions
The Fischione Instruments Inc. Model 1040 NanoMilRg(re 48 (a)) equipped with an

electron impact source usingn &> gas supply was operateat 50 and 100 eV. A

magnification of 100x was uséd increase the exposure arealsd TEM grid in the fast
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scan imaging mode. A base vacuum of 2 tr was achieved with a specimen operating
undervacuum upon exposuretite N> gas of 4 x 10 torr. All experiments were performed
at room temperature and a maximum tiigke of 90° was examined. To complete the tilt
experiments thesuppliedsample holderKigure 48 (b)) was used muto 30, and a new
holder was made ihousé? (Figure 48 (c)) to rotate 369 allowing the maximum 90

angle to be achieve@hefluence(ionscm?) wasapproximatedising

P 8 ¥
Qa0 Q¢ &Q

4.3

in which thecurrent is measured in ampisne in secondsandarea in crh The beam size

is unknown at a beam energy as low as 50 eV andad\sourcehereforat wasassume

that the area in equation (3.8 thearea scanned line beam at 100x magnificatioh. 7

mm by 1.7 mm resuhg in an area of 0.0289 &n The beam size is likely smaller than
the scanned area, thus the fluences reported may be underestikddigdnally, the exact
nature of the inic chargewithin the plasma is unknowg@ssumed to be"), which could

alter equation(4.3) by a division of the charge; however, this would then increase the

current by the same amount, thaacellingthe effect.

| (b

Figure 4.8 NanoMII® experimental seup. (a) Fischione Instruments Inc. Model 1040
NanoMill® (b) conventional holdeand(c) in-house 360 holder.

13360 holder mabined by Andy Duft.
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The ion beam curremtasmeasured prior to sample loading avesadjusted using
the NanoMil® controls A specific tine and current waselected to provide the desired
fluenceto the sample in a single experimente current could vary withiapproximately
10 pAduring a single exposuréheefore the approximate mean curreras used during
the calculation of equatiod (3)and the reportefluencesare not exactt is suggested that
for future experiments the current by monitored for an effiit®l grid exposureo better
characterizeéhe currentfluctuations and determiné the current is consistent throughout
the enire ion exposureExamining the current will ensure a more accurate calculation of
the ion fluenceWhen 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 tedsamp
high energypeam source. A dummy sample was first placed in the Nar®/diit focused
at a high ion energy (200 eV) and centered in the screen. The energy was gradually
decreased until 50 eWhen the sample was no longer visible. The dummy samat
then removed and the pristine Graphene Supern@rkdEM grid was placed in
approximately the same location. The grid was then inserted in the NaRavdlexposed
to the N ion source for the indicated time based on the deflitedce The samples we
rotated from 10to 9C° with respect to the ioheam Figure 48 (c)).

Image analysis was dgermed using monochromated negative spherical aberration
imaging with HRTEM at 80 kV on the Titan 8800 CubedEELS eperiments were
carried out with an FEI 8300 CryeTwin TEM equipped with a monochromator armd a
XFEG. The EELS acquisition was performed in STEM mode with the spectrum imaging
technique implemented by the GATAN Digital Micrograph software, using the
monachromator to achieve an energy resolution of 0.08 eV as measured frimthhéth
at half maximunof the zerdoss peakPrior to performing EELS experiments the sample
was baked at 13C for 17hours to preent beam contamination that hawkviouslybeen
problematicwhen the sample was not baked or baked af@OA dispersion of 0.1
eV/pixel was used for EELS acquisiti of the CK and the NK edgesThe spectra in the

spectrum image were aligned and calibrated in energy to-thede pi* peak (285\¢)
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using builtin functions in GATAN Digital MicrographThe spectra presented in this
section were summed based on the intensity in the DF image which is related to the
thickness of the graphene she&gthon code written by Isobel Bick@hD student irthe
group)was used to sum spectra from a polygonal @3]

Auger quantification was used to determine the average N content asairtline
Chapter4.1NitrogenQuantification on TEM Grid&Jsing Auger Spectroscopyhe values
reportedfor quantificationhave 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
underestimatedFor quantification purposessix to nine locations were examined and
averaged for each experimenhe signal and background on the holes were meagured
reference to ensure a clean source signal was obtanddall signals included in this

examination containedRD geater than @%.

4.22.2 Results and Discussion

Multiple experiments were conducted to examine the effects of ion erfkrgyce and

tilt angle on the average % in grapheneFigure 49 (a) shows the resultsbtained from

the various doping conditionwhere the average % (normalized to C and N¥ plotted

with the error bars obtained bye twotailedones a mp | e  Stestwvdttearptolialsilityt

of 0.05 The large error bars indicate the widata spreadacquired from the Auger
guantification It is believed that this spread may originate from the sample not being fully
centered in the ion beaduring dopinglue to the lack cdpatialresolutiorwhen operating

at 50 eV, the sample drifting during the dogirexperiment, 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 utilizeto more easily examine the platuch that all
orange points were acquired at aimeenergy of 50 eV and a tilt angle of 3@nd the pink

datapointswere acquired at a beam energy of 50 eV afideaceof approximately 2 x
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10" ionscni?. Direct observation dfigure 49 (a) (orange points)idicates that increasing
the fluence when operating at a fixed energyd tilt angleresults in an increased N
concentration however, themaximum concentrationof approximately 0.8 + 0.20%
(normalized to C and N)ccursat 50 eVand atilt angle of 90, which agrees well with
literature[189], [191], [196]. It appearshatthe concentration plateaus dilencebetween
approximately 1.2 x 10 ionscm? and 1.5 x 1& ionscm?. The exact reason for the
plateau is unknown, but it can hgpothesizedhat it may be related to the contamination
production observed by Pa al.[192] at 3.0 x16° ionscm? when operating at 30 keV
When &amining the series of pink data points, it is evident that as the tilt angle increases
the N concentration also tends to increa3his phenomenon has dxe predicted in
literaturefor O ionsby Baiet al, in whicha maximum probability o© substitutionat 50

eV occurs at 90[204]. It should be noted that at a tilt angle greater B@nthe precision

in the angle is quite poor due to tB6C° rotation of the new holde While a rough
approximation of theangle was completed with 10 scale marked on the holder with
permanent markethe exact angle is unknown, whicbuldaccount for the overlap of the
data points ranging from 48D° and 7090°, respectively. However, this trend can also be
observed at #luenceof 5 x 13* ionscm?, wherein the mechanical adjuster within the
NanoMill® was used to set the angle. In this ¢ase the tilt angle increasethe N
concentation also increased, therebgrroborating the trend observed at the higher dose.
There is a violation of thisend when comparing the low dose (yellow star) and high dose
(pink star) analysis foa 90° tilt, wherein the low dose doping resulted in a lower
concentration than the 3filt samples at a similar dose. This may be an artifact of the angle
adjustment othe data points may be influenced by the instability of the cyrcentering

of the sample, or sample drift during dopifgrthermore, as the energy is increased when
maintaining the dose, an increase in the avelage is observed toeachapproximatéy

1.6+ 0.5% (normalized to C and Ngt 100 eV This effect cannot be explained based on
the DFT calculations performed in literature that predict a higher probability of N

substitutionas opposed teacancyformationat 50 eV versus 100 €¢93], [204]. Because
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50 eV is the minimum operating condition of the Nano®ljlit is possible that the beam

energy is more stable at 100 eV, which may account for the higher N content.

2.25 T T T T T T T T T T

2.00 — 50 eV, 85 pA, 8 h, 30° ]
50 eV, 85 pA, 8 h, 10°
50 &V, 80 pA, 24 h, 30°
50 eV, 75 pA, 20 h, 30°
1.75 50 6V, 70 pA. 48 h. 30° -
W 100eV, 60 pA, 24 h, 60°
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50 eV, 122 pA, 19.6h, 50°
1.50 - 50 eV, 122 pA, 211 h, 40° .
: 50 eV, 123 pA, 20.5h, 70°
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Figure 4.9 Auger quantification of various NaMill ® experimentonfigurations The data
points represent thraean valuesacquiredfrom six totwelve measurementand the errobars
show thesampleerror as calculated by the twailed ones a mp | e s$tesuvdtlean t 6
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 WA, plasma source. This meithavas used to induce defects with the
O plasmasource which could then be occupied vath-dopant. Unfortunately, anGeed
gas could not be used in the NanoRilés it could damage the ion gun, therefateo
stepexperimentwith the plasma cleaner wasilized. According toFigure 49 (a) (green

points)the Oplasmaexposure 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 damagedositésdrplasma
cleaner acquired an-8pecies when exposed to air during the transfer from the plasma
cleaner to the NanoM@#. The Ocontentwas not examined during Auger quantification

of the N'doped graphene witlib the exposure to the O plasnmawever,comparison of

the SEM images during AugexaminationsKigure 410 (a), (b), (9) shows the damage

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

ZIUU _—_ . X6000  s— X 2 P ’ - L x8000

Figure 4.10 SEM SEimagescomparing Ndoped graphene fd-doped graphene with./H;
plasma exposuréa) N-doped graphenéN@noMill® 50 eV, 85 pA, 8 hours, 3Qilt), (b) N-
doped graphene with 10 second plasmagxmosure llanoMill ® 50 eV, 220 pA, 2.9 hours, 30
tilt, 10 s Q/H, 50 W plasma), and (c)-doped graphene with 60 second plasmagx@osure
(NanoMill® 50 eV, 220 pA, 3 hours, 3ailt, 60 s Q/H,50 W plasma).

HRTEM imaging(Figure 411 (a) and (b) and EELSspedra (Figure 411 (e) and
(f)) were utilized to examine the structure afteddping without exposure to an O plasma
source. Following a doping level of approximatelyddt3.21% (normalized to C and N)
the grapkene structure is still intact, which can be observed in a window of amorphous C
contaminants.The amorphous C likely originates from the THEds, as Graphene
Supermarket©grids tend to have high surface coveragehgéirocarbons however,
increased covege may have developed due to ion expofl®2]. The FFT acquired from
the entire image displays the characteristic hexagonal pattEjuired from graphene
sample wherein multiple grains can be observetheFFT of the lowmagnification image

(Figure 411 (b)). However, care must be taken when examining this sample, due to the

125



Ph.D. Thesi§ Samanth&tambula McMaster University Materials Engineering

fact that the grid is not in focus upon doping. Although unlikely, it is possible that the area
examined wih HRTEM was not exposed to thé Mns. To conduct further evaluation of
the doping proces&ELS was completed on a sample produced usingaheMill® with

a beam energgf 50 eV, afluenceof approximately 2.& 10" ionscm?, and a tilt of 90.

By employing Auger spectroscopyt was determined thalhe sample was doped to 0.5

+ 0.6 % (normalized to C and N)This low N content in comparison to the equivalent
sample inFigure 49 (a) (pink star)may indicatethat the current was not maintained
throughout the duration of the doping procéiss sample was not centered in the ion beam
or the sample drifted during ion exposul@ther emphasizing the approximationtbé
total fluencethe graphene receiveSELS specta from this samplevereseparatd based
on the thickness of thiecal graphenesheets as observed in théark field OF) image
(Figure 411 (c)). The shaded areas kigure 411 (d) show the areas in which the spectra
were summed to form the final spectra appearingguore 411 (e). The purple region is
the thinnest, followed by the red regiavith the blue area beirthethickest, respectively.
Upon examination of the three spectra it is apparent thidtla edgeexists in the thinnest
area The fact that the K edge was observed in the thin area and not the thicknarga
not surprising,as the concentration of N in hsample is quite lowand a deconvolution
was not performed to remove plural scattering effects from the sabyeto the weak
N-K edge observed in the thin specimen and the lack of teebige in the thick regions,
the fine structure of the-& edge @an be utilized to examine the effect of the Nano®iill
The thicker regions in red and blue appear to have a Shampd (* peak at 285 eV and
292 eV, respectively, which is characteristic of grapheéviere interestingly, when
examining theeELNES of thethin region (purple)the shape of the fine structure of the C
K edge is modified. Thé* and 0* peaks are still prgent, butthey have weakened and
broadened with respect to the thick graphene regions. Mor¢begdine structure at higher
energiesafter the(* peak in the thin regioris lost and a broad onset to thepeak is
observed.These spectra did natndergolow-loss deconvolution to remove multiple

scattering effectsThis suggests that within the thin region the loagge orderof the
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graphene latticdias been losior the sheet has a thin layer of amorph@usvhile the
graphene lattice is maintainedth shortrangeorder. This has been observed metN
doped graphene i€hapter 3.21 Grapheneand in graphene oxide in literatuj205].
Furthermore, a shoulder on t& peak has been observed in atomic resolution EELS of
N-doped graphene, as reported by Nichellsal. [140]. The broadening of thé* peak
could be related to the formation of this shoulder from the presence of-dopats.
Because atomic EELS was not performed for this sample the reason for the broadening
cannot bairectly specifiedbutbased on the Auger results and loss of-Btrecture in the

C-K edge it can be speculated that thé ns doped the graphetsadtice. However, the

loss of fine structure could be attributed to damage from tepihg process and/or a thin
layer of surface contaminatioithe broadening effectsf the "* and 0* peakswere not
observable in EELS wimeexamining the thicker regioniéikely due to the fact that only

the topmost sheeat exposed to the beamere damagedandthe fine structure of the
undamaged lowegraphenesheetsoverwhelms the & signal n these regionsJpon
normalizing the thick and thin regions using a 5 eV window at 300 eV, it is evident that
the " * and (* peaks are of similar intensity, further confirming the fact that the graphene
lattice is present after the doping process; howeher|ack of fine structure after thig

peak is indicative ohdefective graphene lattice.
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Figure 411 HRTEM and EELS analysis of NanoMill®-Noped graphene sampl¢RTEM

images at (a) low and (b) high magnifications were acegi@fter N-doping of approximately
0.50 £ 0.21 % (normalized to C and Nerror calculated from the twiailed ones a mpl e St udent 6s
t-test with a probability of 0.05NanoMill® 50 eV, 75 pA, 20 h, 30). An EELS spectrum image

was collected from a multayered region as observed in tlig DF image and thEELS
spectrum image was summiadb (d) threepolygonalregionsbased on the graphene thickness,
resulting in €) three separatéELS spectra(f) Normalized EELS spectra acquired from the
thinnest and tickest regions of the spectrum image.
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