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SUMMARY

Platinum group metals are the choice catalysts for a wide variety of catalytic
reactions, including oxygen reduction. The focus of this study is to exphme
dimensional aspect of both electronic and struetinieen surface properties of Pt
monolayers grown via templating on Au. Surface limited redox replacement is used to
provide precise laydboy-layer growth of Pt to synthesize wellont r ol -sheldd 6 cor
catalyst architectures.

The interaction between core and shell manifests itself through both a structural
contribution of epitaxial strain andealectron orbital mixing. The cumulative effect of the
secondary support on the surface Pt and its interautith adsorbate species is referred
to as a ligand effect. The main goal of the research is to investigate how these ligand
effects contribute to the structural and electronic properties of Pt monolayer catalysts.

One focus ofthis study is to explore thacorporation of single layer graphene
into the coreshell catalyst architecturd-ully wetted 45 monolayer Pt films can be
grown on graphene, maximizing the exposed catalyst surface with high Pt activity and
stability. The research also looks to invgate the use of singlayer graphene as an
intimate capping sheet to prevent surface dissolution of electrode metals into the
electrolyte, without adversely affecting activity.

X-ray photoelectron spectroscopy and extendeedyxabsorption fine structure
techniques are used to examine surface composition and localatiomcorrelations
(bond distance, strain, coordination) as well as-sbedl charge transfer effects. Cyclic
voltammetry and the oxygen reduction reaction are used as probes to examine the

electrochemically active area of Pt monolayers and catalyst activity, respectively.

Xi



CHAPTER 1: INTRODUCTION

1.1 Topic and Motivation

Mounting concerns around thexhaustion of traditional energy resources and
their effects on the environment and climate change have spurred development and
research into renewable energy technologies. One of the most prominent doeass of
today is that of fuel cell technology, dtethe potential ohigh energyefficiencies and
low carbon emissionsin brief, fuel cells are electrochemical devices that convert
chemical energy stored mydrogenbasedfuels to electrical energyith water and heat
asthe only byproductfl] However, fuel cell performance and lifetime are in many ways
governed by thdimitations of the electrocatalystswvorking at each electrode,nd
examinationof a multitude of electreatalytic progrties is required ilorder to improve
fuel cell technology amongther catalystriven systems.

Polymer electrlyte membrane (PEM) fuel cellsave the potential teeduce our
energy use, pollutant emissions, and dependence on fossil fuels. PEMFCs dlgte hol
advantages of low operating temperature and are being developed as electrical power
sources for vehicles and portable applicati@i5] Despite a great deal of effort to
advance PEM fuel celechnology factorssuch aslectracatalyst lifetime durability, and
cost still remain as the major barrierduael cell commercializatiofil]

The key PEMFC coponents under the most scrutiny are the catalysts employed.
These types of catalysts are genesohdt | y r e
phase materials that act as reaction sites for adsorbing and desorbing reactants and

products, and are respsible for a variety of reaction§he atomic interactions between



an electrolyte and a catalyst surface are fundamental to a large variety of practical
applications. When such a material can decrease the temperature or energy required to
drive a reactionand the surface itself does not take place in the reaction, this effect is
said to be catalytic in natur®r in short, catalysts lower tlemergy required to generate a
reaction of one material converting into another. Catalysis is of high importan@to m
technologies and industries, especially when it comes to energy generHten.
development of new catalyst systems that can help to solve the challenging problems of
energy security is of utmost importance when it comes to environmentally clean energy
production[6] By lowering required activation barriers, improving catalyst lifetime, and
decreasingthe cost, electrocatalytic systenssich as PEMFCdave the potential to
become viable source of power. Decreased energy requireanenf utmost importance
asthat can leatio decreased monetary costs associated with running catalytic processes.

Catalystdriven reactions are used iwae variety of applications, from chemical
refining in the oil industry, to conversion processes necessary for the proper operation of
advanced fuel cells and batteries. Understanding and facilitating oxygen reduction is
considered one of the most chatlerg tasks in current research surrounding both fuel
cell technologfl, 3, 7, 8] and lithium air latteried.9-11] Electrocatalysts for use in water
oxidation is also pertinent to promising energy conversion technologies such as solar
watersplitting devices and water electrolyzgt®, 13

Fuel cells themselves are versatile in their utilization, finding service in
transportation as well as both stationary and portable power applic&iehEuel cells,
specifically, are a key focus in the field. Many major automotive companies work solely

on PEM fuel cells due to high power density, low operation temperatures, and excellent



dynamic characteristics as compared with other types of fuel[tg&ansportation is

one of the most interesting and pervasive applications of PEM fuel cells and
electrocatalyst research primarily because of potential impact on the environment and the
control of enmssion of greenhouse gadé4]

Platinum group metals are the material of choice in a wide variety of catalytic
reactions, including the oxygen reduction reaction (ORIRlrogen oxidation reaction
(HOR), and the methanol oxidation reaction (MQRIJ of which are partial reactions in
electre and photeelectrochemical devicesHowever, some primary drawbacks of
platinum such ag#ts high costlow poisoning resistancend loss from corrosiopose
significant problems in the continuing development of catalysts, spurring research efforts
to modify the catalysarchitecturein order to increase activity and robustness while
decreasing the cost. The possible impact of rising platinum prices has been rased as
potential barrier to the commercialization of fuel cell vehi¢l&s. In order for these
technologies to be more readily adapted, it is necessary to develop energy systems that
use catalyst material more efficiently over long term application.

One of the most important factors in the catalysis research community pestains t
the limited supply of valuable noble metals, which comprise a large portion of
catalytically relevant systems. For many fuel cell reactions, precious metals are the
material of choice for electrocatalysts. Namely, platinum (Pt) exhibits the highest
electocatalytic activities for electroxidation ofalcoholfuels on the anode and tRRR
on the cathode. However, Pt alone has several obvious disadvantages which greatly
inhibit its application for use fuel cells and other catalyst systems. The metaitésilim

nature, resulting in higbosts and hindering more widespread commercialization of fuel



cell technology. Pt is also prone to severe poisoning effewdst notablystrong CO
adsorption on the surface, decreasing both performance and lifetimbaddet catalysts.

Ptis primarily produced from ores mined in only two locations: South Africa and
Russig.16] Demand forPt continues to rise, with these elements playing important roles
in automobileschemicals synthesiandpetrochemical refiningCurrently, Pt demand is
most easilyattributed to catalytic converters, which detoxggses and pollutants in
exhaustoming from combustion enginds. 2014, automotive demand for Pt rose by 7%
to its highest level since 2008, owing to higher car manufacturing output and tighter
emissionslimits globally][17] European and North American platinum recoveries in

autocatalyst recycling also rose at a lower rate than predicted by Johnson Matthey PLC.
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1.2 Catalytic Fundamental Research

One large avenue of current resedrcthe fieldaims forimproved understanding
of the principles ofuel cell processs There are many interrelatechmplex and subtle

phenomenathat occur during fuel cell operationwhich include mass transfer,



electrochemical reactions, and ionic/electramansport The materials properties which
influencereactions at the catalyst surfaces are of particular import&outtle changs in
surface &ctronic structure can arise due to variation in catalyst composition or
architecture, and turn influence its interactiowith areactantThe development of new
material architectures and improving our understanding of the subtletissirfaice
properties and their relation to catalysi® principally significantfor current fuel cell
development.Further, he capability to model the electrochemical reactionat the
electrodess crucial particularlyat the cathodevhere the sluggis®RR often limits the
performance of a fuel cell asnnole

Due to the scarcity of Pt, many problems still need to be solved regarding catalyst
lifetime when noble metal materials are involjy&8] The lifetime of a catalyst system is
one of its most critical properties, as evidenced by the emerging interest in understanding
how catalysts deteriorate over tifi-21] In order for these technologies to be more
readily adaptedt is necessary to develop catalyst systems that are used more efficiently
and over longer term{d5] To obtain ideal electrocatalysts for fuel cells with high
catalytic performance, high stability, and low price, much effort has been devoted to
designing novel structured catalyg?2] Specifically, current research aims for
nanostructured materials to meets the requirements of large catalytic surface area,
increased surface active sites, and low metal log@8g.One major avenudo
accomplish thids the incorporation ofother, more abundant transition metals inte Pt
based catalysts. Various-Pased bimetallic and ternacatalysts such as PRu[24, 25|

PtFe[26, 27] PtNi,[28] PtCu[29] PtCo[30] PtMn,[31] PtIr,[32], and P#Au,[33, 34



etc., have been designed to improlveit catalytic performance and reduce the c[#2s.
35]

The influence of catalystupports is also of key consideration when it comes to
studying and developing novel architectur€arbon materials are the support of choice
for PEMFC electrocatalysts due to their high electronic conductifityh specific
surface area (~50000 nf/gearbo), and ability to form highly porous structurfés. In
gener al , a catalystdos specific activity
activity of catalysts when taking into accouttferent surface areas or loadings. Due to
the various definitions of specific activity used, reports of specific activity must be
explicit in their writing[12] However, while higher surface areaffered by supports
intrinsically allow for more reactiontsis on a catalyst surface, sometimes complications
arise when it comes wupport durability as well gsore shape and size.

One longstanding area of research devoted to alleviating the numerous difficulties
with catalytic materials is the developmentbainetallic catalysts. It is now well known
that these architectures often show electronic and chemical properties that are markedly
changed from those of their base consitutent metals, and allow the opportunity to obtain
new catalyst systems with improvedtivity and stability. Bimetallic catalysts are very
widely researched utilized in many catalysis applicatj@8s.36, 37] Modificatiors to
these systems arespecially significant when the admetal composition is on the
monolayer scale. Howeveit, is difficult to know with e@rtainty how the properties of
monolayer bimetallic architectures (MBA) will be affected. There are two major factors
that contribute to the properties of MBAs: modifications of electronic structure through

the socalled ligand effect, and a strain effect that arises from bond length changes along



interfaces. In some cases there are also teritary effscish as the soalled
Obi functional 6 ef f ect -existonawinface duchthatocactantr f a c
moleculesmay interact with two different components in sequgB88 Measuring these
multiple effectsarising from multiple metal presencesquires meticulous study and
characterization.

As the loadings of precious metals in surfabemical systems continue to
decrease for photand electrecatalysts for energy and environmental applications, the
study of neassurface electronic and atomic structure in functional materials becomes
critically important. Extremely small quantities of activeneémts, whether grown as
clusters or ultrathin films, exhibit changes in catalytic activity that arise from both size

effects and electrotransfer effects.

1.21 Catalyst Performance, Lifetime, and Durability

PEM fuel cell efficiencies and power outpusvk been limited by the achievable
reaction rates and overpotentials associated with both electukeseaction with the
most amount of attention is the oxygen reduction readi@RR) which takes place
electrocatalytically at the cathod&bout 20i 35% of cell fuel efficiency in a PEM fuel
cell is sacrificed to create an overpotential to drive oxygen red@®ORR is a mult
electron reaction that includes a number of elementary steps involving different reaction
intermediates. It is establishedaththe reaction rate of the ORR sensitive to the
structure of the catalyst surface, arising from the adsorption of spectator species during
the reductiorj40] Oxygen reduction is well knowto be extremely slow, resulting in

large overpotential losses under typical fuel cell operating cond[i@ns.



In addition to the major issues involving ORR, anode inefficiencies also
contribute tofuel cell limitations, particularlywith respect to alcohol oxidatiqd1, 42]
Much like catalysts for cathoe@de ORR, much research has investigatedelopng
more efficient and durabld’tbasel catalysts foroxidation of various hydrogen
containing fuels, aiming to increase achieved current densitidsw overpotentials
While alcohol oxidationreactionsare markedly slower and more complethan direct
oxidation of hydrogenusing alcoholss practicallyattractivedue to theirenergy density
and easier storage and transpbftThe most commnly examined anode reactiasthat
of the methanol oxidatiorreaction (MOR)in acidic media MOR is a slow process
involving six electron transfers in totar complete oxidatiorto CO,.[43].
Severalotherfactors can reduce the useful life of a PEM fuel cell, including Pt
dissolution, carbosupport corrosion, and thinning of the polymer membfddeWhile
a catalyst surface does not actually participate in generated chemical reactions at the
electrodes, it still exhibits a limited &fime due to corrosion and other inherent
processesCorrosion of the electrocatalyst especially is one fundamental mechanism that
strongly influences cell lifetime and is a major hurdle in commercialization of the
technology. This mechanism is frequerdlydressed in the existing literature and is one
of the better understood degradation mechanisms of PEM fuel[4%8lI$he range of
potential cycling, the total number of cycles, overall cell temperature, and the cell
humidification level are the most important factors contributing to corr¢dgnThe
lifetime required by a commercial fuel cell is over 5000 operdimg's for lightweight

vehicles and over 40,000 h for stationgsgwer genmation with less than a 10%



performance decayMany fuel cells exhibit major performance decafter around a
thousand hors of operatiorn46]

A primary degradation mechanism of the catalyst layer is Pt agglomeration,
causing los®f activation sites. Especially when discussing catalyst material on the nano
scale, nanoparticles tend to coalesce due to theirdpigtific surface enerdv7, 48] For
nanoparticles, the smaller the size, the higher the specific surface area, andetht® easi
agglomerate. When this occurs, the electrochemical surface area of Pt catalysts decreases,
directly causing the performance of PEMFC degrades, shortening its lifetime. Fetreira
al. showed thatPt particles can easily dissolve and subsequentlyrmefas larger
particles,a processcalled Ostwald ripening49] Borup et al showed through XRD
analysis thatPt particles may not be sufficiently anchoréml the carbon support and
during cycling will coalesce onto bigger partic[&§)] Direct dissolution of Pt from the
carbon support has also been shown to occur umdst fuel cell conditions. Several
studies indicated that Pt moves from the electinttetheelectrolyte, reducing the active

catalyst are§20, 51] Both Pt agglomeration and dissolutiare illustrated ifrigure3.
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Figure 3: Schematic representing Pt agglomeration and Pt detachment from support

materialsurface.20]

As to the degradation otlectrocatalystsuppors, the widely understood
mechanism is of carbon oxidation. Carbonaceous species formed during this oxidation
understandablyetreases the amount of support available for Pt loading, causing catalyst
nanoparticles to detach, decreasing the electrochemical surfad@@r&e issue is
linked, too, as Pt is known to catalyze the oxidation of carbon, observed in an
electrochemical system by C#8Y C @ +4H" +4€.[52] In a review paper on PEM
durability, Shaoet al.describe thattiis possible that: the more active a catalyst is towards
ORR, the more likely it the carbon support can degrade, specificallygthiwatergas
reaction[20] Additionally, it is expected that degradation rate of a carbon support

increases with temperature. It is also noted how other properties of carbon can also
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influence its degradation rate. For example, a support with a higher degree of
graphitization is shown to exhibits less degrada{i68].

In addition to costand propensity to corrosiprPt catalysts are susceptible to
adsorption of molecular intermediates on thdam@, blocking reaction sites in a method
known as poisoninfb4, 55 Carbon monoxide poisoning, specifically, is considered to
be one of the major technical barriers to the commercialization of PEM fuel roels
notably arising from alzhol electrecoxidation process at the anode. CO tends to form a
strong bond to a Pt surface and effectively blocks reactions sites, essentially decreasing
the amount of Pt available for catalysis. Thus it is of great importance that§&@ption
be mitigaed as much as possible bgnstructing catalyst surfaces to circumventhis
poisoning causes dramatic current loss over the performance lifetime of a catalyst, and
the ability to resist poisoning is one of the most important parameters to consiser whe
choosing or designing a catalyst system. Many studies, both experimental and
mathematical, have been conducted to investigate CO poisoning and its [&feg(.

PEM fuel cell anodes are tasked with the oxidation of alebbeéd fuels, which can
involve the presence of CO. CO is well known to cause poisoning effectbli® metal
catalyst material, but unfortunately, fuel gas without CO content cannot be easily
used[61] This is because the use of pure hydrogen as a fuel source has numerous
formidable limitations, namely storage and transfiaflf. During the catalytic process,

CO chemisorbs on the Pt sites to the exclusion of hydrogen. This is possible because CO
is more strongly bonded to platinum than hydrogen, as indicated drgater potential
required for the oxidation of CO than hydrogen. Analysis of Gibbs free energy also

clearly indicates that CO will preferentially adsorb to Pt due to a more negative energy of
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adsorption. The result of this is that even a relativelyllssoacentration of CO can result
in the complete coverage of theodeplatinum surfacé45, 58]

While problems at PEM cathodes are not always considered poisoning,
intermediates of the ORR, such as -QEan affect the catalysis of oxygen reduction.
Spectroscopystudies showed that GHchemisorption was closely related to oxygen
reduction activity on cath@dcatalysts, indicating the important role of Qidisoning on
Pt siteqd.62] Desorption of OH species from the catalyst surface is a crucial process in

allowing completion of the electronic reduction oftd H,O.[63]

1.22 Monolayer Catalyst Design

Current researckfforts surrounding electrocatalystse focused on new catalyst
structures thatmprove on thereactionkinetics,catalyst activity and cost effectiveness.
There has been a considerable amount of research focused on improving catalysts
through the use of monolayer/submonolayer coveradgieeofatalyst adlayers on support
materiald.63-69] These 2 called&oreshelbstructures utilize monolayervels of Pt as
the surface sheWhile using other metal comporteracting as the core. Monolayer (ML)

Pt catalystarchitectures appeao provide several unique features that make them
attractive from the viewpoint of high Pt utilization and enhanced ac{i&8ly.Adzic
recently outlined the tunable nature of detivity for these types of catalystshich can
be manipulated epbending on the properties of the tamic layerand of the core
supporf{69] Examples include variations to the core of the structure, such as
composition, shape, or size to optimize the irell interaction. Adziet al. summarizes

the advantages of theinable activity of a Pt monolayer, resulting directly from the
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modification of the structural and electronic properties of -stdl structure, which
opens extensive opportunities for designing «drell electrocatalys{€3]

Not only is the deposdn of continuous monolayercale Pt films essential for
efficient utilization of nanostructured catalysts with highly active Pt shells and cost
effectiveness, but much research also ainaful tailoring of the electronic structure
of the Pt coatingf70] Various electrochemical deposition techniques allow one to
precisely control the growth of deposited catalytic material through the manipulation of
experimental parametefgl] In particular, deposition speed and growth mode can be
manipulated via the tuning of solution composition atetteodeposition voltage. The
amount of electrodeposited metal can be varied througHireéihg techniques with
submonolayer scale precision, or by varying deposition times. By combining precisely
electrodeposited layers with galvanic replacement, wha&remore noble metal
preferentially replaces a baser metal, ML replacement is exceptionally precise and can be
used to achieve wetlefined monolayer bimetallic structurigs)

Pt monolayer catalysts enable attaining the most direct correlation between
catalytic activity and structural properties because all Pt atoms involikd reaction in
the sample slieare sampled by theneasuring technique. For conventionalatysts,
material properties ardetermined mostly by bulk Pt atoms, many of which do not
actually participate in catalysisecausehey are not exposed to the reactd68. This
opens up new avenues of mechahigaderstanding, as the intimate processes involved
can more easily be examined and deconvuluted through careful and systematic

experimentation of weitontrolled monolayer catalysts.
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In addition to precise dimensional control, ML catalysts are also sable to
alteration of the architecture through incorporation of additional 2D materials. One
material that has been especially interesting for modifying the-stwk catalyst is a
sandwiched 2d materjaduch as a single layer of graphene, betweentthdlRyers and a
host support. With its unique structure and electronic configuration, graphene has become
a choice material for incorporation into many high performance electronic dé\dces
such as high speed optical modulators, integrated circuits and transistors. The inherent
advantage ofgraphene for many applications is not only limited to its mechanical
strength, chemical stability, and super aromatic electrical conductivity through its 2d
planar structure, but also due to the versatile tuning of electronic structure at the
graphenemetl interface.73, 74] In the area of catalysis, sandwiched single graphene
sheets can potentially transform the catalyst/support architecture by introducing interface
stress. Early studies testing this concept, for example, have been carried out in
electrocatalysts to enhance activity for oxygen reduction and methanol oxidation
reactiors.[75] Induced strain along the catalyst surface caused byingertion of
graphene holds the potential to induce surface electrons to more readily catalyze such
reactiond.76]

As described earlier, platinum, as one of the most active catalyst metals, suffers
from high cost and loss of electrochemically active area due to dissolution during
operation. Incorporation of graphene as a catalyst support for Pt reaslyalshown
improvements for boosted catalyst activity and lifet{i®&.77-79] Li et al.investigated
the catalytic activity of Pt/graphene nanocomposites towards the methanol oxidation

reaction via cyclic voltammetry and analysis of redox peaks, finding that Pt/Graphene
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nanocomposites compared favorably in catalytic aptitude to nanocomposites composed of
Pt/Vulcan carborj79] Shanget al. deposited platinum over both graphene nkakefs
and carbon nanotubes to compare catalyst durability towards the MOR, and demonstrated
more stability for the nantiakes supporf80]

The advantages of metgtaphenecoupling can be utilized in the formation of
new fuel cell catalyst architectures. Monolageale platinum can exhtbweak chemical
stability and unevolved metallic bondifgl, 82] Graphene has shown potential to
improve the properties within this field of monolayer architectures. Bginpy a
monolayer sheet of graphene between the core substrate metal and overlayer, the
graphene will bond to the core and act as a template for the overlayer material.

The main goal of thigesearch is to systematically investigd&e monolayer
formationas well aghe role of singldayer graphenan potentially modifyng thecore
shell platinum monolayer catalyst architectures. Incorporation of graphene at the
interface between Pt and Au is expected to give a versatile tunability of electronic
configurdion and mechanical strain which will affect the binding energy of surface
electrons. The proposed research provides a thorough examination of the growth
mechanism of Pt monolayerhe strain induced at the interface between Pt and Au and
the direct impac on the eleebchemical catalytic activity-using spectroscopic and
electrochemical analysi€hapter 2will thoroughly outline previous work conducted in
related literature that informs this studZhapter 3 discusses the synthesis and

characterization techniques employed.
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CHAPTER 2: LITERATURE REVIEW

2.1 Traditional Nanoparticle Catalysis

The original concept of catalysis actually dates back 1000s of years to the earliest
days of civilization, whemankind learnedhie artof producing alcohol byermentation
In medieval times, a nebulous field of alchemy was dominated by the search for a method
that could convert commonly found metals into precious metals like gold and silver.
However, the knowledg®f chemical reactions before the M @entury was largely
empirical, where any discoveries made were often isolated and collaboration between
scientists of the period was spaf88} Most expennents at the time were sporadically
documented without much effort made to explain the results. The first proper defining of
catalysisas a wideranging naturaphenomenons attributed to Swedish chemidbns
JacobBerzelius in 1835, although research ulmentation of catalytic processes came
about a few decades beforehand. Berzelius summarized his observations in 1835 as
fié simple or compound bodies, soluble and insoluble, have the property of exercising on
other bodies an action very different from cheahaffinity. By means of this action they
produce, in these bodies, decompositions of their elements and different recombinations
of these same elements to which they remain indifféer&srzeliusthen propose the
presence of a new force whichhecaleh e fAcatal ytic forceo and
decompsition of bodies by this ford84] While early studies of catalysts often
employed solid Pt foil as the catalyst material, catalyst research quickly progressed
towards more dedicated use catalysts by thB @tury[83] As catalytic processes
became more generally understood by scientists, an increased demand for products

generated through catalysis followed, such as ammonia, petroleum products,
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pharmacelitals, and polymeri85] In the latter half of the 2Dcentury to today, the
amount of new insightsdiscoveries, materials, and processes has become one of the
largest research fields, and one of the first to focus on nanoscale research and technology.
Nanoparticle (NPf ocused research is extremely
reporting. Due to @xemely small length scale®Ps have an obvious application in
catalysis due to their considerable specific surface area, which is extremely advantageous
for surface reactions. When it comesN® synthesis, the main goal is the ability to
control compogion along with size, morphology, and distribution. Control of the
primary NP assembly structure is widely utilized to tune their catalytic aptitude,
specifically by ensuring the distance betw@#s For optimal propertied\P surfaces
have to be well omgnized in order to get regular spacing between them. While most
applications benefit from high nanoparticle density, ip@rticle distance has to be long
enough to avoidNP aggregationCatalystNPscan be synthesized in a variety of ways
such as tempte-assisteddeposition layerby-layer deposition, evaporatienduced
deposition, through a molecular linker, or electrochemical metHdegending on the
type of structure and composition desired, different methods will lend themselves more
readily to asuccessful fabrication process
In general, each type of NP synthesis method uses a solution derived from a
precursoiform of the element of interesind fabricatiomoutes are based on tbkimate
chemical reduction ofthese metal precursors, ofterwith the appropriate reducing
reagents in the presence of stabilizing liga@&$.Basic chemical methods of deposition
are the most common, involving the use of reducing agents -@hphging additives to

encourage theynthesisprocessThermal techniquemanipulate the temperatuoé the
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solution to influence the thermodynamieaction behaviors However, chemical and
thermal methodsdo not provide an easy route to the control of structure or size
distribution. Linkerassisted synthesis uses a molecule introduced between NPs which
remain in the final materiaHowever, linker molecules could potentially interfevith

the intended applicationf the NPs By manipulatingthe size and shapef the linker
moleculesin between NPspne can control the diste@ between themTemplated
asssted methodsalso use supporting molecules to the organizatiorNefs, but these
processes must undergo additional.Wth eps t
templateassisted proceduresery precise control of NP size and distribution can be
obtaned. These techniques are constantly being revised and improved, and innovation in
nanoparticle synthesis abour{@3]

The research presented concentrates on electrochemical methods for nanoscale
catalyst formation. Electrochemistry is advantageous largely because it is inherently
surfacesensitive. In briefthese fabrication methods consist of an electrochemical cell
where applied current at an electrode surface can be controlled by setting a voltage.
These are often performed in 6t hrveltege el ect |
reference electrode, a counter electrode to collect current, and a specialiyedesig
working electrode (the sample substrate in question). The working electrode serves as the
dominant reaction sites for electrochemical processes in the cell, on which
electrodeposition of the desired nanostructure takes place. Using the surface of the
working electrode as a template, various chosen nanostructures can be synthesized for the
desired applicatiofB8] Electrodeposition synthesis processas vary based rothe

procedures utilized, and can involviae formation of either Gnstantaneos o r
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@orogressivé nucleation In the case of the former, nuclei form instantaneously and
simultaneously on any available location on the electrode substrate, subsequently
growing with electrodeposition time. For progressive nucleation, the number of nuclei
that are formed is a function of time of electrodeposition.

Since this work focuses on nanoscale film interactions, the most easily employed
technique for synthesis is &erative electrochemical technique known as surface limited
redox replacement (SLRR). Electrochemicaliggtand techniques are further detailed in

the next chapter.

2.2 Bimetallicand Monolayer Catalysts

2.2.1 Bimetallic Catalyst Overview

The primary aproach to solvingmodern catalystsissues focuses around
researching the surface structure and composition to develop novel catalyst architectures
with higher ORR activity and less Rh many areas of catalysis, nanoscale bimetallic
systems are exhibitingigher activities for a variety of reactions when compared to their
monometallic counterparts These architectures can be incorporated into innovative
catalysts with improved activity and stability, exhibiting properties that are enhanced
from those of their individual parent metaBimetallic electrocatalystgs indicated by
their name,incorporde two or more metal catalyst materials achieegtia through
alloying or layering. Thesare seen to be aattractive solution to many catafsts
problems and haveeen well researchaexyer the last few decades

Bimetallic catalystsoriginally started & gainsubstantiainterest in the 1960s for

their use in hydrocarbon reformings they exhibited faster reaction ratesinlike
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compared to traditional monometallicatalystd89 These initial discoveries of
synergistic catalytically properties motivated what would become an enormous
experimental field investigating other possible applications for bimetallic systems.
Because its difficult to knowwithout direct observatiohow theelectronic and chemical
propertiesof parent metals will contribute to mulnetal catalysisand becausef the
numerousmetal systemsnd reactions available to investigatiee study of bimetallic
surfaces in the field of catalygsincredibly vast and varied.

There are twocommonly consideredfactors that contribute to property
modification ofcatalyst inbimetallic architecturesThe first of these is referred to as a
60l i gand e fisfaesortadeelectranit imodificationthat arises wien dissimilar
metals are incorporated into a single catalyst strucBgeonty, a Gtrain effecbbetween
two metalsoccursdue to bond sizdifferences such thathe geometry of the bimetallic
structureinduces compressive or tensile strain on surédoens, affecting their bonding
with reaction intermediatd90] More details othese effects are given the upcoming
sections of this chapterThere are other components of catalyst architecttinas
influence the reactions that take pl ace
effect where two distinct surface metals work in tandem to progress a rg&diion.

There are many examples of bimetallic catalysts showing enhanced catalytic
aptitude in the literature. W Ptbased bimetallic catalysts, the second metal c
facilitate a reactiotby alleviating CO poisoninghat often occurs during the oxidation of
alcohols [92] As an exaple of a bifunctional effectChenet al. describe a Plr system
where Ir aids in the dissociation of water to form adsorbed OH species, which then helps

to oxidize stuck CO species adsorbed on neighboring Pt §8#iné. similar example
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comes from Souz&arciaet al. who showed a similar synergy with Pt and Ru for the
electreoxidation of ethanol. In brief, the process involtles breaking of the € bond

and thesubsequent formation &0.. In this case, a Pt sitesitalyzes théreakingof the

C-C bond, andeighloring Ru thentransfes absorbe®H to the CO molecule adsorbed

in the neighborindPt site, resulting in a net catalyg®@3] A third example comes in Au

Ag systems, wherédu adsorbs CO molecules and the neighboring Ag adsorbs oxygen
speciego ultimately oxidize C(94]

Au-Pd has also been shown to be a catalyst system that benefits from its
bimetallic nature. Wangtal. cor r el ated that systemds al col
the degree of AdPd segregation, such that closer to a monolayer coating of Pd on Au
show higher catalytic activitjp5] The same AtPd system also exhibits bettep®3
evolution rates, reported by Edwastsal.[96] For a different kind of examplehé water
gas shift reaction (WGS) ialso of much attention due to the generation efall a
product. Pdbased systems have shown enhanced activity for the WGS reaction and show
enhanced activityhen alloyed with Re, Co, and A80] Addition of Ag to Ni(111)has
beenshownto enhance the activity towards ethylene epoxidaticrease thetability of
ethylene oxidg¢97] While examples of bimetallic systems can be found for many pairs of
metallic elements, this work will focus mainly onlittsed bimetallic architectures.

Pt alloyed or layeredwith 3d transition mials serieshave been extensively
studied as cathode catalysts for the oxygen reduction reaction (@Ri€neral Pt-alloy
nanoparticlesn such architectures have been shomeraase ORR activity by about a
factor of 2 to 2.5vhen compared to traditionBit/C catalystq 3] Extensive studies have

been conducted in Pt and-&toy electrocatalyst developmgii8, 98-109 For example,
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one of themost significant ORR catalyst reported in the literature asPtNi system,
reported by Stamenkoviet al[28] PtRu catalyst structureBave also been shown to
exhibit enhanced ORR activitieBoueet al. demonstratediependencén O, reduction
capability based on structuralgependent variationof Ptmodified Ru catalyst
surfaceg11( Strasseret al. showel that PiCu nanoparticles can also exhibit high
catalytic reactivity for the oxygereduction reaction, and the group detailed a reactivity
strain relationship to provides a guideline for tuningeteatalytic activity for Ralloy
systemg111] Further, Greelegt al. alloyed Pt with eayl transition metals such as Sc or
Y, determined to bamongthe most stable Pt systef@.Pt+Au hasalsobeen suggested
as a candidate for a methameskistant fuel cell cathode material, when it comes to

mitigating the effects of methanol crossoj/&tZ]

2.2.2 Pt Monolayer Catalysts

M.K. Debe of the Energy Components Program at 3Mn{fdly Fuel Cell
Components Program) reviewedNaturethe primary Pbased catalysts for cathode side
oxygen reductiofi3] He categorized the various approaches to new architectures by
overall geometries, catalyst support, and comjwsiOne of the most capable categories
detailed was that afore-shell bimetallic system#\s introduced in Chapter 1, sshel
nanoparticle electrocatalystbounded by groups aBrookhavenNational Laboratory
form a highly promisingsetof catalyst§63-69] These architecturesftentimes referred
t o as 6 mo n o logtimiresurface dleatlonicsahdsstiuctuedffects, and have
been well summarized by R. Ad4@3, 69 Many nonolayer catalysts withimetallic

cores and multilayered kin surfaces have been fabricatsdowing the potential of
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utilizing multi-metallic nanostructures in tuning theatalytic and durability properties
[113 114

One of the biggest advantages of RL catalysts is therelative ease of
modification of the structural and electronic properttesough careful selection of
substrate material. This level of architecture comp#nswide-rangingpossibilities for
designing electrocatalysts wipecifiedcatalytic propertis. There aremany potential
avenuesrom which Pt monolayer architectusecan be modified and tuned depending on
the surface reaction desired. Other than changing the composition of the core or shell
materials, a monolayer obsie other metatan be placeés an interlayebetween the
core and Pt shell. Additionally, modifyinthe number of lowcoordination sitesand
imperfections can affect how reactive a surface is to bonding with catalytic
intermediate$69] Atoms at lowcoordination sites such as edges and kinks have been
shown to have a stronger binding with OH thansthat 2D terrace sites, which could
inhibit the reactions like oxygen reductifitily Stronger binding with adsorbates can
also lead to Pt nanoparéd more prone to dissolution. In brief, improving a Pt
monol ayer 0s r caalwedchievaddy placingoit olOtRadre which forces a
slight contraction of PPt bonds Compressive straims known to weakerthe bonding
strength of oxygemdsorbates, which ultimately speeds up kimetics of ORR. Lattice

contractioncanalso preventatalystdissolution
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Figure 4: Models of Pt monolayers on three different substrates inducing compressive

strain (Ru(0001) and PHl{1)) and expansive strain (Aul1163]

Enhanced activity of the ORR reaction of Pt monolayers on alloyed substrates has
been reportefil16 Adzic et al. have reported a systematic study regarding platinum
monolayer catalysts for the eleciaidation of alcohol moleculesn singlecrystal and
nanoparticle supports, supporting a proposed correlation between stibshiatsl
lateral strain in a Pt overlayer and its activity towards catalytic readtldis.Even
further, some studies have examined placing a monolayer of a third metal as an
inteflayer, such as one by Mavrikakds § The same groupecently reported on carbon
supported corshell compositiostunable Pt/PNi nanostructureswith high structural
uniformity ard high electrochemical durabilifft18 In addition to ORR, Pt MLs have
also exhibited high potential for the oxidation of methanol and ethanol. In contrast to
strain effects on ORR, MOR exhibits significant enhancenrerthe catalytic activity
associated with the tensile strain and decreased activity associated with the compressive
strain Li et al established aorrelation between substrateluced lateral straimnd

MOR activity.[117]
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2.3 Theoretical Background

Bimetallic catalystsare a significant avenue of researalinen it comes to
developing new catalyst structures, due to their ability to improve a multitude of catalytic
properties. The goal of much of this research is both to understand the fundamental
conepts of heterogeneous catalysis and how to design the best catalysts with better
performance and lifetime. For the last century of research in the field, the Sabatier
principle has offered the theoretical framework in understanding what would constitute
the optimum catalyqt1l19-121] The general concept behind the principle focuses on the
bonding strength between a catalyst surface and reaction moleculgs. bbhd is too
strong, reaction products cannot be easily desorbed from the surface. If this bond is too
we ak , the catalyst i snodt able to initiall)
commonly referred to as ianéovalteadso delpetnd,er
strength appears with an optimal point between the two competing influences.
Determining how to best reach optimal reaction rates is a key focus in the area of

research when designing new catalyst systems.
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Figure5: Schematic representation of the Sabatier prin¢iils]

However, as Medforcet al. describe, the Sabatier principle onbyovides a
general qualitative understanding of the concept, and it has the major shortcoming that it
is not quantitative, especially when it comes to developing new heterogeneous
catalystd.119 The characterization of reaction rates and bond strengths is not explicitly
stated, and the Sabae r princi pl e isnoét enough to sol
design.

The two most important surfachemical properties that influence the behavior of
reactions in catalyst systems are the chemical state and local atomic structure of the
surface. Een subtle changes in the chemical identity, electronic structure, and atomic
arrangement of the outer few layers of atoms in a catalyst material can have profound
influences on the type and rate of reactions that proceed in a given system. One of the
initial challenges in describing the change of surface properties is determining an

appropriate representation of the state of the surface and its tendency to bond to reaction
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intermediates. To that effecMavrikakis et al discovered that there is a corredat

between adsorption energies, activation energy baraed how they relate to surface

strain. More accurately, their research described how mat er i alcansher eact
attributed to a shift in the center of therfacemetald bandd.77]

Hammer and Norskov summarized the beneficial effectsnoétallic catalysts by
describing d band centers in catalytically interesting metals and how they are
affected[122 Their discussion on adsorbegarface reactions is rooted in density
functional theory, where models of adsorption properties attempt to discern the important
guantities that affect the reactivity of a dgsh surface. Norskowrther describes how
modification by alloying or through monolayer bimetallic architectures can lead to shifts
of thed band centers, which in turn affect the activity for reactions such as the ORR.
According to further theoreticabasiderations, the energy of tdédand center relative to
the Fermi level is a suitable descriptor of the resulting catalytic behavior of a monolayer
surfacg123 It is important to note that tleeband correlates with hybridization energy,
in that interaction strength between adsorbates and a catalyst is related to the filling of the
antibonding stategl19 124, 125 When the energy level of theeband shifts upwards
towards the Fermi level, antibondirsgate energy also increases. This results in more
empty antibonding states, which leads to stronger interactions between a catalyst surface
and reaction intermediate. It follows that lowering the energy ofithand (relative to
the Fermi level) decreasdbe energy of antibonding states, increases their electron
population, and weakens surfaagsorbate interactiongl25 This theory is shown as a

schematic irFigure®6.
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Figure 6. Schematic representation of tdeband model showing the interaction of an

adsorbate adatom level with theandd- states of a transition metal surédd 25

In looking at the relationship between adsorbate and surface more closely,
bonding strength cahe estimated through the NewAaderson (NA) model approach
for various transition meta[4.26, 127 According to themodel, the electronic valence
state of a catalyst surface forms an almost continuous band, and the shape of these bands
can widely varied based on the transition metal elements employed and their
coordination. When an adsorbate approaches the surfameeitdectron states begin to
interact with all valence surface states. If the surface band is especially broad, the
resulting interaction will exhibit a broadened adsorbate resonance with energy lower than
the original gas phase adsorbate level. If thdasar associated band is narrow, the
adsorbate state will split into bonding and dunding bands, with energies above and
below the original gas phase adsorbate level, respecfi/24.

When it comes to monolayer architectures, the interaction between core and shell

manifests itself through both a structural contribution of epitaxiains&mad d-electrons
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orbital mixing. The formation of a bond between a surface metal and core metal often
produces significant changes in the electronic properties of the metal overlayer, and
pronounced differences can be observed in the reactivity ofroitlayer scale surface
compared to a pure Pt(111) surface. The cumulative effect of the secondary metal on the
surface Pt and its interaction with adsorbate species is commonly referred to as a ligand
effect[123 This influence can arise from two separate sources, either as a function of
strairmismatch or from transfer of eleotr density, both affecting thetband centers of

the catalytic materig@1] This type of effect has been shown for severamPBtal
systems and has long been the subject of much DFT and STM[%$&8lyMeasuring

these ligand effects requires meticulous growth and characterization of thehetire
interface.

For many catalytic reactions aoreshell monolayer systems, the activity of
catalystsalso exhibits 'volcantype' dependence based on the supporting metal, which
affects how strongly the surface bonds to reaction intermediates. The catalyst that shows
the best activity toward ORR specifically strikes a balance between two competing
influences. While the mechanistic issues are still being debated in literature, it is
generally understood that,@lectrereduction must involve both the breaking of af©O
bond and the formation of an-B bond. It is known that optimal ORR catalyst should
strike a balance between-@ bond breaking and -6 bondmaking activity]129
Architecture tuning is required to tweak the activity of these catalyst surfaces to be

optimal to promote the given reaction.
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24 Ligand, Strain, and Size Effects

The commonly cited ligandeffects and strain effects are often difficult to
uncouple from each other, as both often arise simultaneously in bimetallic catalyst
systems. The cumulative contributions déatronic ligand effects and strain effects
together carresult in upshifs or downshifts the d band depending onreach ef f ect
individual influence. Moreover, the subtleties of strain alone can require careful
meticulous consideration to properly ascribe changes in properties to changes in bond
distances. A great example comes fraoent studieby Gokcenet al. who investigated
Ptmonolayers on Au nanoparticlEs30 They describe that in an ideal Pt monolayer in a
PtAu coreshell system, stace Ptatomsmustconform tothe sameri-plane inteatomic
distanceascore Au atoms. The resultamisfit at the surfacéeads to a tensile strain in
the Pt monolayer, leading to an upshiftardingto thed band model andesulting in
increasedeactivityand stronger adsorption to the surfft23

It is important to note that this deduction does not take into account any potential
electronic effects caused by the underlying Au, which is expected to exhibitrlectr
transfer towards the Pt shf#2] However,even disregardim electronic effects;atalyst
morphology ofPt MLs in practice may ndiorm wetted monolayers, and instead may
resembles 2D clustermistead The morphology of Pt monolayers has shown some
dependence on the subtleties of the slightly varied despositithodseGokcenet al.
show that if Pt exhibits a2D nanocluster configuratiorthe cumulative strain is a
convolution of theexpansivestraindue to the epitaxial misfinda uniquecompressive

strain dueo the finite size effectsl30
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The same group explains further how the cumulative stramamoclustes has a
radialdependencsuch that compressive effects are stronger at cluster edges. If deposited
clusters are small enough, tldempressive strain componastsignificant, and the Pt
surface will exhibit a much different overall reactivity when compared to wetted Pt
monolayes. Fundament al under sffecd nanh bealgoused to turkei s 06 s
catalytic properties by contrbhg morphology In practice, Grabowet al recently
devel opoeddgda ar chi t ect ur e Rwdéniescshrrouaded lsyiPs t e d  «
deposited on A, o r RURtML-CE/Au(111% Electrochemical analysis showed that this
architecture exhibitechigher CO electreoxidation activity than more typical ML
catalysts by an order of magnitudéhe group achieved this by understanding the
combinations ofarge latice mismatch,weak electronic liganceffects, and strong finite
size effectand exploiting them to best effddt31]

To complement, Rettewt al.demonstraté a combined methodology of element
specific atomic and electronic structure measuremenf@llowing monolayefscale
deposition of Pt MLs on AuandincorporatedDFT calculationsin their studies.The
group concludedhat theaverage valencgf ultrathin Ptfilms in dependent on its overall
thickness as a shell on top of crystallidg. It was shown how the filnundergoes a
phase transitioaround adistance of 23 monolayerswhere Pt initially exhibits a largely
cationic valency state with low durability thi regard to methanol oxidatioRast this
thickness threshold?t begins to exhibit a more typical metallic configuration, and the
films no longer rapidly dissolve with cyclindmportantly, they also show that films
around this thresholdre still thin enough to exhibit enhanced C&ripping due to

electron transfer from the underlying A82] The enhanced CO stripping is attributed to
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the ability of Ptto nucleate OHspeciesonto its surfacehrougha CO adlayer While

OH- adsorption bonds can be seen as problematic when it comes to catalysis of the ORR
at the catbde, they have been shown to ldadlower potentials requiretbr electro
oxidationof CO at the anodgl32 Thus it has been shown thaiw the valence state of a

Pt surface comes into play and how subtle electronic affinities outside of strain can effect
catalytic processes.

Strain has long been recognized as a #etermimant of ORR activity in Pt
alloyed nanoparticleshat generally possesdtered bond distancesompared to pure
Pt[62, 63, 133 Unlike strain effects, the role electronicligand effects irORR activity
of Ptnanoparttleshas beemoreobscure best summarized by Jia etf &B4, 135 Their
calculations showed th&t surface on another metalM) exhibit enhanced activity due
to thecomplex nature ofigand effects, such that tlidbandmovesupwards as alloyel!
atom radius decreasgs3g

Jia et al. review how poor fundaental understanding of the subtleties of ligand
effects can lead to seemingly conflicting conclusions in litergi84. For example,
Chenet al. attributed high ORR activitpf PCo nanoparticleso cooperativestrain and
ligand effects induced by the abund&u][136 Likewise, Cuiet al. reportedsimilarly
that Pt-Ni exhibited the higheDRR activiy in their stoichiometry studyattribuing the
improvement tdigand effects brought bgubsurface Nj137 However other studies by
Xin et al.and Wanget al. show that the enhanced activity P§Co nanoparticles should
be ascribed to strain effects instead of ligand effects, due to the dimensional thickness of

Pt shells around Co as €annot surviven exposure t@cidc environment$138 139
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It has been edbdished thatproperties ofnanoscale heterogeneous Pt catalysis
embodya sum ofcontributionsin the form of strain, size, and ligand effecise review
of Jiaet al. surmises that the ambiguity around the role of ligand eftemitd partially
arise fromthe limitationsof characterizatiortechniquesalong with the exceptionally
wide variation in catalysarchitectures and synthesis methods. Techniques suthags
absorption spectrosco)XAS) offers the capability to providénclusive understanding
of catalysis mechanismsthrough quantitative determination of many simultaneous
material properties such as bond distance and compgsiinohcan even be performed
under operating condition3he versatility of XAS in sensitivity to chemical species and
oxidation state, along with its high spatial resolution, is a powerful tool when examining
surface properties. Such measurements can be then directly attributed to thetralizted
ligand, and particle size effectEhis information is crucial téie improved synthesiso
functionality and evento computational efforts in understanding novel catalyst
architecture$14Q. Jiaet al. performed meticulous situ XAS analysi®n two different
PtCo nanopatrticle catalysts with different morphologies, systematically showing that
their ligand effects, bond distances, and coordinatierewgimilar to each other, and thus
the catalysts exhibited similar ORR activity despite morphological differdta&ds.In
further recent study vian situ XAS, the same group concludegtat ORR activity
enhancement of the o is dominated btrain inducedoy Co substitution in the Pt
lattice, andstoichiometric experimentation shows how varying precursor composition can

tune sd strain[141]
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2.5 Catalyst Supports andGraphene in Catalysis

2.5.1 Carbon Catalyst Supports

Pt electroatalystsfor PEM fuel cells are usuallgupported on high surface area
materials traditionally carbon in orderto increase their electrochemically active surface
areawhile lowering the amount of Piecessaryit has already been wedkstablished that
electrochemical surface area is of primary importance catalyst system, since the rate
at which reactants can intect with the catalyst material is limited by the amount of that
mat eri al 6 s sThe $iza anel marphaldgy ol pldtirim particles depend on
the nature of the suppof@ne of the primary drawbacks to carbmased supports is the
tendency to oxidie, resulting in the separation of Pt particles from the carbon support. Pt
particles would become electronically isolated, leading to a less effective Pt utilization as
well as degraded fuel cell performarj@€] The electrochemical properties of catalysts,
including both their reactivity and stability, are strongly affected by phgsical
properties of the carbon suppohh general, theprimary requirements of aatalyst
supportmostsuited for use in fuel cells includeigh surface areappropriate porosity,
high electrical conductivity, andhigh stability under fuel cell operational
conditions[142

Throughout thel990s carbon blacks essentially pure elemental carbon in the
form of colloidal particles were almost exclusively used aatalysts support in low
temperature fuel cellCarlon black, while exhibitingnoderatelyhigh surface area
(~250 nfg?), has randomly distributed pores of varying sizes whieh result in
inefficient diffusion effects Carbon black materials also suffeom enhanced oxidation

rates at high potentials as well as the presence of osgafuwimpurities[143 In recent
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years, various catalyst support materials have been proposed to address the challenges. In
order to improve the electrochemical activity and stability of catalysts, much more
attention hasbeen placed on specifically designed carbon suppoditsel carbon
supports, such as carbon nanotul€dTs) nanoporous carbon, or graphene, offer
improvedelectrical and mechanical propertigsoughtheir versatilityin terms of their
structuralconformationor pore texturg¢142 In addition to carbon matels, noncarbon
materials, such as oxidestania nanotubesand conductive polymers, have also been
proposed as catalyst suppdrid4, 145 Brief descriptions of CNT and nanoporous
carbon supports are presedh in the following paragraphs. However, graphene is the
main support material examined in the research presented, detailed in the next subsection.
In brief, CNTs consist of dinders made of graphite layers with diameters of a
few nm and lengths of thader of 1 mm. CNTs exist in two general categorsasgle
(SWCNTs) and multivalled nanotubes (MWCNT$146 However,pristine CNTs are
inert andneedto be functionalized before they can act as a support for catalyst materials.
Functionalization ismaost often achieved through chemical treatmemtHNO; or
H,SO/HNO; acids, which in essence creatésfects on the external walls of CNTs for
catalyst nanoparticlesto attach ¢. Other functionalization methodsclude CNT
treatment througbBurfactantor polymermaterialg.147] CNT-supported Pt nanoparticles
exhibit high catalyst utilizatiorand especially improved durability compared to other
carbon supportsOne proposed reason is that hydroxyl intermediates casasity
penetrate the rigid structure of CNTs, while other supports like carbon black have
excessive presence of dangling bonds which oxygen atoms can easily attach to, leading to

higher corrosionates.[148 MWCNTs especially exhibit superior stability even severe
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potential cycling condions[149 While these structures show notabigher durability

than other catalysts oncarbonbased supportscatalytic activities have yet to show
significant improvementgl47, 150 Zhaoet al. recently investigated the effect wiulti-

wall CNTs with different specific surface areas on the stability of supported Pt
catalystd.151] While CNT supports show higher electrical conductivity when compared
to alternatives, the advantage is only minimal as electrode impedance is a nearly
negligible contributor to overall performance losses. However, carbon narsofpperts

do have potential to exhibit enhanced transport or water managédfuethier there are
concerns abouirocessing factors of CNTs thatake themunappealingvhen it comes to
manufacturing in high volumds8]

Nangoorous carborsupports arecharacterized by high surface area and porosity
leading to higher activity and stability than carbon blad&noporoussurfaces provide
interesting opportunities for catalysis, since they offer an extremely high electrochemical
surface area peunit mass or nominal electrode si2¢anoporous structures facilitate
diffusion of the reactants, making them very attractive materials as catalyst supports.
Supports with a high specific surface area and optimal pore structure could significantly
improveenergy conversion efficiency and activi}}. In order for a catalytic reaction to
take place, reagent molecules must run across the porous systems anectiom
products have to leave the cataly3he interesting side effect of nanoporous supports is
that porous structures can act as diffusion sinks, slowing the diffusion of ionic species
through their pores. Also deactivation phenomena are greatlyeaffbg pore size, such

as carbonaceouslocking on reaction sitdd52 Despite the added complications,
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nanoporous surfaces are still an importonisideratioras they provide more applicable,
economically feasible substrates.

In general, when it comes to carbbased supportsthe extent ofcarbon
graphitizaion has been shown to playportant role on carbon support stabilit@arbon
that exhibits morgraphiticproperties are typicallgnore thermally and electrochemically
stable due toa smaller amount afefect sites on carbon structure where carbon trita
reactions tend to initiafel 53 154 Further, asncreasing the degree of graphitization
leads to the increasirsypportstrength on the suppo®t can be more strongly anchored
resulting in moredurablymetal suppat interaction and resistance of Pt to sintefibg5
156 Additionally, the crystalline structure of treupported catalyshetal is also affected
by the metakupport interaction. Metal particles supported onf§Nor examplehave a
highly crystalline structure due torehg metalsupport interactionwhereas Pt particles
supported on carbon black have a more dense globular morphology due to weak metal
support interaction. Hence, the more amorphous the carbon support, tlee thigh
platinum size and the more dense the globular morph¢ldgi§. Additionally, catalysts
have been shown exhibit increased activity at boundary sites orders of magnitude greater
than norboundary sites. This leads engineering targets dedicated to increasing the

surface area of boundaries as much as poq4ib&.

2.5.2 Graphenebased Catalyst Supports

Graphene is a twdimensional planar sheet bénded carbon atoms which is one
atom in thicknessThe carbon bonds are “spybridized, where the iplane GC bond

( ¢ al lissahe ofi the strongestommonbonds in materialsThe outof-plane bond

( cal lcenttibutes)toadeocal i zed net wor k of el ectrons
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responsible for the electron atuction of graphene and providiee interaction among
the surface of graphene sheatéith its unique structuratonfiguration graphene has
shown exceptional physical propertiesuch as mechanical strength and chemical
stability, which have attractedastresearch interest imany scientific and engineering
communitied.159 In addition to its planar state, grapheo@n also be formednto
spherical buckyballs, orgimensional carbon nanotuéCNT), or stacked into three
dimensional graphitEl60-167

In comparison with CNTs, graphem®t only possessesmilar stable physical
properties but also larger surface area. Additionpligduction cost ofraphenan large
quantities is much lowethan that of CNT$163 The use of graphene as a supporting
material in catalyst architectures is also interesting for improving the surface properties of
noble metal materials. As mentioned in theintroduction chapterjncorporation of
graphene as a catalyst support for Pt has already shown improvements for boosted
catalyst activity and lifetimg33, 77-79] Li et al examinedthe catalytic activity of
Pt/graphene nanocomposites towards the methanol oxidation reaction (MOR) via cyclic
voltammetry and analysisf aedox peaks, finding that Ptagphene nanocomposites
compared favorably in catalytic #@pide to nanocomposites composed of Pt/Vulcan
carbon[79] Shanget al. compared MOR durability between deposited platinum on
graphene nanoflakes and carbon nanotubes, deratingtthat the graphene nandk#s
support exhibited a higher level of more stability over tj8@.The use of singkayer
graphene as an intermediate layer in monolayer catdigstdso been shown to improve
catalytic activity towards ORR due to compressive strain induced on the outermost Pt

layers[33, 76] Furthermore, the two dimensional nawf graphene allows both ksige
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and basal planes to interact with tb&talyst atoms, leading to high conductivity and
electron transfef143

Experimental and computation research on the growth (and the resulting
properties) of various metals over graphene, was reviewed bytLal The review
summarized many metal systems, but most showed a simmidertey to cluster @r
graphengl164 Dai et al used firstprinciples energy calculations to investigate the
formation and structures of Pt clusters on graphene. Their calculation found that, for a
single Pt atom absorption, the most stable absorption site is the bridge site, and that it wil
preferentially form tetrahedral clustdd®5 Similarly, Chanet al found through
calculation that metals comparable to Pt, such as Pd and Au, induo@ceable
distortion of the graphene sheet upon adsorgtié6} He et al synhesized Pt, Pd, Au
and Ag nanoparticles onto graphene oxide nano sheets by a sblased method, but
was not able to achievellficoverage due to agglomerafd€7 Sunet al found that
depositing Pt nanoparticles via atomic layer deposition (ALD) methods tended to form
clusters rather than wetted layers spread over the graph@eAchieving full metal
wetting of graphend®ased support at monolayer level thickness remains a challenge.

For this work, graphene is used extensively as a modifier for Pt catalyst
architecturesGraphene is expected to provide a varietgltdrations to the properties of
Pt monolayers, either as an inducer of strain when used as a surface template, or as a

protective barriem mitigating catalyst dissolution.
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CHAPTER 3: METHODS

3.1 Electrochemical Methods

3.11 Electrochemistry Experimental Setup

Before discussing the electrochemical synthesis and characterization methods
employed in this work, it is worthwhile to detail the experimental set up used to
performed such processes and experimefit® most common setup for evaluating

electochemical processes includes a potentiostat device and an electrochemical cell.

3.1.1.1 Potentiostats and Three Electrode Cells

Potentiostats anmstrumentsvhich allow for precise&ontrol andmeasurement of
current and potential in an electrochemicateyn.A typical potentiostat connects to two
pairs of electrical leads (four total leads) which can be connected to electrodes in a
conductivesystem. One pair of leads controls the potential differénakage)between
electrodes and the other controlshé electrical current running through the
electrochemical systernMost experiments performed on potentiostats are in the category
of voltammetry, wherehie potential iscontrolled andvaried arbitrarily The resultant
current is measuredin a plot known as a voltammogram, ange tshape of the
voltammogramdepends omature of potential variation, electrolyte employed, and any
reactions that are generated.

Such electrochemicaxperiments requirat least two electrodeBke is common
in batteries A two electrode cell will allow a measunent of current and voltage
differencebetween those two electrod&@¥hile this setup might be suitable for a small

subset of electrochemical analysis, there are numerous limitatibost analytical
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eledrochemical experiments are interested in the potential atamd\electrodén order
to more closelystudy it and the chemical processes that occur on its sutfaeetwo
electrode cell the potential measured by the potentiostatacsually the potential
difference between the two electrod#ss very unlikely for eitherelectrode to maintain
asetpotential while passing current ¢ounter redox eventsccurring in the cellin other
words,the absolute potential @achelectrode will besimultaneouslychanging making
it difficult or impossible to isolateither.

In order toseparatéhe potential at the electrode of interest, the roles of supplying
electrons and providing a reference potential are divided betweedigthactelectrods.
Three electrode cells allow an exipeenterto study the potential at a single electrode
surface. The three electrodes are known as the working electrode (WE), a reference
electrode (RE), and a counter electrode (CE). WE is the electrode in an
electochemical system on which the reaction of interest is occymmig simpler terms,
the experimentasamplein most casesThe RE is a half cell with a steadyand welt
known reduction potentia] and it is used as thenain point of reference in the
electrochemical cell for theoltagecontrol and measuremerits only taskis to act as
referencewvhenapplying the potential ahe WE. Additionally, the current flow through
the RE should bekept closeto zerowhich isacammplishedby using theCE to close the
current circuit The counter electrode (sometimes called auxiliary electrode), is usually
made of an inert material like Pt, Au, or glassy carbon, as it must not participate in any
reactions within thevoltagerange of interestsTthe CEG6s main rol e is

current needed to balance the current observed at the WE.
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By introducing ahird electrodento the system, an experimentam monitor the
current between thé&/E and theCE, and the voltage beten theRE and theWE. This is
incredibly useful because the potential at tikE will constantly shift to generate the
current demanded by thWE. By this threeelectrode method, anypeasurecturrent can
be attributed t@eactions at th®/E, as the RE haso current flowing through it. Finally,
provided that the RE maintains a constant and known potential of its own, the potential
applied between the WE and RE can be set
scale Referring back to the four leads commto most potentiostat systentise WE will
be attached tone leadof each ofpair, which connects it tboth the current supply loop
and the voltagempbe loop. The RE is connected to the other end of the voltage probe,
while the CEwill be attached tdhe current loopThus, cell currentruns between two
electrodesand the voltagés set betweetwo electrodes, with the two loops sharing one
electrode in commo(the WE)

Most potentiostats can be operated in ays:either by controlling th@otential
at the WEor by controlling current flow. In controlledcurrent modge one pair of
potentiostat leads holds current while theother pair is used taneasure theotential
exhibited at the WEWhen operad ina more commonly usezbntrolled potential mode
the equipmentuses the measurement from the voltage probe pairsast offeedback
loop. Essentially, at any given point in a voltammetry experiment, the potentiostat
compares the measured cell voltage with the desired voltage and appropriatehamrives
amount of current into the cell to force the voltages to be the Jdmseallowsthe device
to either maintain a constant potential setpointpgureciselyconduct dynamic potential

sequencesuch as sweepstepscycles, ortherwaveformd.169
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3.1.1.2 Reference Electrodes and Redox Potentials

In three electrode electrochemistry, the reference electrode is key component of
the systemThe primary requirement of the RE is that its potential be stable throughout
any electrochemical experiment. In brief, this means that the ionic concentration of
gpecies involved at REwust be held constant. The most common method to achieving
this is to use a RE involving #&alf-cell reaction redox system with saturated
concentrations of the participants of the redox reaction al#uerode A redox reaction
simgy means reduction or oxidation (hence, redox for short), that is, any reaction that
requires an electron transfer to procdedother words, one side of a redox reaction will
have the species in its oxidized form, and the other will have the same dpeitges
reduced form.Any electrochemical reaction must necessarily have an equilibrium
reactionpotential The value of the potentials feedox reactions are known as redox
potentialsor standard potentials (when given standard pressure and tempehatorie,
redox potential@area measure of the propensftyr a chemical specieto either oxidize
or reduce Eachredox reaction of each species exhibitsrarinsic redox potentia] and
more positive redox potentials indicate a high affinity for electrons, meaning the species
tends to be reduced. Noble metal species, such as Pt, exhibit high redox potentials and
thus are difficult to oxidizeVarious redox potentials for a range raktal systems are
provided inFigure?.

Rather than using an absolute scaledstandard redox potentials for any given
half reaction instead theynust be compared to each other for relevance. To give-a real
world metaphorjn the realm of geographyedox potentials can be compared to values

of 6sea |l evel 6 where there i s no intrinsi
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arbitrary zero pointd collectively decided on to which all other values can be compared.

The RE which sets the basis for the thermodynamic scale of oxidatiotion
potentials is known as the standard hydrog
potentia) thatis,he potent i al ¥+o r'2z tdhiearbitrarily declarediio 2 H
be 0.0volts (at standard temperature and pressiHlewever, SHEs arseldom used in

actual electrochemicakhree electrode systentsecausethey aremore problematicto

prepare Firstly, the redox reaction occurs gblatinum surfacevhich has to be specially

treated by preliminary electrolysiSecondly,there is ne@ for storage angupply of

hydrogen gasvhich makesising SHEsomewhatnwieldyand hazardous.
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Reaction Equilibrium
Potential (V)
AuT + & <= Au 1.692
P" + 2¢ <Pt 1.18
Pd* + 2¢ < Pd 0.951
Ag" + & < Ag 0.7996
Rh" + 3¢ —Rh 0.758
Ru¥* + 2¢ —Ru 0.455
Cu™* + 2¢ «Cu 0.3419
Ru™* + 3¢ < Ru 0.2487
JH* + 2 < H; 0.00
Pb" + 2¢ < Pb -0.13
Ni¥* + 2 « Ni -0.257
Co™ + 2 = Co -0.28
Cr'" + 3¢ < Cr -0.7
Zn* + 2¢ <= 7n -0.7618
Cr'" + 2 «—Cr -0.913
Ti* + 2 «Ti 1.6
AlY  + 3e <Al -1.662
Ce™ + 3¢« Ce -2.336
Li* + e < Li -3.04]

Figure7: Selected standard reduction potentjalsd

One reference electrodethat is in fact ommonly used in practical
electrochemistrys the silver-silver chloride (Ag/AgCl) electrode, which tee REused
throughout this work This electrode usually takes the form of a piece of silver wire
coated with AgCI. The coating is most commonly doneplgcing the silverin an
electrolytic cell containing HChnd running and oxidizing current throughAig® ions
combine with Clionsin solution ions as fast as they are formed at the silver suffaee.

wire can then be stored in a KCI| or NaCl solution of known concentrations (usually
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saturated)It is important to note thatgoodRE must be robust and not contaminate the
electrolyte.In Ag/AgCl referenceelectrods, the silver chloride film is insoluble, making
it both very durable and stabl@ most casesAs aforementioned, reference electrode
stability is cruciallyimportant to electrochemical measurements so that the potential
meaured at the WE can be recorded with certainty, especially fortésngor high
precision experimentdJsing a AgCl coated Ag wire aloneould not be a suitable RE
overtime because, despite no current flowing through it, being in direct contact with the
electrolyte can alter the composition of the RE, affecting the reference point and throwing
off any potential measurements in the long run. It is important to enstitaehaalfcell
maintains its potential value while keepinthose same conditions throughout
experimentation.

In order to employAg/AgCl in a way so that itloes notcontact the electrolyte
directly but still completing the circuit to the WEome sort obarrier must bénstalled
This barrier must allow ionic transport buieventmass flow of the electrolyte to the RE
surface This is most often done usimgprous fris, usuallymade of materials such as
porous silica ycor), or other porous plastic @orous ceramic materials, depending on
the specifics of the electrolyte in u3éis way, the Ag/AgCl electrode can be placed in a
NaCl or KCL solution of known concentration (usually saturated) in order to keep its
redox potential stable while remainingelectrical contact with the WE.t 6 s wor t h
that ions associated witAg/AgCl equilibrium, such as Clcan still contaminate the
electrolyte if the RE is not properly maintained.

The last major potential problem area regarding the reference adectnight

arise due to electrolytsolution resistivity.Firstly, this can bemitigated by ensuring a
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sufficient amount of nofreactve ionic speciesin the solutionto allow for charge
transport through thelectrolyte Additionally, aso-called Luggin capillary can also be
employedto offer a more direct conductiyeath. The capillary is essentially a tube in the

cell that shortens the average path between the RE and the WE, resulting in a sensing

point close to the WE.

Reference
Electrode
Working
Electrode

=

Luggin Capillary
with frit

Plane-Coil Platinum
Counter Electrode

Figure8: lllustration of electrochemical cell geometry employ&dapted from{171]

3.1.1.3 Nernst Potentiahd Overpotentials

As explained in the previous section, aegctioninvolving an electron transfer
must exhibit an equilibrium reactiorpotential called the standard redox potentikl
practice, thehermodynamically predictedquilibrium potential isactually the standard
redox potentiamodified bytemperature andoncentrations of reactant and produdtis

is givenby the Nernst equation:
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Where Eqis theNernstequilibrium potential, kis the standardedoxpotential, R is the
universal gas constant, T is the temperature (K), n is the number of electrons exchanged
pg reaction, F | &gand ayaee daiwtiéssof redocadsandaoridized a
forms of the species in question, respectivélye Nernst potential for any giveanic
species is the thermodynamically determined potential at wthiehspecies ardn
equilibrium and there is no neion movement.This can also beeferred to as the
equilibrium potential, such thathemical and electrical gradients are equal and opposite
in direction

Further redox reactions actually require some additierargypast the Nernst
potential before the reactions are experimentally obsefmeatder for a potential to be
reducingfor a given speciesit must be at sufficiently lower value than the desired
speci es 0 NelLikewsd, anpadatempotensidl must be sufficiently above the
Nernst potential before oxidation can take place. In electrochemistry, this additional
amount ofenergyrequired is calthe overpotentialwhich arises due to kinetic hindrances
inherent taany given redox reaction. This can be represented by:

- O O s

Whered is the overpotential, JsservedS the experimentally observed potential, agli€

the equilibrium Nernst potential.
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3.12 Electrodeposition Methods

3.1.2.1Electrolytic Deposition

Deposition of a material filnby passing a current through an electrochemical cell
using an external sourcas called ¢ectrolytic deposition or more colloquially,
electroplating. Most commonly, metal cations are dissolved in [dadrayte solution
and a reducing potential is applied to the cell, forcing the ions to reduce into\zalard
metal on the electrode surfaceroyided thatthe external potentialsurpasses the
overpotential requirecElectroplating can also occur bpying an oxidizing potential,
which can deposit conductive metal oxides instead of metallic surfaces, called anodic
electrodeposition All electrolytic depositiondone in this work is that of cathodic
reduction of cations to metal.

Electrodepositioomethods have been used for more than a century, largely due to
their ease of implementation ahdyh level of experimentaversatility. There are many
reasons why these techniquase still widely used in current research. Firstiyim
thickness and morghogy can be well manipulated because these properties are
dependent on numerous experimental factoas can be controlledsuch as electrolyte
composition and potentials uséithe uses of various electrode shepad structureslso
be implementedeasily to alter the resultant structure of the electrodeposited film. Most
importantly though, electrodeposition experiments can typically be easily performed
without a need for sophisticated equipment, vacuum environment, or high reaction
temperatures.

As with many types of synthesis, deposited fgrowth can be described through

nucleation and growth kinetic®Vith electrochemical methodshis islargely governed

50



by the level ofcurrent flowing through the electrochemiazll. Since the reactions
observedare based on the transfer of electrons, ensuing electrochemical currents are
directly proportional to reaction ratdsigherreaction rates meamore @tions reducing
which means a faster rate of film growth. Higher reaction rates can be achieved either
with higher ion concentration or by more &ppg more reducing potentialsproviding
more energy to drive the reaction. It follows that by controlling the voltage applied and
ion concentration, a high level of precision is offered when it comes to tperpes of
electrodeposited films

In addition to thickness, growth morphology is also affected by electrodeposition
rates For examplehigh reactioncurrentscan cause theareaclosest tothe electrode
surface to become depleted of ttiesolvedcationc speciesdbeing electroplated. This
region in the electrolyte is sometimes referred to as an electrochemical depletion region
or depletion zoneContinuing éectrodeposition cannot occur until more catidns
solutionmove close enough to the electrodeider to be reduced onto the surface. This
meanghe reactiorhasbecome diffusiodimited, such that the reaction is now dependent
on the movement of cations in the electrolgigherdue to induced electric fields by
normal Fickian diffusion. When electrodeposition becomes diffusion limitethe
encroachingations willpreferentially begin toeduce at the outermaggstotrusionsof the
already grown film, eventually leadng to the formation of dendritdike structures.
Consideringone of thetypical goals of electroplatings the synthesis ofiomogenous
films, this can clearly be problematic.

The most evident solution to mitigating dendrite growth would be to slow the

growth rate, and hence the creation of the depletion zone, by decreasing thelpotent
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applied. However, this solutiantroduces several problems, which boils down to the fact
that a depletion zone will occur eventually no matter the deposition fastead, a
simple modification in thelectrodepositioprocess ishat ofpulse elecbplating. Thiss
processwhere the applied potential can be alternated betiweenlifferentvoltagesin a
series of pulse®©ne voltage can represent a deposition period, where the plating reaction
will proceed. The other voltage is a relaxation perwlere the potential is not reducing
enough to drive the reaction, allowiagtivecations to diffuse close to the electrode and
eliminatethe depletion zone before depositing agdithile pulseddeposited films are
often void of dendritic morphologies,ef may exhibit smaller grain size or more porous
structuresPulse electrodeposition introduces even more variables to manipulate, and by
changing the pulse amplitude ande, the deposited film'properties will be altered.

There are other solutions toading electrolytic dendrite growth. Onis to
slowingt h e r e chardgetransferdkseticenough so that catiodiffusion can keep
up. This relies on the use ebmplexing agents the electrolyte. Another alternative is
to force cation movement ritugh convection in addition to diffusion. Thisvolves
agitation of the bath solutionsing a stirring mechanism or rotating electrealdring

catiors to the surface at a much higher rate

3.1.2.2 ElectrolesBeposition

Contrary to electrolyticdeposition, electrolessegosition is a proceswhich
places a deposit metal on a surface without the use of an indleeic current.
Electroless methods largevoid depletion zone issues, allowing a more consistent

cation concentration to depostenly on an electrode surfaceeven on edges, inside
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pores, or othesurfaceirregularities Electroless plating caavenbe used to deposit a
condutive surface on a nonconductiweaterial

Electroless techniques rely on some alternative driving foreediace a charge
transfer needed to reduce cationic species to metallic species. In some cases, this is done
through a reduag agent, such as formaldehydewith hydrogen gas. These additives
are ofteneasily oxidized, meaning spare electrons can be geteand transferred to the
cations, resulting in their reductiamto the electrde surface Another option is to place
a precursor metabbn the electrode.This precursor layer effectively functions as a
reducing agent, but has an additional the advardga@eing confined to the surface in a
recognized quantityThi s | ayer is considered a Osacr
replaced by a more easily reduced metal, in a process called galvanic replacement.
Methods that rely on galvanic replacement rneast are limited to certain electrolyte
substrate systems in that they rely on the standard redox potentials of the species
involved. Becauseét is an electroless methodp external voltage is applied arige
driving force for the reductiorran be equateds the difference between the redox
potentials ofprecursormetal and the replacer. In order for the replacement reaction to
proceed, the redox potential difference must be a negative value, sietioa of this
sacrificial metalwill depend on the dgred metal to be platedrhis difference in
potentials must also be large enough to thermodynamically overcome any kinetic barriers

to the process.
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3.1.2.2Underpotential Deposition

Underpotential dposition UPD) is similar to electrolytic deposition inthat it
requiresan externally applied potential émticemetal cations to reduce onto an electrode
surface Unlike electrolytic depositiotnowever,UPD is a deposition reaction that takes
place at anore positive potentialith respect tahe Nernst thermodynamic prediction
for that specieswh i | e t hnglerpotantiedl e posi ti ond may -initia
intuitive considering BD occurs at more positive potentials thdmermodynamically
expected, it is given that name becatigearksa contrast withthe typicaloverpotentials
required for cation reduction Becausereduction is an cathodic procesan applied
potential lower than the Nernst potential is usually required in order to surpass the
kinetics barrier and create a driving force. However, in the case of UPD, a reducing
reaction occurs even when the applied potential sits above the Nernst poténigathe
level of overpotential required less than 06 u n d e rwhat ia ustmldy requirefbr the
depositionreaction.

The UPD phenomenon arises in casé®re one materiah is electrochemically
deposited on a second mateialin short,UPD occurs due ta difference in which the
electrodeposition energy required to nucledten aB is less han what is required to
depositA on itself. This leads to an situation where the energy applied to the system can
be specified directly between these the UPD and bulk activation thresholds for material
A, and all exposeB-sites at the solielectrolyte nterface will be covered with nucleated
material A. The resultingA surface is then called a monolayer, due to the outer layer
being one atom thick. This monolayer is detfiting and can grow no further than a

single atom, unless the energy suppliedn® dystem increases past the bulk deposition
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threshold activation energy, which would alldwto continue reducing on itself. This
works well practically, as most potentiostat systems aresuékd to exploiting UPD in
this way, allowing precisapplicaton of voltages to grow the UPD monolayers but not
any following multilayers.lt follows that UPD cannot be performed on top of itself.
Thus, UPD is in the incredibly useful position of being a-keiliting electrochemical
technique, where only monolayer of a deposited layer or less is forijiet, 173 The
utility of UPD allows for a controlleddegreeof coverage ofn adsorbate metal on the
substrate surfacd&he theory behindhe existence oUPD phenomenas still not fully
understood, especially when it comes to nanoscale surfaoeshe last two decades,
research into applications and theory of metal UPD has been spearheaded bst Leiva
al.[172175 There are many components that contributeth® properties of UPD,
including surface composition, nanoparticle size, amion coeadsorption Several
bimetallic systemsdo not exhibitUPD behaviorat all while others mayevidence

multiple UPDfeatures.
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Figure9: A cyclic voltammogram showcasing Cu UPD relative to Cu bulk deposition.

The red line is an estimate of the Nernst potential for tfé-€8e z Cu(s) system.
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Due to this, e primary obstacle to theapplication of UPD is that the
phenomenon is limitedo certain bimetallic systems which the depositing metal
exhibits a UPD feature on the underlying metalmiany casethis meangshe deposition
of a less noble metal dop ofanobler one.For the synthesis of catalysis nanostructures,
this is the inverse of what is usually desiré&dectroless galvanic replacement comes in
handy here, such that URI2posited monolayer can be placed in a solution with a nobler
cation, leading to a deiction of the cation and simultaneous oxidation of the UPD layer.
Essentially the UPDgrown can actas a é&acrificiab monolayer for the cathodic
reduction of one monolayer of a more noblmetal to be grownAfter galvanic
replacement, it is possible perform asuccessive use of UP@n the surface, followed
by a second galvanic replacement, and solorthis manney therepeatedubstitution of
a sacrificial UPDmonolayerby a desired noble metal allowsfigm to be grown with
atomicscale precisionThis iterative layefby-layer growth technique haseen called
surface limited redox replacement (SLRR) among other acronynmscluding
electrochemical atomic layer deposition-AED). This synthesis method is used

extensively in this work, and is furthdetailed latern section 3.3.

3.13Linear Sweep andCyclic Voltammetry

3.1.3.1 Overview and Characterization

Some of the most fundamental electrochemical analysis techniques include

potentiodynamienethods performed in a threle@rode cellwherean gplied voltage is
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varied in a Ilinear fashion, referred to
exhibited on the working electrode surfaaeesulting current flow can be measured and
analyzed, whereany changesdues to oxidation or reductioneffox) reactionsan e
attributed to thevorking electrode sampl&he most simple potentiodynamic experiment
of this type is linear sweep voltammetry (LSV), where the potential is swept linearly in
time from a set starting potential to a set ending piatiesut a constant rate (V/sEyclic
voltammetry(CV), then, is essentially a repeated linear sweep and its reverse sweep in a
cyclic manner, and can be repeated as many times as ddsiéed77] Fundamentally,
when a potentiostat moves potential setpointin liquid electrolyte, it must also
continually flowsome currento achievethe desired potential at the specified r&¥.is
measured as a plot of resulting current vs set potential, noting dtettipl windows
devoid of electrochemicakactionswill exhibit slopes of zerowhen a potential sweep
reaches a voltage valwehere a chemical redox reaction ocgurharge accumulatemn

the working electrode surfacand the potentiostat mushangethe current flow to
accommodate th@ow-activatedreaction but maintain th@otential sweep rate.The
resulting current due to the réian is then measured as a function of potemtiad plot
called a voltammogramwhere the current is proportional to the amount of reaction
occurring CV, as implied by its name, will progress with both a rising potential sweep
and a falling potential seep in a cyclic manner, showcasing both oxidation and
reduction reactions exhibited in the electrochemical cell. By convepasitive currents
correspondto oxidation reactionsand negative currents correspond to reduction

reactions.
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There are a handful of different kinds of reactions that can be measured utilizing
CV. For examplejf O, gas is dissolved in electrolyte, CV can be used to measure its
reduction For acidic electrolytes, depending on the working electrode surfaee,
adrption/desorption of Hions can be measuredt certain potential rangesf a
potential applied to the system is too high or too low, a current will result from the
breakdown of the electrolyte itselind of courseas described in the previous section,
CV is often used to measure the redox behavior of redtixe species like metals or
metal oxidesDue toits cyclic nature, CV experiments can examine both the oxidation
and reductiorreactions for a redox system as a pair, as long as a given reaction is
reversible.For fully reversible reactions, an oxidation reaction will occur along the
positive potential sweep, a reduction reaction will occur at near the same potential on the
negative going sweep, and the ratio of peak currents for the two readatly should
be 1.Sometimes, however, a redox reaction pair exhibits altered behavior in CV where
the oxidation and reduction reactions occur at significantly different potentials on their
respective sweeps, or that forward:reverse current ratio isnitgt This type of system
is known agjuasireversible and carindicatethat there is some kinetic barrier one or
both of the reactions

The usuabweep ratessed in CVrange fromabout a minimum o2 mV/sto 100
mV/s. Changes in potential sweep rates will aliee voltammogram shapes achieved,
and can be used in various ways to analyze the reactions and/or electrode Sowrae. S
rates allowfor more time for a reaction to progress, resultingpétier resolved peak
structures. &ster sweeps allow a potential range to be scanned through while minimizing

the total amount of reaction driveBy performing a series of experiments altering sweep
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rate, rateconstants for the examined reaction can dstermind. Additionally, by
carefully selecting the sweep rate and potential range limits;ethdting oxidation or
reduction peak®f the catalyst surface will vary in shape and potential posifan
example, regarding theeduction of Pt surface oxidethe presence of BH, PtO, or
PtOOH oxide species depend on the oxidizing potential reached at the CVs upper limit
Each of these species reduces at a different potemttath can be used to further
analyze Rbased electrodes.

However, while this type of experiment is nomonly performed using CV
methods, this work does not aim to examine the kinetics or mechanisms of the
progressing reactiong hus, the sweep rate uséal the experiments reported haee
always held at a constant 20 mV/s.

One of the most important used oyclic voltammetry is the ability to
guantitatively characterize surface reactions. When a given reaction is known to be
surfacerestricted, such as adsorption reactions elbetrode surface area candeyived
from the current seen in CV by calculaithe total amount of charg#rough signal
integration. In the case of Pt, estimation of surface area can be via hydrogen
adsorption/ desorption reactions (someti mes
-0.2 - 0.0 V regions (vs. Ag/AgCl). Secondlyn estimation of Pt amount can be
conductedby studying the Pt oxide reduction feature at 0.45-Mfrther if a working
electrode surface area is already knowre current in CV can be used to calculate a
surface coveragpercentageWhen it comes to thigeld of catalysis, hiese techniques are
very useful when examining electrocatalytic surface area, adsorption features, and can

even be done iteratively to investigate catalytic durability.
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3.1.3.2 Accelerated Aging Tests

Potential cycling methods astso commonly used to analyze the durability of an
electrode surface. These cycling methods, referred to as electrochemical durability tests
potential cycling testspr accelerated aging tes{AAT), are typically performedby
sweepinghepotentialapplied at an electrode surfaoetween two extremeaspetitively-
up to several thousands of cycl@here are many factors that come into play when it
comes to designing the type of durability test that is going to be conducted. First and
foremost,thecyadig pot ent i al Owi ndowbé bet weeeds t he
to be noted along with the sweep rate of the cycling itsgE. cycling window mustlso
force some reaction to repeatedly activate
Generdly speaking, larger potential window are more aggressive and damaging on the
stability of a sample surface.

These sorts of testsan either involverepetitive activation of a reaction at the
electrode surface such as @duction or H adsorptiondesorptbn, or the probe reaction
can be the direct oxidation/reduction of the material itdelfthe case of Pbased
catalysts, the suggesteldirability-test protocols establishday the U.S. Department of
Energy places the endpoint voltagesoand 0.7 V and 0.9 V (vs SHE) which is
bracketing the onset of Pt oxide format{d®] It is important to consider that for
electochemical durabilityests,changes in surface aréee result can arise not only from
loss of electrode material, but also from surfaegonstruction during revelde
oxidation/reduction cycling.

Additional experimentalprotocols can also be employatliring long term

durability testing,by which the catalyst iexamined for performancenderconditions
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emulating real fuel cell processeBor example, suchiests can include aspecific
measuremenfior a catalytic reactignsuchits current tofocus on tracking performance

loss over time.

3.1.3.30xygen Reduction Reactidfrobing

In addition to surface characterization and durability measurements, sweep
voltammetry methods can be used to judge the actual performance of catalytic materials
by measuring the relative activity towards the catalysis of the ORIR.voltammograms
generated from types of experiments are soa
Recently, rotated disc electrode (RDE) methods are most often used to perform such
experiments, but they rely on the ability to deposit or attach the desired catalyst onto the
RDE (usually glassy carbon). Using RDE method allows for analysis of ORR kinetic data
by varying theelectroderotation speed, and can ultimately determine reactidere or
activation energies, without mathematical modelja@8g]

However, relative comparisons of ORR reaction currents can also be made using
nonrotating electrodes in typical electrochemical set Opés is done by saturating an
electrolyte such as 430, with O, gas, followed by performing a linear sweep riegdy
from above the ORR potential to below it in order to examine the current which results
when O, reduces to kD There are numerous ways the comparisons between LSV
voltammograms probing the ORR can be made: 1.) by analyzing the difference in onset
potentials of the ORR, 2.) by examining the potential where the ORR reaction current
reaches its highest value, 3.) the highest slope of the voltammogram, or 4.) a comparison
of the current at any decided potential on the ORR voltammogidmase four

componets are certainly not isolated features, so ideal analysis would examine the
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voltammogram as a whole, considering each component concurrBmrtblly, since
reactions are proportional to catalyst surface area &R currents measureghust be

normalized ¢ the surface area of the sample elect{ad®, 180

3.2 X-ray Spectroscofpc Methods

X-ray spectroscopic methods are some of the best suited characterization tools in
providing elemenspecific structural measurements for the numeroaterials used in
catalysis and other energy applications. The flexibility of various -lkole
spectroscopies lend themselves well to gaining better understanding of relating energy
states and atomic structure to surface properties. Deducing the fundbmeabanisms
stemming from local electronic structure to ultimate electrochemical properties is a key
potential area of knowledge that can be gathered from such spectroscopic experiments.
Additionally, synchrotrorbased spectroscopies provide even furtdtrantages in these
techniques, due to their energy tunability in acquiring high resolution elespeaific
information for local structures and characteristic atomic phenomenon.

Corehole spectroscopies involve excitationabdéctrors thatarenot on thke outer
shell of an atomknown as core electrons, by a photon source. With these methods,
elementspecific signals are generated when the core electron absorbs the energy of
incident Xrays, gets excited beyond the Fermi level, leaving behind an eldaiten
Some techniques, like -Kay photoelectron spectroscopgan be done using common
monochromaticX-ray enission lines, such as Al or CulkWith synchrotrorbased

sources, the incident photons can be tuned to a wide range of possible energies, and by
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selecting the appropriate wavelength, electron transitions that are most relevant to the

desired chemistry can be achieved.

Bohr Model of Atom
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FigurelO: Schematic of a core electron absorbing the energy of an incident ph&fpn.

3.2.1 X-ray Photoelectron Spectroscopy

3.21.1 XPS Technique Overview

X-ray photoelectrorspectroscopy (XPS) is one of the main ebote methods
used for a multitude of research areas due to its elemental specificity, ease of
implementation, as well as its high degree of surface sensjth8%.WhenincidentX-
rays come into contact with a sample, its electrons are transformed into an excited state
within the bulk of the materialThe majority of the excited electrerwithin the bulk
interact with nearby atoms, and many are quickly relaxed back into core electronic states
aselectrons exhibit very short inelastic mean free paths (IMFP) in solid midterever,

core electrongrom atomsnear the top few nanometerstbe sample surface can eject
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themselves into the surrounding vacyuailowing XPS to be asurfacesensitive
technique and the freed electrons subsequently head towards the XPS delbetse
escaped electrons are referred to as photoelectrelestronsfreed from their original
atomic states by interaction with incident photons.

While the incident stream of photons is monochromatic, electrons from several
elements and many different atomic states will be excited simultaneously, resulting in
photoelectons with varying emission energieXPS is elemensensitive, and hese
differing kinetic energies are what allow thé&PS detector to distinguish between the
different elements in the sampdes well asdifferent valencieof those elemenisXPS
detectors g curved with an electric field, such that electrons will impact the detector at
different points depending on their kinetic energi&be system can measure the
el ectronso kiasadedniwbere gheye langhd e€mvert them to binding

energies aawrding to:

"8 Euz tO% 7 &

Where B.E iIis the binding energy, hs rep
is the kinetic energy of the photoemitted electron, and WF denotesé¢ngyneeded to
remove an @ctron from the sampl® a point in thevacuum immediately outside the
solid surface The calculated binding energies represent the intrinsic energy securing a
given core electron to an atomic nucleus. As each element has a unique nucleus, and each
nucleus is surrounded by electrons in severargylevels it is possible to study the

photoemission spectrum of a specific electabra particulaenergy level for a specific



element, such as the O 1s or the Pt 4f emis3iba.end result of XPS experimentation is
a spectrum of overall photoelegstn 6 count & ver susValeskorthedi ng e
electron binding energies of pure elements are well known and recorded.

Importantly, characteristic binding energies will exhdNariancen their values,
of ten r ef eshifttevtien taa elensent B in @ noominal valance state or
participating in covalent bonding. For example, oxybeand electrons can exhibit
many varying binding energies depending on the type of oxygen bond or the bonding
coordination. Oxygen 1s electronnBling energies are well recorded for molecular
oxygen, atomic oxygen, and?Ospecies in an oxide. However, it is important to
recognize that formal charge is not the sole contributing factor to binding energy shifts.
For example, electron binding enemién a Pt" ion will alter depending on the
coordinating anions. Pt 4f electrons ipR#CkE and PtQ despite having a stoichiometric
charge of 4+ in both compounds, will exhibit dissimilar binding energies relative to each
other despite the same valenstate[183 These alterations stem from the differing
electron interactions which depend on both individual bond strength, the number of total
bonds, and bonding coordination. This type of change can edsdt from the ligand
effect, which highlights the influence of

There is another way that binding energies can vary, distinguishable from
oxidation state changes or bonding coordination. Known as a suwdaedevel slit, this
phenomenon arises from imediate local geometric coordination and is generally well
understood184 This alteration is what gives detail to binding energy deviations of near
surface atoms in a material when compared bulk properties. Lower atomic

coordination among surface atoms tend to exhibit lower bindinggeserfor the
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outermost layers of atoms, and in the case of ultrathin nanofilms, the entire shell may
exhibit this type of shift. This shift is very subtle in natueuallyless than 1eV in

magnitude, but is very important to recognize when it come$® desearch in the field

of catalysis. As an examplsyrface cordevel shifts havdeen shown to associate with a

me t ad barsd and adsorption of reaction intermediates like [€28] For most

bimetallic systems, the cotevel shift is more complicated. In additionrtormalsurface

effects, the system can be influenced by the interaction of a surface shell with its
substrate material. Neighboring dissimilar atoms can caumsgbtle transfer of electron
density, which also affects the surface at
the normal surfaceore and any ligand bonding effects.

Not only do XPS spectra qualitatively give information about the elements and
valence states present on the surface of a sample, the data is also quantitative in nature,
providing information about the percentage of elements préseed on the number of
photoelectrons counted from the sample elemeHtswever, more often than not,
quantitative analysis of XPS is relative instead of absolute, involeomgparisons
between several samples in a set. Relative quantitative measurement is also done through
assessment of distinct photoemission peaks within the same spectra, relatingepeék s
one detected element to another to establish a comparative anghsibest way to
compare XPS intensities is through percentage atomic concentrations. That is, the ratio of
the intensity of a particular photoemission to the total intensity aftreles in the
measurementAbsolute quantitative analysis of XPS spectra is difficult due to varying
characteristics of equipment, such asayx gun power output or vacuum conditions, and

often requires the use standard sample®\bsolute gak intensitie can changefrom
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experiment to experimenbut all else being equashouldremain constant in relative
terms. Furthermore, when it comes to layered samples with known architectures,
guantitative analysis of pealtea ratios for multiple elements can pdavinformation on

the construction of the sample. For example, a Pt surface shell photoemissions can be
compared to those of an underlying Au substrate, and thus indicate some idea of the shell
thickness depending on the elemental photoemission ratio.

XPS experiments gain much more flexibility when performed at large scale
synchrotron radiation facilitiesnstead of traditional laboratory facilitiesNith a
synchrotron light sourg&buncheéof relativistic electronsravel through aacuumring,
passingthrough bending magnetsnd sec al | ed 61 n st mproduacehighdevi c e
intensity and flux photon beaninsertion devices, such as wigglers and undulators, alter
the relativistic electronsodo paths thyrough
of energy ranges that can be utilizéddepending on the synchrotron facility and
equipment,photon energies carbe setdown to UV wavelengths which can then be
filtered to desiredincident energyhrough amonochromator. Thigs one of thegreatest
strengths of using a synchrotron source for XPS, the ability to tunec i d e n't phot
energies.By using low energy but high flux incident photpmesultantXPS spectra
generateds even more sensitive to the sample surfage td smabr IMFPs of ionized
electronsFurther by performing experiments with a variety of incident photon energies,
the atomic and electron state of a sampl e
d e p.tBh idicreasing thencident Xray energy,energized electron IMFPs irease-
meaningthe sampling depth is increased, allowing a greag#ical sliceof the sample¢o

be studied. Mis is especially advantageous when analyzing samptesatomicscale
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surface shells, where careful selection of incident energies can béousedmine the

shell and the corshell boundary region.

3.2.1.2 XPS Data Analysis

After acquisition of sample data from XPS, analysis is performed often through
peakfitting. XPS spectra are largely quantified in terms of peak intensities and peak
Opositiond al ong Te @imarydonaembehndoeantgying XP8al e .
data is that the count of electrons recorded is directly proportional to the number of atoms
in any given state on the sample surfacks detailed in the previous section,
photoemission intensities indicate the elements present at the surface, and the peak
positions indicate the elemental and chemical composition of those elements. Peak fitting
allows he experimenter to deconvolute and estimate the photoemissions of elements that
exist in multiple valencies or oxidation stat8gveral dedicated XPS fitting programs are
available, allowing a fit of calculated photoemission spectra to experimental data
However, iftreated as ablackboxb tool, XPS peak fittingwill almost always yield
incorrect results.Without careful construction involving parameter constraints, the
resultingfit, regardless of how accurately it mathematically represtetsiata, maye
of no meaningfrom a physical perspectivdhe problem ishat a good fit is always
achevedwhen optimized withoutestrictions

In order to have actual physical meaningalgfitting proceduresnust bedone
with proper constraints. These constraintsually originate fromknowledge of the
sample being examined, and knowing what photoemissions and shifts to those emissions
to expect Understandingpotentialsample chemistries of clear importanceas it can

suggest whiclthemical statemay be presdérand how many supeakscan constitute an
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overall photoemission as well as relative intensities. Offa@ameter constraints to
consider include peak widths, usually measured as thavidih at halfmaximum, or
FWHM. This is a useful indicataf chemi@l state changes and physicdluences, such

that broadening of a peag&an indicate achange bonding natur@ntributing to a peak
shape.In cases where XPS analysis of multiple chemical states is being performed,
theoretical values of peak width, knowrea ratios, and relative position to each other
Additionally, many photoemissions exhibit a doubletesulting from spirorbit
coupling[185 This coupling arises from the difference in angular momentum component
between two electrons at the same energy |aet.split energy levelwill each havea
different binding energy associated withag well as a known area ratio, which can be
used in proper fitting analysis.

Not all peaks inan XPS spectum are due to simple photoelectric transitions.
Secondary peaks may appear from other phenomemst likely due to Auger
transitions. Auger photoemissions are generated through asgrdxy which electrons
with characteristic energies are ejected fram atomin response to a downward
transition by anotheelectron.Auger peaks are usually ignored in XPS asialybut in
the case wherduger emission occurs at the same energy as the photoelectrons being
studied for XPSit can be problematid@he usual stejarounds for Auger emissions is to
use another characteristic photoemission of the desired element being examined, or to use
another energy source to change the kinetic energy of photoemissmtingy that Auger
electrons always have thensa energy regardless of source. Another difficthigt can
arise during XPS analysis is due to charging ofdlmmple surfacgl86 XPS relies on

electrons leaving the sample and unless emitted electrons are quickly replaced, the
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sample will exhibit a subsequent charging effddtis results in the measured binding
energies shifting duehptoemission interaction with the surface electric field arising
from the amassed charge. If the samplescangluctingandelectrically connected to the
instrument, chaye balance is easily restored. Bat other moreinsulating materials
emitted electvns must then be replaced via an external sour@ne common way to
achieve this is through the use of charge neutralization methods such as an electron flood
gun. The purpose of flood guns te provide a steady state electrical environment
Sometimes sut methods are not easily available, and then charging effects must be

accounted for in peak analysis.

3.22 X-ray Absorption Spectroscopy

The local atomic structure around a given atom can be investigated usayg X
absorption. This occurs when an atomuaes energy from an incidentpdy in order to
excite electrons into higher unoccupied electron orbitals. A subsequent relaxation process
occurs with the release of energy as an electron transitions from a-aigdregly electron
orbital to fill the leftorer corehole. The transition of an electron is accompanied by a
release of energy, often in the form of fluorescence radiafioa.energy above which a
given electron transition is excited is known as an absorption[&8dije.

X-ray absorption spectroscopy (XAS) is a synchrotvased technique that uses a
tunable Xray source toallow elemenispecific examination of chosen electron
transitiond.187] In XAS, a monochromator sweeps inerd photons from below a
el ectronbébs absorption edge to above it,
available in that material. This information can then be analyzed to deduce a number of

details about a material, such as atomic structure otretebehavior. Therefore, XAS
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can be used to probe various transitions across a range of excitation energies for the
elements in a material. This gives the technique a component of elgpeeiftcity much
like XPS.

XAS experiments are conducted in one tbfee modestransmission mode
fluorescence mode, ora electron yield. When using a partial electron yield detector, one
can selectively reject photoelectrons below a specified kinetic energy threshold. This
allows the experimenter to eliminate a lapgetion of unwanted signal and preferentially
measure a subset of the photoemission spectrum when dd€iggdn fluorescence
mode, a detector is placed near a sample to measure the signal arising from fluorescing
photons resulting from electron excitation. In transmission mode, the absorption spectrum
is calculagéd by measuring the magnitude of a photon signal traveling through a sample
and normalizing to incident signal originally present. Clearly, this mode of experiment
imposes a limit on the overall thickness of a sample, considering a photon source must be
ale to be measured on the opposite end of the incident photon beam. This set up is best

described by the Bedrambert Law:

) )

Where (}) i's original I ntensity, (1) is t
absorption | en geépath lemgih.drorh thi¥, it che e sder that & single
0absorption | engthd is defined as the mat

incident beam to drop to 1/e of @siginal intensity, or about 373.
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XAS is a versatile technique in that &rms of XAS benefit from a wide
selection of possible detectors to be employé&then done in vacuum,baorption
measurementsan be doneby tracking the electrolyield emittedor by tracking the
photon signal emitted through excitatilttorescence mechams. Other types of
detectors includsemiconductebased solid statdevices such aBIPS detectors, mudti
element fluorescence detectors, or transmission detectors in the form of ionization
chambers.

The absorption signal measured against the sounaey Xnergy constitutes two
main data regions: the-Ky absorption near edge structure (XANES) and extended X
ray absorption fine structure (EXAFS) spectrddNES analysis was not used for this

work.

3.2.3 Extended X-ray Absorption Fine Structure

Extended Xray absorption fine structure (EXAFS) is one of the methods that can
be used to analyze -May absorption spectrum. By gathering the transmitted signal
hundreds of eV above an absorption edge, atomic structure information can be gleaned.
The keycomponerd of EXAFS are the oscillations which thspectra exhibit in the
region past theabsorptionedge i sometimes called the absorptiaght a Thiesg
oscillationsare induced by interferinghote | ect r on waves arising
crystal struaire. Analysis of this oscillating tailis performed by using Fourier
transformatiormethods which must be preceded by a series of normalization steps.

Before discussing experimental analysis of an EXAFS spectrum, it is necessary to

discuss the physichat govern it. EXAFS is a specialized XAS tedue, meaning an
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electron absorbs energy from an incident pho#owl is subsequently shot into the
continuum. Thigphotoelectron can be described as a spherical wave propagating outward
from an absorber atomThis photoelectron waves thenscattered from thaeighboring

atoms surrounding the absorfa@om such that the scattered wave amgjinal outgoing

wave now collide andinterfere with each otherThe type of interference that results
depends on the energy (i.e. wavelength) of the photoelectron as well as the distance
between atoms. If the outgoing and scattered waves are in phase with each other, then the
interference is constructive. If the two lling waves are out of phase, then the
interference is destructive. Thus, thkase difference betweehe interactingelectron

waves will vary between constructive (in phase) and destructive inference (out of phase)

as theenergy of the electron is ireased.
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Figure 11. Example llustration of EXAFS spectra. A.) Nickel-Kdge Xray absorption

spectrum example. (B.) Nickel absorber atom (gray) and four neighboring oxygen
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scattering atoms (black). The crests of photoelectwaves produced by -Xay
absorption are shown as concentric circles. B.) Aa¥ energies below the absorption
edge no photoelectron is produced. C.) A relatigeillatory minimum in the EXAFS
spectra due to out of phase electron waves. D.) C.) A reladsitatory maximum in the

EXAFS spectra due to in phase electron w4t&4]

The type of interference is important because rdlative phase affects the
probability for X-ray absorption by the absorber atdimthe waves areut of phase, a
relative minimum in absorption occurs which causgsdrop in the oscillatory part
EXAFS sped¢rum. If the waves are in phase, a relative maximum is exhibited instead.
When an EXAFS experiment is being performed, the energy ofpHmcelectron
increases (wavelength decreases), but of course the atomic bond disthrecabsorbing
materialremains unchanged. This will alter the interference that results, and the colliding
waveswill progressivelyfall in and out of phase as the energy of the photoelectron is
increasedThis is what causes the oscillations seen in the EXAFS spectrum.

In summay, the sum of the outgoing photoelectron wswand the scattered
waves atabsorber atomsioscillate with a periodicity that islependent on electron
energies and the bond distances present in the sample m&ec@lse an experimenter
knows the experimeal electron energy contribution to the oscillations already, it is
possible to unearth information about the bond distance contribution to the oscillations
t hrough careful s p e ct r BXABRSnosaclllatians aly ocdutf@rs wor
elements \ith neighboring atoms, smithe absence of coordinated atorBXAFS

oscillations are absent.
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The EXAFS spectrum can be understood in terms of the EXAFS equation, which
can be written in terms of a sum of the contribution from all scattering paths of the

photoelectronThe EXAFS equation can be given as follows:

. ¢ d JoOm

OEJQI &7Q
0 dQi

With the total absorption (g )ampatgde a f un
reduction factor (§, backscattering amplitudéunction (f), DebyeWaller term,
interatomic distant8&18r ), and phase shift

EXAFS processingtartsby normalizing themagnitude of the absorpticedge
stepto ong which accounts forsample to sanle variation n the amount of material
presentand removes it from experimental consideratibhen, the preand postdge
regions of the absorption spectra are fitted with a background line and subtracted from
the raw dataAfter normalization backgroundignals from the experimental data, the
structureinduced oscillations can be isolated amhverted tdk-spaceand subsequently
Fouriertransformed to a real space probability function. Timal realspace plogives
information on theatomic bond lengthspresent in the samplét this point, the real
spaceEXAFS data can be fitted using calculated distribution functions based on model
crystal structuresallowing qualitative and quatdtive conclusions to be drawrBy
rigorous calculation of sevarhypothetical models and fitting to the data, the finer details
of the crystal structures in the sample can be establiSimedugh this type of analysis,
information such as crystallinity and nearastghbor distance can be derivétiis entire

processis generally performed using a data processing suite such as ATHEGA.
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After this step, a goodnesé-f i “ttest&an be conducted to quantify the accuracy of the

data treatment process employed.

3.3 SampleSynthesis

3.31 SurfaceLimited Redox Replacement

Surface limited redox replacement involves the repeated process of
electrodeposition of one sacrificial atomic monolayer, oftentimes via underpotential
deposition (UPD)[172 191-193 and its replacement by a second element via redox
galvanic replacement.

The combination of UPD exploitation with galvanic replacement of the -UPD
grown layer allows for the synthesis of pure metal films with high degree of atsoate
precision. This technique, called surface limited redox replacement (SLRR) or sometimes
electrochemical atomic layer deposition-AED), first grows a monolayer oA on a
substrateB via UPD methods, but then goes further to removeéth@nolayer through a
replacement process. This in turn causes a deposit of a third m&et@atjeposit on the
surface. The process in full can then be repeated iteratively, resulting in a filme@ pu
material grown on top of th® substrate with a weltontrolled level of thickness.
Brankovicet al. were some of the first to deposit of single MLs of Pt and Pd through the
use of SLRH194 Initial attempts at SLRR often used Pb and Cu as theaked
0sacr iAdbi mataéwi @l , due to the ease of which
from simple electrodeposition baths of these m¢i§)

The driving force of the galvanic replacemesaction between two metals in the

same system can be considered as the difference between their redox potentials. In the
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case of SLRR, the redox potential of the sacrificial metal expresses the potential at which
that layer will dissolve. The redox pote of the desired metal to be deposited, which

for catalysis purposes is often*Por another noble metal ion, defines the potential at
which that metal will galvanically reduce onto the substrate surface. Accordingly, when
two such metals are placedtire same electro chemical system, the galvanic replacement
reaction will take place with respect to their redox potentials. A metal with the more
positive potential will preferentially be reduced and replace a metal with the lower redox
potential, which wil then oxidize and dissolve into solution.

Enactment of SLRR involves two ionic metal solutions, the first of which is used
to underpotentially deposit the sacrificial metal layer, and the second to house the
replacing layer of the desired noble metdiefie is a range of experimental setups that
can be used to carry out SLRR fabrication. For example, the substrate electrode could be
manually moved from the UPD depositing solution to the second in an iterative manner.
Conversely, a flow cell arrangemerdutd be used where the working electrode remains
stationary and the different ionic solutions are sequentially flowed past the electrode
surface195 Flow-cell arrangements utilize a series of pumps to flow the requisite
solutions in an automated manner, in addition to a rinsing bath to prevess
contamination between the UPD and galvanic reactions. This type of setup is especially
convenient for largscale growth of films via SLRR, as dozens of iterations of layer
deposition and replacement can more easily be automated. However, manaabomf
SLRR allows for a higher level of control regarding solution composition, given the

potential of less dilution by avoiding the use of a rinsing solution in between steps.

77



Clearly, the major disadvantage would be that electrode switching is lomand,
limiting the number of layers which can be grown.

Underpotential

o Cu™* +2¢ —>2Cu
Deposition
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Figurel2: Schematic of surface limited redox replacement

A notable element for SLRR techniques was discovered by Wea\a;[196
where film epitaxy and wetting could be improved by performing a 1:1 place exchange
using a Pt replacement solution, as opposedatd:2 place exchange sing*Pmoting
that Cu would oxidize in the galvanic reaction a$'CEurthermore, it has been shown
that the coverage and morphology of the sacrificial layer plays an important role on the
final chemical state and reactivity diet ultrathin film ultimately grown.

Challenges still remain on the road toward the development of SLRR Pt
deposition strategies that would better me
fuel cell catalysts. Most significant among those challsngre the relatively low
efficiency of the SLRR reaction when Cu is used as sacrificial metal and the absence of

information about the elemental composition of SLRR deposited Pt [gd@rs93 197
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There has been evidence that the metal grown by SLRR is not fully reduced, an effect
suggested by previous work which indicateontraditional stoichiometry in specific
cases of SLRR growtf197] It has been shown that the influence of support particle size

is of critical importantvhen it comes to the valence state of SEtBwn overlayer$68]

3.3.2 GrapheneSynthesis andTransfer

Singe layer graphene sheets have gained attentiorthiorcoverage of large
substrate areas for large scale applicaticugeh as for electrocatalystSynthesis of
graphenelayers has been conducted in a variety of manners. The first of these
incorporatesannealingof singlecrystal SiC, which results idesorption of Si fronthe
surface yielding amultilayered graphene structure that behaves like graghégge
Secondly graphene oxiddilms have been fabricated through liquid suspension
followed by chemical reductiofl99 A third method is achemical vapor deposition
(CVD) / surface segregation method where carbon is dissolved in transition metals and
thenundergoes grecipitation process at high temperatures followed by cooling down
with various rate$200 For use in this work, graphebtained uses high vacuu@gVvD
methodson transition metal$198 201] However,severalbof these approaches require the
use of a specifisubstrate material.

The growth of graphene monolayerstoansition metals such ao(Pt, Ir, Ru, Ni
and Cuis well known.In general, the growth process/olvesexposure of the transition
metal surface to a hydrocarbon gasch as Ck at temperaturearound 1000 °C under
low pressureconditions. In a CVD process, graphene growibccus due to the
precipitation of graphite frorgaseousarbon species within theurface of a metdlim,

forming a solid solution.After exposure to Ci the system is cooled to room
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temperature. Since the solubility of carbortdmperaturaependent, it theprecipitates
as a graphene layer on the Cu surface upon cooling of thi®@djl For this work, Cu
foil was used athemetal of choice

Following CVD growth of a largarea graphene monolayeon Cuy reliable
transfer onto any desired arbitrary substrates is a crucial step for most practical
applications This isconducted byperforming a wegtching processf the underlying
metal film. In order to protect the graphene, it is first coated one sidewith a
polydimethylsiloxane (PDMS) or polymethyl methacrylate (PMMA) layer. PMMA has
been more commonly used for purposes similar to this, such as a carrier material for
transferring carbomanotube$202] The etchingis then carried outin stepsby first
floating the foil, PMMA coat side up, omn aqueous HGr HNO; followed by floating
on solutions such as ammonium persulfate for several @@ This ultimatelyresults
in a freestanding PMMA/graphensheetthat can bdransferredto any desired target
substrate. The final step involves remotte@ PMMA protective coaby acetone. The
newly attachedyraphenenonolayermreservs it structureandcanattach strongly tonost
materials such as semiconductors, glass, metals and plastics, via van der Waals

interactions[204

3.3.3 Experimental Sample Set

This study encompassedhe previously describedspectroscopic and
electrochemicaimethods to analyzBt monolayers grown on Au coated supporésthe
SLRR methodAu is used as a supporting core metal for two primary reasons. First, it

allows for uncomplicated synthesis of SLRR because it allows Cu to exhibit a clean UPD
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feature when used as a sacrificial layer. Secondly, Au has been shoawetsynergistic
effects when paired with Pt when it comes to its activity and stability.

Two different Au based supports are used throughout the research presented in the
following chapters. Onesupportwill involve carbon fiber paper (CFP) as catalyst
backing, chosen due to its affordability, high surface area, easy synthesis incorporation,
and efficiency asa current collectorfor fuel cells. Before any deposition, the CFP
electrodesarecleane by CV in a 0.1M H,SOy, solution until a steady state was reached.
The Auis then deposited using a inM AuCl; solution via potentiostatic deposition
(PSD) at OV for 30 minutesThe solution used for Cu UPI3 10 mM CuSQ + 50mM
H,SO, andPtgalvanic replacement of titgu utilized 1 mM HPtCl.

The other support materiak flat crystalline Au(111l) deposited on glass
substrates, which acts a moaeademic set of monolayems analyzing architecture
effects on the Pt surfac&lass substratesre firstcleaned in Piranha solofh (H:SOy:

H,O, i 4:1) for 15 minutes, followed by physical vapor deposition of a 15 nm Cr layer
and a 50 nm Au layer, successively, usiigenton Explorer Ebeam Evaporator. A slow
deposition rate of 0.5 A/ses used in order to achieve to most uniform Au coating
possible. AFM measurements of deposited Au on glass substrates show a surface
roughness value of less than 1 nm (RMS). XRD analysis shows that the deposited Au
surface is largely of a (111) orientatiand can be seen Figure13. TheCr acts as an

adhesion layer for the Au, which actstiascore metal.
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Figure 13: XRD spectra for bare gbs substrate and Au/glass substrate, usi@g & U

source.

For the Pt MLs grown on Au(111) thin films, this study also examines the effects
of single layer graphenecorporated into the cotghell architecture. Graphene sheets
have been added to the gdes in two distinct manners. Firstlthe studyexamine
graphene when placed in between the Au substrate and SLRR grown monolayers, such
that the SLRR process grows Pt on top of a graptemelated Au film. Secondly,
graphene is placed at the top mastelr of the PAu structure, such that graphene acts as
a cap covering the SLRR grown Pt. These two types of architectures will be denoted at
Pt/GR/Au and GR/Pt/Au, respectively. A representation of all the sample types examined

throughout this study is slwn inFigure14.
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Individual monolayers of graphene were obtained from American Chemicals
Supplier, previously synthesized by chemical vaporod#ion over 25¢m Cu foil. A
100 nm thick PMMAlayer is spin coated over graphene/Cu foil and left over night to
dry. The underlying Cu foils then etche@way by floating on HN@for 5 minutes with
the coated PMMA layer facing ugnd followedby floating overnight in @ ammonium
persulfate solution. Thissucceeded by
isopropyl alcohol After etching, the PMMA/graphene filns then transferred over to
eitherthe Au substraten the case of Pt/GR/Au samples, or to the ayegrdwn PtAu
architecture in the case of GR/Pt/Au samplese PMMA/graphene/substraie then

annealechat 220°C for 15 min with a ramp up from room temperature at@@nin. After

cl eani ntgrbatmandl 8. 2

annealingthe substrates placed in acetone to etch away the PMMA fdrogirs.

a.)

b.)

Pt

Au

Au(111)

Au(111)

Au(111)

CFP

Glass

Glass

Glass

Figure 14: The main sample architectures examined in this study. a.) Pt monolayers on
Au-coated carbon fiber paper. b.) Pt monolayers orcédated glass. c.) Pt monolayers

on graphengemplated Awcoated glass. d.) Pt molayers capped by singlayer

graphene on Awoated glass. Dark dashed line represents a graphene layer.

As a result of the SLRR process, Pt is nominally deposited on the surface in a 1.2
Pt/Cu ratio, which arises from the ratio of the valence statéeaforresponding ftand
CU" ions in solution. Each SLRR iteration results in Pt replacing a 2/3 ML of Cu,

therefoe this nominally yields a 1/3 Mlequivdent (ML) of Pt[68] This can be seen in
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Figurel2. So, a sample witbnly 1 SLRR iterationcan be denoted by 0.3 ML, while 3
SLRR iterations can beeen as equivalent tb ML, and 6 SLRR ierations can be
denoted as 2 MLetc

The experiments performed on the samples are detailed in the following chapters,
but a general outlie of the characterization methods used can be sde@gure 15. At
least a subset of each type of sample architecture have been examined via XPS and CV as

well as synchrotron EXAFS and some form of potential cycling to analyze surface

durability.

Sample Type Laboratory XPS Synchrotron XPS EXAFS CV LSV (ORR probe) Potential Cycling (cdurability test)

Pt/Au/CFP v v v v (N3, 0-1.5V, 300 cycles), (05, 0.4-0.75V, 1000 cycles)
Pt/Au(111)/Glass v s v (05, 0.4-0.75V, 1000 cycles)

Pt/GR/Au(111)/Glass v v v (05, 0.4-0.75V, 1000 cycles)

GR/Pt/Au(111)/Glass v v v v (05, 0.4-0.75V, 1000 cycles)

Figure 15. A table summary of the experim@l methods performed on the sample set
detailed inFigure 14. Durability tests are summarized by the potential window, number

of cycles, and whether the electrolytas N or O, saturated.

84



CHAPTER 4: STRUCTURAL SURFACE EVOLUTION OF PT

MONOLAYERS ON AU

One of the goals of the research presented is to examine the structural and
electronic properties of Pt monolayers grown using the SLRR me8pmtifically, the
aim is to examine the chemical state of the surface oPtimonolayer catalysts formed
via SLRR on varying supports and to determine the best methods and architectures of
obtaining the most suitable surface for use in catalysis. Literature shows that many
properties of a monolayer scale surface are dependent on the proximity of atoms to the
supporting core material. Thus, one of the main variatlissstudylook to examine is
that of monolayer thickness, usually in the range ofreobolayers to 5 monolayers
which can be controlled by the number of SLRR iterations performed in sample
synthesis

This research compares the chemical state of fabriédtacthitectures byXPS.
Further, by ging a tunable synchrotron source of light for these experiments, a very
detailed examination of the Pt surface can be done, which can inform of the level of
metallic and cationic statPt that exists in the overlayerLSV sweeps are used in
oxygenated bS50, to examine the aptitude of the Pt surface for catalyzing the ORR.
Catalyst durability is also a significant aspect for consideration, with instability
oftentimes caused by metal dissolution or corrofl@t] It is has been shown that Au
can have a stabilizing effect on Pt even under high oxidizing conditions and thus can
suppress Pt dissolution duringactions such ddOR, resulting in improved durability of
the Pt catalystg37, 209 This study looks at the durability of Pt monolayer catalysts

two ways firstly by subjeting samples to an aggressive poteryaling window and by
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examining the activity of the surfaces towards the ORR during cycling in an oxygen
environmentwith narrower cycling range3 hesethree aspects of monolayer catéys
chemical stateactivity, and durability- are theprimary basis forthe study. Sample

synthesis and characterization methodology is outlined in Chapter 3.

Figurel6: SEM images of potentiostatically deposited Au deposite@FP.

Before sample characterization, SEM images of Au deposited on CFP were taken
and can be seen Figure 16. Notably, theras no useful purpose in taking SEMhages
for Pt/Au/CFP samples,due to the extremely small scale of ts&RR-grown Pt

depositiors. The Au deposittakes on the morphology afumerouslarge urchinlike
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clusters with an average diameteraffew microns. The formation of Au clusters is
sensille, due to diffusiodimited growth caused by electrochemical potentiostatic
deposition. e ratelimiting step for the reduction of AY to Au is the arrival of
solutionphaseAu®" at the CFP surface, creating a depletion zafter initial Aunuclei
formation. Once thisegionis formed, the arrival of furtheAu® ions to the AuCFP
surface will preferentially reduce at the outermost protrusions of the depositadté\u
the depletiorzone, leading to a cluster formation. SLRR grown Pt can beeexpected

to coatthe surface of the Au clusters, as showFigurel7.

JAu @C OPt

Figurel7: Representation of Ptgwth onCFP condining Auclusters. Adapted from

earlier repor{68]

Another goalbof the research presentedasdetermine methods to readily achieve
a reduced metallic state of tRéoverlayer, which can be done with both electrochemical
methods as well as annealifithe Pt/Au/CFPsample set includes samples ranging from
having undergone 1 SLRR iteration to 1I8RR iterations (0.3 ML to 6.0 ML) in one of
two states, as and after an electrochemical reduction step. Samples modified by
electrochemical reduction wedone so by cycling in a 0l H,SO, solution conducted

from OV to .9 V. In this way,the chemicalstate of both as samples and reduced
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samplescan be comparednd variations in chemical statan beexaminel. This study
also examines the effects of moderate temperatures on the state of the Pt catalyst samples
and how the corshell architecture imnodified

Several Pt/Au/glass samples are also characterized in the chapter. These
architectures are flat academic samples largely utilized as a means of comparison to the

Pt/Au/CFP samples.

4.1 Electrochemical Characterization& Durability Testing of Pt Monolayers

4.1.1 PY/Au/CFPSample Set

The samples used for this stuthnbe referred to by the number of the equivalent
number of monolayers rather than iterations of the SLRR technique. For example, 1, 3,
and 6 SLRR iterationsanb e denotMLdd ,.aMA®H,0. 8MHS6 0 2r espect i v
Firstly, the surfaces of the samples were examined by CV in acidic media where the
relative currents associated with Au or Pt surface osédection can be seeRigure18
shows representative CV curves for varying thicknesses of Pt. The voltammograms
presented here were recordedNg-saturated0.1 M H,SO, at 20 mV/s. Cycling the
samples in such a manner also acts as a preliminary electrochemical reduction step when

the sweep is terminated av0
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Figure18: Cyclic voltammograms of Pt/A@FP electrodes in 0M H,SO, solution with

a potential scan speed of 20 mVReferenced against Ag/AgCl.

Figure 18 shows a set of cyclic voltammograms for SLRR grown Pt on Au o
CFP.CV is a surfacesensitive technique, as currents seen are generated from reactions at
the metalelectrolyte interface. For Pt specifically, a Pt surface area can be tracked either
by studying the Pt oxide reduction feature aabund 0.45 V or by tle hydrogen
adsorption/desorption curves that appear around the 0 V region of the voltammograms
againg an Ag/AgCl reference electrod&imilarly, the presence of a small Au reduction
feature at 0.9 V indicates when Pt deposits are not fully masking the underlying Au.

It can be seen that most of the Au reduction feature is eliminated withla sing
monolayer coverage of Pt, but it nevarly diminishes even after several SLRR
iterations With increasing amounts of Pt, the Pt surface area increases at the expense of

the Au surface area, indicating that Pt dgpon at Au sites is dominaniThe Pt
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reduction feature continues to increasesize up 5 ML(15 SLRR iterationsjhickness.
The use of thesevo reduction featuresan be used toackP t @grawvth onAu via SLRR
and has been employed successfully in the past, including previous research by this
group. [68, 179, 206, 207] Additionally, the hydrogen wave feature also continues to
increase in size as the amount of Pt deposit increases. Hydrogen adsorption is directly
proportional to the amount of Pt exposed to the electrolyte,iradidates that thd°t
surface area still comues to increaseven aftewhen a few monolayers are placed. This
could be due toontinuing clustering of deposited Pt in addition to surface roughening.
Further the peak potential of the Pt reduction featteeds toshifts to more
positive potentiad with more monolayers placed positive potential shift can be
indicative of the Pt surface exhibiting
where Pt deposited on the surface is not fully red{i88dT his shift hasalsobeen shown
to indicate aenefitto the chemisorption oSpecies such as Gkb helppromote oxygen
reduction kinetic$179, 208 These results aralsoin accordance to recent research by
Stickney et al. which show a similar progression for the Pt reduction charge shape as
number of SLRR iterations incredd®@5 The platinum reduction shape can be
integrated to ofain the totalPt charge of tb atoms, which is a representation of the
amount of platinum atoms exposed to the surfaCileis information is used in

normalization oklectrochemical experiment data.
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Figurel9: LSV sweeps foPt/Au/CFP samples in4&»aturated 0.1 M 50O,. Referenced

against Ag/AgCl.

In addition to Pt/Au/CFP characterization by cyclic voltammograms, the sample
set was analyzed by LSV to probe ORR activijgure 19 shows the linear sweeps
conducted in an oxygenated electrolyte, where the potential is swept negatively and the
resulting current arises due to the reduction eft@®H,O. It can be seen that with Au
does not eslly catalyze the ORR, and by increasing Pt overlayer thickness: 1.) the onset
potential for ORR shifts positively, 2.) the current/potential slope increases, 3.) the
maximum current achieved increases. FOARCFP samples, an easy waydenote a
samplé s catalytic activity towards t4imad ORR
end of the sweep at 0.1 V.

Durability of Pt/Au/CFPcatalysts was examined via electrochemical methods

using two different types of potential cycling approachesst, anaggressive durability
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test was conducted by repeating cyclic voltammetry (CV) cycles between 0.00 V and
1.50 V inNy-saturated 0.M H,SOy at a scan rate of 50 mV/s. While this potential range
is much larger than what a catalyst would expect in a working fuel cell, this aggressive
potential range was utilized simply to study the stability of the Pt overlayers and to
compare varying overlayehicknesses. The cycling repeated 300 times for each sample.
After every 25 cycles, the electimemically active surface ar¢BSA) of the Pt surface
was estimated via integration of thet reduction charge in the cycliooltammograms
(seeFigurel8).

In addition to this aggressive potential cycling, a stability test using a smaller
potential window of 0.40/ to 0.75V was also conducted i@,-saturated 0.M H,SO,.
After every 100 of these cycles, the electrochemical activity for oxygen reduction of the
catalysts was investigated by linear sweep voltamn{sagFigure19). Thisexperiment
uses a potential rander the sweep selectdd illustrate performance in a fuel cell and
gives insight on the activity of the catalysthis alsocan describe howdynamic
reconstruction of the surface during potentigtling in fuel cell operation can affect the
activity and stability of the surfa¢&80, 209

The size of the potential cycling window will have immediate effect on the
observed stability of Pt catalysis. accelerated durability cycling tests, extremely rapid
cahode particlecoalescence and dissolutican beobserved when cellare cycled to
voltages above 1 VFor more representative testing for fuel cell purposes, the U.S.
Department of Bergy have recently established a set safggesteddurability-test

protomls. For electrocatalysighe protocolplaces the endpoint voltages at .7V and .9V
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against astandardhydrogen electrod€SHE), either for cycling or potential hol{46]

This protocol more closely matches the lese aggressive durability experiment performed.
The results for the durability experiments are shownerfélowing figures poth

with larger aggresive potential windowsHigure 20) and more characteristic narrower

potential rangesHigure21). All data reported is referenced against an Ag/AgCl electrode

(SHE- .22 V).
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Figure 20: Percent remaining of the initial platinum overlayer on CFP every 25 cycles.

Cycles were conducted from 0.00 V to 1.50 V in . N,-saturatedH,SO,

Figure 20 shows us thepercentage remaining of thetegrated area of thPt
reduction charge every 25 cyclesanf aggressive cyclingxperimenfrom O V to 1.5
The longterm stability of an ultrathin Pt film is a very important property for this type of
fuel cell electrocatalysThis showsthat the charge obtained from the CV scans gradually

decreases along with the successive CV scans. The shape and slope of the curve indicates
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the relative durability of the Pt monolayers. Samples with an overlayer thickness of 2
monolayers or lesshow amore dramatic decay in3FA within the first 50 cycles,
indicating that these samples show very poor durability and will dissolve readily. From
this datajt can be seethat after about 100 cycles for the lower thickness samples, there
is almost no remaing Pt reduction current which indicates that the Pt deposit has been
mostly dissolved.

However, the shape of the curve significantly changes once the platinum surface
is at least 3 ML in thickness, showing a slower decrease in the integrated charge as the
cycling continues. This is especially noticeable in the 4 and 5 ML samples. This is in
agreement with prior research done by this group that below which the film exhibits
durability, due specifically to chemical state and thickness of the siyf&cdhis
previous report showed that Pt overlayers less than 2 MLs thick tend to exhibit more
cationic Pt contentyhich can be inferred from the Pt reduction featurEigure18. This
studyinvestigats Pt chemical state further in Section 4.2.

Both the fact that the 3nonolayer overlayer shows significant increase in
durability and a less decline in thePt reduction charge in early cyslesupport the
notion that cationic Pt specidésad toless durablesurfacesthan more metallitype Pt
overlayers. The initial dromithe platinum reduction charge at 25 cycles may indicate a
cleansing of the cationic content as it is quickly attacked during the initial cycles, before
the curve starts to flatten out. The very thin oxide layer formed on the surface of Pt might
not havea passivative rtare andcould accelerate the dissolutifi?il( It can be said that

after 3 monolayers (9 SLRR iterations) a thickness threshold has seemingly been
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achieved, whichallows the sudce to achieve more metallic structure gincesit more
stability.

In addition to this aggressive potential cycling, an activity/stability test using a
smaller potential window of 0.4 to 0.75V was also conducted i@,-saturated 0.M
H,SO,. The eleabchemical activity for oxygen reduction can be examined by linear
sweep voltammetry experiments in30, solution at room temperatuf#8Qg A LSV
curve was taken fror.8 V to -0.1 V and the final current achieved in theaction was
marked. Then the samples were cycled 100 times betweeN ®40.75 V before
performing anothet. SV curve. A total of 1000 cycles were performed, conducting a
linear sweepafter every 100 cycles. This experiment can give us some insight how
dynamic reconstruction of the surface during poterayaling in fuel cell operation can

affect the activity of the surfa¢é80 209
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Figure 21: Normalized activities of after oxygen reduction reactionOatV following
negative potential sweep in OM O,-saturatedH,SO, after every 100 cycles. Activities
are normalized by the Pt reduction charge by CWjnsaturated 0.IM H,SO, (see
Figure 18). Multicycles were condded from 0.4V to .75V in O,-saturated 0.1M

HoSO.

Figure21 shows the final currents achieved at the end of the potential daieep
each samplelmportantly,the currenthave beemormalized by the charge obtained by
integration of thePt reduction &ature in the initial cyclic voltammograof the sample
(Figure 18). This Pt reduction charge essentially represents the exposed surface area of
the Pt overlayer. B normalizing the ORR reaction current by this charge, a value that

indicatesthe activity of the surfaemost platinum atoms obtained not the activity of
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the Pt/Au/CFP electrode as a wholde cycling in oxygeiich media show markedly
enhanced currents for the ORR once a 2 monolayer Pt overlayer thickness is achieved

When normalized by th@t reduction charge in CV, it is seen that a surface
coverage oR.0ML in thickness exhibits the highest activity towards the @&Rtive to
the amount oPtpresentOne can see that the current obtained for a sam@®ML in
thickness shows the highgshost negativepormalizedcurrent values, followed b$.0
ML. Samples with higher surface coverages, such a4.@rend5.0 ML thick surfaces,
show a marked decrease in this normalized actilitgeems an overlayer thickness of
3.0 ML is most attractive, due to an increased durability as well as high activity towards
the ORR relative to the amount of platinum exposed osuhace (se€igure22).

Otherwise, each curve ikigure 21 shows a similar shape with regard to the
activity after cycling. A significant current decrease the current is noted within the first
100 cycles, followed by a more gradual decline as cycling continues on the surface of the
catalyst much likeFigure20. Once againthe initial decreasmay indicate a cleansing of
a thin oxide layer formed on the surface of the Pt overlayer, potentially lowering the
surface area for reaction and lowering the current before a more regular surface overlayer

is achievedfter initial cycling
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Figure 22. Normalized activities after 1000 (M-.75 V) cycles of oxygen reduction
reaction at-0.1V following negative potential sweep in OM H,SOy plotted against
Percent platinum retained after 100 (V41.5V) cycles. Activities & normalized by the

Pt reduction charge by CV in nitrogen saturated\0 H,SO, (seeFigurel18).

Figure 22 compares sample activity to durability by overlaying the normalized
ORR current after 1000 cycles from MGo .75V in O,-saturated.1 M H,SO, for each
sampleand the percent of Pt remaigi on the surface after 100 aggressive cycles from 0
V to 1.5V in Np-saturated.1 M H,SO,. Although the increase in ORR activity is best
for a sample with a Pt overlayer of 2 monolayers in thickness, when compared to the
durability testing, the 3 monolay samples seems klave the best overall activity and
durability properties. This is in agreement with prior work by this gnebgh showed

that Pt films of 3 monolayers in thicknessre spared the rapid metal dissolution from
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repeated methanol oxidatiagcles, but are thin enough to exhibit enhanced CO stripping

due to electron transfer from the underlying [8d]

4.1.2 Pt/Au/glassSample Set

SLRR grown Pt monolayers on glass are more thoroughly analyzed in the next
chapter, however, this section includes the fundamental electrochemical characterization
for the PtAu/glass sample set. Characterization voltammograms, LSV sweeps probing
the ORR, and durability tests are conducted for comparative measure to the Pt/Au/CFP

samples in the previous section.
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Figure 23. Cyclic voltammograms of PAu/glasselectrodes in 0.M H,SO, solution

with a potential scan speed of 20 mVReferenced against Ag/AgCI.
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Figure 23 shows cyclic voltammograms for Pt/Au/glass electrodes. Unlike the
counterpart CFP based electrodéigre18), the potential window only goes up to a
maximum of 1.1 V. This is due to the Au adhesion to the underlying glass substrate.
Higher oxidizing potentials of Au can easily lead to delation of the Au from the
support, effectively destroying the samgtes worth noting that the absolute currents
achieved are lesser than what was seen on carbon fiber paper, due to the lower specific
surface area of flat Au substrates compared to CEBitidnally, it is notable that the Au
oxide reduction feature is not seen for any of the sample cases. There are two reasons for
its absence, firstly, that oxidizing potentials up to 1.1 V may not be positive enough to
oxidize a significant amount of AGecondly, Pt monolayers may effectively cover the
entire surface of Au, even after only a single monolayer has been deposited.

It is possible to cycle up to 1.2 V, in order to see a higher amount of Au oxide
formation and reduction as seerFigure24. However, if the Au is not well adhered to
the glass surface, these potentials can be destructive to the sample. The presence or

absence of the Au reduction feature @19~V is analyzed further in Chapter 5.
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Figure24: Cyclic voltammogram of Au on glagdectrodes in 0.M H,SO, solution with

a potential scan speed of 20 mVReferenced against Ag/AgCI.

The ORR activity of Pt/Au/Glass samples was also probed, and the results can be
seen inFigure25. Firstly, the ORR current densities (current per geometric surfaag ar
achieved are much lower than the CFP counterpaigsie19), roughly by an order of
magnitude, once again due to much lower surface area for thesggssrted samples.
Secondly, the LSV shape is significantly different. Rather than a monotonically
increasing current as potential is swept, a maximum is reached, after which the ORR
current tails offThis is due largely to magsansport limitations, which could normally
be minimized with the use of a rotating electrode set up. However, due to thle sam
synthesis used in this report, rotating methods were not available.

This makes noting a sampleds activity t
CFP samples, where one can easily select the current at the end of the sweep. In the case

of Pt/Au/Glass samples, the level of surface activity can be analyzed a number of ways:
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1.) By examining the onset potential for ORR, 2.) By examining the maximum current
value or reaction slope, 3.) By picking an arbitrary potential and marking the current
value at hat point for each LSV curve, 4.) some combination-8f In analyzing ORR
activities in the next chapter, this study examines both the slope of the cuntvieg

where the slope is at its maximurand the current value at a chose voltage.
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Figure25: LSV sweeps for Pt/Au/Glass samples ipgaturated 0.1 M $50O..

Referenced against Ag/AgCI.

When it comes to durability testingaraples were cycled loragrm from 0.4 V to
0.75 V in oxygersaturated 0.1 M 8Oy, with a total of D00 cycles performed on each
sample. A characterization CV curve from 0 V to 1.20 V was takéh-saturated 0.1 M
H,SQ,, once before cycling and once after 1000 cycles in order to examine the changes in
the Pt reduction shape. By measuring the integfiategduction charge before and after

cycling, an illustrative representation of the amount of surface coverage of Pt remaining
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on these samplesn be obtainedrhis is shown irFigure 26, where total Pt retention is

displayed as a percentage its original integrated area.
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Figure 26. The percentage of surface Pt Aw-coated glass is calculated after 1000

cycles in acidic media. Cycles wagrerformed from .4 V to .75 V in Ssaturated b5O,.

This voltage cyclingexperimenusesthe potentiad borderingthe oxide formation
and reduction region®r the ORR By comparing the status of the Pt surface before and
after cycling,it can describe how the reconstruction of the surface during potential
cycling in fuel cell operation can affect the stability of gwface.4 and 5 ML Pt/Au
samples showed improved Pt retentidihe results indicate that loss of Pt is dictated
mosty by bonding to other Pt atoms, and a significant increase in surface retention is

achieved once several monolayers are grown.
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4.2 XPS Characterization of Pt Monolayerson CFP

XPS analysis was employed to determine the oxidation state &ftthe well as
the relative size of both tHetandAu photoemissions. The $4f photoemission exhibits
a spinorbit-split doublet, with two peaks (44, s2) at binding energies around 71.25 eV
and 74.5 eV respectively exhibiting a known spacing of abpB8.25 eV. The Ab 4f
doublet lies about 12 eV higher, with binding energies ranging from ~84 eV to ~88 eV.
XPS spectra of Pt and Au on CFP are showrigure27 for Pt overlayer thickness from

1.0 ML to 5.0 ML.
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Figure27: XPS spectra for Pt/Au/CFP samples from 1.0 to 5.0 s an Al KJ

source.
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Figure27 shows how the Pt XPS photoemission increases in intensity relative to
the Au signal as more layers of Pt are groB@cause the sample architecture is that of a
layered structure, the relaéiyphotoemission intensity between Pt and Au can be used as a
indicator of the thickness of the Pt overlayer as well as the overall wetting of Pt on Au.
For Pt/Au/CFP samples, both these XPS measurements and C\Figat {8) exhibit
Au signals up to 5.0 MLs, which indicates that Au may still be exposed on the CFP
surface.

Using a tunable XPS systemh a synchrotron facilitythe chemical states of the Pt
and Au can bexamined as varying depths of the eshell structureBy using photon
energies much lower than what is possible at a typical laboratoryJAburce, hese
methods allows a case study sensitive enough to examine the very surfacestfetiore
structuredsamples and allow the analysis of the thickregsendent structural features
of both Pt overlayers and the underlyirigu support. In addition, thistudylooks at the
modifications at the corshell structure of SLRR developed samples due to high

tempergure alloying of the samples.
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Figure28: Plot indicating the information depth of an XPS experiment dependent on the

incident photon energy. The inset images illustrate the effective information depth for a
PYAu core shell sample with one, two, and three monolayers at 150 eV, 350 eV, and 630
eV for eachThe information depths that correlate to one, two, and three monolayers are

marked on the plot.

Figure 28 shows the basis for the depth penetration study of the sample set.
Information depth values were obtained based on inelastic mean free path modeling
functions by Cumpson and Se@11] Thicknesses of monolayers were estimated based
on facecentered cubic stacking of platinum atoms. Each septiet indicates a
particular photon energy utilized in the analysis of the sample set. The inset illustrations

show a visualization of the inforation depth region by XPS for a variety of photon
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energies on al.0, 2.0, and 3.0 monolayer thicknes$?t/Au/CFP sample. One can
determine that in order to penetrate more thanL3 of Pt effectively, a photon energy
value greater than about 630 eV is reed. Lower photon energy analysis leads to
extremely surface sensitive information, where increasing photon energies allow further
inspection of the deeper region of the samples. By varying the incident photon energies
on a variety of samples, a compresigs set of spectra can be obtained regarding the

chemical state of thetandAu for coreshell style samples
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Figure29: Thicknessdependent evolution of the chemical state ofRheverlayer from

0.3 ML to 3.3 ML. The center plot shows the photoemission area ratio for%the P

peaks as a function of monolayer with the red line acting as a guide to the eye. The left
inset shows a typical fitting example for this type of sgeciihe right inset shows the
spectra comparison for the samples. All XPS showed are taken with incident photon
energy of 180 eV, which correlates to an information depth of abounhr@5bigure 28)

T probing the very top layers of atoms.
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Figure29 shows the XPS photoemission spectra for Pt on samples up to 3.3 ML,
noting thatall sampleshad undergone a finaklectrochemicalreduction step after
fabrication. All spectra shown here wedeken with incident photon energy of 180 eV,
which corresponds to an information depth probing the very ey & atoms as seen in
Figure28. The large scatter jits show the area ratio of the’Pto Pf photoemissions
for these four samples, the upper right inset shows the Pt/Au XPS spectra for each of
these four samples, and the lower left inset illustrates a typical fitting for the platinum
photoemission. ThesXPS spectra indicate the presence of varying oxidation states for
the Pt overlayer after fabrication. The peaks located at ~71.25 eV and ~74.50 eV are due
to PP, which is found to be the predominant species in Pt cataljisésphotoemissions
of cationc Pt lay a few eV higher than their zewalent state badé8, 105 Featues
located at ~725 eV and ~76.00 eV are due to ##&" oxidation stateEach pair of peaks
(7/2, 5/2)has a similar fulwidth at halimaximum (FWHM) and a separation of about
3.3 eV.A relative decrease in the’Pfeatures are seen with a correspogdircrease in
P photoemissions as the number Rif MLs increasesHowever, while the samples
which higher than ML show more metallic photoemissions?‘Rignal remainsas a
6tail &6 envel oped by the cumul ative photoem

These four samples underwe@V cycling in sulfuric acid before XPS analysis,
which acts as a preliminary reduction step for the platinum overl&ggyardless,tiis
clear that at 1 monolayer and lower, the dominant species on the surface refffains Pt
Samples that have at leastrbnolayers of Pt or more show a strong shift to metallic
platinum as the Pt photoemission becomes a shoulder in the spectra, and shrinks even

more once a thickness of 3.3 monolayers is achieved, although it is notable that the
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cationic presence does rsdem to be fully eliminated. This is also illustrated by taking
the area ratio of the fitted peakBigure29) and a clear downward trend in this ratio is
observed.

The XPS data presented here appears to indicate to that anionic species potentially
incorporate themselves into the deposited Pt layer leading to incomplete reduction of the
Pt species, even after achieving several monolayers in thickness, after aredymdtng
step. This result is in agreement with the literature, as Brankovic et al. have shown that
anionic species, such as chlorine anions, may act as complexing agents during the SLRR
process, also attributing to cationic Pt spefl®s] The presence of the more metallic
platinum surface achieved at33ML in thickness can also explain the improved
durability seen in the aforementioned cycling experitsieih is worth noting that Pt
species are not prominent here for any sample, which is in agreement with previous
studies done by this group for this type of fabricaf@8]. In addition, this is also in
agreement thatneoverlayer thickness of 2 monolayers can be considatew-loading
thickness limit for achieving a mostly metallic surface.

Samples that did not undergo an electrochemieduction step prior to XPS
analysis, however, displayed a significantly different XPS spectrum than the 3.3 ML
sample shown ifFigure29. Instead of showing quite reduced photoemissions wittfa Pt

shoulder, both the Ptand Pt photoemissions amauch larger, as seen Figure30.
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Figure 30: Comparison ofXPS spectra for: a.) A asis 5.0 ML sample and.) an
electrochemically reduced 5.0 ML sample. The blue lines are the photoemissions of the
samples before heating, and the red lines are the photoemissions of the samples after
heating to 200C for five minutesFWHM values are given for the annealed sasipl

photoemissiondncident photon energy was 525 eV.

The Pt photoemissions of the samples are dramatically changed depending on the
sample fabrication route. As samples produced by SLRR, without electrochemical
reduction, show significant photoenims peaks correlating to the 2+ and 4+ catidpic
statesFigure30 shows XPS spectra for a pair of samples with Pt overlay@nsibs in
thickness, one as and oe electrochemically reduced. The"Pphotoemission at ~78
eV is especially noticeable for the-igssample. It is clear to see that in the cyeléuced
sample, the Pt emission is no longer a distinct peak, but rather a small shoulder on the

high bindng energy side.
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All the samples with overlayers thicker thaMBs showed similar results to this
(not shown) indicating that cycling in sulfuric acid after fabricahefpsto reducehe Pt
content on the top surfaces of the samples. However, as aforementioned, it does not
reduce thePt completely. The galvanic replacement steps of SLRR followed by
electrochemical reduction do not result in truly metallic Pt catalyst |ayeéhe outermost
surface This is in agreement with prior results from the research drbld).Literature
suggests that a significant percentage of Pt oxides in such a catalyst architecture can play
a detrimental role in catalytic perform@@{212 Thus, it is of importance to ascertain
methods to achieve more fully tadlic Pt overlayers in Pt monolayer catalysts.

In attempt to further reduce the Pt layer, annealing was conducted on the samples
in an effort to outgas any remaining anionic species that may be embedded in the
surfacesFigure30 shows that after annealing the sample to 2D0the overlayer is even
further reduced to be a primarily metallic photoemission. TA& geak or shoulder is
almost fully eliminated and thetfphotoemission becomes sharper and more intense. As
expected, samples having undergone both electrochemical reduction and annealing show
sharper photoemissions than samples having undergone annealing alone, which is seen by
comparison of the FWHM valuesh& shape of the platinum photoemissions of this as
sample after annealing still presents a small shoulder and a larger FHWM value,
indicative of presence of catiorikt.

XPS was also used to examine the architecture of the §JtBRn samples after
modification by higher temperatures, having an alloying effect on thestmiésamples.

It is known today, that Pt alloy catalytic activation is enhanced compared t&pUiee

alloy catalyst is not only oftentimes more stable but also additionally mave acte to
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alloying modifying the electronic structure of platin(ib@(J Literature has shown that
alloying Pt with Au causes the ORR peak potential to shift indicating a change in
electronic structure due to alloyifg9 A set of samples was taken to temperatures of
200 'C and above inside the XPS chamber to not only reaffirm the reduction effects of
annealing, but also to determine a temperature threshold at which thahetre
architecture is significalyt altered. XPS was used to examine the resulting alloyed Pt/Au
surface.

Samples that were brought to higher temperatures were done so inside the vacuum
chamber at the beamline for a period of 5 minutes and then brought back to room
temperature before XPspectra were taken. This heating was done incrementally, first to
200°C, then 300C, 350°C, and finally 400°C, taking the spectra data in between each
heating stepAs aforementioned, synchrotron XPS was then used to study the surface of
the platinum overlayer with very precise control of the information depth, in order to gain
insight on how the surface is modified and to examine the relative amounts of Au and Pt

that exist on the surface.
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Figure31l: XPS Spectra of 6.0 ML sample after heating to 100, 200, 300, 400, ari@ 450

for five minutes each. Incident photon energy fosplctras 700 eV.

Samples around 10 SLRR iterations abdve are expected to have a Pt overlayer

thickness of at least ®IL. Incident photons around 630 eV would not be able to

penetrate the outer layer of platinum significantly for such sanaglgsedicted ifrigure
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28. A set of such samples were heated to increasing temperatures with an XPS spectra
taken after each heating step, examining the state d®ttbeerlayer.Figure 31 shows

XPS spectra for an as 6.0 ML sample after heating to several different temperatures for
five minutes each. At room temperature, no Au photoemission can be seen at all,
indicating a sfficiently thick layer of Pt on the samplé. is clear that much of the
cationicPt photoemission remain aftéeating the sample to 10C€, and is only largely
removed after heating to a temperature of 200 giving us the familiar shape of the
standad Pt 4f doublet with mostly metalliet After heating the sample past 3D, to

400 °C and 450°C, the emergence of thAu photoemission 4f doubletan be seen
around 84 eV and 88 eV. This suggests that the-sfue# structure is not significantly
affeded, at least for the time period used for annealing in this study, until a temperature
past 300°C degrees is achievéa vacuum At this point, theAu photoemission grows in
intensity relative to the Pt overlayer, indicating that the sunfeg®n is becoming more

Au rich. This data suggests that heating the samples t6QG@¢€ a valid way to reduce

much of the lingering cationic content on the sample surfaces without a significant
alteration of the core shell structure. It is clear thist hmperature is a good point to use

for this because the cationic photoemissions are mostly removed, and that this is a safe
temperature to heat to before significant modification of the-sloedl structure occurs at

temperatures beyond 30G.
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The dove XPS and durability (via CV) plots represent the types of
characterizations that are being performed for the sample set, with comparisons made
between catalyst supports, overlayer thickness, and other synthesis elements. The goal is
to create a thorodg understanding of Pt formation and properties for this catalyst
architecture, including electronic transfer effefttsn various supporting cores. Further

analysis is found in the next chapter.
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CHAPTER 5: CORE-SHELL MONOLAYERS WITH GRAPHENE

Strain-based influences will be the key component for ttiapter In the case
where ligand (substrate) effect is weak, the energy of thand center of metal
overlayers is predominantly affected by the level of coherent $&a8h Recent trends in
catal yst design indicate that strain has
parameter which cad be used to findune catalyst activity and selectivity for particular
reactions. Graphene istilized in a variety of ways to alter the properties of Pt
monolayers,both as an inducer of strain when used as a surface template, or as a
protective barriemhen used as an outer O6cageo.

The effects of alloying along the dace via coreshell interdiffusion arealso
examined, withproperty modifications arising from significant temperature effects. Both
varying temperatures and varying annealing environsnemil be considered in
examining alloying effects on the-Ru system. The goal is to examine how elevated
temperatures can modify the architecture. The presence of oxygen, specifically, will also

be one of the variables considered, due to known effeatsatal interdiffusion.

5.1 Alloying and Interdiffusion

Alloying or layering Pt with Au has been shown to decrease the rate of catalyst
poisoning and potentially increase the electrocatalytic activity for reactions like the ORR,
as well as decrease the @mt of Pt in the catalys{34, 98-106. Surface Pt atoms
deposited on properly chosen coretateecould have enhanced intrinsic catalytic activity

over those on the pure Pt surface, due to thealed strain and ligand effedid14] Au
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is among the most stable metals shown to impede oxidative corrbwver, for the
electrocatalytic reduction of oxygen acidic media, high Au compositions can lead to
lower mass activities for the ORRS8] In studies aimed at establishing the correlation
between Pt/Au alloying and catalytic activities, a fundamental question is how the
alloying and phse segregation can be control@€,. 215

For PEMFCs, operationt Zemperatures 100 °C or higher can be desirable as it
can lead to faster reaction kinetics, facilitate thermal and water management, and result in
increased CO toleran¢216 2171 However, elevated temperatures can lead to issues
such as additional membrane and electrode resistance, as well as othedelect
problemd.218 With such low loading limits for Pt monolayer catalydtss studyaims
to examine the potential effects of temperatures of 100 °C and above on both the
architecture of RPAu core shell a well as the effect on the activity towards the ORR.
Determining how changes in these properties can affect the electrochemical performance
is crucial if these architectures are going to be used in PEMFCs at elevated temperatures.

Due to its electronic ahstructural properties, graphene has been investigated for
various catalysis applicatiof83, 163 219-221] Due to its high chemical and thermal
stability, graphene has also been examined as a potential membrane for various
applications, including selective ion passf@®]] standard gas barrief827 and
filtration.[223 Graphene has also found success in the microelectronics industry as a
diffusion barrief.224-226 The strong €CC bonding and hexagonal atomic structure of
graphene does not lend itself to substitutional atomic migration from many metallic
all oys. With a O6pore sized of only O0.0614

available, diffusingatoms will not penetrate the graphene barrier and any kinetic energy
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will be converted to another form such as lattice phoh®24d. More specifically, single
layer graphene has been shown as a viable barrier to Cu diffusion in circuit technology
around 500900 °C.[224

This studyaims to investigate how elevated temperaturesroadify synthesized
PtAu coreshell architectures grown on both carbon fiber paper (CFP) and glass
substrates. The presented study provides an examination of these annealing effects along
with the contributions of single layer graphene placed at the-shetk interface, via

spectroscopic and electrochemical characterization and ORR reaction probes.

5.1.1 SynchrotronbasedXPS

In this study, the ultrathin Pt overlayers are prepared potentiostatically deposited
Au on CFP viaSLRR. The overlayer Pt atoms and the Au based substrate are first
examined viaXPS using a tunable light source, effectively allowing a depth profile study
to be performed on the ceshell structured catalyst samples. Using a tunable XPS
system with low energincident photons, the chemical states of the Pt and Au can be
examined as varying 06i n-$hellrsinature. orhis niethqgodt h s 6
enables a case study sensitive enough to examine the very surfacegfatbseructured
samples and allow fahe analysis of the thicknegependent structural features of both
Pt overlayers and the underlying Au support. In addition, this study looks at the
modifications at the corshell structure of SLRR developed samples due to metal
interdiffusion as a rest of elevated temperatures. Heating in the analysis chamber was
performed via a thermocouple connection on the sample stage in 15 minute intervals up

to 400 °C.
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By varying the incident photon energies between 400 and 650 eV on a variety of
samples, a coprehensive set of spectra can be obtained regarding the chemical state of
the Pt and Au for corshell style samples as well as alloyed surfaces. A set including a 3,
4, and 5 ML sample were heated to increasing temperatures with an XPS spectra taken

aftereach heating step, examining the state of the Pt overlayer. This annealing was done

under vacuum conditions.

T T T T L} T 400 QC
Au 3ML 4 ML 5 ML 350 °C
Pt — 300 °C

200 °C

Counts (arb.)

1 1 | —— | 1 1
90 85 80 75 70 65 90 85 80 75 70 6590 85 8 75 70 65

Binding Energy (eV)
Figure 32 Synchrotron XPS spectra for three samples after each heating step with

incident photon energy 400 eV at temperatures of°#)®B00°C, 350C, and 400C in

vacuum. a) 3 ML sample b) 4 ML sample c) 5 ML sample

Figure32 shows the XPS spectra for a 3, 4, and 5 ML samples on CFP taken after
each individual heating step with incident photon energy of 400 eV. With regards to Au
and Pt matrices, 400 eV corresponds to just slightly more than adraimeter of
information defh, so the spectra are representative of the topnlaaldmeter of the

sample. Pt is characterized as a 4f electron doublgt{4fat ~71 and ~74 eV, while the
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Au 4f doublet is seen &84 and ~88 eY109 The first notable feature is that the Au
photoemission is clearly visible for the 3 ML sample at lower annealing temperatures,
whereas the 4 and 5 ML samplesd Au photoet
the noise. This means, at 3 monolayeetected incident photon energy of 400 eV is still

able to penetrate past the deposited Pt overlayer into the Au substrate. However, for the 4

and 5 ML samples, photon energies this low can only provide information of the Pt
overlayer; electrons from the derlying Au do not have enough energy to eject from the

sample.

For the 4 and 5 ML samples, all Au detected at any temperature must be Au that
has diffused into the hatfanometer region where the Pt overlayer resided before
significant alteration by heiagy. However, for the 3 ML samplé cannot easilybe
distinguiste d A Auo fo Ku that has moved towards the surface, as the information
depth proceeds through the Pt shell. However it is still clear by the increase in the Au
photoemission that more Aas moved into the top few nanometers as the temperature is
increased.

To better understand the Au diffusion, further XPS spectra were taken after the
individual annealing steps at slightly higher incident photon energies to alter the
information depths fothe spectra. By altering the photon energy, it becomes possible to
further determine the state of the top surface of these samples. It cannot be assumed that
alloy formed at the surface by the-situ heating is homogenous. Thus, lower energy
photon enggies can be used to determine the chemical state of thredsplayer of the
alloyed surface while higher photon energies will incorporate chemical information

slightly deeper into the overlayer.
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Figure 33: The ratio of the Au photoemission to the Pt XPS photoemission for a 4 ML
sample, at 400, 525, and 650 eV. Inset: The XPS photoemission spectra of the 4 ML

sample after heating to 40Q in vacuum.

In Figure33the Au and Pt photoemissions for a 4 ML thick sample were fitted at
400, 525, and 650 eV, and the ratio of Au photoemission to Pt photoemission was
calculated to quantify the level of diffusiaf Au into the information depth region. The
peak area comparisons were made via peak fitting using a Shirley background. At

temperatures 300 AC and bel ow, the sampl e
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indistinguishable from background, leading tosmall ratio. This is consistent with
inelastic mean free path calculations. Up to a temperature of 300 °C, these ratio values do
not change significantly, showing that the lageabstrate structure of these samples are
relatively unaffected after 15 mired of heating. The Au/Pt ratio is largely unaffected by
higher photon energies in this temperature, as the Au signal is still only barely noticeable
even with increased information depths. However, once the samples are heated to 350 °C,
the spectra exhibd significant increase in the Au photoemission, leading to an increased
value to the ratio. This shows that the sample now has more Au near theeK§itdre

surface region. Heating to 400 °C only substantiates this trend, as the surface becomes
even moréiu rich.

By also examining energies of 525 eV and 650 i\Gan beseea that after
heating past 300 °C, these ratios are significantly affected for the 4 ML sample. The 400
eV spectra show a relatively higher amount of Au than the 525 eV spectra wiich i
shows a relatively higher amount of Au than the 650 eV spectra. As incident photons of
400 eV are the most surface sensitive, this indicates is that the Au is now largely sitting
close to the top of the sample with the former Pt shell now sittidgraeath it, at least
partially. As higher photon energy results in higher inelastic mean free paths for the
emitted electrons, this shows that relatively less Au is being detected at deeper
information depths, or inversely, that the surface is espediallyich. The Au has
segregated itself to the top of the sample, making the outer surface of the samipte Au
This results warrants further investigation as now the once fully Pt surface has been

replaced by a surface of Au.
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From the XPS spectra iRigure 33 inset, it is apparent that the Au/Pt ratio is
highest at the lowest photon energy and decreases with increasing photon energy. The Au
peak doublet is most prominent at low photon energy and its shape decreases as the
incident photon energy is increased.isTts especially interesting considering at room
temperature; very little Au could be detected on the surface at any of these photon
energies.

One important thing to note regarding the synchrotron experiments is that the
temperature control and measuremegas performed only via a thermocouple connection
on the sample stage in the beamline sample chamber. While the temperatures listed in
Figure32 andFigure 33 represent the temperatures measured on the stage, they may not
accurately reflect the actual temperature the CFP samples experiencedhesideuum
environment. In order to investigate this temperature and atmosphere dependence on
these effects more closely, further experiments were performed isymchrotron

environments, using laboratory XPS and electrochemical characterization.

5.1.2X-ray Spectroscopic and Electrochemical Characterization

PtAu coreshell samples grown on CFP were also heated in both open
atmosphere and under Ar in a tube furnace. Examining the effects of elevated
temperatures on the cesiell architecture in vamgg annealing environments is
important not only to verify temperature thresholds for diffusion effects, but also because
the presence of various atmospheric gases can affect the extent to which diffusion can
occur at any given temperature. The presencexgfien in an annealing atmosphere is

noted to facilitate atom transport steps in {ww@se boundary reactiof 28 XPS
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spectra were obtained for a sample sets consisting of 1, 2, 3, 4, and 5 ML thick Pt

overlayers before and after heating. The Au/Pt photoemission ratios are shis\gara
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Figure 34: The ratio of Au to Pt of XPS photoemissions ofAetCFP samples before
and after heating for 15 minutes in open air and under Ar at temperatures: A.) 1, 2, 3, 4,

and 5 ML at 100 °C B.) 1,&nd 5 ML at 200 °C

Figure34 shows the Au/Pt photoemission ratios for CFP based samples heated to
100 °C and 200 °C in both open atmosphere andruhidi®r 15 minutes. A higher Au/Pt
ratio indicates a higher presence of Au seen in the XPS spectra along the surfaéd of the
monolayer catalyskEigure34a shows how in an open environment, the presence of Au in
the monolayer shell notably increases even when only heated to 100 °C, which was not
seen in thevacuum studies irFigure 32 and Figure 33. Removing oxygen from the
annealing atmsphere, by heating under Ar, shows that the Au/Pt ratio remains more
intact At 200 °C, as seen iRigure 34b, the Au/Pt ratio is even further increased, with

sampledheated in Ar also showing diffusion of substrate Au into the Pt overlayer.
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To further investigate the catalyst surface, the Pt coverage of samples was also
examined viaCV. Similar to experiments in the previous chapt@ifammograms were
conducted in Msaturated 0.1 M 5O, by sweeping from0.2 to 1.5 V at a scan rate of
20 mV/s. The results for the 4 and 5 MLs can be sedfigare 35. CV is a surface
sensitive technique where the currents seen are generated from reactions at the
met alielectrolyte interface. Changes in Pt
oxide reduction feature near 0.45 V or the hydrogen adsorption/desorption curve from
0.2 to 0.0 Vagainst an Ag/AgCIl reference electrode. Similarly, the presence of a small
Au reduction feature at 0.9 V indicates Au along the surface of theb@sé&d samples.
These methods of tracking Pt coverage on Au have often been em[88yé8, 179

206
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Figure 35: Cyclic voltammograms comparing a 4 and 5 ML sample heated to 100 °C in
both gen atmosphere and Ar. The surface presence of Pt can be examined by the Pt
oxide reduction current at .48 or the H adsorption curve at2 V. Potentials are
measured against an Ag/AgCl reference electrode. a.) 4 ML in open air b.) 4 ML in Ar c.)

5 ML in open air d.) 5 ML in Ar

The CV voltammograms show results that agree with the XPS data shown in
Figure 34. In an open environment, the Pt features both diminish dramatically after
heating to 100C. This Pt decrease is accompanied by an increase in the Au reduction
feature, once again showing pemce of Au closer to the surface of the samples after

exposure to higher temperatures. When heated under Ar,-the &thitecture is able to
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mostly maintain itself at 100C. At 200 °C, the Pt loss in open air is even more apparent.
While samples heatashder Ar were still able to retain some Pt when heated to 200 °C,
CVs indicate a slight amount of catalyst loss (not shown).

When it comes to catalyst performance, the ORR at fuel cell cathodes is a key
reaction to investigatélhis studyaims to see nobnly how the effects of annealing can
modify sample corshell architecture, but also how raised temperatures affects achieved
catalytic currentsORR performance in acidic electrolyte is highly dependent on the ratio
of Au and Pt on the electrode surfattdhas been shown that the presence of Au can have
a negative effect on catalytic currents in acidic m¢@gh.In order to investigate this
trend with respect to the effect of annealing temperatures, electrocatalytic actigty test
were conducted by performingSV in oxygensaturated 0.1 M SO, at room
temperatur e, from 0.8 to 1T0.1 V, I n order

ORR[18(. The current densities of the generated ORR were measur@dL & and

recordedm Figure36.
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Figure36: The ORR current densities measuredOat V (vs Ag/AgCl) for P{Au core
shell samples on CHBefore and after annealing in open air and Ar at a.) 100 °C and b.)
200 °C
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Figure 36 shows the ORR currents achieved during LSV experiments for CFP
based catalysts heated to 100 °C and 200 °C in both open air and AeeAsnFigure
36a, reaching temperatures of 100 °C in air has shown to have dramatic effect in lowering
the ORR current as seen in the sdiiléd bars. Samples annealed in Ar, despite showing
little changein XPS and CV characterizations as seenFigure 34 and Figure 35
respectively, also show a decrease in ORR currents after annealing. At 200 °C, as seen in
Figure36Db, all samples show a significant decrease in ORR current density regardless of
annealing atmosphere. As an example, the 5 ML sample annealed in Ar showed about a
40% decrease in ORR current density.

Finally, local atomic structure around an average Rhat@as investigated using
EXAFS synchrotron methods for the Pt shell, botkpespared and annealed. figure
37, the Rspace spectra for f2u-CFP sanples with a 3 ML thick Pt surfaggan be seen
with three annealing conditions: -peepared, annealed to 200 °C in open air, and
annealed to 400 °C in open air. Thaxis in the plot is proportional to a weighted partial
radial distribution function arouhan average Pt atom. Pt foil is known to exhibit an
apparent nearest neighban) distance of about 2.2 A, which is actually at é?Pbond

distance of 2.78 A when corrected for the phase shifts of the electron waves [3JAS.
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Figure 37. EXAFS spectra of 3 ML PAu-CFP samples as, annealed at 200 °C, and

annealed at 400°C in open air.

One key result can be seenkigure 37. The nn peak shifts from its original
position to higher radial distance as a function of temperature. This can be attributed to
Au diffusinginto the Pt regime of the coeshell architecture, where Pan be expecteid
no longer be only bonding with other Pt atoms, but with Au atoms as well. TlRe Pt
bond is known to be 2.78 while a Auw-Au bond is slightly larger at 2.88 [®29 The
positive shift of thenn peak can be explained by multiple/&1 bonds being made in the
Pt overlayer, confirming the expected diffusion of Au as also indicated by both XPS and

CV methods.

5.1.3Graphene as a Diffusion Barrier
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XPS, CV, and EXAFS results on CFP based samples all show how Pt monolayer
catalysts exhibit Pt/Au interdiffusion at temperatures less tharf@p@specially when
annealed in normal atmosphe@RR data shows how this mixing of Pt and Au has
detrimental efect on the ORR activity of the catalyst system, perhaps due to loss of the
beneficial ligand effect when the architecture is modified away from a-staié
configuration[91, 123 In attempt to mitigate such effects caused by elevated
temperaturesthis study synhesized catalyst architectures incorporating single layer
graphene at the fAu interface in order to examine its effectiveness as a barrier.
Diffusion in 3dmetals occursargely bysubstitutional diffusionyhich is dominated by
the concentration of vanaies StrongCi C bondsand the hexagonal atomic structafe
graphene does not lend itself to substitutional atomigration from the large atomic
diameter metallic alloyased in many technologies, including microelectrof&s]

Two P{GR/Au samples on glass were synthesized, one with a Pt overlayer
thickness of 4 ML and a second with an overlagféckness of 6 ML. The Au/Pt

photoemission ratios were taken via XPS and the results are shé&vguia38.
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Figure38: Au/Pt XPS photoemission ratios at 25 °C, 100 °C, and 20@ Wpen airfor

Pt/GRAuU samples a.) 4 ML b.) 6 ML

Figure 38a andFigure 38b show the Au/Pt photoemission ratios as a function of
annealing temperature for-BiR-Au samples with a 4 ML thick surface and a 6 ML
surface, respectively. Thegsence of graphene at theARt interface clearly displays a
lower Au/Pt ratio, given by the blue triangles in the figure, indicating a reduced amount
of Au diffusion into the Pt shell. While a single layer of graphene does not prevent
diffusion completelyit is shown to be effective is mitigating Au transport.

The extent to which singlawyer graphene may be able to successfully prevent
diffusion has been shown to be dependent on its average grain size, where larger grains
are more effective as a barrigran smaller graing224 With more careful selection of
| arger grain sizes in graphene, ités i kel

even moreso than whhas beeshown.
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Figure 39: CV compmring PtAu and P{GR-Au voltammograms at room temperature,
100°C, and 200°C respectively. d.) ORR current densities achieved by LSV measured at

0.3V

Electrochemical techniques meealso used to evaluate the Pt/@R/samples.
Figure39a-c show CV experimentsonducted in Msaturated 0.1 M 0O, from -0.2 to
1.1V at a scan rate of 20 mV/8Vhen comparing the size and shape of the Pt oxide
reduction feature at ~.45 V and the H adsorpsibape at0.2 V at room temperatuyé
can besea that Pt/Au and Pt/GRU samples show similar voltammograms. At 2@

and 200°C, both Pt related currénare diminished for PAu samples in comparison to
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Pt/GRAu catalyst architecturesigure 39d shows the achieved ORR current densities

for PtGR-Au samples, measured at 0.3 V during LSV sweepsisafurated 0.1 M

H,SO,. Before any annealing is done-®R-Au architectures show higher achievable

current densities, a result that aligns with previous research done by this[2pup.
However, the ORR currents diminish after annealing in both cases, indicating other
annealing effects can alter the surface activity other than significant alteration of the
catalyst architecture |1t 6s possi ble that el evated t emg
island formation of the Pt shell, lowering its surface area and subsequently reducing its
activity towards catalyzing the ORR, even if Au diffusion itself has been mitigated.

This studypresens careful characterization of surface alloyed nanostructures with
respect to the relative core/shell compositions and activity towards the ORR, using
electrochemical and-say spectroscopic methodAt operating temperaturesf 100°C
and abovethee is potential for interdiffusion to occur between the primary and support
metals ofbimetallic coreshell catalyst systes Singlelayer graphene sheets have the
potential to transform these architectures and prevent unwanted surface alloying between
layered metals. The results shows that by incorporating graphene at metatal
interfaces diffusion effects of metal catalyst constituents can be reduced and is worth

further exploration.

5.2 Graphene-Templated Pt Monolayers

The study also embodies a systtic examination on the effects of graphene

when incorporated into ceri s he |l | Pt mo n odxmoyesghe dimemdioadl y st s,
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aspect of structurdriven surface properties of metal monolayers grown on a

graphene/Au template

5.2.1 Sample Preparation

In this study, Pt monolayers are synthesized on Au (111) thin films supported on
glass substrates. In order to examine the effects of graphene, two sample sets were
synthesized. The first sample set had Pt overlayers directly deposited via SLRR on top of
the Au. The second set consists of having monolayer graphene first transferred onto the
Au/glass followed by the SLRR growth of Pt overlayers. These sets will be referred to as
0Pt/ Aud and 6Pt/ GR/ Aub6 sampl es, rskowmpirecti ve
Figure4O.

a.) b.)

Figure 40. a) Represents Pt/Au samples, where Pt is grown directly on a bare Au
substrate by SLRRh.) Represents Pt/GR/Au samples, where graphene is first transferred

on top of the Au substrate before Pt deposition by SLRR.

Pt monolayers were grown by SLRR using UPD Cu as a sacrificial metal
method supported by severfaindamental studigdd.96, 197 This growth method not
only greatly reduces the Pt loading as compared to bulk potentiostatic Pt growth but also

provides high dispersion of Pt. For Pt/GR/Au samples, Cu is expected to form relatively
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large separatedusters with low island densif{L.64] A total of ten sample configurations

were prepared for this study: 1, 2, 3, 4, and 5 monolayer (ML) thick surfaces for both
Pt/GR/Au samples and Pt/Au samples. Although the sample synthesis method is the same
for each sample typeoif samples on graphene specifically, as full Pt wett@gnot be
assumedat all times. In order to denote differences in assumed overlayer formation
bet ween the sample sets, t hese Pt/ GR/ Au

e qui v al-eqgphratler than\pure monolayers.

5.1.2 XPS and CV Characterization

The Pt surface coverage of samples was examined\Wid/oltammograms were
conducted in Msaturated 0.1 M 80O, by sweeping from 0 V to 1.2 V at a scan rate of
20 mV/s. The results for 2, 3, 4, and 5 MLs for both sample sets can be &egures 1.
The presace of a small Aueduction feature at 0.9 V indicates when Pt deposits are not

fully masking the underlying A{68, 179, 206
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Figure4l: Cyclic Voltammograms for a.) Pt/Au samples b.) Pt/GR/Au sampies2¢ 3,
4, 5 ML samples respectively, comparing samples with graphene to those without. CVs

were performed in Nsaturated 0.1 M pSO,. Voltages areaferenced to a Ag/AgCl

electrode.
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From Figure 41a andFigure 41b, it is clear that the total surface coverage of Pt
increases with SLRR itefahs in both sample casdsigure4lc-f shows that PGR/Au
consistently exhibit a smaller Pt oxide reduction current density when compared to Pt/Au.
A small Au reduction peak is seen around 0.95 V for 2édLand 3 Mkeq Pt/GR/Au
samples. This is likely due to the sacrificial Cu layer clustering upon idigpbsition
and leaving exposed Au in patches on the surface, as mentioneddiyaljt64] For the
Pt/GR/Au samples, a slight increase in the Au feature is seen from@gMdb 3 ML-eq
despite a larger Pt reduction feature. This indicates a further tendency of contracti
clustering of Pt atoms rather than its wetting over Au. Beginning at 4e¢/lin the
Pt/GR/Au case, the Au reduction peak disappears in CV, which indicates an eventual
total coverage of Pt over graphene. This observation proves that athulttaye of Pt
at 4 ML-eq (:2 nm thick) was able to fully mask the graphene/Au substrateghi§o
s t u d&nowledge, this is the first reported full coverage of a metal on graphene at such
low dimension over macroscopic surfaces areas. Pt/Au do not exhibit rad&ation
peak in CV even at 1 ML, which indicates that the Au must be fully masked by a wetted

Pt layer by the first monolayer.
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Figure 42. Cyclic Voltammograms fo0.33 ML and 1.0 ML coverages for Pt/Au and
PtYGR/Au samplesCVs were performed in Nsaturated 0.1 M pBO,. Voltages are

referenced to a Ag/AgCl electte.

CVs of submonolayer coverages of Pt were also taken for each sample case, and can be
seen inFigure42. For both Pt/Au and Pt/GR/Au, having undergone only a single SLRR
iteration (nominally 0.33 MLs of Pt), a clear Au reduction featcme be seenThis
shows that the Pt overlayer insufficiently covers theagarfof the substrate and that the
presence of Au can be seen when exposed to solUtiere isverification, therefore,
that the absence of a Au reduction feature is indicative of a fully wetted Pt overlayer at 1
ML coverage.

In addition tocharacterization by cyclic voltammetry, synthesized samples were

also examined using XPS in order to determine the chemical state of the overlayer. In
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Figure 43, Pt is represented as a 4f electron doublet.(4f) at ~71 eV and ~74 eV,
while the Au 44, photoemission is seen at ~84 EN09 Due to the surface sensitive
nature of electron photoemiess, the relative peak size of the P{Abhotoemission to
that of the Au 4f;, photoemission is related to the average thesknof the surface shell.
Figure43 shows that, for both sample cases, Pt gfows in intensity relative to the Au

4f7, when more Pt monolayers are deposited on the surface.
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1ML Pt4f7/ Ptdfsz 4 of ML-eq
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Figure 43. X-Ray Photoelectron Spectra of Pt/ 4fPt 4§, and Au 4%, sequentially
shown from low to high binding energy, for a.)1, 2, 3, 4, and 5 ML Pt/Au samples and
b)l, 2, 3, 4, and 5 Meq PtY/GR/Au samples. Sidebars show expected sample

architecture of grown Pt overlayers.
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However, the intensity increase is not giogvat the same rate between the two
sample sets. When comparing the 4 ML and 5 ML samples, the Au photoemission is
almost completely masked for Pt/Au. This indicates that there are very few core electrons
from Au that are emitted beyond the top few nanienseof the surface. For the Pt/GR/Au
samples, the Au photoemission is not fully diminished even at &e§ILThis indicates
that more Au is near the surface allowing its bound electrons to be detected. This could
be due to a relatively thinner Pt overlayiar some regions that allow more Au 4f
electrons through than in the graphdre= case. The peak area between Pt and Au
comparisons were made via peak fitting using a Shirley background, and are shown in
Figure44.

Both the CV and XPS results show that growth process is not identical between
the two sample cases. Cyclic voltammogramguyre 41) show exposed Au on the
surface for low monolayer Pt/GR/Au samples. XPS results cannot give an indication of
surface wetting, but the data shows lower average Pt thickness in thghetirstructure
for the Pt/GR/Au samples as evidenced by a less intense Pt photoemission relative to Au.
This supports the findings made by latial, which expected Cu to form more clustered
structures on top of graphene, as SLRhiacase was by depositing Cu first whichsva
replaced galvanically afterwards by Pt. The sidebarSigare43 represent the expected
surface architecture fahe sample setThis studysurmise these represeations forthe
samples based on the data achieved and the conclusions madedtyaliand Daiet

al.[164 165
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Figure44 represents the PtAfpeak area normalized to the Ay/4peak areas. It
can be seen that Pt/Au samples exhibit a larger relative Pt area and that the difference
becomes more pronounced 4tand 5 MLs. The deviation can be explained in the
following way: at 3 Ml-eq, the Pt/GR/Au sample undergoes Pt redistribution such that
the Au substrate is fexposed. At 4 MLeq, the subsequent Pt deposited covers the
exposed Au. Thus, while the Pt in/&i continues iterative growth that results in a
pseuddinear increase the ratio of Pt to Au peaks in XPS between 3 and 4 ML, the Pt in
Pt/GR/Au deviates from this linearity because of the exposure and subsequent masking of
Au from 3 to 4 MLeq. The reexposure of Au between 2 and 4 Mlg in Pt/GR/Au
necessarily implies clustering of Pt. fagure44t hi s r egi on 1is denot e
gr owt h mPo/@READ. Ohlponce the islands reach a threshold size at-édvik a

fully wetted layer achieved again, evidenced by lack of a Au oxide reduction peak in CV

(Figure4l).
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Figure44: Representation of Pt to Au ratio by comparing the #eak area of Pt to the

total 4%, peak area of both Pt and Au as a percentage.

5.1.3X-ray Absorption Spectroscopyof Strained Pt Monolayers

The local atomic structure around an average Pt atom was investigated using
EXAFS for Pt adlayers in a subsettbé Pt/GR/Au samples. llrigure45a, the Rspace
spectra for Pt/GR/Au samplean be seergs well aspectraor Pt foil. The yaxis in the
plot is proportional to a weighted partial radial distribution function around an average Pt
atom. Bulk Pt (Pt foil) exhibitan apparent nearest neighbor (nn) distance of about,2.2 A
consistent with previous wofl68] which is actally at a P#t bond distance of 2.78 A
when corrected for the phase shiftslod electron waves in XAS. Figure45ait can be
sea that the 1 Mleq sample exhibits the nn distance of bulk Pt. This is interestieg
consideringhe preference of Pt to adsorbt@the bridge sites of graphefib5, 167] A
flat, closepacked, Pt layer arrived at by populating every othigigersite with a Pt atom
(Figure 45b), would exhibit a PPt nn distance of 2.14 A instead 6&t2.78 A (phase
shift corrected) nn distance obsedvAt a 2.14 A nn distance, the 1 Miq Pt film would
under a large compressive strélifigure45b). One could arguenstead, that this 1 ML
eq Pt film utilizes its degrees of freedom normal to the film plane to buckle, alternately
adjusting the Rbridge distances and arriving at the 2.78 A nn average bond length for Pt

Pt (schematically shown fRigure45a).

143



Compressively strained Uncompressed Pt-Pt nn

Pt-Pt nn at 3-5 ML for the strain-relaxed
a ) ‘ 1 ML Pt film Graphene "
OOE Hr  cox b) &
1]
1-0 | J l v Iii v l v l v I v
0.9 f—PtFoil I o~ T T
0.8 k£ PUGRIAU I <1
——1ML-eq || <0
0.7 F—smieq 2 X
— 0.6 [F—5MLeq/A 1
X 05
0 2 4 6 4
X 04 Wavenumber (A™)
0.3 Without buckling, the
) "overlap" of the Pt
0.2 atoms in the first ML
0.1 would result in a
0.0 compressive strain
-0.1

0o 1 2 3 4 5 6
Radial Distance (A)

Figure45: a.) EXAFS spectra for Pt/GR/Au samples of 1, 3, and 5ddland a Pt foll

reference. Inset: Theorresponding dspace data. b.) Schematic of Pt atoms on graphene.

The structural similarity between the buckled 1 4. Pt/GR/Au Pt film and the
bulk 3D structure of Pt foil is mainly restricted to theFRthn bond. The 1 Mieq Pt film
shows a RC pe& shoulder at about 1.5 A, due to its bond with graphene, which is
obviously absent in the Pt foil. Furthermore, the long range order of bonding is quite
different in comparison, highlighted by the window in the observed 3.5 to 5.5 A range
(Figure45a). In this R range, the spectra for the reference foil, the nominally Sd/L
and 5 ML-eq samples all line up peak for peak, but the l-@dlLcase shows \ariant
long-range order. With only a single layer of Pt atoms, 1-&4Lfilm does not have an

evolved long range structure resembling that of bulk Pt.
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When the Pt overlayer is several monolayers thick and distanced from the
underlying graphene sheet, t®ms reject the buckled template of the 1-&t_film and
instead choose a strained face centered cubic (FCC) structure. While the@ &md 5
ML-eq samples exhibit Pt FCC configuration, they however show a ~ 0.1 A (or about
3.5%) compressive strain ihg nn bond. This aligns with previous observations in CV
where the Au reduction peak increased at 3-&dL Pt atoms were subjected to more
compressive stresses, increasing the exposed Au surface as a consequence. Beyond 3
ML-eq, further addition of Pt rates the compressive stress achieved at the 3eNIL
stage, but additional Pt begin to fill in the exposed Au spots and maintain a full mask of

Pt over graphene, as indicated by C\Figure41.
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Figure46: Modeled EXAFs spectra fa1l ML Pt/GR structure a 3ML Pt/GR structure,

andbulk Pt foil
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Figure 46 shows preliminary modeling for Pt atoms on a graphene support.
Simple models were made for 1 ML Pt on graphene, 3 ML Pt on graphene, and bulk Pt.
The 1 ML Pt/GR model is unstrained and extsil-fold PtPt coordination and-ld
Pt+C coordination, representing the average Pt environment for this case. The 3 ML
Pt/GR structure incorporates 3.5% compressive strain to #it Bond, and PPt
coordination is adjusted to account for the underdimated top and bottom layers while
Pt+C coordination is added to the bottom layer. A bulk Pt modefdtcoordination,
without strain) is also placed for comparis®his studyobservsthat the positions of the
peaks in the models correspond weltite trends observed experimentally, validating the
earlier conclusions on the observed compressive strain.

By introducing graphene as a sandwich layer, theretbeestudy hagffectively
created a new Fiased species, one that has the electronic aoafign and atomic
structure of bulk Pt, but with higher electron density than due to its inherent compressive

strain.

5.2.4 PIGR/Au Catalyst Performance

Whenonelooks closer at the Pt photoemission binding energies in XPS, opposing

trends emerging between the two sample ca@tshe seershown inFigure47.
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Figure47. Pt 4f7/2 photoemission from XPS for a.) Pt/Au samples b.) Pt/GR/Au

For Pt/Au samples, the binding energy shifts higher, from ~71.1 eV to 71.3 eV,
with increasing overlayer thickness. This trend has been attributed tdinmnsional
electron transfer effects from A82] The Au substrate transfers charge to the adsorbed
Pt, an effect which diminishes with increasing Pt overlayer thickness. Pt/GR/Au samples
instead show a shift to lower binding energy, from 71.3 eV to 71.2 eV. Tessks are
also shown inFigure 49. This studyexplores next whether these observed shifts in
electron binding energy directly influences catalyst performance.

Electrocatalytic activity t&ts were conducted by performingV in oxygenr
saturated 0.1 M 50O, at room temperature, from 0.8 V40.1 V, in order to analyze the
ORR][180 The experimental results forach sample are shown igure 48 By
following the first derivative peak of the ORR polarization curves, the overpotential
needed to catalyze the reactioan be measuredBecauseswees are performed in a
negative directiona higher reported potential denotes a lower requxedpotential for

the ORR Those results are shownhigure48, with potentials reported against Ag/AgCl
147



reference electrodes. These results comparerébly to other studies utilizirg similar

method of evaluatiof230
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Figure 48 First derivative of oxygen reduction reaction polarization curves (against a
Ag/AgCI reference electrode) obtained by linear sweep voltammetry-satDrated 0.1
M H,SQO,. a.)Pt/Au samples. b.) Pt/GR/Au sampled.)c2, 3, 4, and 5 ML respectively.

Insets) ORR polarization curves for each sample pair. The sweep rate is 20 mV/s.
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Figure 48 shows that for both sample cases, increasing the number of Pt
monolayers results in higher potential values for the inflection point. For the 2 and 3 ML
cases, the Pt/Au showed a notably higher ORR potential compared to Pt/GR/Au samples.
However, for the 4 and 5 ML cases, the inverse is observed, where Pt/GR/Au samples
show higher potentials when compared to Pt/Au samples. In terms of overpotential, the
Pt/GR/Au samples demonstrate appreciably lower overpotential required once a
sufficientamount of Pt is achieved on the surface. This correlates well with the binding
energy values recorded, and a comparison between these experiments can be seen in

Figure49.
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Figure49: a.) The inflection point of the ORR polarization curves and b.) the A3t 4f
photoemission binding energy for each sample case. A horizontal line is used to reference
the binding energy of bulktRoil. Region 1 is explained by charge transfer mechanisms,
from Au to Pt in the case of Pt/Au samples, and from Pt to graphene in the Pt/GR/Au
case. Region 2 shows where charge transfer mechanisms have significantly diminished
into Region 3, where graphe interfacial strain is lowering the binding energy of the Pt

overlayer and ORR overpotential surpasses that of bulk Pt.
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A convergence and eventual crossover of the ORR potesakn as indicated
by the polarization curve inflection posmt This is epresented inFigure 49a.
Additionally, as seen earlier figure47, opposite trends in binding energgtween the
two sample casesan be sedRigure49%). In Pt/Au samples, the ledimensionality of
the Pt overlayer allows charge transfer from the underlying Au, causing a negative shift
of the core electron binding energy of the Pt monolaygns.data shows a correlation
between a negatively shifted bding energy and a diminished ORR potential for these
samples. This correlation can be explained by the adsorption efg@ips on Pt
surface. Adzicet al have reported how desorption of OBpecies from the catalyst
surface is a crucial process in allogicompletion of the electronic reduction of ©
H,0.[63] Previous research has shown that-@pecies on the surface of a Pt shell less
than two MLs thick require more energy to be removed than from a bulk Pt si@2hce.
This supports the ORR observations here for the present sample set, where the ORR
potentialis lowered due to an increased® adsorptionThis conclusion also matches
well with other studieslone with similar Pt catalysfd79 As the overlayer thickness
grows, this lowdimensional effect diminishes, resulting in a binding energy which
increases to that of bulk Pt as the net charge transfer approaches zero.

In Pt/GR/Au samples, Pt overlayers of low ML thicknesgibit increased
binding energies in comparison to Pt/Au. This is seen in RegionFigafe 49. This
binding energy increase can be explained by surface charge calculations for noble metals
adsorbed on graphene. Thermodynamically, Pt favors adsorbing on the graphene at the
bridge sitebetween two C atoms, as mentioned earlier when discussiigXAFS data.

A Pt atom forms a polarized covalent bond with the C atoms underneath, and pushes
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them to move apart from one another. This bonding has been calculated to lower the
charge of the adsbed Pt by 0.108 electrofi231] With this diminishe surface charge,

the binding energy of Pt photoemissions in X¢a8 be expected be slightly increased

as the data shows.

The XPS data indicates that this electron donation from Pt to graphene is
diminished with increasing monolayer thickness, andthding energy decreases to that
of bulk Pt foil. Assuming that the unoccupied densities of states in graphene is already
saturated by the available electron density from 1 ML of Pt, any additional Pt deposited
will diminish the share of electron densttansferred to graphene per Pt adatom. Thus,
for the Pt/GR/Au sample set, the binding energy of Pt electrons diminishes as the
overlayer thickness grows. The binding energies of the two sample sets converge at 3
ML. The plot also showthe convergence ohé overpotential point between 3 and 4 ML.
These two phenomena are represented by the Region 2. The Pt is no longer donating any
electron density once it achieves 4 My in thickness but is still affected by partially
strained early monolayers, which sas a lattice mismatch resulting in increasing the
ORR potential.

The 4 and 5 ML samples for both Pt/GR/Au and Pt/Au cases show lower ORR
overpotential than bulk Pt foil, as observed in Region 3. The monetagér platinum
surface exhibits a higher pentage of clospacked Pt in comparison to that of bulk
polycrystalline Pt, resulting from pseuépitaxial growth over the respective Au (111)
and graphene substrates. The lower the amount of imperfections and the more ordered the
Pt surface, the bettércan be active towards ORR due to weaker- Gidding. Boththe

monolayer architectures can be expected to be more ordered and more defect free than Pt
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foil. Thanks to a compressed overlayer, as inferred from EXAFS data, it is also clear that
4 & 5 ML-eq Pt/GR/Au samples achieve an additional boost in catalytic aptitude. This
strain, caused by the graphene, will cause a decrease ofithel Rtdsorption energy,
further reducing the coverage of ©ldpecies on the surfaceathinhibit the oxygen

reduction[69]

5.2.5Catalyst Durability

One of the major requirements for arfeetive catalyst is its durability. Earlier
efforts looked to using carbon support materials, such as carbon black, in order to
enhance Pt retentid232 While some improvement of catalytic activity was achieved,
the durability of Pt catalysts remains a critical issue. Graphene has already been shown to
improve catalyst durabilityn a variety of configurationg2l, 233 234 This study
investigated the durability ofhe synthesized graphene pported Pt ML catalysts by
cycling in acidic media.

Samples were cycled lostgrm from 0.4 V to 0.75 V in oxygesaturated 0.1 M
H,SQO,, with a total of 1000 cycles performed on each sample. A characterization CV
curve from 0 V to 1.20 V was taken mtrogensaturated 0.1 M $80,, once before
cycling and once after 1000 cycles in order to examine the changes in the Pt reduction
shape. By measuring the integrated Pt reduction charge before and after, amling
illustrative representation of the amowft surface coverage of Pt remaining on these
samplescan be obtained.his is shown irFigure50, where total Pt retention is displayed
as a percentage its original integrated area. For the ‘edMRt/GR/Au sample, the Pt

reduction curve reduces more than 50% after 1000 cycles, showing low durability for the
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overlayer and is consistent with previdetsmonolayer experiments. This could be due to
the unevolved metallic bonding of the 1 ML Pt film. The 3, 4, and 5d¢LPt/GR/Au
samples retain Pt much more strongly than 1-&4j_although there is still about a ~25%
loss in electrochemically active surtaarea after 1000 cycles.

Pt/Au samples were examined in the same fashion. The 1 ML sample showed
improved retention over its Pt/GR/Au counterpart, although it achieves only 50%
retention after 1000 cycles. The advantage could be due to better wétthng initial
overlayer. 1 ML Pt/Gr/Au is buckled and should have poorer adherence to GR/Au than
its 1 ML Pt/Au counterpart. 4 and 5 ML Pt/Au samples showed improved Pt retention,
but remain lower than the corresponding Pt/GR/Au samples. For the 4 andcades,
Pt/GR/Au showed improved Pt retention relative to Pt/Au with the largest difference (of
about 20%) for the 3ML case. The results indicate that loss of Pt is dictated mostly by
bonding to other Pt atoms, an effect which is seemingly amplified orgrdgghene

templated Pt due to the compressive strain.
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Figure50: Using the Pt reduction shape in CV, the percentage of surface Pt is calculated
after 1000 cycles in acidic media. Cycles were performed from .4 V to .75 \4-in O

saurated HSO,.

5.3 Graphene-Capped Pt Monolayers

A characteristic nature of lowimensional catalysts materials is an unfortunate
activity-stability dilemma. With an increased proportion of surface atoms, lower
dimensions increase the density of activiessithat, however, are also responsible for
decreased stability through transport (loss of active catalyst sdréanecorrosion and
ripening). This study demonstrate a graphen&apped monolayer platinum catalyst
(GR/Pt/Au) architecture that transcendshig activitystability compromise by

simultaneously exhibiting enhanced activity due to a grapheheed compressive
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strain at theoretical limits of catalyst utilization, while also retaining its full activity
beyond 1000 catalytic cycles for the oxygeduction reaction (ORR)Vhile catalyst
surfaces protected bysemipermeable barrienave been reported in the literature, these
reported architectures layers inevitably reduce the activity for critical reactions due to
obstruction.Using xray photoeletron/absorption spectroscopy (XPS/XAS), Raman and
electrochemical method#his studyshows that due to intimate graphei contact,the
GR/Pt/Auhybridsareable to catalyze thexygen reduction reactioORR) through the
graphene without any additional energy barrier to the reactiorseThsults open the
door tousing a graphene cam catalysts more broadds a method to improve catalyst
lifetime across a wide range of catalytic reactions

In a fuel cell, the electrode performance degradation lasgely due to
electrochemical surface area (ESA) loss, which can either result from catalyst
nanoparticles detaching and dissolving into the electr¢A@ke.Another source of
performance degradation can stem from poor durability of the cérhsed
supportf239 More generally, ESA can also be lost through catalyst particle growth that
proceeds through atomic migration between indivighaaticles (Ostwald ripeninf)36
and by the subsequent coalescence of particles. While there have been schemes to reduce
the particle growth problem by alloying intaghermelting point metal]237] and by
increasing the mefidupport interaction energy by choaginspecific oxides
supportg238 these approaches are not generally applicable because they thstrict
catalyst chemical composition and therefore functi®revention of these contributing

factors is the key aspeict improving the durability of catalysts.
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Recently, various groups have investigated using semipermeable exterior
materials as a barriegainst catalyst erosion. For example, a cadmatingmaterialwas
found tobe effective in protectip Pt nanoparticlefrom direct exposure to corrosive
environmerg[239 Others have found that the degmtidn of metal surfacescan be
inhibited with layers of a porous inorganaxide such as zirconig24( However, these
architectureslayers inevitably reducethe activity for critical reactions, such as the
oxygen reduction reaction (ORR), due to obstruction.

Conceptually speaking, singlayer graphene, being gnan atom thick, is at the
low-dimensional end of any candidate corroso@mrier material. Therefore, as a barrier,
it should only reduce the catalytic activityinimally. Due to its electronic configuration
and structural properties, graphene has alrdshn investigated for variowsatalysis
applicationd163 219-221] While several groups have investigated using graphene as a
support material, incorporating graphene as &eptive barrier has not been thoroughly
studied. A part of the reason may be the factghaphene, as a membranepiactically
impermeable tatomic transport ofmost standard molecul§®22] However, this logic
holds only in the case where reactant species must first transport fully through the
graphene in order to access the catalyst.

This studyposist hat the i nher ent ?bondingshayld hot o f
only provide structural ilegrity against chemical corrosion (such as in the oxidative
environment of a fuel cell cathode) but, when presented as an atomically intimate cover
over the catalyst, it should also act as a barrier to prevent catalyghldss.context of a
fuelcellc at hode, due to graphenedés honeycomb

catalyst, the oxygen reduction reaction (ORR) can take place without compromise to
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activity but with significantly improved Pt retentioin the presentwork, this study
investicated these phenomena using monolayeiRt gupported by Au substratesither

with or withouta singlelayer graphene cap. Thability of thecatalytic surfaceandthe
electrochemical activity towardhe ORR were investigatecas a function of the
dimensonal evolution of the atomic and electronic structure of the Pt film and as a
function of the presence/absence of the graphene cap. Surface coverage, catalytic activity,
electronic and atomic structure were measured with a complementary suite of
electroclemical and xray spectroscopic methods.

Using singlelayer graphene as an intimate capping sheet, the open honeycomb
nature allows the surface to participate in catalysis while preventing surface dissolution
of electrode metals into the electrolyte, withcadversely affecting activity towards
ORR. The graphene overlayer also has the potential to mitigate surface poisoning effects
from larger species such as CO. These properties should not only allow a graphene to act
as a cap to prevent dissolution of flatinum surface, it has the propensity to maintain
itself during potential cycling.

In order to evaluate the effect of singgg/er graphene coverinBt overlayers,
two sample sets were synthesized. The first sample set consiBtsnmainolayers of
varying thicknesses capped by sintgger graphene (GR/Pt/Au). Samples with Pt
overlayer thicknesses of 1, 2, 3, 4, and 5 monolayers (MLs) were creat8Rfand
the graphene was adhered through an annealing process. A second sample set (Pt/Au)
was synthesized in identical fashion including the same annealing process, but without
graphene. This allowed a ot®one comparison between sample sets where theteffe

of the presence of graphene can be easily identified. r&agon for controlling the
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(GR/Pt/Au) architecture with the monolayer level control of the Pt, is to investigate the

dimensional component of the activity and durability of Pt with and withoaplrgne

capping.

5.3.1 ORR Activity and Relation to Electronic Structure

The results fotinear sweeORR probe experiments are showrFigure51. By
taking the first derivative of the ORR polarization curves, the peak position represents the
inflection point of thecurrent reactiorcurve and can be used to evaluate the required
overpdential needed to catalyze tlRR [180, 230 Since a negative potential sweep
was usedo probe the ORR, the higher the reported potential valuefoarhe first
derivative peak positignthe lower the required overpotential is for the ORR to take

place.
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Figure 51: First derivative of oxygen reduction reaction polarization curves (against a
Ag/AgCI reference electrode) tained by linear sweep voltammetry in-8aturated 0.1
M H,SQO,. a.) GR/Pt/Au samples. b.) Pt/Au sample§)d, 3, 4, and 5 ML respectively.

Insets) ORR polarization curves for each sample pair. The sweep rate is 20 mV/s. Current



For GR/Pt/Au samples, despitthe Pt overlayer surfacdeing fully capped by
graphenejt is able togeneratecatalytic performance towards the ORR. both the
GR/Pt/Au and Pt/Au cases, the peak potential increases as the number of Pt monolayers
increases, which is equivalent to a lower overpotential required to catalyze the ORR. For
1 and 3 Pt MLs, the peak overpotential value of the GR/Pt/Au samples lies at a higher
potential than corresponding Pt/Au samples. At 5 MLs, the two samples share the same
potential value. This indicates that the presence of graphene at the surface of the Pt has
either a beneficial or no effect on lowering the required overpotential towards catalyzing
the ORR. The current densities achieved for GR/Pt/Au and Pt/Au samples wer
consistently similar.

In order to further investigate the surface components of the monolayer catalysts,
XPSwasused ashe primary characterization tool in evaluating the electronic state of the
sample surfacesSgnificant shiftscan be seen in theifding energy of thePt 4f,
photoemission for GR/Pt/Au sampleshkigure 52. The Pt/Au samples showed a slight
shift towards lower binding energies with increasing Pt logdilagtening out around
71.15 eV.Research has previousshown a correlation between a newyaly shifted
binding energy and a diminished ORR potential for these saf§#e3his correlation
can be explained by the adsorption of ‘@rbups on Pt surfac®revious reearch has
alsoshown that OHspecies on the surface of a Pt shell less than two MLs thick require
more energy to be removed than from a bulk Pt suf2®eThus, for Pt/Au,a slightly
decreased ORR overpotential is expected until the Pt overlayer grows to past two MLs in

thickness.
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On the other hand, GR/Pt/Au samples showed a more significant negative shift in
binding energy. Low thickness samples exhibit binding energidesva as ~70.95 eV
with a shift towards higher binding energies with more addition of Pt. Gragttdnends
have been a calculated to lower the charge of the Pt[28dm which should
subsequently raise the binding energy of Pt bound electrons. Despite this, the ORR
curves for samples 3 ML and lessthmckness show a slight advantage for GR/Pt/Au
samples. When considering electron energies for GR/Pt/Au architecture, electron transfer
to and from the Au substrate, transfer effects from the overlaying graphene, and lateral
interactions with coexisting Rtl must be considered

Graphene has a tendency to donate electrons towar{@34uand when only a
few monolayers of Pare placedn top of 50 nm of Au, a majority of electron transfer
can be expectewd be directed toward the substrate. Such a transfer would be expected to
accompanied by a slightly negatibinding energy shift for Au 4f electrons, which is in
fact seen in XPS by about .1 eV (not shown). Electron donation from graphene to Au is
believed to take place through the Pt monolayers, also lowering the binding energies of
Pt. When only a single Rayer is present, this negative shift is most significant as seen in
Figure52c. As the Pt layer grows in thickness, the cumulative effect of thdrefec
transfer is diminished but not entirely. Increasing the Pt layer thickness leads to
increasing the binding energy of Pt atoms, as the interaction befweand graphene
becomes less influential. Referring back to the ORR results, these loweridgbin
energies, especially at low Pt MLs, can explain the increased activity of the catalyst that

is observed.
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Figure52 Pt 4f,, photoemission for a) GR/Pt/Au and b) Pt/Au samples. ¢) The binding

The ORR pathwayncludes severahtermediate species, includir® and OH’,
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both of which require access to the catalyst surface in order for the reduction to take
place[241-243 It is widely accgted that adsorbed OMcts as an intermediate species
for the ORR ommetal surfacef244] Since adsorptiorof oxygen species plays a major
role in determining the kinetics of oxygen reductio&glectrodes, maintaining an open

interfacewith the electrolyte is necessarjhe nature of graphene allows the catalyst



surface to remain isufficiently intimate contact with the incoming ORR intermediates
while preventing Pt dissolution into the electrolythe underlying Pt is thus still
available to catalyze oxygen at no overpotential disadvantage when compared to a pure
platinum surfaceFigure 53 shows a hypothetical schematic of the ORR taking place at
the surface of a GR/Pt electrode, emulating what would be seen at the cathddelof a

cell. The ORR intermediates, such as hydroxyl, can adsorb to the Pt surface within the
open spaces allowed by graphene. It is also possible that the capping graphene layer can
act as a shield against electrochemical poisons with large molecularetéa® to OH,

such as CO.

H

(@)

o
0 Pt
& Graphene

Figure53: lllustration of the oxygen reduction reaction taking place through the graphene

layer.
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Thelocal atomiccoordination arounét atons was investigated usingXAFS for

Pt adlayerdor a subset of samples. figure54, the Rspace spectra fahese samples is

presented, as well as a reference Pt foil, whth yaxis representing aveighted partial

radial distribution function around an average Pt atom. Bulk Pt (Pt foil) exhibits an

apparent nearest neighbam distance of about 2.2 Aonsistent with previous work,

[68] which as aforementioneds actually at a PPt bond distance of 2.78 A whehase

shift correctedFor the GR/Pt/Au samples Figure54a, thenn peak for the 5 ML case

shows both a shift towards lower valuasd a widening of the peak. This may be

indicating that Pt is also bonding to the overlying graphene carbon at many poings al

the surface of the electrode, and can be attributed to a compressive strain effect induced

by the grapheng3] The long range structure past the peak is, however, stivery

similar to that of Pt foil, meaning that the Pt overlayer not largely disordered. For Pt/Au

samples of sufficient thickness kigure54b, the EXAFS spectra is very similar to that of

the Pt reference, as all intensity features line up faakeak.
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The Pt overlayer is in intimate contact with the graphene, and maintains an FCC
type structure underneath the graphene sheet. When it comes to the catalysis of the ORR,
the GR/Pt surface is essentially identical to that of an uncovered Pt evedayl the
graphene provides no barriers to reaction. Surface Pt atoms might in fact be slightly
compressively strained from the overlying graphene sheet, whithhe past has been

shown topositively affect the surface activity towards ORR catalj@8.

5.3.2 Durability of GR/Pt/Au

The ORR probe and EXAFS spectra show that grapbapped samples remain
as effective in catalysis as samples without graphene. To inveshtigategraphene
affects the durability of the surface over timasubset samplasere cycled fron100 mV
to 750 mV (vs. Ag/AgCl) in oxygensaturated 0.IM H,SQ, for 1000 cycles which
repeatedly forcesurface aidation/reduction cycles of P21]

Furthermore, XPS spectra of the samples before and after 1000 cycles were taken
to evaluate the surface architecture of each sample. Betteusample architecture is
that of a PtAu coreshell, by comparing the relative photoemission intensity of the Pt
overlayer to the underlying Au photoemission, the relative average thickness of the Pt
shell can be determineBigure55 displays thePtand AuXPS spetra for 1, 2, 3, and 4
ML sample cases, both before and after cycling experimddétar 1000 cyclesthe XPS
spectra fothe GR/Pt/Ausamplesare almost identical to their spectra prior to cycling, as
the peak intensityfor the Pt 4f photoemissions unchanged relative to the Au 4f
photoemission On the other handPt/Au samples without grapheraearly showed

dramaticreduction in Pt peak iahsityrelative to Au This indicateghat the Pt overlayer
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is much thinner and large amount oérosion of Pt has occurred from the ORR cycling.

The spectra or GR/Pt_ML/Au samples show that the Pt surface does not undergo either Pt

surface dissolution cagglomeration through Ostwald ripenirithe results here clearly

show that the graphene camrks to effectively lock the Pt ML surface in place and

dramatically improvethe retentiorof Pt at a variety of monolayer thicknesses.

Before Cycling

Pt/Au After 1000 Cycles
T T T T T T T T —T — T T
200k |- :
240k . 180k |-
1ML RS 2ML 1 40k 3ML ] 4 ML
*2 160k - 1 200k | 4 120k | ] 120k - 1
3 /Au Pt
O 3ok 4 100k L 80k |- 1 sok}f 4
© / 40k [ d
or {1 of . ol 1 of -
90 85 80 75 70 65 60 90 85 80 75 70 65 60 90 85 80 75 70 65 60 90 85 80 75 70 65 60
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)
GR/Pt/Au
T T T TTrrrrrrrrrr rrr T T T T T
60k | 4
o ey 1ML 100k[ 2ML 3ML 40k I amL 7
s
3 50k} {1 sok| { 30k - 4 20k} J
(&)
of {1 of 1 ol 1 o} 4

85 80 75 70 65 60
Binding Energy (eV)

PR I R S N
90 85 80 75 70 65 60
Binding Energy (eV)

90 85 80 75 70 65
Binding Energy (eV)

90 85 80 75 70 65 60
Binding Energy (eV)

60 90

Figure55: The Pt 4f7/2, 5/2 pair and the Au 4f7/2 XPS spectra for GR/Pt/Au samples and

Pt/Au samples are shown before and after ORR cycling.

Cyclic voltammetry was also used to evaluate the surface composition of the
samples during lonrterm cycing. A characterization CV curve wagserformedbefore
cycling, after 500 cycles, and after 1000 cycles in order to examine the changePRtin the
reduction shapen the reverse sweeResultsfor the 4 ML sampleare shown irFigure
56a and Figure 56b. GR/Pt/Au samples showed that the reduction peak of Pt was

maintainedduring cycling, as shown ifigure 56a. However, Pt/Au samples showed
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significant decrease in the platinum reduction featur®.4% V after 500 cycles in
oxygensaturated EBOy, indicating asignificant amount of E& loss along the surface of
the samplelue to dissoluan into the electrolyte

Linear potential sweeps investigating the ORR also showed about a 30% decrease
in current for the 4 ML Pt/Au samples after cycling, while GR/Pt/Au counterpart
maintained itsORR current as seen figure 56d. The reduced current of the Pt/Au
sample after cycling is similar to what was achieved for a 3 ML sample as déigurna
51. In corroboration with the XPS results showrkigure55, it is clear that the graphene
acting as a cap over top of the platinum monolayer is an effective barrier to prevent

dissolution effects during potential cycling.
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Figure56: Cyclic Voltammograms during cyclic experiments befanel after cycling for
a.) 4 ML GR/Pt/Au sample, and b.) 4 ML Pt/Au sample. c.) The size of the platinum
shape as a percentage of the initial charge during cycling. d.) The ORR current reached at

.2V vs. Ag/AgCI.

Raman spectroscopy was used to verifystiage of the graphene, and these results
are shown irFigure57, which compares a fresh graphene deposit on an Au substrate to
that of a Pt sample @& cycling experimentsThe 2D resonance peak at 2700 tiis

widely used as a simpland efficient way to confirm the presence of sidgler
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