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Summary

Platinumsingle crystal electrodes were used to investigate electrochemical oxides and relate
surface species and their impact upon important catalytic reactions such as the oxygen redu
E S]}v ~KZZ+X E}3]1}ve }( % E Zojpecificalyvadp®E |vRA @vhhEted

and challenged. For example, the voltammetry of Pt single crystal electrodes as a function of
perchloric acid concentration (0.@8.00 M) was studied in order to test the assertion by Watan
et al. that perchlorate anions specifically adsorb on polycrystalline platinum. Specific adsorpti

perchlorate anions was found in varying degrees for Pt(hkl) surfaces.

By flameannealing and cooling a series of Pt n(110)x(111) and Pt n(110)x(100) sistdé c
electrodes in a CO ambient, new insights into the nature of the electrosorption processes as:
with Pt{110} voltammetry in aqueous acidic media were elucidated. For Pt n(110)x(111) elec
a systematic change in the intensities of voltaetrit peaks indicated a lack of surface
reconstruction (in contrast to hydrogen cooled analogues). Pt n(110)x(100) stepped electrod

displayed a marked tendency towards surface reconstruction irrespective of cooling environr

Pt(110) terrace sites werfound to afford a specific affinity for sulphonate groups contained w
E (J}Jv 0 C EX WS v~ilie/E~iiie epE( < *Z}A E %] <u v

function of increasing step density. Reactivity measurements involving oxygen raedantio

hydrogen peroxide oxidation/reduction largely revealed the importance of adsorbed oxide/Ot

regulating activity.

Kinetic studies suggested that for Pt(100) terraces, oxide formation was also accompanied b
surface reconstruction. Fast poteaticycling of all electrode surfaces confirmed the likelihood ¢
structural changes occurring in real fuel cells. It is deduced that roughened catalyst particles

actually exhibit an enhanced ORR activity, even in the presence of Nafion.
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Important Symbols

Symbols Symbol Description Units

A Electrode Area cn?
Symmetry factor -

C Capacitance F
Double layer capacitance F

w Diffusion layer thickness nm

D Diffusion coefficient cné st

E Applied potential \%

B Electronbinding energy eV

Eeq Equilibrium potential \Y

E Standard haltell potential | V

B Half wave potential \%

E Cell potential \%

F & & C[* }veS v§ |9.649x 10C mot

{ Overpotential Vv

{ Maximum energy efficiency | -

{ Carnot efficiency -

/ Adsorbate coverage -

Tunnelling current A
Double layer charging curren A
Net (observed) current A
Oxidative current (anodic) | A
Reductive current (cathodic) | A
D|ffu_S|onaIquxlcurrent mol2SYA cm?
density
Limiting current density A cm?
Net current density A cm?
Kinetic current density A cm?

0 Exchange current density A cm?
Rate constant atdz -

mr Mass transport coefficient cm st

n Number of electrons -
Partial pressure atm

R Gas constant 8.314 J Kmol*

R Z Cv}lo [« vpu @& -

T Temperature K

T Sweep rate =

Vv Potential Vv
Work function eV

Rotation speed
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Important Abbreviations

CcVv Cyclic voltammetry/cyclic voltammogram
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DFT Density functional theory
EV Electric vehicle
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Chapter One

Introduction

1.1. The challenge

e+ 3Z A}Eo0 [* %}% po §]}v PE}AU <} JThe#nfreasing popled@on putsE
many pressures on sustainability. Where fossil fuels once seemed inexhaustible, demand wil
outstrip supply. Modern society must be liberated from its dependence on thesesustainable

fuels, not only due to obvious aWability issues, but to reduce environmental damage too.

The growing awareness about the dangers of fossils fuels has led to the development of gree
energy alternatives. Alternative energy devices need to be sustainable but also produce mini
glob 0 uJee]}veX dZ u i}E]SC }( 83Z A}Eo [+ 0o SE] ]35C % E}
fossil fuels. In particular, Internal Combustion Engines (ICEs) in automotive applications are |
dependent on oil resources, and are a huge contritnuto generation of greenhouse emissions.
main technological options that are currently being considered are: improved internal combus
engine vehicles (ICEVs) powered by biofuels, battery electric vehicles (BEVs) and hydrogen
vehicles (FZs). Hybrid solutions are also possjb|e?] Fuel Cells are one optionahoffer the

capability to replace ICEs. They have the advantage of not being reliant on the use of fossil fi
well as ligher efficiency and clean by products releasgithough fuel cell technology has been ir
existence for over 100 years, only iretlast decade have significant advancements have been |

to allow fuel cells to become economically viable for applications, especially in vehicles.

A thorough review of the fuel cell system is above the scope of this thesis and a short review

the objectives of this research into perspective only, is provided.
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1.2 Fuel Cells as an alternative energy device

Fuel cells are by no means "new" technologies. In fact, they are one of the oldest energy
conversions known to man. First invented by Graovthe middle of the 19th centu{$, 4] (Figurel),
fuel cells are the reverse of electrolysis; directly convertimgnaical energy into electrical energy.
They work like a battery, but the fuel is stored exterr{ally]. If the fuel is supplied continuously
and not interrupted, a continuous electdatcurrent is maintained. A battery relies on a fixed stol
E 35 vse ~(poeUAZ] Z v E Z EP AZv %0 3§ X 88
which results in degradation and lower efficiency over time. Fuel cells can weigh les$ (@&efal
(JE A Z] o ee v E Vv}8 E 3E] & C "uu}lEC (( 8 U E -
periods of usfl].

Figurel: Diagram of the first fuel cell by Grove. Philosophical Magazine and Journal of Science 13,430

1.2.1 How Fuel Cells Wor

Fuel cells are classified per their electrolyte material, which also dictates the operating tempe
Proton Exchange Membrane Fuel Cells (PEM fuel cells) (also sometime referred to as Polym
Electrolyte Membrane fuel cells) utilize a solid polymiectolyte, and are currently present as al
alternative energy device specifically for automotive applications. PEM fuel cells are particula
most suitable for automotive applications due to their fast start up, low working temperatures

(around 80 °C) ahlonger distances they can perform{ig 7, 8]

Fuels cells work by separating two electrodes (denoted as the anode and cathode) with an
electrolyte. The anode facilitates oxidation of the fuel (such as hydrogen) whilst the cathode r
the oxidant (usually oxygen). During oxidation atuetion, ions are generated and transported

through the electronically insulating electrolyte. The electrolyte serves as a pathway to transg

12



ions from one electrode to another. In a PEM fuel cell, the ions are ideally protgn&(éttrons

generated tavel in an external circuit between electrodes which creates the electrical energy
needed to power the devicd-{gure2). For PEM fuel cells, hydrogen is the fuel at the anode res
in a hydrogen oxidation reaction (HOR) and oxygen is reduced at the cathode (ORR). With p
hydrogen and oxygen supplied, lgiwater is produced as waste. Unlike ICEs, a fuel cell is not i
by the Carnot efficiency (discussed later). Platinum is used as a catalyst at the electrode and

discussed in further detail later.

Figure2: Schematic of how a PEM fuel cell works

1.2.1.1 Thermodynamic rationale behind fuel cells
In an ideal fuel cell, the simplest reaction encountered is the reaction of hydrogen and {&yge!
The fuel cell reaction can be divided into two kadfl reactions (corrggonding to reactions at the

anode and cathode respectively), with the standard reaction potentid)EL(:

The maximum theoretical energy eglse is related to the free energy charj@é] (Gibbs, standard
and P caditions). The standard free energy change of the overall reacti@™nFE] in the fuel
cell indicates a spontaneous reactiond being the free energy chang®87.1kJ mol, n=2, F being

Faradays constant and henc&E.23 V).

The Nernst potential (Hdiscussed later) or reversible cell electromotive force (emf), is a

representation of the relationship between the ideal standard potential and equilibrium potent

13



for the fuel cell reactiof®]. It is often the value for which the performance of a fuel cell material
judged. It is represented as cell voltage and is the diffeecbetween the standard reduction

potential of the anode and the cathode. For a hydrogstygen PEM the cell emfis 1.2[5V8].

1.2.1.2 Fuel Cell Efficiency

The first law of thermodynamics states that the total energy put into a systa)nni@st equal the
total energy output (Wu: + Qut )[9]. This equation can be used to define the maximum energy
efficiency of a proess. The efficiency of any energy conversion device such as a fuel cell is th
of useful energy output to energy input. For PEM fuel cells, the energy input is the enthalpy o
formation for hydrogen (286 kJ mbland the energy output isdz(1.23 V), which equates to a
Gibbs free energy change of 237.1kJfl dZ €& (}E& U $§Z2 ((] 1] v C ~{+ v

[9]

Where @ is the energy input into the system,\Wis the work output and ) is the waste heat

output[9].

This efficiency of 83% is calculated at 298K, using hydrogens higher heating value (HHV) as
energy. The HHV is the amount of energy released for 1 mol obygd to combust at 298K and
8Z % E} u S ~A 3 E A %}uE- 8§} E SuEv 8} 166<X ((1]1v C
heating value(LHV), where the product is only returned to 423K )50 his increases the efficie
to ~95% but results in see unreturnable loss of water. This can cause problems in PEM fuel ¢
optimum hydration in the electrolyte (explained later) is key to the cell working efficiently. The

efficiencies correspond to the maximum thermodynamic liffits

In an ideal FC the cell voltage is independent of current, but practically this is notef&i&@].
The difference between theoretical cell voltage and reversible cell voltade(& termed

}JA EA}o3 P }E }A E%}8 v8] o ~{« AZv E ( EE]VvVP &} «]vP
overpotential include: mixed potential at electrodes from fuel crossover, activation losses fron
sluggish electrode kinetics and mass transport log9es. of the largest losses for a PEMFC is th

poor kinetics of the ORR half reaction in acidic media. Even with high loadings of expensive |

14



the activation overpotential for the ORR is on the order of 400 mV at acceptable current den
(E%=0.8 [10, 12]

IXTXIXT ((1]Vv CY( /! [o

[9]

The equivalent measure of efficiey of an internal combustion engine is known as the Carnot
efficiency limit. It specifies the theoretical maximum efficiency that can be obtained from an i
heat engine operating between two temperatures. The high temperature (T1) refers to the
temperature of the combustion gases inside the engine and the cold temperature (T2) refers
temperature at which the gases are exhausted from the engine. Temperatures in ICEs vary |
be several hundreds of degrees at specific points in the comby&8hrAlthough it is theoretically
possible to achieve 100% efficiency, T1 would need to be infinite or T2 at absolute zero. As*
the engine materis not being able to sustain incredibly high temperatures, implications of sa
also arise with gaseous fuel at high temperatures in an automobile. Instead to increase the
efficiency, the engine is kept cool by circulating coolant to protect the engimponents. This al¢
reduces the efficiency of the combustion process. Due to this issue, vehicles with ICEs have

thermal efficiencies (typically 2080%) than fuel cell$4], when operated in suitable temperature

1.2.2 .The role of platinum in PEM fuel cells

Although PEMFCs are a great alternative to ICEs they also have drawbacksajér factors
inhibiting the commercial production of PEMFCs are durabitity @st. The high price of FCs is
mainly due to the large amount of expensive platinum utilised as the catalyst at the eledtt@He
Pt loading in an 80kW PEMFC was reported to be ~17% of the total productifitbgost
Understandably, multiple alternatives are being investigated. The development of thin film
catalyst$16], platinum alloyfs] and platinum nanoparticles (NPEY-19] have shown great promi:
in increasing the electe activity, whilst also decreasing the % of Pt loading. Non platignamp

metals and norfmetal catalysts are also being investigd@ 21]

1.2.2.1 The durability challenge
Typical fuel cell lifetime targets are around 5,80000 hrs for cyclic automotive applications. ~

electrocatalyst mustetain activity over the fuel cell operation cycle. However, potential cyclin
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conditions greatly exacerbate problems such as metal dissolution, redeposition and precipita

the metal, resulting in lowered performani@2].

1.2.2.2 Model PEMFC catalyst design
There are four key characteristics required for an effective PEMFC catalyst; activity, selectivi
stability and poisoning resistance. These properties are important wheasing and designing n

catalyst systems in FCs and are discussed further below.

1.1.1.1.1 Activity

(23]

Figure3: The logarithm of exchange current densities (log i0) for cathodic hydrogen evolution vs. the bonding ad:
strength of intermediate metahydrogen bond formed during the reaction itself.

The interactions between a catalyst and substratestrideally obey the Sabatier princif#é],
whereby, catalysts are active enough to adsorb reacting species strongly enough to facilitate
reaction, but also weakly enough to release the product once the reaction has occurredvB] v
volcano plots are often used when choosing potential electrode matg#lsFor example, the
volcano plot for MetaH bonding irFigure3 shows Pt has the highest activity of all bulk metals.
Kinetics of the anodic HOR on Pt is facile. Voltage losses are extremely small even for low P
loading$25]. On the other hand, the sluggish kinetics of the cathodic ORR is the source of mc
half voltage loss in PEMAZS)]. The ORR isa@mplicated mechanism with various pathwd$g,
27](discussed later). The ideal cathodic catalyst needs a high chemical activity to aciivatbén
upeS o0} E 0 * SZ % E} p S <pull vipPZ 8} (E % U}E -
plot (figure 4) for binding between single O atoms shows Pt is the best pure metal closest to
optimum binding theory. It is important to note that Pt still binds O too strongly and this is one

the reasons for the overpotential in the PEM.
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[14]

Figure4: left) Trends in oxygen reduction activity plotted as a function of the oxygen binding energy and right) Tr
oxygen reduction activity plotted asfunction of both the oxygen and the hydroxyl group binding energy, taken f#jn

1.1.1.1.2 Selectivity

Electrode catalysts must progress the reaction whilst minimizing mtoztuof undesirable by
products from side reactions. The ORR can proceed through a choice of pathways (discusse
The pathway is determined by selectivity at the first step; the adsorption.ofl@ desired
mechanism is the dissociativeefectronreduction to produce water. It is desirable to minimize
amounts of damaging 4@, within the cel[28]. Various metal surfaces show that when the total
number of electrons transferred in a reaction is 2, peroxide is produced but when 4 electrons
transferred, only water is produce@revious work found Pt to be the most selective towards th
desired 4electron ORR pathway, at almost 100% selective for n=4 over a broad potential ran
Figureb shows the selectivity of a variety of metals over a potential range towards the oxygen

reduction reaction, including the number of electrons transferj28.

[29]

Figure5: Number of electrons transferred (n) during oxygen reduction reaction at: (a) mercury, gold, silver, copp
Au60Cu40; and (b) platinum, palladium an@dddy as a function of applied poteiai in an oxygen saturated 0.5 M
sulfuric acid solution, taken frof29]
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1.1.1.1.3 Stahlity

The chemical environment within a fuel cell is harsh; strong oxidants, reactive radicals, acic
environment, high temperatures and rapid potential fluctuatifjsVery few metals are active
enough to facilitate ORR but resistant enough to adsamatic dissolution under fuel cell
conditions. Materials that are stable have a tendency to be protected by an oxide layer that
over the surface, which inhibits the ORR. Pourbaix diagrams have been used to map out tr
thermodynamically stabldomains for elemen{80]. These work similar to phase diagrams by
showing possible phases of an agueous electrochemical system. Voltage is plotted against
Figure6 shows the Pourbaix diagrams for a variety of elements listed in order of reactivity, (
being least and 28 being mo@&])]. Although there is a handful of more adthble metals than F
these have lower selectivity and activity towards the ORR, rendering Pt as the more superi

for use in the PEMHBO, 32]

Figure6: The Pourbaix diagrams for different elementedsn order of nobility. Taken frd80]
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1.1.1.1.4 Poisoning resistance
In the fuel cell there are several opportunities of collecting impurities. All catalysts are sb&eég
poisoning and the possibility of many different poisoning mechanisms makes it very difficult t
create a meaningful rankifig@3]. Due to Pt be&ig successful in the previous three requirements,
poison shall be discussed. For platinum, sulf3dirand CQL6] cause the largest poisoning
problems. The sourcef sulphur and CO usually comes from contaminated fuels. The use of p
fuels is preferred to limit this contamination. Alloying the platinum with other metals less
susceptible to these poisons also improves the tolerance of the catalyst, but can leaceto |
§]A]13C 3}A E « §Z KZZX /v & <*]VP 3 u% E SUE % ES] p
poisoning but this has consequences on other components in the fuel cell, namely the electr

This is discussed in the next section.

To design a péect catalyst that can be highly active towards the ORR, selective to only follow
electron mechanism and be noble enough to resist against undesirable poisons, requires a ©
understanding of surface interactions. One way is to change the swstacdure of the electrode.
Fundamental studies on different surface structures of platinum and other metals have been
undertakerj35-39], but there is still much more information to be learnt@oable significant

improvements towards the ORR. This thesis explores one family of different surface structurt

that has not been fully investigated previously.

In a fuel cell the electrode materials (support and catalyst) are in contact withEMetB enable
transport of ions. Whilst it is important to isolate and understand the ORR on different surfact
structures of platinum, it is also important to understand how the presence of the PEM will irr

upon this reaction. Nafion® is the material mosmmonly used for th[g¢0-42].
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1.2.3 The role of Nafion® in PEM Fuel Cells

The electrolytes purpose in a fuel cell is to allow only ions to transport through, whilst mainta
stability under the harsh conditions inside the cell. It must also keep the fuel and oxidant sep.
to avoid undesirable back reactions. The mairtdess for a membrane in PEMFCs include; exce
proton conductivity, low cost to manufacture and excellent staljdi@y. In PEM fuel cells, a solid
polymer membrane is used as the electrolyte. The ionomer Nafion® has been at the forefron

membrane electrode assembly (MEA) for a number of Jjéadis

1.2.3.1 The structure of Nafion

Figure7: The structure of Nafion as shown in R&|

Nafion® is a tetrafluoropolymer capable of conducting ions through its solid matrix when hyd
(Figure?). Its structure consists of a Teflon backbone in which perfluorovinyl ether moieties el
in sulphonate groups branch off. Nafion® ionomers acglpced by copolymerisation with

perfluorinated vinyl ether and tetra flouroethylef#?]. Different varieties are produced dependit
on how many CF units garate the side chains. Equivalent weight (EW) is used to distinguish 1
different varieties of Nafion® and the calculation is shown below. The EW is defined as the w
Nafion® (in molecular mass) per mole of sulphonic acid gd@lipNafion® used in this study was

1100EW equivalent to ~14 Qits separating side chains.
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The structure of the Teflon backbone gives the Nafion® polymer a high operating temperatur
However, Nafion® membranes only exhibit good thermal and mechanical stability in the fuel «
within lower operating temperatures.é. below 80 °@34, 45] The membrae must also be
hydrated for proton transfer to take place and the Nafion® membrane can easily dry out at hi
operating temperatures (water evaporation at 100 °C). Proton transfer through the membrane
this type is very sensitive to water content, whg¢oo much water also reduces proton transfé6,
47]. The Nafion® membrane is difficult to study due to the inconsistent solubility and crystallir

structure among its various derivatijés].

A great deal of research of the membrane and thterface has been conducted on macroscopic
filmg[42, 49, 50] This has provided usefinisights into the behaviour of Nafion and platinum.
optimally hydrated membranes, sulphonic groups and water were found to develop an
interconnected proton conducting netwdd0, 43, 51] Protons transfer through the matrix by the
Grotthuss mechanisfB2] (Figure8), passing along the length of tipelymer chain, through the
pores of the membrane. The fluorocarbon backbone forms a-seystalline hydrophobic phase a
these regions are inacti{&3]. Electrochemical processes take place at domains where hydropl

ionic clusters are inantact with the electrode surfaggO].

Figure8: The Grotthuss mechanism theory applied to Nafion

Properties of interest relate to the Nafion® water content and thié-assembly of Nafion® into
mesoporous structures, making its study diffif4lt, 43] Due to the actual interface being
microscopic, models proposed are not always entirely fittowgard experimental datp40]. As a
result, any surface model has had to rely on speculative assump@avigg to this fact, very little i

known about the surface interactions of the membrane with cata[¢&fs It is important to fully
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understand this interaction to improve the overall performance of the PEMFC (stability, selec

etc.).

Tuning catalysts and eleolyte materials for optimum performance requires a detailed knowle:
of chemical microstructure and nanoscale morpholégy. For Nafion® membranes, proton
conductivity, temperature stability and water management are some of the important propert
that must be controlled in the design of near perfect membranes. This is a challenge to achie
whilst retaining a low cost. Although a number of alternate ffluorinated polymer membranes
have been developed, Nafion® is still considered the bench mark material to which most res

compared[8, 44, 48]

1.2.3.2 Bulk Studies

For the last thirty years, geral concepts and morphology of ionomers have been actively deb
in the literaturg42]. The cluster network modeFi{gure9) by Gierk et al.is a historical staring poi
of this expanding top[d9]. This model has been repeatedly used as a conceptual basis for
rationalising the properties of Nafion® membranes, including such properties psrimselectivity

and transport.

Figure9: The clustenetwork model proposed by Giefk8]

Small angle Xay scattering studies (SAXS) along with several postulations describe swalien
morphology of Nafion®. It presumed that there are clusters of sulphonate ended perflouroalk
ether groups approximately spherical in shape, organised with an inverted micellar structure.
Channels were proposed to connect these spherical ionitecBiand account for the intercluster
ion percolation of positively charge species through the memdée19] As the channels woulc

*HO0%Z}Vv § E] ZU E % poe]}v }( v P 3]A Jlve A« 0} /[E%
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growth ofclusters with increasing water content that later models did not. Thellsamgle
scattering techniques used, only probed a small region of reciprocal space. Wide aagle X
diffraction studies determined restricted polytetrafluoroethylene (PTFE) like crystallinity assoc
with the perfluorocarbon backbone that had not bepreviously considerdd9]. Although it has
received significant acceptance and is a foundation for many morphology studies, it has also
vigorously debated. Studies focused on variations in solvent swhbiwng raised critical questions
related to the shape and spatial distribution of the ionic clusters within the matrix of Ngfian&b,
48, 55] The enlargement of clusters with rising water content was proposed to occur by an
amalgamation of growth in cluster size and a redistribution of the sulphonate sites to yield fev

clusters in the fully hyrated material56].

FigurelO: Left) The threpphase model proposed by Yeager and $&ikDiagram corresponds to A) hydrophobic regi
B) transitional interphase between hydrophobic and hydrophilic regions and C) hydrophilic region. Right) Nafion r
SchmidtRohr[57] Parallel waterchannel model of Nafion where a) Two views of an invemextlle cylinder, with the
polymer backbones on the outside and the ionic sides lining the water channel. Shading is used to distinguish ¢
in front and in the back. Schematic diagram of the approximately hexagonal packing of several imieetézicylinders

More extensive structure investigations have been carried outég AJvP '] EIl [« P]v
ultimately led to the suggestion of alternate morphologies. Yeager and Steck proposed a thre
model56] significantly different to Gierkd-{gurel0). The clusters were still found to be spherice
inverted micelles connected by cylindrical pores with a low degree of order. Most importantly,
found that there were trangional interphases between hydrophilic and hydrophobic regions.

SchmidtRohr and Cherf{gurel0) also used neutron scattering to establish that-sel§embly of

Nafion® leads to the formation of hydrophilic and hydrophobic red#f}sThis concept is becomi

increasingly accepted.
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Rocheet al.used SAZand SAN&maltangle neutron scatteringgechniques to investigate the
morphology of Nafion® membranes in different stg&. This included varying water contents ¢
with the Nafion® beig in acid/neutral forms. They found Nafion® to have three contrast regior
concluded that a nomandom distribution of side chains existed in a portion of the membrane ¢
crystalline structurfs8]. An inhomogeneous distribution of cluster within the matrix was also
proposed to account for the zeroth order scattegiresults that were found. These results
demonstrated that this order is not attributed to impurities as had been previously proposed f
other ionomer systenid8, 56] In agreement with the work of Gierlat al, Roche and caorkers
also found that the intensity of the ionomer peak (seen-ra)xdiffraction stalies) increased with
increasing water conteffs6]. However, Rochet al. disagreed with some concepts associated w
"1 &I [« onewdoriEmodel. As an alternative, the origin of the ionomer peak found in XRC
studies was attributed to an intrparticle scattering model for which the scattering maximum
corresponded to characteristic distances between structural elements inside the ionic particle
While this intraparticle scattering model was consistent with tirphology proposed for other

ionomers, a detailed quantitative analysis in support of this model was not provided by Roch¢

Figurell: Two morphological models of Nafion used to describe SAXS re§ok in

Fujimuraet al.focused on defining the morphadjical origins of the two scattering maxima and
evaluating various scattering models for the origin of the ionomer pEaufell). Again, with
increasing water content, the cluster dimensions deduced from the scattering maxima were <
to increase. Over a range of water contents, the microscopic degree of swelling, as determin
SAXS, was found to be much greater than the macroscopic defyseeelling. It was concluded th
the scattering behaviour of Nafion® is best described by anparacle coreshell model similar tc
that proposed by MacKnight and-emorkerd58]. In this particular corshell model an iomich core

is enclosed by an iepoor shell composed largely of perfluorocarbon chains. Thesegstwell
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particles are dispersed in a matrix of fluorocarbon chains containingchmstered ions and
multiplets, such that the shomange order distance within the cohell particle gives rise to the

ionic scattering maximufb8].

It is important to note that the argument against the interparticle hard sphere modekreliethe

key assumptions that the clusters are uniformly distributed in space and that no redistribution
ionic groups occurs during swelling. However, the clustwork model proposed by Gierke clee
allows for cluster reorganization during svued;, and the low angle upturn in scattering intensity

observed by Rochet al. strongly suggests an inhomogeneous distribution of cluptér$8]

As has been demonstrated, many models have been proposed about the bulk nature of Nafic
Work has identified a senuirystalline structure in which the hydrolysed form contains ionic clus
Thesize of these clusters has been debated as well as the interconnectivity of them which all
swelling and permittivity to cations. Amendments to this original discovery had led to variatior
where the backbone can adopt a helical or laminar strudd2e60] Long range order has also bt
guestioned. Although a more comprehensive review of the bulk structure of Nafion® is beyon
capacity of this investigation, this discussion was necessary to highlight factors of interest. W

take these ideas forward when discussing the Nafidt@inum-electrolyte interface in detail.

1.2.3.3 Interfacial Studies

The many interpretations for the bulk Nafion® structure all agree that the sulphonate groups

arranged into some form of clustd#®]. For the interface, only a few studies have been carried
using insitu analysis. Malevich and-georkers found that the presence Nafion films on platinum
NPs slowed the CO oxidation reacf{@t]. SNIFTIRS (Subtractively Normalised Interfacial Fouri
Transform Infrared Spectra), in IRRAS mode (infrared reflection absorption spectroscopy), al
demonstrated that sulphonate groups orientate themselves towards the surface with paléaiifi

When the potential is reversed the groups were then displaced. This study however was carr

on 5um thick films, which are unlike the one or two atom layers used in this thesis.
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Figurel2: Results for Nafion on polycrystalline [BR2]. Left) CVs in 0.1 M HCIO4 and right) IR data of absorbed C

Surface enhanced IR spectroscopy (SEIRAS) was employed bgtAato analyse the Nafion®
platinum interaction in sit[62]. A Platinursplated prism was coated in Nafion® and the spectrur
compared with Nafion® on a silicon prism. Similarities with platinum adsorbed bisulphate and
sulphate bands allowed an observed absorbance to be identified as the asymmetict stf¢he
sulphonate anions. The sulphonate bands were found to beshéited by changing potential,
suggesting that sulphonates interact with the platinum surface in a potential dependent mann
The long pendant structure and nature of the side chaiege proposed to allow the sulphonate

groups to behave as free anid62].

1.2.3.4 Electrochemistry

Recently, eletrochemical studies have been performed on Nafion® coated polycrystalline plat
electrodes. Jiang & Kucernak originally reported on the hydrogen oxidation and methanol-ele
oxidation reactions when Nafion® was deposited on Pt affi3j\64] The voltammograms
produced of the Nafion® coated platinum films showed reduced charge underdhand oxide
regions. Both electr@xidation reactions weréound to be dependent on temperature and water
content of Nafion®. Tet al.reported on voltammograms of Pt/black powder electrocatalyst
pressed against a Nafion® membrfgtg. The Pt features in the voltammograms were reported

be inhibited in the presence of Nafion, similar to that observed by sulpli@éé®
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Figurel3: Findings from Gruger concerning Nafion adsorbed on polycrystalline platinum. Left shows a schematic il
for the interfacial behaviour of the Nafion membrane on Pt electrode. Right shows an AFM image of the preparec
film electrod¢43].

Chuet al. studied the effect of Nafion® on the activity of PtRu electrocatalysts for methanol ele
oxidatior{9]. No voltammograms were provided in order to characterise the Nafion® ficce a
coated PtRu electrocatalyst in this study. However, Chu reported an enhancement in the-elec
oxidation of methanol for the PtRu:Nafion® electrocatalyst. Maruyatrad. explored the influence
of a Nafion® films in fuel cell reactions, more specijicall the hydrogen oxidation reacti{gv].
This study on the HOR kinetics were found to be enhanced on the Nafion® coated electrode.
Miyatakeet al.explored ORR on a-Btack dectrocatalyst coated with a sulphonated polyimide
sulphonated ionomd68]. ORR was found to be kinetically controlled for a thimomer coating but
for thicker ionomer films, oxygen diffusion through the film was found to be negligible. Laatsol
al., Gottesfeldet al.and Florianat al. have shown in the cases of HOR and ORR, an increase i
electrocatalytic activity in the presea®f Nafioi69-71]. This was attributed to higher-@nd H
solubilities in recast Nafion® than those in aqueous solutions, which is mainly due to the pres
the hydrophobic fluorocarbon phase. Howeythe detailed mechanism of these modifications is

still under discussion.
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Figurel4: Findings by Yan@2] concerningNafion® coated Rystems exhibiting lower ORR activity and mai@H
production than the bare Pt electrode system

Work by Yanet al.and Ohmeet al. have both shown that Nafion® coated Pt systems exhibitec
lower ORR activity and more® production than the bare Pt electrode systffi, 73] This work
suggested that sulphonate groups in Nafion® strongly adsorb on Pt sites and modify the surf
properties. The behaviour of ORR on a Nafion® coated Pt microelectrodes was also reportec
inhibited compared to a bare Pticroelectrod¢74]. Electrochemical Impedance Spectroscopic (
analysis also found the ionic conductivity of Nafion® was potential dependent due to the proc
of water from ORR'5]. Chuet al.reported the behaviour of the redox couple#7&e** at a
Pt/Nafion@interface and Au/Nafion® interfa#]. It was found that there is an enhancement in
electrosorption peaks of the redox couple at the Pt interface, however the redox couple is int

at the Au/Nafion® interface.

The studis performed in the previous references have been on platinum electrocatalysts and
were on single crystal electrodes. Using single crystal electrodes (SCE) and employing the u
surface sensitive electrochemical technigues such as cyclic voltaministgossible to characteris

electrochemical processes and electrocatalytic reactions at a fundamental level.
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1.2.3.5 Single Crystal Electrodes

Most recently, two separate research groups reached similar conclusions about the behaviou
Nafion on single crystal electrodes (SZE)79]. Thin films of Nafion® were deposited onto clear
low Miller index platinum single crystal surfa@asl CV were recorded in two acidic electrolytes
(HClIQand HSQ+*X dZ pe }( <*HO%Z § o0 SE}0oCS v-adsenig %o} e
electrolyte made the true implications of the Nafion® clear. Voltammetry results observed by
Markovicet al. (Figurel5), indicated some adsorbing species comparable to sulphate anions ir
to the Nafion® structuf@9]. CVs exhibited quenching of Qéand a new peak at 0.54 V for Nafio
coated Pt(111). Given the positions of the Nafion® peaks in perchloric acid relative to the sul|
groups recorded inugphuric acid, it was proposed that the adsorbing species is the sulphonate
group79]. Dueto similarities in geometry, sulphonate groups were expected to coordinate witt
Pt(111) surface in a similar manner to the bisulphate. The nature of the adsorbate was further
investigated in a CO displacement experiment, which confirmed the adsordiah® species to b

anionic.
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Figurel5: results of Nafion thin films on Pt(hkl) electrodes. Reprinted from Markovic[8pt
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Figurel6: Comparable CV response to Markovic Ww8kby the Attard group, showing XPS data of Nafion film on Pt
with corresponding CV data with and without Nefiadsorbed78].

Theintensity of the Nafion® sulphonate peak was much less than that of the bisulphate peak
observed in the voltammograrfi®]. When the bulkier structure of Nafion® is considered, a ful
monolayer of sulphonate anions would be geometrically unachievable. Nafion® sulphonate ¢
are not entirely free like sulphatems, but are held in place at a certain distance by the
flouropolymer backbong@?2]. This inhibits desorption and explained the irreversibility of the ne
peaks seen in the voltammograms. Further investigation of Nafion® films with differing comp
showed that larger cations affect the adsorption/desorption potentials and the amount of cun
exchangefir9-82]. It was also found that those with the highest degree of proton exchange
SE ve( EE 3Z ]PP «8 Z EP & 8Z u}e+$w}Po¥FdurePR asys]
proposed, deducing the dependence of potential on sulphonate adsofF®@B3] The model
works by two actions competing; counteation sulphonate and side chain interactions pull
sulphonate groups away from theairface, whilst electrostatic forces pull them towards the met
surface when electrons bear a positive charge. This model explained the properties uncover
studies with larger cations, (where a higher charged species decreases the influence of the
electrostatic interactions and potential controlled adsorption is observed). Later, ORR studie:
Nafion® coated low index platinum single crystals, found that the ORR was inhibited in the p

on Nafion® films, compared to bare platinum surfic@k
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Figure17: Schematic of the proposed "Spring Model" by Majkox dZ  v]}ve[ Jvd E 3]}v A]S8Z §Z %o}
represented by noncovalent interaction with the counteraction, the interaction with the working electrode is represented a
covalent/electrostatic interaction depending on whether the anion is spaltyfiadsorbed on the surface (top) o away from
§Z <pCE( ~ }33}ueX dZ v EPC ] PE u *Z}A« §Z [E]*s v }( $Fohomer (@PC A
equilibrium and anio#Pt (AP) equilibriums. Electrode potential establishes the raginsition of the anion compared to

its energy minima. Not drawn to scfi8].
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Attard and ceworkers confirmed the findings for ultsthin Nafion® films on platinurhkl)(Figure
16), but also highlighted new data pertaining to the behawviof Nafion® at stepped platinum
electrodes Figurel8) [78]. The main conclusion drawn from these studies was that Nafion® is a

electrochemical probe of adsorbed OH aadts as a specifically adsorbed anion.

Figurel8: CVs response of Nafion covered Pt(hkl) with variety of coatings by Attard[@8jup

Modern methoddor obtaining clean electrochemistry have been shown to help understanding ¢
complex hidden interfaces such as NafigPt®This is only a starting point however, as more
understanding of this phenomenon, such as with other atomic surface structurestioiupta will
allow for great steps to be taken in the development of fuel cells. The scope of this thesis will

attempt to study Nafion films on Pt single crystals of high miller index planes.
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1.3 Electrocatalysis

1.3.1 Introduction

Berzelius first identified a catalyst[84, 85}

"Reactions that are accelerated by substances that remain unchanged after the ref&gjon"

Lemoine later discovered catalysts do not change the position of the equilibrium as first thoug
they only aler the rate at which it is reach¢8l7]. Electrocatalysts are catalysts that participate ir
electrochemical reactions. They reduce the potential above or belowdéilkrium potential
(overpotential) required to create the same amount of chemical product as an uncatalysed
reactior{87].

Figurel9: Energetics of a catalysed and naatalysed reaction

Before the 19th century, electrochemical processes had not been identified and the field of
electrochemistry did not exist. In trying to understand electricity and making the first battery ir
1800,Volta planted the seeds for electrochemistry as a new [i88H He proved that kectricity
flows between two different metals by creating a stack of alternating silver and zinc disks, sej}

Z o CE G u}l]eSv & } & X /v §Z EoC idii[» o SE&]
reactions without much understanding di¢ connection between electricity and chemig88]. It
was Davy who first commeh }v §Z]e JvS§ E S]}v C e+ ES]VP §Z § " o0

o SE}oCSs] 00« A« e C [87. ledraday Guantsi¢d vhis interaction by

discovering the two laws of electrochemidi@y];
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1. The amount of a substance deposited on each electrode of an electrolytic cell is direc
proportional to the amounof electricity passing through the cell.
2. The quantities of different elements deposited by a given amount of electricity are in t

ratio of their chemical equivalent weights.

Kobozev had already coined the term electrocatalysis in [B&}6but intentional use of

0 SE} & 0Ce3s WO} UE* 0 8§ EX "E}A [+ AE% E]Ju vie §.
& E C[* 0 Ae ~ 0 3E}oCe]ee A E [3hReakols bgtween chemBalA E
produced an amount of electricity proportional to the amount of chemicals consumed. Electrc
was (and still is) one of the first processes utilised heavily in industry for extraction of pure el¢
(such as aluminum and chlorifgd, 87] As this field became a more academic as it was appre:
that electricity consumfion in such processes such as electrolysis could be reduced by the rig
choice of electrode catalyst. This increasing awareness led to the understanding of electroca
also being structure sensitive. This generated a surge of academic studies sagrelater
understanding of electrochemical processes involved. In these studies, many techniques wet
devised that enabled investigating the electreelectrolyte interface adsorption procesg$8s],

including the use of single crystal electroffts 89, 90]

1.3.2 Adsorption

In catalysis, some form of intermediate adsorption process occurs between catalysts and rea
during the reaction and therefore it is imperative to understand the basic concepts of

adsorptiorf91].

Surface atoms compared to the bulk are under coordinated. Therefore, there is excess enerc
surface compared to the bulk. To relieve this energy, the surface may relax, reconstruct or ac

external specig85].

Adsorption is defined g4.1]:

U
U
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Adsorpton is a thermodynamically favourable process by which molecules adhere to a §tfac
93]. Preferentiaktoncentration of species at the interface is the direct result of surface energy
requirements.Surfaces can reduce their free energy by interacting strongly with ios@ution or
molecule in the gas phase, to satisfy the valency of surface atoms exptséd] There are two

classifications of adsorption: Chemisorption and Physisorf@®rd4]

1.3.2.1 Chemisorption

Chemisorption is characterised by the exchange of electrons between adsorbate and surface
AZ @ Z@Aoo v3 Z u] o }v <91(EA I4fgeE adsorption enthalpy results in gre:
extent of surface interaction and hence, coverage of the surface. If the interaction is too gres
adsorbate becomes difficulttoremd (E}u §Z +pE( v S§Z suCE( ]e
The Sabatier principle postulates that the best interactions between catalyst and the substra
should be neither too strong nor too wefdld]. For effective catalysis, the formation of the cherr
bond is often directional with respect to a particular molecular orbital and specific surface si

Typical chemisorption bonds are ~300 kJ mol[91].

1.3.2.2 Physisorption

Physisorption is where surface bonds much lower in energy than those of chemisorption due
weak Van der Waals or dipole interactions. Electramsredistributed within the molecule and
surface forming a polarised state. No electrons are exchanged between the surface and ads

molecule. Typically, the energy of the physisorbed bond i30-RJ mo#[91].

Typicallytraditional ideas of adsorption relate to gaseous molecules on a solid suhfieP&M fuel
cells, adsorption occurs at the electrodéectrolyte interface. At thenetalsolution interface all the
molecules are already condensed. This is important toidendecause when adsorption occurs.
the adsorbate is always replacing some other spétigsinteractions between solid electrode ai
electrolyte give rise to disruption of the components of the electrolyte solution. For electrode:
under potentiostatic control, the charge held at the electrode influences adsorption. The

electrochemical double layer is a model used to describe charge distribution and potential at

surface of a charged electrode in soluti@h, 93]
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1.3.3 Electrochemical Double Layer

When a metal iplaced in contact with an electrolyte an interface is created. There is a potenti
difference between the two and therefore the electrode may be positively or negatively charg
with respect to the electrolyte. Electrostatic interactions occur betweendtectrode and

electrolyte. lons of opposite charge are concentrated at the interface and dipole moments of
solvent molecules tend to orientate towards the electrode. As the strength of charge changes
distance, a structure distinct to the bulkeetrolyte exists at the electrodelectrolyte interface. Thi

interfacial structure is known as the electrical double 1§&r95]

A number of models have been defined over a number of years to come to a distinguished
understanding of the double layer. It is important to briefly discuss the evolution of its beginnir
PJlv % E+% 3]A }( 38} C[* uv E+3 v JvPX

1.3.3.1 Helmholtz double layer

Helmholtz considered the double layer to be analogous to a parallel gdgtgcitor, where two
layers of charge are separated by a fixed distance. Whichever charge the electrode has, is c:
out by the electrolyte, which contains a layer of opposite charge. The potential drop at the int
is abrupt and linear. lons aessumed to approach the electrode from the bulk up to a specific
distance, known as the outer Helmholtz plane (OHP). This is the closest distance that the ion
approach. The distance is limited by the ions solvation [@&&lIAs the double layer capacitants
considered the same as a parallel plate capacitor, it assumes the differential capacitance (ch
charge with potential) is constant. This was later found to be incorrect as the differential capa

varies with potential, a factor accountedrfim the GouyChapmann double layer mod&b, 96]

Figure20: Helmholtz model of theadible layer at the electrode/electrolyte interface. Charge distribution vs. distance
and potential variation vs. distance, right. MS = metal surface, OHP = outer Helmholtz plane. Reprini@t] from
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GouyChapmann double layer

The Helmholtz double layer model was adapted wude a diffuse layer to model how the

differential capacitance varied with potentj@6]. In this model, ions at the electrode surface are
a single layer but are dispersed by Brownian motion. Layers of ions are in high concentration
the electrodeand decrease as distance from the electrode in increased. This model accuratel
simulated the capacitance observed at potentials close to the point of zero charge(PZC) but |

more inaccurate at potentials further away from the P

Figure21: GouyChapman model dhe double layer at the electrode/electrolyte interface. MS = metal surface. Rep
from[97]

1.3.3.2 Stern double layer model

Stern combined the Helmholtz and GuGhapman models. Combining the ideas of the OHP an

diffuse layer accurately described the observed potential éfiees from the electrodelectrolyte

interface to the bulk electroly§®7]. In this model, a linear potential drop is observed between t

electrode and OHP, followed by a nimear potential drop through the diffuse layer due to

Brownian motion. The Stern model accounts for high and low conatioitis of ions in the solutior
U8 v}8 8Z %o}ee] ]o]3C }( ES ]Jv ]}ve AZI9Gl.u C ~«% ](] oo

Figure22: Stern model of the double layer at the electrode/electrolyte interface. Reprinted9im
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1.3.3.3 Grahame

The Grahame model considered tisme ions were able to approach closer to the electrode
surface than the OHB7, 98] It was proposed that an ion could lose part, or all of its solvation :
to enable direct contact with the electrode surface. The classtance was name as the inner

, ouzZ}osl %o v ~/,We v ]J}ve o 8} Z] A §Z]+ A E Iv}Av
Through specific adsorption, negatively charged species in the solution lose their weakly bot
hydration shell in favour for stronger connection with the surface. Small positive ions often ex
strongly bound hydration shells and rarely specifically adsorb. The occurrence of these ions i
solution could mean an electrolyte containing negatively charged ions in contact withadively
charged electrode (depending upon the potential) could cause a small drop in potential befor

increase from the IHP to the O[9B].

Figure23: Schematic of molecules adsorbing closer than the OHP, known as siscifigtion

1.3.3.4 Bockri®evanatharMuller (BDM)

Final contributions to the understand of the double layer came in considerations of solvent
molecules being orientated by the field of the electrode. The BDM model proposes that layer
solvent molecule are orientated to a progressively larger degree the closer to the surface the
This explained how the dielectric constant varied through the sol{@ifnIn recent years, advanc
in technology and theoretical modelling have allowed even further understanding of the doub

layer through sttistical mechanid99-101], of which, is above the scope of this thesis.
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Figure24: BDM model of the double layer diet electrode/electrolyte interface. IHP= Inner Helmholtz pl@g.

As well as pure scientific interest, the use of electrocatalysis is paramount in tacking global
challenges such as climate change. Improvements on current devices, and design of future
electrocatalysts will only arise from a greater understanding of csitalyrface interaction®©ne of
the most important features of electrocatalysis arises from the different electrode kinetics usit

different crystallographic orientations for the electrode surfggde 93]

1.3.4 Surface Structure of Metal Electrodes

Surface structure plays an important role in the adsorption kinetics at the electtmidrolyte
interface. Real catalytic surfaces are not vaedfined and can consist of a mixture of facett®ps,
kinks, terraces and defect si{é92]. These differensites contain different energies due tlifferent
local atomic arrangements and therefore have different electronic propdii#s104] Some sites
may promote a specific reaction, whilst some may inhibit the same reaction. This is an import
fact to consider wheruning the catalysts properties. Due to the expense of some catalysts (st
Pt in PEMFCs) it is vital not to waste any of the material by having the wrong atomic arrangel
a specific reaction. It is important to understand the relationships etsje surface atomic
arrangements and reaction activity. Fundamental understanding will inform which atomic
arrangements are most favourable towards said reaction. Catalysts can be designed which ¢

only the best sites for a specific reaction, sustshape nanoparticlgs7, 105]
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Real surfaces are not suitable to directly study as their electrochemical behaviour observed i
of the contributions from the individual sites. Instead, it is more desirable to use atomicaly wi
defined surfaces that contain cawlled specific sites. Wetlefined surfaces can be obtained by

cutting a single crystal along a given crystallographic plane to create a single crystal e|@é6bd

1.3.4.1 Miller indices
The surface structure of a metal reflects its underlying bulk structure. Platinum forms a face ¢
cubic (fcc) bulk structure. Different surfaces can be formed using this arrangement and how i

identified is discussed below.

Figure25: The unit cell for a faeeentred cubic (fcc) crystal structure

A single crystal surface consists of one repeating pattern throughout the whole material. By ¢
through a single cryat at various angles, a unique surface arrangement of atoms is ejiééed
107]. The generated surface may be defined by its Miller Indiae} (vhich corresponds to the
smallest three integers in the same ratio as the inverse of the coordinates of the plane with tf
crystallographic unit vectorg-{gure25)[106]. Ifh, k or | are either 1 or 0, then cutting through the
crystal plane will form an atomically flat surface. For a FCC, the thredilaw index surfaces
define the vertices of the stereographic triangle and are: (111), (100) and (110). These are ki

the basal planes and are shownFigure26.
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Figure26: Base plane atomic arrangements of the fcc system. From left to right, (111), (100) and (110).

Introducing steps at regular intervals, gives rise to surfaces having miller indices greater than
planes are referred to as high Miller index surfaces and may be defined by microfacet n@atio
106]. These planes intercept at fractional values of the unit cell axis. These planes contain fl¢
(terraces) which have an atomic arrangemenboé of the three basal planes combined with
monoatomic steps. The stereographic triandig(ire27) shows how the three basal planes as tr
poles ofthe stereographic triangle and the stepped surfaces associated with each pole repres
at each zone (side). The current work is focused the surfaces between the (100) and (110). E
investigating the individual basal planes with systematic changesaeecifundamental
understanding of adsorptionan be gained that can be taken forward to examine real surfaces

more detail.
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Figure27: Stereographic triangle representing the relationship of different surface planies fufc system

1.3.4.2 Microfacet notation

This method is useful for visualizing a high miller index surfaces. For example, a surface del
miller index as (540) is a surface arrangement that contains (110) terraces that are 5 atoms
separated by100) steps. In microfacet notation this is written as 5(110)x(108). There are
standard wles when converting between microfacet and Miller notations for each stepped su
family, (shown below) to avoid confusion between the different zones of the stereographic tr

The rules are shown below. It shows different naming rules for &ticPturfaceld 06, 108]

Figure28: Relationship between the Miller index notation and microfacet notdfio8]
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1.3.5 Electrode processes

Electrode processes take place within the double layer and produce a slight unbalance of ch
the interface. These process are located across a very thin double layer between the electro

electrolyte which can be related to electrode kinef@8a).

A typical electrode reaction involves the transfer of charge between an electrode and a speci
solution (termed electrolysis). This can be affected by; applied voltage, reactivity of the speci

electrode surface, and structure of the interfacial red@s) 96]

For a metal in solution, the relationship of the metals Felewel with the solutions HOMO and
LUMO orbital energies determine if an electron transfer is thermodynamically favouv&hkether

the process occurs depends upon the rate (kinetics).

Consider a simple one electron transfer. The electron needed for the for the reduction is supj
the electrode. For every molecule reduced a single electron must flow. By keeping traek of tk
number of electrons and hence the current it is possible to know how many molecules have |

reduced92].

The expression for current (i) can be controlled by two factors:

1. The rate of electron transfer between metal and species in solution (electrode kinetic:

2. Thetransport of material to and from the electrode surface (mass transport)

1.3.5.1 Electrode kinetics
Electrode kinetics describes how the rate of reaction at the electrode surface is affected by tt

applied voltage. A simple reversible redox reaction lbanvritten as:

Where O represents the oxidized form and R represents the reduced9prithe rate of reaction

for the forward (reduction) reaction is given by:
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Where R is the rate of the reduction reaction, k is the rate constant for the reduction and (O)
}v vS3E S]}v }( "K_ *% ] X

The reaction can be monitored loyrrent (i) at the electrode surface. As this corresponds to rat

electron transfer, current or current density can be expressed as:

where n is the number of electrons transferred, F is Faradays constant, A is the electrode are
observed currents a net current, which is the combination of the reductive and oxidative
currentq9, 86]

Electrode kinetics are considered analogous to chemical kinetics and therefore the relgttoofkt

rate constants and applied voltage are established using transition state theory9d,9b)

Figure29: Graphical interpretation of energy vs reaction coordinate for a simple redox reaction
In TST the reaction is consideredpt@ceed via an energy barrier where the summit of this barr
referred to as the transition statd={gure29). Rate constants vary with temperaand are
described by Arrhenius. From this, the activation free energy (thermodynamics) for the reduc
can be describd@2, 95]

Figure30: Arrhenius equation applied to redox equation from figure above. Where Z relates to #epanential factor,
and '‘Gegrelates to the activation energy for the reaction.
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For a single applied voltage, the free energy profiles appear qualitatively to be the same as
corresponding chemical processes. Activation energy alters as a function of guybkedal and

therefore the rate constants for both forward and reverse reactions will be aff¢gtd

Figure31: The change in Gibbs Free Energy plots as a faragiplied potential

Rate constants for the electron transfer steps are proportional to the exponential of the appli¢
potential. The ButlerVolmer (BV) equation describes the effect of potential(E) upon the reactic

rate. For a one electron transfé&?2, 95}

Utilising the use of current density instead of current, the most common form of the BV equat

Where E, is the equilibrium potential for the reaction arilisthe potential applied to the electroc
surfacejois the exchange current density apgt 2 v § HEE vS vVve]SCX r &

symmetry factor and correspond to the position of the activation energy peak for the reaction
the reaction coordinate of the anodic reaction. A value of 0.5 signifies a symmetric current tre
This inplies half of the energy from the potential drop at the interface is used to push the reac
It is common to assume symmetric electron transfer in the Bu#érou & «<«p S]}vX s o
deviate from 0.5 imply asymmetry in forward and backwards @h}veX { ]* 3Z }A E%

is the difference between equilibrium and applied potentiaEB[92] Qurrent density is
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proportional to rate of an electrochemical reaction and it makes rate independent of the aree

electrodg96].

Exchange current densitiy,is vitally important in electrocatalysis as it describes the ability of
electrocatalyst to catalyse a reaction. The better the catalyst the highgratsl larger currents ce
be observed close to thefor the reaction. The influence of exchangeremt density on the

current-potential response is shown Figure32[96].

Figure32: Influence of exchange current densify@n the § {response when n=1 and a=0.5

In PEM fuel cells the HOR has a large current density and henfaike aeaction. A low
overpotential is required to maintain a large current. However, the sluggish ORR has a very
exchange current density. To overcome thisjpd A EC o EP }A E%}3 v3] |

maintain the same current as the HOR sTi@sults in a power (energy) logsgure33)[86].
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Figure33: lllustration of the efficiencies of the reactions in a hydrogen PEMFC signifying the large overpuedgdlfoi
the ORR. On this scale ORRLE30 mV and HOR=E0 mV. Taken frof86]

The electrode voltage and rate of electron transfer is an exponential relationship. Therefore,
voltage is increased the reaction rate and therefore current will increase exponentially, méani
would be possible to pass unlimited quantities of current. In reality this does not arise becaus

rate at which the solution species arrives at the surface is limited by mass transport [Ségcts

1.3.6 Mass Transport

Figure34: Schematic of the movement steps involved in an electrolysis reaction
The typical electrolysis reaction involves a series of steps shown in the figure above. If the ra

constant is large then the current measured at the electrode will be controlletdédgmount of

fresh reactant reaching the interface from the bjglk, 96]

A typical electrolysis reaction involves the charge transfer between electrode and species in
solution. The current (and therefore current density) &dndent upon the surface concentratior

of the redox species at any potential difference to the equilibrium value. To enable an accura
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description of current density, the delivery of reactant species to the electrode surface and re
of the product famed, must be accounted for. This requires an understanding of how concent

gradients of reactants and products at electrode surface vary over time.

Mass transport is the means by which electroactive species reach the electrode surface from
bulk solution. It has three major components: diffusion (ions move in response to concentratic
gradient), migration (ions move in response to electric field) and convection (stirring, tempera

and density gradient§d5].

1.3.6.1 Diffusion
Diffusion is particularly significant in an electrolysis experiment since the conversion reaction
occurs at the electrode surfac@here will be a lower reactant concentration at the electrode th:
in the bulk solution Therefore, a higher concentration of product will exist near the electrode tl
in the bulk.Diffusion is the movement of species from a high to low concentration, as predicte
Ficks first laj@6]. Concentration gradients are created during electrochenrizattions at the
electrode surface and therefore diffusion is the main mode of mass transport to consider duri
voltammetry. It is also important to know how the concentration of material varies as a functi
time. Ficks second I486] signifies a largeancentration drop at the electrode results in a high
diffusional mass transporthE steeper the change in concentration, the greater the rate of
J((pe]}vX & I[* ¢ }v 0 Ale v Ju%}ES v3 & 0 §]}veZ]% <]V

concentration ofdifferent species as a function of time within the electrochemica[22]ll

Figure35: Basic diagram of diffusion

1.3.6.2 Migration
In migration, charged solution particles are attracted or repelled by a charged surface. React:

products are often charged species and may therefore be affected by migration. To minimise
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effect, a large excess of electrolyte is used in electrochemical experiments and it is the electr

ions that carry the majority of charge through soluti®@].

1.3.6.3 Convection

Convection is the movement of a species due to external mechanical f@é.eSontrolled
convection is often used in order to elucidate reaction parameters as it can be described
mathematically92]. It is typically several orders of muaitude greater than any natural convectior
effects and therefore effectively removes the random aspect of diffusion from the experiment
measurements. The convection applied must be well controlled. If the rate if correct, the profi
become stablend laminar flow is created. If the solution is pumped at too high a rate, then th
transport can become turbulent. This cause the movement to be random and unpredictable.
convection can help remove complexity involved in electrochemical measurememtater sectiot

the use of convection to create a laminar flow in the rotating disk electrode (RDE) is discusse

Figure36: Schematic of laminar flow vs turbulent flow from forced convection

50



1.4 Electrochemical Methods

Electrochemistry is intrinsically surface sensitive and can detect minute changes in composi
electrode materialfl09]. There is a wide range of coulometric experimental setups that utilise
electrochemistry to study the electrodelectrolyte interface. Most cases require a three electrc
setup for correct quantitative analysis. This inclutfeselectrode of interest, known as the work
electrode (WE), a reference electrode (RE) and counter electrode (CE). The reference electi
maintains a fixed potential and is used as a potential control between itself and the working

electrode. The courr electrode completes the electrical circuit by allowing current between i
and the working electrode. The three electrode system allows the RE to be separated from t

of current which helps it maintain its fixed potenf&, 110]

Three experimental setups were utilised in this work:

1. Chronoamperometry (CA)
2. Cyclic Voltammetry (CV)
3. Rotating Disk Electrode (RDE)

1.4.1 Chronoamperometry

In this technique, the potential is fitst held at a particular value, then, after a set time, is step
to another value. The potentials may be chosen so that the first does not cause electrolysis
analyte and the second does. At the beginning of the reaction the concentration ofdlotants at
the surface is equal to the bulk. When the potential is stepped, the reaction proceeds and af
short period of time the concentration of the reactant at the surface is ZBhmonoamperometry |

a very powerful tool for the quantitative atysis of a nucleation procd9§].

1.4.2 Cyclic Voltammetry

CV is a potentiodynamic electrochemical measurement. It is the most widely used procedur
acquiring qualitative information on electrochemical reactidrid], hence why it is being used ir

this investigation.
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Figure37: Potential waveform of CV (left) with a corresponding typical response(right)

CV is an extension of linear sweep voltammetry (LSW@nBal is swept in a linear fashiawvhilst the
current is monitored. Potential is swept over a defined range, from a start value to final value.
which point the potential is reversed back to the start potential. It creates what is known as a
sawtooth waveform. This can be repeated a number of times (cycles). The resulting current is
collected in a fingerprint curve and plotted as a function of potential, known as a

voltammogranfl1l, 112] The CV can be modified by dividing the current by the electrode are
give thecurrent density and this is plotted against potential. The use of current density allows

comparison between electrodes of different areas and is widely used in the literature.

The voltammogram provides information about the different electrochednitocesses occurring
the electrode surface. Each peak is characteristic of a different electrode interaction taking pl

is dependent on a number of fact¢e2, 112]

X The rate of the electron transfer reaction

X The chemical reactivity of the electroactive species

X The voltage scan rate
Positive curents are described as anodic (oxidation) where negative currents are termed cath
(reduction). The sweep rate is predetermined and kept constant throughout the scan. It can r

from a few millivolts to a hundred volts per second.

1.4.2.1 CV Theory
In CV, two processes are occurring at the electrode surface; Faradaic affGraataic processes.

Hence, the total current that flowis the sum oboth of these contribution§107, 111]
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Faradaic processes comprise of charge transfer across the-swétaion interface and are govern

C& E C[*0A*}( o 3E}oCe+]*X 0 SE}v SE ve( E PJA « (
interface. The amount of charge passing through the electrode is governed by the extent of tt
& S]}ve} MECE]VP }E Z EP SE V(& v § Eu (& ]
Law92]:

Where Q is charge, N is thenount of reactant, nis the number of electron exchanged, v is reac
rate, A is surface area and F is faradays constant. The result from this equation is that curren

resulting from the faradaic processeg (¢ directly related to reaction rate fargiven surface area

For a Faradaic process, the reversible redox reaction can be degédbed

In CV, faradaic current resulting from redox processeblesurface is measured as a function of
potential. The current detected is a response to the potential applied. Provided the rate of ele
transfer at the surface of the electrode is fast and the peak potential is independent of sweep
and conentration, the reaction is deemed reversible. For a reversible redox reactmonew
reactions occur upon reversing the cell current and a CV shewersible peakfd3]. The Nernst

equation can be used to describe this prodéss

Where Eis the standard electrochemical cell potential, R is the universal gas constant, T is th
temperature, n is the number of electrons, F is the Faraday constant and Ox/Red is the

concentration of the oxidised angéduced species at the electrode surface.
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Figure38: A typical cyclic voltammogram recorded for a reversible single electrode transfer reaction

The Nernst equation relates the cell potential to the standard potential and to the activities of
electroactive specief 1]. The exact form of the voltammogram shown in the figure above can
rationalised by considering what is happening when the potential is swept from low to high ar
current begins to flow from the elegide to the solution species. As the potential is swept from
initial value, the equilibrium position is shifted to the right and converting the reactant. The fui
the potential is swept; the more reactant is converted and hence more current is\aaser the

voltammogram. The peak occurs due to the fact at some point the diffusion layer on the elect
has grown so large that the flux of the reactant to the electrode is not fast enough to satisfy tt
required by the Nernstian equation. This resuh a drop of current and is also described by the
Cottrell equation*. When the scan is reversed, the electrolysis product is converted back to re
The current flow is now from the solution species to the electrdlee amount of current measur
in the voltammogram is proportional to the scan rate. The faster the scan rate the smaller the

diffusional layer and the quicker the flux towards the electrode is.

The position of the peak in the voltammogram is characteristic of electrode reactions wivieh h
rapid electron transfer and do not change upon scan ratee peak separation of a reversilézlox

reactionin a C\tan be defined afl1]:

Where cathodic and anodic peaks are separated by a potential of 56.5/n. Herand are the

electrode potentials of th oxidation and reduction processes.
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Inacyclic voltammogram, the peak current is the same for both forward and reverse reactiol

can be calculated from the Randi8svcik equatiofil, 92}

where } is peak current, A is the electrode area,i®the diffusion coefficient, v is the scan rate
G is concentration of the electroactive species in bulk solution. The peak current is proportic
the concentration and square root of scan ratde faster the scan rat¢he smaller the diffusione
layer and the quicker the flux towards the electraated the larger current measure@he position

of the observed peaks do not alter as a function of voltdde 92]

Figure39: (left) relationship between scan rate and peak height, (right)

There can also be irreversible reactions associated with Faradaic proc@sssgeversible or
irreversible electron transfer reaction cannot be predicted by the Neggsiation. This is becaus
an equilibrium cannot be established fast enough in comparison to the scamrageresults in
asymmetric voltammetric peaks. For an irreversible process, the electrode poteg}iad (it
independent of scan rate since thessym is not at equilibrium whilst the peak curreny) fiemains

proportional to the square root of the scan rate.
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Figure40: CV for cases where the electron transfer is not reversible

Nonr& E ] % E} e » &E & eposS }( SZ Eu} Cvu]l] v I]v §]
charge transfer reactions toccur to, or from the bulkThis results in adsorption and desorption
ions occurring which cause changes to surface structure whepotential or the electrolyte is
changed. Charge does not cross the mstaltion interface under these conditions, but externa
currents can flow. When a potential is changed across the metal, the s@lation interface
behaves analogous to a capaci A whole array of charges build up across the surface of the n

and orientate in the solution creating an electrical double Ig9&r 93, 107]

Where double layer currentfimeasured in amps, A) is proportional to the surface electrode a
(A measured in crf), the capacitance of thdouble layer (& measured in farads, F) and the scai
rate (V measured in VA§91]. The nature of the double layer can change depending on the pot
applied, the material of the working electrode and the chemical spegisslution. For example, if
the potential is changed such that the metal electrode acquires a negative charge. positive io

more likely orientate themselves in the double layer and vice versa if the metal is positively ¢

Anionsnear the elect} [+ *u CE ( E - %ajegdie}claZdge by migiting away from the
electrode; Cationsn the other hand, migrate toward the electrode. This migration of ions occt
Hv3]o 3Z 0o SE} [* %}e]S]A pCE( Z EP v S&heavtie 3]A
electrode are equal. Because the movement of ions and the movement of electrons are
indistinguishable, the result is a small, shiwed nonfaradaic currentEvery time the potential of

the metal electrode is changeatransient charging currerflows[98].
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1.4.2.2 CV of Qll-defined Platinum Single Crystals

There are many different metals that have been used for heterogeneous catalyst but the mos
common in electrochemistry is platinyB5]. It has also been the main metal employed for
electrodes in cyclic vi@mmetry. The normal potential window for platinum is between the ranc
0-1.7 V. At more negative potential hydrogen evolution occurs, whereas at more positive pote
oxygen is evolved. Hence the 1.7 V potential window between these two extremsttates the

bulk stability of the electrolytd 07].

Due to different surface sites exhibiting different activitiess vital that reproducible electrode
surfaces are used for electrochemical studies. The electrode must be prepared so that the sz
surface is obtained every time. Although Will did pioneering work in thight8a114] the greates
advances stem from the efforts of Clavileral[35, 115, 116]

1.4.2.3 CV of polycrystalline platinum

Before studies on single crystal electrodes began, a method for the production of reproducibl
polycrystalline platinum electrode surfaces was created. This involved applying multiple
voltammetric scans taohe surface, with potentials between hydrogen evolution and oxygen
evolution117]. As a result, the reproducible CV of polycrystalline platinum was obtained

in various acid electrolytes.

Figure4l: CV of a polycrystalline platinuahectrode showing typical adsorption regions
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Figure41shows the CV of polycrystalline platinum electrode in 0.1 M sulphuric acid electrolytt

Severadistinct regions are labelled where different electronic processes are taking place:

1.1.1.1.5 HyaRegion

This is the hydrogen underpotential deposition region where adsorption/desorption of cations
(usually H+) usually occurs in the lower potential regie®,4 (vs Pd/HL13-115, 118120]. Due to
the sample being polycrystalline more than one peak is observed corresponding to adsorptiol
different atomic sites. On the positive scan the platinum surface is negatively charged and co
hydrogen atoms. As the potential is increased @V P o0} (E S} SZ uE( [ W
becomes more positive and hydrogens desorb/replaced with other ions. The general reaction

is:

For the negative scan the platinum surface is negatively charge in thistadtegion. As the
potential is decreased the metal surface becomes more negatively charged and adsorbs mor

hydrogen atoms until saturation. The general reaction here is:

Around 0V, the surface region has one comptatmolayer of hydrogen. If the potential is taken
more negative it induces the evolution of hydrogen. Once a monolayer of hydrogen is achievi

more hydrogen will adsofth21, 122]

Accurate integration of the f#pregion can be used to estimate the real surface area of the wor
electrode. It is assued that one electron is transferred per surface platinum atom. The integra
charge is divided by the specific charge density of one of the three basal planes to find the ar
relative size of the hydrogen adsorption peaks of principle index plaarebe& used to measure

electrolyte cleanliness and single crystal quélityl, 120, 12].

1.1.1.1.6 Doulde Layer Region
The only current flowing in this region is capacitive charge resulting from the charging of the
IHP/OHP. Needox processes occur here. Nfaradaic processes are occurring, where ions of

opposite charge migrate towards the electrode suefas the potential is changed. The thicknes:
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this region in the CV, is significant as its size is proportional to the capacitance of the electro

which not only depends on the material but also the surface [A23.

1.1.1.1.7 Oxygen Adsorption Region

At potentials dove ~0.8 V, is associated with platinum oxidation where hydroxides and oxide
formed[124-126]. Depending on the species in the solution, this region can also include speci
adsorption of other anions. The positive scan exhibits a fairly broad oxidation process, where
peaks can be discerned. This is evidgfrthe likelihood of multiple adsorption processes. The
negative scan shows the reduction of the platinum surface, where a single sharp reduction p
observed. The position of this peak differs from the one seen in the positive scan. The asym
this peak was found to be reduced if the higher potential limit is lowg@&d70, 127130]. Much
work has been undertaken on Pt surface oxidation and, although still not completderstood,

can be expressed as the followjB§]:

1.4.2.4 Platinum Single Crystals

The development of methods to create platinum surfaces that only exhibited a single plane b
over 50 years ago. Will was the first to stuglgctrochemistry of platinum single crystal electrode
by CY113]. An electrochemical activation procedure was used to produce a clean electrode
surfacd118]. Subsequently, many researchers have examined singitatplectrodes in order to
characterise their voltammetric behaviour and kinetic respd88e114] Electrochemical kinetic
measurements on single crystectrodes were conducted during the 1960s and 1970s by Pio
Bockris and Razumney, Damjanati@l. and BudevskB5]. More recently, Claviliet al.and
Hamelin examined the degree to which reaction rate varied depending on thesedmystal
surface. Hamelin has extended such studies to metals other than platinum, particulaf§sg&6]
Clavilier accelerated studies of single crystal electrode surfaces by showing how they can be

prepared by a novel, simple and ingenious flaammealing methofl15]X o AJo] E[* %o]
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method for producing clean, well defined single crystal electrodes opened the field of surface

characterisation to many scientists not equigpeith ultra-high vacuum instrumentation.

Since then, multiple studies on single crystal electrodes have been undertaken, including
characterising voltammetric behaviour and kinetic resp¢85e38, 116, 131.34]. The
electrosorption of hydrogen and oxygen is found to be highly sensitive to the surface atom
arrangement of an electrodg@5] Each basal plane being studied gives rise to a voltammogram

acts as a fingerprint for that surfacéigure42) [111].
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Figure42: CV responses of Pt base planes in 0.1 MHCIO

1.4.2.5 CV of Wedlefined NPs

Platinum nanoparticles are made to exhibit specific surface structure on their faces. The shay
nanoparticle is dependent on the surface atomic structure desired. Nanocubes have (100) fa
exposed and exhibitoltammetry in common with (100) and (100)x(111) sites, the latter being «
to interactions at the edges and vertices of the nanocutigyre43) [134]. Nanctetrahedrons and
nano-octahedronshave (111) faces and exhibit voltammetry related to the (111) and (111)x(11
Again the latter is due to interaction at edges and ver{iz85 Other shapes of nanoparticles exhi
varying proportions of (111), (100) or (110) sites and therefore exhibit cyclic voltammetry that
as characteristic as those observed for Brgyystal§l34]. Voltammetry may be use identify the
relative proportions of the crystallographic faces exposed to the electrolyte. Care must be tak
however, as the same voltammetric responses will be seen for nanoparticles different in shag
contain similar features. For example, cstand cuboids would both exhibit (100) faces with

(100)x(111) edge sites. Their resulting voltammograms would be identical. Therefore, it is col
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that other techniques such as transmission electron microscopy (TEM) are used in combinati

CVv.

Figure43: Voltammograms of Pt nanoparticles with increasing (100) feal86és

In fuel cells the platinum catalyst is usually in nanoparticle form. The surface atomic structure
catalyst is very sensitive to specific reactions such as the ORR, where differericadiawte been
seen for different surface arrangements. This has been exhibited in both SCE and NP studie
field of NPs, there has been great development in trying to incorporate the highest amount of
sites into catalysts in the last 20 yeaBynthesis methods have become more sophisticated, wit
greater control over the arrangement of atoms. Far more structures such asfremeq135],

cages and ring$36] are now obtainable through directed nanoparticle synthesis. The partners
work on platinum single crystals with NPs is crucial, as it haethghe goal of creating highly acti\

catalysts at low catalyst loading.

1.4.3 Hydrodynamic Effects

Hydrodynamic devices use controlled convection to enhance the rate of mass transport to the
electrode surface. They offer advantages over stationary mwistsuch as increased current and
sensitivity. The use of controlled convection (at the correct rate) helps remove the random mi:
transport contributions to the measurements. The transition between laminar and turbulent flc
can be predicted usingtheao %S }( $Z Z Cv}o o vpu EX Z Cv}o [* vu
ratio of inertial to viscous forcgg6] . Laminar flow has been found to occur at Reynold values ¢
10%11].
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1.4.3.1 Rotating Disk Electrode

The rotating disk electrode is a common experimental setup that is utilized to create laminar
this arrangementthe working electrode is rotated to bring the solution towards its surface. Thu
electrode is usually embedded an inert substance (such as Teflon) in order to only allow the
to be in contact with the surfacd-{gure44) [86]. Alternatively, a hanging meniscus configuratior
may also be employe[d 37, 138] This carbe tricky to ensure the meniscus contact is high enou

so that the solution does not touch the side but able to stand up to the rotating procedure.

Figure44: Schematic of laminar flow projection introduced in the RDE

Introducing a laminar flow at the rotating disk electrode conveys a steady stream of material t
electrode surface from the bulk. Movement of material to the electrode surface can be descri
fluid dynamicf5, 96, 111]During rotation, a portion afolution close to the electrode surface

rotates with the electrode and can appear relatively stagnant. This creates a layer known as-
hydrodynamic boundary layem). Transport of the solution to the hydrodynamic boundary laye
dominated by conveatin. After the material reaches the hydrodynamic layer and moves close
the electrode surface, a diffusion layer and hence diffusional transport dominates. The diffusi

0 C & SZ] Iv ¢¢ ~Ww&e* Vv %o %0 E}YE]JUu § W
W= 1.61 (@1/3 3/6 ~-1/2

Where Rdisthe diffusion coefficient of the molecule, v is the kinematic viscosity of the solution
“]e8Z vVvPpo € E}S 3]}v ~AZ E T AT < (1 0iU v [96]. TheP &2
diffusion layer is around twenty times thinner than the hydrodynamyetal evich found a

mathematical method to treat convection and diffusion at the FIBE139, 14Q]
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1.4.4 Oxygen Reduction Reaction

Oxygen reduction to water can oar by a choice of pathwajist, 32] The mechanism where

ZC E}P v % E}A] ]c v}S }ve] E 5§} (JEuU ] IvTAey « 3
stepwise mechanism of oxygen reduction, which proceeds by the reduction to hydrogen
peroxide v . 3Z v A § EU ]+ IV}IAv « 3Z The génpral schems Bfdxygeh
reduction does not consider every elementary, single electron transfer, step. ORR mechanis

take these into account have different nomenclat(itd 1].

[142]

dZ " Jee} 1 3]A _u Z v]euU ]e AZ v }v E I]VvP %E e §Z
mechanism involves a one electron reduction step preceding the bond breaking.,Rimally
%o (E-pEchanism, (which is also an associative mechanism), two reduction steps pre

the bond breaking, which can proceed with or without desorption of th@&:thtermediatg96].

1.4.4.1 Analysis of the ORR
A typical voltammetric measurement used with tRBE is G¥6]. The current (or current density’
monitored as a function of potential as the electrode is rotated. A typical voltammetric curve

ORR is shown below.
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Figure45: Typical voltammetric cue of the ORR on Pt single crystals using the RDE

For ORR experiments utilising the RDE setup, the limiting current densityci¥) can be found
from the Levich equatidi43]:

Where n ighe number of electrons, F is Faradays constant, A is electrode arsah€ bulk
concentration of oxygen in solution, 3 the diffusion coefficient of oxygen, v is the kinematic
Ale }+]18C }( 8Z <}op3]}v v "]+ 8Z vP ud v@tadmdgrahp\catEbe X
acquired over a range of different rotation rates. The limiting current density increases linearl
§Z ey E E}}S }(8Z E}S 3]}v E:shoXs a e} depéndéncA whidre the
gradient is proportional to th@umber of electrons. For ORR, this should be equal to four as th
complete reduction of &to HO is a four electron process. When the reaction is limited and

hydrogen peroxide is produced, the line is equal to two eleciiBf, 143, 144]

The complete transition from the reduction occurring under kinetic control (at low overpotenti
the reaction occurring under diffusion control (at high overpotentials) can be observed, as we
mixed Kinetiediffusion controlled regime at intermediate potentials. The kinetic current dengjty

can be found from the Kouteckyevich equatiof143]:
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Where kis the Kkinetic current density, is the mass transport limited current density and j is the
recorded current density. The kinetic curtefensity contains the rate constant for the reaction
ag143].

At low overpotentials, thexjterm dominates the reaction and thereforegan be ignored. At high
overpotentials, the rate becomes large arth¢comes insignificant compared to At intermediate

potentials both terms are imptant and the kinetic current density can be obtained ufl4@):

This equation can be applied to current densjjynfeasured at every potential to find jn an
alternative method, thegcan be found by measuring a series of voltammograms in varying ro

rates. Further analysis includes using Tafel plots to interpret the mechanism inMei@¢d

Tafel analysis allows one to determine the reaction mechanism that is occurring. For a reacti

requiring a large overpotential the Tafej@ation is:

This can be rearranged to give:

By plottinglogy P Jve3 }A E%}3 v3] d.23{\, the)ekchanpeocurrent density,gan b
found from the intercept. This is lated to the electrochemical rate constant for the reaction. Tl
number of electrons before and up to the rate determining step of the reaction can be calcul:
from the gradient. Changes in Tafel slope are traditionally interpreted as changes in reaction

mechanism or rate determining stgp3].

For theORR over Pk}, changes in Tafel slope are not always explained by mechanistic effe

by the interference of OH/Qs Tafel analysis is usually performed in the potential region wher:
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surface is changing and therefore Oll{{Inay affect platimm sites electronically. The effects of
adsorbed species on Tafel slopes have been described by Magk@V®]. Tafel analysis is not

perfect but gives some insight into the ORR reaction.

1.4.5 Hydrogen Peroxide Reaction

Hydrogen peroxide is an intermediate in the oxygen reduction reaction if it follows a series pe
There § evidence of this pathway potentially occurring on platifiléh2]. Rotating ring disc

electrode (RRDE) asthgle crystal studies have shown that hydrogen peroxide is detectable ir
Hupa region where hydrogen peroxide is produced when oxygen is reduced okl alfac§9, 145
147]. Other studies on NPs have also shown th&lis produced during the ORR and may deso
from its reaction site before further reduction to waféh1]. Recent studies of hydrogen peroxide
with platinum have been investigated over a polycrystalliteipum surfac§l47]. It was found tha
2 electron reduction current was observed below 0.9 V vs. RHE, quickly switching to a 2 elec

oxidation current above 1.0[¥42].

These results have important consequences for ORR studies. If hydrogen peroxide is createc
intermediate at potentials 04..0 V, it is likely that it cannot be detected due to the fast kinetics
beingconsumed in either potential sweep direction. The potential at which the peroxide

oxidation/reduction occurs was found to be an extent of PtOH and PtO coJ86igAs adsorption
processes are highly sensitive to atomic surface arrangement, then investigating the hydroge
peroxide oxidation/reductin reaction (HPORR) as a function of crystal arrangement may give
further insights into the effect of these surface species on the HPX3RRThis could also result ir

significant consequences for the ORR.

1.4.5.1 Analysis of the HPORR
CV is a typical voltammetric measurement used to analyse the HPORR reaction. Currentis n
during a potential sweep anesults a voltammogram similar to the JB&. The figure below

shows a typical voltammogram.

At potentials below 0.8 V the-@lectron reduction of hydrogen peroxide occurs. In the low poter
region (G0.3 V), the reduction of hydrogen peroxide occurs. Between 0.8 and 1.0 V the activit

quickly dianges from reduction to oxidation of hydrogen peroxide over all the platinum surface
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this crossover between reduction and oxidation that has been seen to change with changing
structure. Quantitative analysis can be undertaken similar to ORR Taflgbss (discussed
later)[142, 147]

0.8
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Figure46: Typical voltanmogram for a Pt SCE HPORR experiment tl@igDE1mM HO; in 0.1M HCI@®solution, N
atmosphere.

1.4.6CO Displacement Experiment

The CO displacement experiment enables one to obtain the potential of zero total charge (P
the surfa@. This is the potential at which the surface changes from being negatively charged
being positively charged. This is very important when analysing the species adsorbed on sin

crystal surfaces of different orientations in different electrolyfiet8, 149]

A typical method. Firstly, a clean CV of the electrode of interest is recorded. The potential is
held at a value whilst the CO is introduced into éhectrochemical cell, dosing CO under

potentiostatic conditions. Current flows through the circuit and is recorded until it reaches zel
has typically been found to be a neutral probe on platinum surfaces and displaces any other
previously adsdied onto the surface. It does not undergo any faradaic reaction, which is sign
as it therefore does not contribute to any charge flowing during the transient measured. The
flowing during this process is equal to the difference between tierge on the electrode before
and after the experiment. The potential is still maintained whilst the electrochemical cell is pL

of any excess CO in the solution. The CO adsorbed on the platinum surface remains. At this
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voltammogram at a low petntial will give information on the charging of the double layer.
Following this, a high potential scan results in stripping of the CO and recovery of the initial
voltammogram. The initial and final states should coincide, guaranteeing significance of the

experimenfol, 109, 148150].

Figure47: Example of typical CO displacement data, where a) shows a clean CV of Pt{111} along with CO strippil
0.8 V, b) oxidation transient and c) reductive transient.

At low potentials, oklation transient current reflects oxidative displacement of adsorbed hydrc
or cationic species. At high potentials, reduction transient currents are reflective of reductive
displacement of anionic species. This behaviour is observed for all platintames) even those

which do not show a clear separation betweepddnd OHgregions. The charge displacement is
v}$ ¢ ve]3]A 8} *% ] U }voC ]8[¢+ Z EP X /8 upes o0¢} v}S
net result of several opposing contutions. The negative charges displaced at high potentials |
that anion desorption is the dominant process. This result does not exclude, however, the ex

of other processes that can take place in smaller exter$ésh 150]
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1.5 Objectives of current research

The general objectives of this research is to investigate the effect of electrochemical oxides ¢
related surface species have upon important catalytic reastguch as the oxygen reduction
reaction. This shall be undertaken employing the use of single crystals electrodes and these

investigations shall be carried out:

X [Pt n(100)x(110)and [Pt n(110)x(100)] single crystals shall be created and characteris
using CV. These surfaces have not been thoroughly discussed in literature and it is in
to understand the behaviour of surface species on all Pt surface arrangements.

x ORR andydrogen peroxide oxidation/reduction reaction activities of Pt n(100)x(110)] .
[Pt n(110)x(100)] single crystal surfaces. The ORR is an important reaction in fuel cel
catalysis and requires a deeper understanding of its mechanism on platinum. Hydrog
peroxide is an ORR intermediate which exhibits a switar in the potential range relativ
to oxygen reduction and QkOagsprocesses.

x The role of platinum and electrochemical oxides relationship will be probed. This will i
further elucidating posible mechanisms and testing the nature of the electrochemical
as a function of coverage, pH and structure.

X The influence of the proton conducting ionomer Nafion upon the reaction kinetics in tt

oxide region will be scrutinised.
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2.1Introduction

Chapter Two

Experimental Procedures

Cyclic voltammetry was the main experimental technique used in this study.

2.1.1 Reagents and solutions

Reagent Formula/Code | Grade Supplier
Platinum wire Pt 99.999% Goodfellows
Palladium wire Pd 99.99% Advent research materialg
Grit paper Si/lC 4000, 2400, 1200 pm | Struer

Diamond polish DP Spray P 6, 1, 0.25 um Struer

Nylon pads NMH S/ADH | 250mm Kemet

DP Lubricant blue N/A Lubricant Struer
Dichloromethane DCM Reagent Fisher Scientific
SulphuricAcid H.SQ Reagent Fisher Scientific
Potassium Permanganat| KMnQ Reagent BDH

Perchloric Acid HCIQ 70% Suprapur Merck
Sulphuric Acid HSQ 95% Aristar

Nafion CHR30sSCGR | 5% 1100 EW Johnson Matthey
Potassium Bromide KBr 99.999% Sigma Aldrich
Sodium Hydroxide NaOH HOOX0060M9 SigmaAldrich
Potassium Chloride KCI 99% SigmaAldrich
Potassium perchlorate | KCIQ 99% SigmaAldrich
Sodium Fluoride NaF 99% SigmaAldrich
Lithium Hydroxide LiOH 99.99% SigmaAldrich
Nitrogen Gas N2 Pureshield BOC

Hydrogen Gas Hz 99.995% BOC

Oxygen Gas O 100% N6.0 BOC

Carbon monoxide Gas | CO 99.99% BOC

Figure48: Table of chemical reagents used in experiments
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2.1.1.1 Water Purification
Millipore Milli Qplus water system (resistivitE i0 X7 DO ue A o pe 3} % E}A]
ultra-pure water (UPW).

2.2 Procedures

2.2.1 Fabrication and preparation of platinum single crystal electrodes

Platinum single crystals were manufactured in house in accordance to methods first reportec
Qavilieret al.[1]. Briefly, the extremity of a high purity platinum wire (99.999%) was melted in
oxygen/gas flame until a spherical bead of approximatedyr@n wasobtained on the end of the
wire. Impurities were removed by gently heating and cooling the bead continuously, allowing
crystallisation of the single crystal structure. Single crystal facets for (111) and (100) planes .
visible by eye on the bead. &lguality of the bead was further checked by-Ne 4mW laser
alignment in a threeircle goniometer at the end of an optical bench. When a true single cryst
been formed, the laser diffraction spots from 100 and 111 facets are seen at the correzs$ ang
(Figure49).

Figure49: Angles between facets of an f.c.c. crystal

Once this was achieved, the bead is orientated specific angle depending on surface structur:
desired. By simple geometry, the angles for cutting the crystal is started using a (111) or (10

as a starting point. The angle was calculated as follows:

hklbased orefgfacet, wherehklis desired stface t

To ensure no movement of the single crystal for the next stage, it is carefully set in epoxy re:
of a mechanical polishing machine, a combination of grit paper of decreasing particle size, It
and diamond sprays were used to cut the bead walf and polish to a mirror finish. This expos:
the surface of specific atomic arrangement required for investigations. The epoxy was remo\
soaking in dichloromethane overnight to enable extraction of the crystal with no damage to tl

surface.
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Figure 50: Fabrication and preparation of single crystal electrodes

2.2.1.1 Preparation of Pt single crystals for analysis

After polishing, the single crystal surface is disordered and slightly contaminated. Flame annealing
using a Baosen burner (crystal glows bright yellow/white), followed by cooling in a reducing
atmosphere such as hydrogen results in a wetlered Pt single crystal surface. Care was taken to
avoid any ignition of the hydrogen gas. When transferring from thieudbler to the

electrochemical cell, a protecting droplet of ukpaire water (UPW) was attached to the surface by

dipping. This was the standard preparation method of wlefined single crystal surfaces.

Experiments using CO as the cooling environment wise andertaken. The Pt single crystal was
flame annealed until white hot in a blue Bunsen burner flame then allowed to cool in a CO
atmosphere for 25 minutes. This allowed a protective layer of CO to cover the surface and allowed
transferring to the eleegbchemical cell without the need for a protective droplet of UPW. The CO
layer was removed from the surface electrochemically, ensuring the potential remained below the
potential of the Pioxide region, using a potential window008 V (Pd/H) for a perchiic acid

electrolytic solution.
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Figure51: Flame annealing technique and cooling bubbler
2.2.2SingleCrystal measurements

2.2.2.1 Cyclic Voltammetry

Cyclic voltammetry was performed using a CHI800/600 potentiostat. Electrociiaméasurement
were performed in a three electrode, two compartment Pyrex glass cell. A-testrode
configuration was used consisting of: a palladium/hydride reference, platinum mesh counter :

single crystal working electrod€igure52).

The palladium reference electrode was a 1 mm rough Pd wirewplsted onto a 1 mm Pt wire
encased in a glass jacket. The reference electrode was prepared by gentle ie&tingsen flame
to remove surface contaminants and charged by immersing in a UPW filled, hydrogen bubbile
u]Jvps «X dz]e oRdHAphase totforri2], which exhibits a stable potential €50 mV vs a

Standard Hydrogen Electrode (SHE) for several hours in solution.

All glassware was kept free of contamination by following a strict cleaning regime. All glassw
immersed in a solution of dilute penganic acid for at least one hour. The solution was then ¢
decanted and all glassware rinsed thoroughly with UPW to remove most the acid. Glassware
steam cleaned for a couple of hours with several periods of rinsing every 20 minutes to ensu

traces of acid were removed.

Once the cell was filled with the desired electrolyte up to the second brigigere48). The
solutions were degassed by bubbling ngem through an inlet for 30 minutes to remove any
dissolved oxygen. During experiments, a positive overpressure of nitrogen was maintained b

flowing the gas over the top of the solution to inhibit any oxygen from entering the cell. The s
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crystal waglaced in a glasstemmed Teflon holder and post flame annealing, was then conne

to the solution via a good meniscus contact.

A potential window of @.85 V (vs Pd/H) and sweep rate of 0.05 V/s was used for all electroct

measurements, unless otinwise stated.

Figure52: Schematic and photographic CV setup

2.2.2.2 Nafion film Preparation

Nafion solutions were prepared by diluting the as received Nafion solution (from Johnson Ma
by a factor of 1000. Film depositiovas established once a clean cell and wefined single crysta
electrode surface had been achieved (checked by doing a CV). The single crystal surface wa
dipped in a dilute solution of ultrapure KBr (181), then washed with UPW ensure a mongaa of
bromide ions covered the surface. This allowed better control of Nafion particles to adsorb or
crystal surface. A droplet of Nafion solution was attached to the surface of the crystal by dipp
a dilute Nafion solution, then dried, usiagcontrolled heating treatment, allowing a polymer film
form. The single crystal was reintroduced to the electrochemicaVizedl meniscus contact. Rapic
potential cycling, using a potential window-6f1 V to 0.85 V (vs Pd/H) and sweep rate oM
desorbed the bromide and left behind an ordered the Nafion layer. This is evidenced by obse
}(~ o}l _ WS s Z vPJdéfinpd ¥dltammnagmm. Following this, bromide free

voltammograms were collected.

83



2.2.2.3 Chronoamperometry
Oncea clean CV had been established, chronoamperometric measurements were undertake

stepping the potential and measuring the resulting current response.

2.2.2.4 Rotating disk electrode (RDE)

The RDE was used foxygen reduction reactisand hydrogen peroxide studieAll experiments
were performed using a RBEE purchased from Basi Analytical, and a CHI 800/600 potentiosta
three electrode, one compartment Pyrex glass cell was manufactured in heigeeeb3). The Pd/I
reference was prepared as described previously then inserted into a Luggin capillary contain

experimental electrolytic solution. All RDE glassware was cleaned as descebedigly.

The RDE CHI programme used a potential windoWw.0# to 1.0 V (vs Pd/H) and sweep rate 0.0

V/s. All experiments were conducted using a rotation rate of 1600rpm unless otherwise state

2.2.2.5 Oxygen reduction reactions

The cell was half ldd with a pure solution of 0.1 M HGI@xygen gas was bubbled through the
solutionviathe gas inlet for 20 minutes before maintaining a positive overpressure of oxygen
flowing oxygen over the top of the solution gently so the solution surface was not disturbed. |
flame annealing the Pt single crystal was protected with UPW, conth¢atihe RDE rotating shaf
and aligned to be perfectly centred by adjusting the stem (figure 53). It was then introduced t

cellviaa correct hanging meniscus configurafi®nd].

2.2.2.6 Hydrogen Peroxide Studies

The cell was half filled with a pure solution of 0.1 M H@l@ 10° M HO,. Nitrogen gas was
bubbled through the solution via the gas inlet for 20 minutes before maimtgiaipositive
overpressure as described previously, allowing for no oxygen to enter the cell. The Pt single

was connected as described above.
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Figure53: Photographic setup of the RDE

Figure54: Schematic of the RDE setup
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2.2.2.7 CO displacement and PZTC calculations

CO displacements were undertaken to investigate the PZTC of Pt single ¢by®hls
Electrochemical measurements were performed in a thetertrode cell Figure55) and setup as C
experiments. A SHE reference electrodeswised connected to the cell via a Luggin capillary ar
potentials are quoted versus this reference unless stated. Once a clean cell anebederdd Pt
single crystal electrode was established, the potential was held at 0.1 V. CO(g) was intriotluce
the cell, allowing diffusion through the solution towards the interface. During CO adsorption,
flows as a consequence of the displacement at the interface. This is monitored until it reache
Still holding the potential at 0.1 V, the cefas then purged of CO by degassing with nitrogen. Tl
takes around 5 minutes. CO remains adsorbed at the surface during this process. A high pot
voltammogram (above 0.8 V) to ensure the complete oxidation of the adsorbed CO molecule
undertaken.Following this, a standard voltammogram was taken to ensure the original clean :

well-defined Pt single crystal remained.

Figureb5: Setup for CO oxidation experiments

PZTC calculatiorfBigure56)
1. The positive sweep of a clean CV is integrated to produce a plot of charge versus pot

vs. E).

2. The CO displacement measurement is integrated to produce a value.

3. A new charge vs potentiplot is produced using equation in schematic below (taken frc
ref [7]), using the CV charge values plus the CO displacement charge.

4. The potential at which the line crosses the zero on the charge axis is the calculated P
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Figure56: Schematic of PZTC calculations, showing corresponding grapbsuatcbn.
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Figure57: Charge vs potential curve example post CO displacement processing to reveal the PZTC
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Chapter Three

IVA «3]1P 8]}ve Jv3} 8Z v SpE }( SE - ]!
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3.1 Introduction

Theoxygen reduction reactiofdRRrequires a large overpotential and consequently a large
amount of platinum catalyst to run at an appreciable ratberefore, mderstanding the origin of tf
overpotential for this reaction on real platinum nanoparticle surfaces would represent a a4
advance in our fundamental knowledge and this problem lies attltidanuch scientific

endeavouf3-16].

Since the composition and structure of the electrocatalyst surface are paramount in ref@tiozan
electrocatalytic reactions, much work has been carried out using single crystal electrode surf
simplify the problen-6, 810]. Exposing only a specific electrode surface with the desired ator
arrangement to an electrolyte enables structueetivity relationships to be obtained between the
adsorbate andurface ofelectrochemical reactions under investigation and thus may direct
*CVvS3SZ <] } (- 4% S$ZE ¥%ananopéarticles for optiral electrocatalytic performang&6, 17] Early
work used single crystals to study the ORRr tive basal planes of platiny@10]. In these studies,
it was shown that in sulphuric acid electrolytbe activity was relatively low due to the strong
specific adsorption of bisulphatmions which block @adsorption and itsubsequent redudbn at
more negative potentia[8-16, 1820]. In fact, strongly adsorbed ions and impuritifgen facilitatec
the two-electron reduction of oxygen to hydrogen peroxide on platmelectrodef?1, 22]. A highel
activity for ORR of stepped{RfL1}surfaces in sulphuric acélectrolyte relative to the Pt{111}lane
itself has beerattributed to the breaking up of an ordered sulphatégulphate adlayer formed on
Pt{111}at potentials commensurate with the eset of ORR, thus facilitating greater @lsorption
and dissociation due to decreased competition for aliét platinum adsorpbn siteg4, 5] To

understand the ORRechanism in the absence of such anion adsorption effects, investigation:
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also been carried out using perchloric acid, an electrolyte widely considered to exhibit zero ot

negligible specific adsorption of Gi@pon Pttkl) surfaces, 5, 2327].

However, recent papers Biyatanabe and cevorkers using C\i situinfra-red and quartz crystal
microbalance measurements have demonstrated on polycrystallinenplatelectrodes that
perchlorate anions may specifically adscaind,as a consequence inhibit ORIRe to introducing a
potentially siteblocking specifically adsorbing anion which competes successfully for adsorpti
sites with Q[28, 29] Since it is already wetihown that single crystal platinuelectrode
voltammetry is highly sensitive to specific adsorption, it was thought prudent to test the notior
perchlorate specifi adsorption using Rikl) since the effect should be much more prominent
comparal to polycrystalline substrat§29]. When electrosorption peaks do not overlap withecific
adsorption processes (as is found for hydrogen underpotential depositigy) @tates on Pt{111}
electrodes in acidic media for example), no perturbation of these states is observed when sw
from nonspecific to specific anion containinguweous media. However, for states corresponding
OHygformation on P¢hkl), such electrosorption peaks are strongly modified by specific adsorpt
shown by the comparisobetweencyclic wltammograms of particular Rikl) electrodes obtained
aqueous perchloric or sulphuric acjtl4, 19,20, 3034]. Specific adsorption of anions may also
increase the onset potential for electrochemical oxide formation, again presumably due to

competition for adsorption sites between the anion and water dissociation pathways.

Hence, the extent of specific adsorptiomosild also be reflected in the shift in potential for the

formation of electrosorbed oxide. The activity towards ORR of basal plane and stepped platir
surfaces is strongly attenuated as electrosorbed oxide is formed sinads0rption and dissociatic
is facilitated at metallic sit¢4, 5, 8] Hence, both oxide formation and specific adsorption of anit
are found to inhibit ORR activity. Recent work has demonstrated that optimisation of adsorba
substrate interactios (using the Sabatier principle) is also crucial in optimSRR activifd, 3, 7,

35], with a number of bimetallic platinum alloy electrodes affording superior activity to platinur

thisregard7, 13, 15]although electrocatalyst stabilitstill remains a challenging problg6, 37]

Considering the fact that CiGs known to adsorb (and decompose) at a numbestoer metal
electrode surfaces (includirigh, Ir, Ru and Pi@B-42], it is important to consider the possibility thi
ClQ  in acidic agueous media may have more of a role to play in the elegtdation of platinum
surfaces and also in electrocatalytic reactions such as oxygen reduction. This view contrasts
role of spectator that this anion currently is thought to hold in most interpretations of platinum

electrocatalytic research.
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In the present study, the case for specific adsorption ofy@i(perchloric acid electrolyte (as
reported by Watanabet al[28, 29, 43), is exploredby employing cycligoltammetry studies of
Pt(hkl) electrodes. The impact that this anion may have on the ORRaitiorelto Nafiors adsorptior

and other specifiglly adsorbing species on Pt{1Eléctrodes will also be discussed.

3.2 Results of specific adsorption investigations

3.2.1 Pt{111} Results

Figureb8 (below)shows CV data collected using §lRt}electrode as a function of increasing th
concentration of aqueous perchloric acid. The CV responses are typical ofcadeedid P{111}in
this electrolyte, showing clear separation between the,4d(0-0.3 V), OH (0-8.8 V) and
electrochemical oxide (0.95.1 V) statef5, 44] For the kq electrosorption peaks, there is no
impact either upon the magnitude or distribution of electrosorption charge as aciderdration is
increased. This suggests that the strength of perchlorate anion adsorption (if occurring) is
insufficient to perturb these adsorption states. In contrast, both thedaHd electrochemical oxic
peaks show maodifications in their shape and mitigde. The electrochemical oxide peak in
particular is observed to shift from 0.98 V (0.05 M) to 1.03 V (2.0 M) with a corresponding inc
in intensity and narrowing in halfidth. This behaviour would be consistent with the presence «
specificallyadsorbing anion competing successfully for adsorption sites with water splitting
pathways. In fagthis point is also reflected in the marked attenuation in the broader compone
theso oo ZZ pss @.6OF M)akd the narrower spik€0.74V),which also shifts to more
positive potentials as acid concentration is increased. Both of these components of the butte

peak have been ascribed to reaction of two types of water with tg&1Rgplane to formOH.[45].
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Figure58: CVs of Pt{111} in varying concentrations of HCIO
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Figure59: CV of Pt{111} in 0.1 M H@ENd varying amounts of43Q
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InFigure5S9 A SE&C S} uju] S§ZJ + § C JvP eu 00 U}pvSe }( ¢}
acid electrolyte, since sulphate is known to specifically adsorb{dl Pt The changes olined in
Figureb8: CVs of Pt{111} in varying concentrations of H@i@elation to Ol are also observed in
Figureb9: CV of Pt{111} in 0.1 M HGkd varying amounts of88Q, exemplified by the shift to
more positive potentials of the spike and quenching of the broad peak situated at more negat
potentials. Of course a new state begtnsappear between 0.4 and 0.6 V corresponding to the
specific adsorfion of sulphate aniorf25]. The asymmetry in this feature at concentrations of
sulphuric acid less than approximately“l are associaté with mase SE ve% }(BF. + §
Nonetheless, it is clear that when both QEnd electrochemical oxide formation states are take!
together, it suggests strongly that there is a specifically adsorbing anion present. Since perch
anions are known to be electrochemically uvegd to chloride on some transition metal surfajeey,
measurements of perchloric acid dsdrately spiked with chloriderere also takenin order to

eliminate the possibility of the strongly adsorbing chloride anion being responsible for the beh

reported above.

Figure60 shows data fof.1 M perchloric acid with 10M chloride alded as a function of potentia
sweep rate. Since adsorption of chloride was being deterthinemass transport limitations unde
§Z « }v ]8]}veU 13 A ¢ %}ee] 0 U C «0}A]JvP }AvV 8Z <A % G

larger degrees of chlorideoverage.

—— 0.1M HCIO, 50mV/s
—— 0.IM HCIO,+10°M KCI 50mV/s
——0.1M HCIO,+10°M KCI 10mV/s
0.1M HCIO,+10°M KCI 5mV/s
2M HCIO, 50mV/s
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Potential /V vs. PdH

Figure60: Capacitance versustential for P{111}in 0.1 M HCI@as a function of uptake of chloride anions
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On the positivee A % U SZ + S }( Zo}E] ]J* Z E oC } « CEA (}&
component but in contrast, the spike systematicallyftshio more negativeootentials as the swee
rate decrease$in contrast to sulphate). This behaviour has alreadgrbesported by Bernat
al.[45]. On the negativeweep, because the time spent at the more positive potential is great
allows more time for chloride to adsorb (this is alseetof the sulphate peaks iRigure59, wherea
higher intensitywas seen on the negativsveep). As a consequence, the broad butterfly peak
feature begins to be atterated since adsorbed chloride has blocked.&3#Hes and a newegak is
observed in the 5 mVisscan ascribable to specificdsorption of chloride at 0.4 V. The-Rtregion
(0-0.3 V) is unaffected by chloride ions.

The dotted curve in this figuris the syperposition of the Pt{111EV collected in 2 M aqueous
perchloric acid. It is evident that an extra peak in this CV upon sweeping negative from 0.85
observed at precisely the potential associated with specifically adsorbed chloddevidr, when
chloride is present as an impurity in the electrolyte, it manifests itself as both a blocking of th
states in the broad butterfly peak feature and a shift to negative potentials in the spike. Yet i
perchloric acid, the spike shifts positively frasiposition in0.1 M perchloric acid (like sulphate).
Therefore, it is unlikely that the changes seen to peaks in solutions of varying perchloric acid
concentrations is due to chloride contaminatiomatér findings also suggeshloride cannot be
present n the electrolytebased on the CV response of Pt{1D0particular(Figure64). It could be
suggested that Pt{11XJowly catalyses the reduction pérchlorate anions at potentiakst the
beginning of the Bq region and the double layer as found on Rh, Ir an@®d0, 42fand inceed
polycrystalline HB8]. On Pt{111}he degree of perchlorate adsorption is extnely small in 0.1 M
perchloricacid and hence, only afterdax ]Jv E <« ]Jv % E Zo}E& § }v VvSE
observed. Evidently, specific adsorption of perchlorate (unlike for bisulphate and dihydrogen
phosphate which are isoelectronic witlegzhlorate) leads to an unstable adsorbed species that
decomposes to give chloride anions. The mechanism and kinetics of perchlorate electroredu
havebeen thoroughly reviewed by Horarsti al[28, 39, 42]and in particular, the reduction may
even be observed by CV at platinised Pt ele@sodt slow sweep rates (1 mV) or temperatures
greater than 298 [88]. It shouldbe mentioned also, that spectsoopic evidence for the specific

adsorption of perchlorate on Pt{11tjas also fist reported by Itcet al[46, 47]

3.2.2 Pt{100} Results

Figure61 shows changes in the voltanetric behaviour (positiveweep) of RtL00}as a function of

increasing prchloric acid concentratio.he sweep corresponding to 0.1 M electroligdypical of
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a wellordered Pt{100} electrode and, as for Pt{1Ihjy be delineated into various regions

according to the nature of the electrosorption processes occurring.

From 0 to 0.1 V, the oxidation of hydrogen gas formed in the previegative sweep is
recorded48, 49] The feature letween 0.1 and 0.4 V broadly corresponds tgsrocesses
although these are overlapped by a broad feature extending to about 0.6 \sthasociated with
OHgon Pt{100[50]. Finally, at potentials greater than 0.8 V, etechemical oxidation bthe
Pt{100} surface takes pladeading to the forration of platinum oxide specigt8, 49] The Hyq
region of P§100}in 0.1 M perchloric acid is noteworthy because it actually consists of two state
approximately 0.3 and 0.4. Wence, the potential region 0t0.6 V on Pt{1003ontrasts quite

markedly with Pt{111)since it comprisesf a series of overlapping elecsorption states.

120 ] Pt{100}

100

80

/«/‘
1 NI — A

-40 4/
——0.05M HCIO,
—— 0.IM HCIO,
— 0.5M HCIO,
. 1M HCIO,
-80 4 2M HClo,

-60 4

-100 T T T T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2
E/V Vs Pd/H

Figure61: CVs of Pt{100} in varying concentrations of Hidkuding high potential scans

The frst noteworthy feature ofigure61 compared toFigure58is that there is hardly any variatior
in either the onset of platinum odé formation nor in the potential of the platinum oxide peak its
irrespective of perchloric acid concentration. Furthermore, although there are clearly redistribt
of charge from theH,pq State at 0.4 V to that at 0.3 V as acid concentration ineesathere is no

+ § }v $Zgstite at 0.5 V. Hence, there appsdp be somewhat contradictotyehaviour so
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far as the possibility of specific adsorption is concerned. The electrochkaxide and Oldstates
of Pt{100} } v}S %% E 3§} + & C $Z v E -+ ]v Y%ondstend Wi
non-specifically adsorbing anion behawr. In contrast, a shift of fgh charge from morgositive to
more negative potetials as a function of increasing anion centration is usually a sign of strong
specific adsorption with the extent of this shift dependent on the strength of interaction of thoan
with the electrode surfadd8].

In order to clarify the influece of specific adsorption on Pt{10€lctrosorption peaks, solutions ¢
0.1 M perchloric acid deliberately spiked with smallcamts of sulphate were investigated as
electrolytes fo Pt{100}Figure62).TZ + S }( * % ](] *}E %S|}V }( *HO %o
both a shit to more positive potentials of the Qlpeak at 0.5 Yand a displacement dfi,,q charge
from positive to more negative potentials resulting in a new, sharper pe@k3étV assoated with
Hupa @and sulphate adsorptin on Pt{100} extended terrac®, 51] Howeverjt should be noted the
the strength of spe¢ (] *JE%S]}V }( *HO0%Z S ] Jveu8 ] vS Sdndleés o
under- potential deposition peak to 0.3 V (the original value of thgs state atmost negative
potentials on Pt{10Q} In fact, the intensity of the original, lower potenttdl,q State remains
essentially unchanged with the addition of small amounts of sulphuric acid to the 0.1 M perch

acid electrolyte.

1009 Pt{100} —— 0.IM HCIO,+ 10°M H,SO,

0.1M HCIO, + 5x10“M H,SO
0.1M HCIO,+ 10"M H,SO,
—— 0.1M HCIO,+ 5x10°M H,SO

—— 0.1IM HCIO,+ 10°M H,SO,
—— 0.IM HCIO,

4

75

4

-100 T T T T T T T T

0.0 0.2 0.4 0.6 0.8
Potential/V Vs Pd/H
Figure62: CV of Pt{100} in 0.1 M HGl&hd varying amounts of43Q
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Figure63: CV data for Pt{100} as a function of perchloric acid concentration and pH
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Figure64: Capacitance versus potential for Pt{100} in 0.H®Q as a function of uptake of chloride aniot
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Since even sulphate cannot displace Higs electrosorption charge into the 0.3 V peak, it is clea
that the influence of pH rather than perchlorate anion concentration is the kegrfat controlling

the relative populations of the two g states on Pt{100}ith the state at most negative potential
being favoured at low pH and the state at higher potential being preferred at highértést this
hypothesisan electrolyte containing 1M perchloricacid in 0.1 M KClvas examined. Inspectic
of Figure63 confirms that the occupation of sites corresponding to the 0.4 V state are favotre
higher pHs and in fact dsopotentialpoint is observed at 0.33 V between the two peaks. The re
at pH = 3 was also obtained in féf]. It may well be that such behaviour may reflect changes i

both adsorptionenergyv. §Z 8 Jo]SC }( ]+ & v8 <}E § }v(][BB3MCE

FinallyFigure64 «Z}As 8Z + & }( Zo}E] }w &Pt{100kis parchldKE aci®dn
the positive sweep, there is hardly any perturbation of the CV obtained in 0.1 M perchloric ac
irrespective of potential sweep raté. should be noted that at 1M chloride, the CV profile on th
positive sweep bearno relationship to that of Pt{10@} 2 M perchloric acid, téesting to the fact
that the possibility of contamination by chloride anions is negligible. Upon engaging the revetr
sweep however, significaithanges in thé,pq States (though not O4) are engendered with
features negative 00.3V consistent with specific adsorption of chloride anions starting to app¢
sweep rate is reduced. The large negative shifija charge relative to sulphatedhaviour is due t

Zo}E] [+ *3E}VP E Jv8 & 3]}v A]S8Z 8Z %0 S]vpu spE( X

Taking all of the results &t{100}ogether, it is evident that specific adsorption of perchlorate
anions cannot explain all of the changes described. Rather, pH dependepation ofH,pq States
appears to interpret the data most satisfactorily, especially the lack of perturbation ofeDel

electrochemical oxide peaks as perchloric acid concentration is increased.

3.2.3 P{110}Results

Figure65 shows how both changes in pH and perchlorate anion concentration influene«/
profile obtained using Pt{11@)Jectrodes. In 0.1 M perchiiw acid, the kg4 region consists of two
states at 0.0 V and 0.22 V. As found for Pt{100}, strochgnges in the relative intensities of both
states as a function of pH are obged. However, in contrast to Pt{1Q0there are also marked
changes in th@otential of theseH,q States as a function of pior the peak at 0.09 V, a very sm
shift of potentialis seen from pH 0.3 to pH = 1but a shit of 21 mV per pH is observdidm pH = :
to pH = 3. This nelinear variation with pH is somewhat unusuespecially when one realises th:

Pd/H reference electrode is being usgftthe peak correspondsolely to Hag+ €= Hads then no
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shift should occur whatsoever relative to a Pd/H reference electrode contained within the

electrolyte).

At low pH, his adsorgion state does seem to conform to expectations corresponding to electro
transfer consistent with the reduction of protonsloweverat higher pH, other processes may be
occurring. Detailed discussion of such aeiour for step sites on Pt hasaently been publishedy
Koperet al[54], whereby rationalisation of step peak shifts as adtion of pH is found by having
various amounts of hydrogen and water at steps being replaced hya®H Qqspecies. For thélpg
peak at 0.22 V, the shift in peak potentigiconstant over the pH rang@e3 to 1 at37 mV per pH bui
shifts by only 15 mV per pH in the rang1

Pt{110}
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120 \u
\‘
80 - \
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° 9 j’;.// //
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804 \J pH 0.3 —— 0.5M HCIO,
] pH 0 1M HCIO,
-120 - pH-0.3 2M HCIO,
T I T I T I T I T I T I 1
0.0 0.2 0.4 0.8 1.0 1.2

0.6
E/V Vs Pd/H

Figure65: CVs of Pt{110} in varying concentrations of HCIO

Hence, the hypothesis that Gtyipe species may be involved also in thgqs process associated wit
the CV peak at 0.22 V is consistent with its pH dependémeseus a Pd/H reference electrgdédt is
also evident fronfigure65that there is a 1:1 correlatiobetween the attenuation in the intensity
the 0.22 VH,pq peak and growth in the intensity of the 0.09 V peak, lsinib what was observed

with Pt{100} as perchloric acid concentration was increased.
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In contrast to {100}, Figure65 seensto show some inhibition of eleaichemicaloxide formation
between0.7and 0.9 V sperchloric acid concentratide increasedThis weak inhibition of the
onset of oxide formatiomay be mimicked by spiking the perchloric acid electrolyte with sulpht
acid Figure67) whereby a shift of the small oxide peak at 0.74 V can be induced everr&t 10
sulphate concentration. As expected, addition of specifically adsorbing sulphate anions also ¢
marked shift to more negative potentials of thgyq State at 0.22 V to 0.11.\Ih this context, the
shift to more negative potentialsf the 0.22 V peak with increasing perchloric acid concentratio
e ue 3} Juls § 38z $11v }( JVP ep0%Z 8§ v]}veX ,JA A EU
is found that instead of mergkransferring electrosorptioharge from the 0.22 V feature into the
0.09 V peak, specifically adsorbed sulphate acts exclusively on the charge associated with th
peak and does not in any way increase the intensity of the 0.09 V peak. Agairsuspitae clearly
specifically adsorbs more strongly than perchlorate, why should sulphate not cause a more n
shift inHupa charge from the state at 0.22 V.2. why does the sulphate inducéd,s peak not appes
at potentials negative of 0.09 VAs for Pt{100}the changes induced in th&,q regionmust be
largely the result of clinges in pH. Clearly, (as for Pt{1BQ} states), the nature of thél,q peak at
U}YE Vv P S]A %}5 v3] o¢ J* <p]d ]+ E v3 8} 8Z %o ddod pH E
changes and behaviour exhibited towards specific adsorpti@mce, for Pt{110he majority of
changes in thédy,q region as perchloric acid concentration is increased may be ascribed to pH

+ $although some perturbation of initial electrocimécal oxide phase formation suggests

% 1(1 *}E%S]IV }( % & Zo}E § u C HelvP §Z] + 3X
100 -
pH=1 ——0.1M HCIO,
pH=3 ——0.IM KCIO, + 10°M HCIO,

80 - pH=-0.3 —— 2M HCIO,

60 -+

40 -

j/ uA cm?
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0.0 0.2 0.4 0.6 0.8
Potential / V vs. PdH

Figure66: CV data for Pt{110} as a function of perchloric acid concentration and pH
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Figure67: CV of Pt{110} in 0.1 M H@ENd varying amounts of43Q

3.2.4 Results of other platinum surfaces

In order to examine the influence of steps on {hassibilityof specific adsorption by pertdrate
anions, a Pt(311); (a Pt electrode containing 2 atom wide {111} terraces broken up by {10D} ste
electrode was examinedrigure68 showsCV dé#a collected using a Pt(3) &lectrode as a function
of increasing the concentration of agueous perchloric acid 05 M perchloric acid, three distinct
Hupa States at0.07, 0.24 and 0.32 V are identified. Of these, the peak at Or@m¥ins unchangeuh
potential and magnitude upon increasipgrchloric acid concentration to 2 Mhe 0.24 V peak
shifts to more negative potentials by 11 nmwhereas the 0.32 Yeak shifts by 44 mV when acid
concentration is increasedausing appreciable overlap of thetseo peaks. The magnitudes
changes in peak potentials asenilarwith thosereported for Pt{110andwhichsuggess a similar
underlying mechnism. Namely, that for zero or small chasgeH.ps peakpotential as pH

decreases, themportant surface proess occuing is proton electrosorption.
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However, for the 0.32 V peakpaocess of H replacement by @¥pe species would rationalighe
shift[54]. Interestingly, it is the samie,pq peaks that arelso strongly perturbed by Nafion adsork
on Pt{hkl},compared to the states lying more negatiokthe PZTC of the surfd&]. The possible
nature of the Oktype species being perturbed by the Nafion layer was also discusseef[55] and
the link with PZT@ould in the present studglso rationalise why the peaks at maosgative
potentials arehardly changed by anions (either OH, perchlorate or sulphmeause sut peaks lie

negative othe PZTQhus inhibitinganion adsorption.

100 -

— 0.05M
—2M

80
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0.0 0.2 0.4 0.6 0.8 1.0 1.2

Potential / V vs. PdH
Figure68: CV data for Pt(311) in various concentrations of HCIO

Modest changes in the CV of Pt(3iri}jhe range of electrochemical oxide formation afeserved
upon increasing perchloric acid concentration fro®5M to 2 M. The large peak at 0.9 V is sé&
narrow, with loss of inensity from the small shoulder at 0.86 V seen in 0/D&cid and a new state
appearing at 1 V. Again, such changagebeen attributedto weak specific adsorption of

perchlorate.

It is interesting now to compare all of the perchloric acid results reported (especially the
electrochemical oxidesgions) with a recent paper by Feétial. (Figure69) in which the CVs of
Pt{111}, Pt{100} and Pt{11Qising0.1 M perchloric acid aqueous electrolyte are compared with
M trifluoromethanesulphonic ad (TFMSA) aqueous etealyte[56]. In ref.[56], the PttO peak (at :
V) on Pt{111}s situatedat more positive potentials in perchloric acid compared with TFMSA. W
suggest that TFMSA is truly nepecifically adsorbedut perchlorate isand it is weak specific

adsorption of perchlorate causing this difference in potential of th&CPpeak.
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Similarly the small oxide peak &.74 V on RL10}referred to earlier, is found to occur at a mor
negative potential in TFMSA compared to perchloric acidsMggest that this is further evidence
that TFMSA is nespecificallyadsorbed whereasPerchbrate exhibits a weak specific adsorption
platinum. Finally, for Pt{100hardly any change in the f1oxide peak is reported in r¢56] for
the two electroltes,in agreement with our findings that Pt{10@xhibits the weakest interaction
with perchlorate anions. Thefere, it is recommended that any electrocatalytic studies that wie
eliminate the possibility of specific adsorption on platinehould useTFMSA instead of perchlori
acid. It is also interestintg note that according to work reported previously from tReumkin
Schodl57], that specific adsorption of anions is favouraslpH decreases. Hence, there is almo:
certainly a pH effect aldoeing afforded in the present study in that as pH decreasesathaally
interaction of perchlorate anion with the metal surfaiespecifically adsorbed) should increase

seen for example ithe caseof Pt{111}

Figure69: Pt{hkl} in 0.1 M HClQred) and 0.1 M TFMSA (black) from[E#]
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3.2.5 Oxygen reduction

The oxygen reduction reaction (ORR) has been shown in many studies to be sensitive to the
presence of any anions in solution that may specifically adsorb on the surfataiotim[4, 5, 9, 21
22, 58] On Pt{111Kbi)sulphate adsqition from sulphuric acid solions inhibits the ORR so that
the half-wave potential (k) is200 mV more negative in potential than that observed in perchils
acid8,9] e¢Ju]Jo E + § Z ¢ o0°} Ve EA ]V %Z}+%Z}E] )%
adsorbing phosphate ani¢d3]. Bromide and chloride anions also cause an inhibition in the OR
to their grong specific adsorption on Pt surfa¢2s, 22] In order b emphasise correlations
between ORR aisfity and specific adsorption, Pt{111} in a series of electrolytes is sfigure70
andFigure71).

As has been shown previously, specific adsorption of (bi)sulphate at potentials around 0.4 V
sulphuric acid protects this surface framidation such that the RO peak appears at a rather
positive potentia1.3 V) compared to observations jperchloric acid (1 Y34]. Usinghe PttO peal
as a test for spefic anion adsorptionthen comparingesults 0f0.1 M HCI@with 0.1 M NaOH
reveals that Cl@also specifically adsorbs (since the®1peak is located at more positive potels
than in 0.1 M NaOH). Presumably, C#dsorption "% E }S SsyiffadeZzagainst oxidation, not
forming PttO untilhigher potentials are reached (1.00 V) compared with N&D®5 V). The speci
adsorption of the sulphonate groups Nafior[55, 59]also shows to affect the oxide peak of Pt{1
in perchloric acid by shifting B formationto 1.05VTZ ZZ ps$s$ Egeeq i péchldric acid
also follows the exactame trend as for RO asa function of electrolyte specific adsorption
strength.The sulphuric acid electrolyte containing the bisulphate adsorption peak at 0.5 Vis r

included in this analysis because@lites notinvolve OH.

Figure71compares the OR&tivity of Pt{111}n electrolyteswith varying strengths of anion
adsorption(based on thenalysis above). ORR acti\(#&g measuredising a rotatinglisc electrode
in a hanging meniscus configuratjan 0.1 MNaOH, 0.1 M HCIO2 M HCIQ 0.1 M HCI@with
Nafion adsorbed, and 0.1 Mb8IQ are shown.
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Figure70: C\Vdata for Pt{111} as a function of specific anion adsorption in various aqueous electrolytes
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Figure71l: ORR data for Pt{111} in a hanging meniscus rotating disc electrode configuration in various atpemigte:
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In 0.1 M HSQ, the activity of Pt{111is very low, with an & at ~0.6V, in agreement with previous
reportg28, 38, 42] The other solutions irestigated in this studghow ORR halffave potentials
clustered around.8 V, with their exact order correlating well with the strength of anion adsorp
discusseckarlier. The ORR of Pt{11h}0.1 M HCIQwith adsorbed Nafion exhibits the second mc
negative k. valueat ~0.775 Yfollowed by~0.790 V fo2 M HCIQX dZ ] ¢e (Eastivity for OF
between 2 M and 0.M perchloric acid electrolytes is very small, with the lower concentration
resulting in a higher activitgt ~0.795 Vpresumably du¢o there being less specifically adsorbed
perchlorate blocking the reduction of oxygen at lowencentrations of HCIOThe highest activity
is seen in 0.1 M NaOH, which presents anvalueof ~0.805 V, putting islightly more positive tha
0.1 M HQDy (Figure71). This suggests that the hydroxide anion specifically adseebkerthan any
other anions testedhere. Therefore ]S+ JvZ] ]85} @Ghe ©RRE is the lowedt.is predicted tha
TFMSA electrolytes would also exhibit slightly greater ORRtackian 0.1 M perchloric acid due

the nonspecifically adsorbing nature of the TFMSA anion.

3.3 Further investigations into the true natwkthe perchlorate anion and the effe

of pH

Supplementary experiments were carried out to gain further insights regarding the nature of t
perchlorate anion adsorption. Potassium perchlorate containing electrolytes were prepared tc

both the pH ad specific adsorption effects separately.

3.3.1PY{111}

Voltammograms of Pt{111} obtained in electrolytes of pH 1, 2, and 3 at constant perchlorate |
concentration(0.1 M) are shown ifrigure72. For theHy,q electrosorption peaks, there is no
significantimpact either upon the magnitude or distribution of electrosorption chargetds
increasedSince this electrosorption state Iety involves hydrogen underpotential deposition (nc
anions), this is exactly as expected using a Pd/H reference sbal@Hq(0.5-0.8 V)and
electrochemical oxide peakaround 1 Vshow changes in their shape and magnitadea function
of pH indicaing ceadsorption of at least two different species (nblernstian shift) The
electrochemical oxide peak is observed to shébatively with a corresponding deease in intensit
as pH is increasedhis is consistent with the trend seen in the initiakghloric acid studies and
would reflect the weakening of perchloratet{111} surface interactions as pH increases (figure

Additionally, he distribution of charge in théroader component oftheso oo ZZ uss &
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changes, shifting positivend growing in magnitude as pH increases. The butterfly spike shifts
positive and decreases in magnitude, corresponding to different types of water interacting wit
surfacd45]. This is the opposite trend to what was seen in the initial perchloric acid stuelgps¢

58), where a decrease of pH and increase of perchlorate concentration was also shown to sh
butterfly peak to more positive potentials. It has prevébubeen found that potassium cations ca
also influence how the water intera¢&0-62]in this state and so changes seen here couldieto
both pH and cation influences. As pH increases, cations should tend to interact more strongly

the Pt electrode surface according to Frunj&Bj.

125 -
—— 0.1 MHCIO,- pH 1 H
——10? MHCIO, + 0.1 MKCIO, - pH 2

1004 | ——10"MHCIO, + 0.1 M KCIO, - pH 3

i/ uA cm™2

E/V Vs PdH

Figure72: CVs of Pt{111} at constant perchlorate anion concentration and varying pH

Figure73shows CV data collected using a Pt{111} electrode as a function of increasing percr
concentration in electrolytes at constant pH ( pH 3). Inspection of the CVs shows that increas
perchlorate concentration at constant pH results in the butterfly spike and oxide adsorption si
becoming more defined, although there is no shift in potential for any of the adsorption states
contrasts to the initial perchloric acid results, whemn increase of perchloric acid concentration
shown to inhibit the OH butterfly spike and shift it positive. Hence, the slight changes observe
probably relate purely to cation effects (salled nonrcovalent interactions, Markoviet al.[60, 61,

64, 65).
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Figure73: CVs of Pt{111} at constant pH (pH = 3) but varying potassium perchlorate concentration

3.3.2P{100}

Cyclic voltammograms were obtained for Pt{100} in three different pH solutions; 1,2,3. Potas:
perchlorate was used to ensure all solutions were near the same concentrations of perchlora
M) and the results are shown kigure74. The results show that as pH increases from 1 to 3, th
are some significant changes in the voltammetric profile of Pt{100}. First, there is a transfer o
chargefrom the adsorption state at 0.3 V to the adsorption state at 0.4 V. Both of these states
to Hypa processes. Secondly, the state at 0.5 V, corresponding @ €hdws no change. Finally, tt
oxide peak at 0.9 V shifts to more positive potentialsmcreasing pH. This latter point contras
strongly with data shown ifigure73for Pt{111}. Hence, specific adsorption of perchlorate cant
be used to interprethis effect. However, the shift to more positive potentials as pH increased
be wholly consistent with increasing interaction of potassium cations with the oxide surface. I
would also possibly account for changes in thg peaks. Recent work by Mag@n et al[66] has

shown that alkali cations may have profound effects on tha tégion of Pt single crystal electroc
and in fact may afford an explanation for the nhiernstian shifts in certainJdsh peaks as a functiol

of pH The obvious question to benswered if this is indeed the case would be: why Pt{111} oxi
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formation differs from Pt{100} at 1 V? The most obvious difference is the rate of place excha
the oxide phase itself (see later for chapter six). For Pt{111}, even adsorbing up tm @r¥hlori
acid does not lead to reconstruction of the Pt{111} surface upon stripping of the oxide. That i
Pt{111} voltammetric response remains unchanged after oxide adsorption. In contrast all oth
Pt{hkl} electrode surfaces are strongly petiad when oxide formation at potentials > 0.9 V occ
such that massive restructuring of the surface is induced. This-pledgange of oxygen and
platinum[67] is also reflected in a strong accumulation of negative char@fe7ip Given these
previous findings, it is not too unusual that the potassium cations would interact more strong
a more negatively charged oxide such that inhibition of oxide fdismavould take place especial
at the higher pH. Thus, it is speculated that the very nature of the surface oxide (oxide overle
versus placexchanged bulk oxide phase) determines that cations control the onset of oxide
formation in the case of Pt{1Q@ather than anions. For the,d region, ceadsorption of cations

with Hypg States probably induces the variation of voltammetesponse as a function of {B6].

140

pH 1 ——0.1 M HCIO,
1204 | pH2——10" M HCIO, + 0.1 MKCIO,
pH 3 —— 10" M HCIO, + 0.1 MKCIO,

100

40 4

20

E/V Vs PdH

Figure74: CVs of Pt{100} at constapérchlorate concentration but varying potassium concentration and pH

3.3.3P{110}

The effect of concentration of perchlorate on{P10}at constant pH was investigated by obtainil

voltammograms of B110}in 10°M HCIQand 13*M + 0.1 M KCIFigure75). Results show all
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adsorption peaks to be sharper upon increasing the concentration of perchlorate Wéggirg the
pH constant. For oxide adsorption at patials > 0.9 V, the lack of a shift in potential of the oxid
%o o suPP e8¢ o | }( ™ v]}v }v8E}o_ }v §Z (}Eu S]}v }( §Z
presumably inhibit oxide formation to a greater extent). However, there is a definite narrowing
the state at 1 V indicating much stronger lateral interactions between the adsorbed sfefjiel is
difficult to know if excess perchlorate or potassium cation is rasjime for this effect. However,
the H,pa region changes would certainly indicate a very subtle influence of cations and anions
the Hq States. For the state at 0.21 V, a shift to more negative potentials with increasing anio
concentration would certainly reflect specific adsorption of anions as being operational. Conve
the shift to more positive potentials of the peak at 0.1 V would be a consequence of increasec
adsorption. We shall see the next chapterbasel on local and global values of PZTC {&8a 7],
that thisis precisely the expected behaviour since the former peak is foarimetdominated by

Vi}v *}E%S]}v v S§Z 085 E C S]}v *}E%S]}vX dZ ]v(«

discounted based on the coincident potentials of all oxide peaks at similar current densities ar

opposite peak potential shifts exiited by the Hyq region.
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Figure75: CVs of Pt{110} in pH 3 solutions
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3.3.4The influence of Nafion on 111}

Due to the fact that Nafion can be used as a probe ofsOhiplatinum (due to its specifically
adsorbing nature which inhibits some OH adsorpf{tafi), experiments were undertaken to
delineate the effect of perchlorate adsorption on platinum in the presence of N&Figure76
shows CV data collected usinglafion coatedPt{111}electrode as a function of increasing

concentration of aqueous perchloric acid.

The CV responséar the 0.1 M HCI@solutionare typical oNafionrmodified, well-ordered P{111}
electrodein this electrolyte, showing a clear separation between thg (@ - 0.3 V),Nafion spike
(0.45 V), perturbe®H,q (0.5- 0.8 V) and electrochemical oxide sta{@s95- 1.1 V)[55, 71, 72] For
the H,pq €lectrosorption feature, there is negligiblepact upon the magnitude or distribution of
electrosorption charge as acid concentration is increased. This suggests that the strength of
perchlorate anion adsorption (if occurring) is insufficient to perturb these adsorption sfhtes.
OH.yg, now pertuibed by the presence of Nafion at 0.82 V, has not been affected by the chang:
perchloric acid concentration, agatpntrasing with the NafioAree Pt{111} studiesHgure58). In
Figure76, the OHqfeature showed a shift towards more positive potential with increasing
perchloric acid concentration. Increasingetherchloric acid concentration does influence the
adsorption states corresponding to Nafion (@.465 V) together with thelectrochemial oxide
adsorption peak at 1.1.\he Nafion spike is seen to shift negatively upon increasing perchlori
concentation/decreasing pHThe electrochemical oxide pedkes not shift with changes in
perchloric acid but the magnitude of the peak is affected for the lowest concentration perchlo
acid solution. The Nafion spike is a manifestation of specific adsompitisuiphonate anionfb9]
and therefore, an increase in pH would be expected to decrdasstrength of specific adsorptior
and result in a shift to more positive potentials as observed. It means that the Nafion layer in
case must be thin enough to equilibrate with the bulk electrolyte such that local pH (associate
the highly acididNafion) is not established, otherwise no shift in sulphonate adsorption potenti
should occur when changing bulk pH. The changes in oxide peak with acid concentration at :
probably indicate a mixture of Nafienfluenced and Nafioifiree surface (thdact that the normal
AN us8s E(oC_( SUE Je} s EA u ve Z 3 E}P V Iue J3E]
surface of Pt{111}). The part of the peak shifting to more negative potentials as pH increases
would be expected for Nafiefree regons (sed-igure76). The negligible change in oxide peak
potential suggests that persulphonate anions specifically adsorb more strongly than perchlor:
accordarce with earlier published wo[&5]), and so the peak potential remains unaffected by
perchlorate. Although ifrigure58, it was seen that perchloric acid concentrations > 2M might a

some persulphate displacement by perchlorate, according to the oxide peak shifts at least.
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Figure76: CVs of Nafiomodified Pt{111} as a function of Hgncentration

Figure77 shows how pH as a function of constant perchlorate anion concentration impacts upon a
Nafionmodified Pt{111} electrode. It should be noted that the potassium cation concentration is
also vaying. Some common features discussed earlier are apparent. The first of these is in relatior
8§} 8Z E (]J}V “*%]l _ 3 iX0f s AZ] Z Je + v 8} «Z](53 8} u}E %o}
is interpreted as before in terms of a weakening of thELP1}sulphonate surface interaction and a
shift to more positive potentials of sulphonate adsorption as pH increases. The shift to more
negative potentials of the oxide peak around 1 V reflects a weakening of both sulphonate and
perchlorate specific adsption as pH increases, thus decreasing the inhibition of oxide formation by
these anions as pH increases. Simildfigure76, the sharp peak component of the-saled

N uss E(oC_ ( SHE U -« Eftee surfagé (Beak & 0(712 V), does not change potential
and therefore does not relate to anion or cation interactions changing. As asserted bgtraljut

more likely involves different forms of wa{db, 50] The only feature that is perturbed by increasing
pH (and by extension potassium cation concentration) is the Néfidmced Ok peak at 0.82 V

which shifts to more negative potentials. If this feature was associated with anions, it should shift ii
the opposite direction due to anions adsorbing moreoagly at lower pH (hence seen at lower

potentials). Furthermore, pH does not influence the position of this peak. Therefore, it is concludec
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that the increase in potassium cation concentration (coupled with an increase in pH) causes
potassium cations to teract with the water layer around the Nafiecovered surface via nen
covalent interaction$60, 61] Presumably, potassium cations at low pH do not influence wate!

adsorbed at Nafioffiree regions in a similar manner.
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Figure77: CVs of Nafion on Pt{111} in solutions containing ~ 0.1 M CIO

3.3.5 Conclusions

The voltammetry of Pt{111}, Pt{100}, Pt{110} and Pt(3irigle crystal electrodes as a function o
perchloric acid conceration (0.05t2.00 M) has been studied in order to test the assertion ma
recent reports by Watanabet al[40, 41, 43, 73jhat perchlorate anions specifically adsorb on
polycrystalline platinum. Such an assertion would have significant ratofs for our
understanding of electrocatalytic processes at platinum surfaces since perchlorate anions at
have classically been assumed nospecifically adsorb. For Pt{111t}is found that Ok and
electrochemical oxide states are both peited significantly as perchloric acid concentration is
increasedThis issuggestd to bedue to specific adsorption of perchlorate anions competing wi
OHgqfor adsorption sites. The hydrogemderpotential deposition (kld) region of Pt{111however

remains unchanged although evidence for perchlorate anion agosition to chloride on Pt{1113
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found. In contrast, for Pt{100ho variation in the onset of electrochemical oxide formation is
detectednor any shift in the potential of the Qlstate which normally results from the action of
specifically adsorbing anions. This suggests that perchlorate anions agpecifically adsorbed o
this plane although strong changes inklq states are observed as perchloric acid concentratio
increased. This manifests itself as a redistribution of charge frorkithestate situated at more
positive potential to the one at more negatiyotential. For Pt{110} and Bi(1), marginal changes
in the onset of electrochemicalide formation are recored, associated with specific adsorption
perchlorate. Specific adsotiph of perchlorate anions on Pt{11ik}deleterious to electrocatalytic
activity in relation to the oxygen reduction reaction (ORR) as measured using a rotating disc
electrode (RDE) ia hanging meniscus configuration. This study supports previous work sugge
that a large component of the ORR activity on platinum is governed by simple site blocking b

specifically adsorbed anions and/or electrosorbed oxide.

When anion adsorption isrobed as a function of pH and constant perchlorate anion concentra
it is found that, in agreement with findings from the Frumkin Scjsdg) decreasing pH leads to al
increase in perchloratsurface interactions. However, at constant pH and varying perchlorate i
concentration, a more complicated set of interactions are observed whereby both cation and
adsorption ma be observed. This is exemplified for oxide formation on Pt{100} in which catior
found to inhibit oxide formation. Other examples are outlined and in the case of Nawoulified

P({111} surfaces, a specific cation interaction with the OH/water easted leading to a shift to
more negative potentials. The possibility of ropvalent interactions of cations with electrosorbe
water[60, 61]and specific cation adsorption influencing ANRrnstian peak potential shi[66] have
recently been highlighted and the present study is in accordance with these experimental anc

theoretical investigations.
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Chapter Four

The Voltammetry of Surfaces Vicinal to Pt{110}: Structural Com
Simplified by CO Cooling

4.1 Introduction

In electrochemical surface studies, it is imperative to create a reproducible electrochemical
interphasial region. If thelectrode surface structure and composition are not reproducible,
structure activity relationships and a true understanding of any surface electrode process will
impossible to deduce. It is well known that heating and cooling conditions put upon e siggtal
electrode can affect the surface configuratjtsb]. In the case of Pt{111} surfaces, the recomstiec
state is not normally accessed under ambient electrochemical condi@ibrigor Pt{100}, difference
in the recorstructive state of the electrode surface may be obtained by simply changing the ar
in which the electrode is prepar® 6]X dZ WS, ,iiif *pCE/( VZA ~ifEie
configurations and has been extensively studied using various conditions into understanding

these arrangemenig, 4, 5, 710].

Figure78: Hard sphere model of Pt{110} showing a (1x1) configuration in blue, and (1x2) configuration in gre
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Ina recent papef11], the voltammetry of Pt{110} in aqueous perchloric acid and sodium hydrc
was reported. In agreementitin previous studiefgl, 12] depending on the cooling environment
after flame annealing, the surface of the electrode could be prepared in a (1x2) (mitcogéed),
(Ix1) (CO }}o + }E "E}uPZ_ ~icdoled)sta@. IGEQ.P Mvperchloric acid especially, a
new voltammetric profile was observed in which the presence of long range, two dimensional
ordered Pt{110} terraces (after CO cooling) gavetasengular k,/OH and oxide electrosorption
features (Hpq in this context refers to Pt electrosorption peaks in the range 08 V versus RHE
irrespective of whether or not they arise from hydrogen, OH or anion adsorption). Moreover, t
electrocdalytic activity towards the oxygen reduction reaction (ORR) was found to differ signit
from previous reports which asserted that Pt{110} electrodes exhibit ORR activity equivalent 1
greater than that of Pt{111} in agueous perchloric ft3d17]. In referencs], when all defects wel
eliminated from the electrode surface via CO cooling, ORR activity in agueous perchloric acic

found unequivocally to be lower than that of P1{1}.

Hence|t is important to undertakean extensive revaluation of previous electrocatalytic studies
involving Pt{110} and related surfaces since nearly all of these earlier investigations involved
anneal/hydrogen cooling surface preparatiorofcol leading to the generation of defective

surface§l8-24]. Since ORR was shown previously thigaly sensitive to surface disordering, it v
thought prudent to explore in a more controlled fashion the introduction of surface defects to :

Pt{110}(1x1) surface and its impact on surface voltammetry.

A series of stepped Pt{110} surfaces have baepared based on either {111} or {100} linear ste
By cooling these surfaces in CO following flame annedling,can becomparel and contrased
with earlier results pertaining to hydrogesooled stepped surfacéb, 26] It was hypothesised th
the complexity associated with both terrace and step reconstruction might be reduced or evel
eliminated using adsorbed CO, allowing ore detailed insights relating to the distinctive
voltammetry of Pt{110}. In particular, the very broad and asymmetgigdtectrosorption peak
centred around 0.2 0.25 V (Pd/H) observed in aqueous perchloric gid 28] referredto this

8§ § SZE}uPZ}us + 3Z S0 o MWSIIiHE "W S_ (}E <Z}ES:
puzzle to surface electrochemists even since the earliest voltammetric measurements were
performed[7]. Morere v3oCU d Pu Z] v & oJu ¢ ES SZ § W S u C
terraces similar to those comprising the missiogy (1x2) reconstruction of Pt{11(29]. This was
because when Pt n{111}x{111} electrodes were studied using aqueous perchloric acithrgsiatk

appeared for n < 4, i.e. the interaction of {111} steps at narrow terrace widths led to the genel
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Y §Z "MW, iitigf25 YXeature. In contrast, Sou@arciaet al. suggested that because the
intensity of Pct grew with increasing valugfsn (using Pt n{110}x{111} electrodes) that it was
probably associated with the average terrace width of the {110} terraces themselves meaning
the Pt n{111}x{111} surfaces at small values of n are reconstruatetithereforemust contain
narrow {110} terraceq26]. In situ XRD investigations by Hoshi andvookers[30] also
demonstrated that Pt{331} (Pt 3{111}x{111} or Pt 2{111}x{110} in microfacet notation) remain
unreconstructed (1x1) state after flame annealing and cooling in a hydrogen/argon environme
supportingtheA] A §Z § v EE}A |iiif s EE =+« E v}$ (JEu Vipd
step peak for n < 4 into two components (using perchloric acid electrolyte) seems more linke«
step-eS % JvS E S]}veX /v8 E <S]vPoCU p{ude} step feedisre psaiind Fhe
turning point of the stereographic triangle travelling from the {111} pole to the {100} pole (Pt{z
Pt{311} and Pt{511} surfaces) is also observed in perchloric acid electf8itgsresumably again
due to stepstep interactions. However, the expectation of a splitting of thg Blectrosorption
peak associated with closely spaced steps is not fulfilled for small n either using Px{{Q0Por F
n{100}x{110} electrod¢®5, 32](i.e. travelling along the stereographic triangle from the {100} pc
to the {110} pole). In this case, evidence in support of such step sites being rather unstable h
put forward such that reconstruizin of steps probably occy2]. This aspectvill be exploredn
detail and moreover, suggeshs ofa new modeto interpret the complex voltammetry of surface
vicinal to Pt{11Q}Thediffering degrees bsurface orderesulting from particular annealing/coolin
steps together with intrinsic structural instabilities associated with the presence of {110}x{100

sites are discussed.

4.2 Results and Discussion

4.2.1Voltammetry of Pt n{110}x{111} eleottes cooled in CO after flame anneal

Because some of this work was carried out in collaboration with the University of Alicante, a |
(Reversible Hydrogen Electrode), rather than a Pd/H reference electrode was employed. Hov
simple subtraction of B mV will convert all potentials to a Pd/H reference scale-idgare79, a
series of cyclic voltammograms for flame annealed anec@ied Pt n{110}x{111} surfacesd.1 M
aqueous perchloric are shown. As reported previo{ily, for Pt{110} in perchloric acid, the-so
caled Hyq region from 0.3 to 0.05 V is rather complex containing numerous reversible
electrosorption peaks centred 8t25, 0.20 and 0.145 Wigure79). In referencd5], all of these

were associated witkthe presence of extended Pt{120(}x1) domains since electrosorption into t
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oxide peak at 1.1 V (electrochemical surface roughening) caused the attenuation and broade

all peaks such that the CV would subsequently resemble a hydiamsead electode.

As the surface density of {111} steps is steadily increased, it is apparent that a systematic de
Hupa and oxide peak intensity ascribable to Pt{110} terraces is obsgowtdio change in peak
potential, general shape or widtfexcept forPt{331). This is consistent with maintenance of Pt{]
terrace symmetry. A peak appearing at 0.90 V as step density increggepased to beascribed tc
electrosorption of oxide at the {111}x{11li}ear step siteFigure80 shows linear relationships
between terrace and step oxide peak electrosorption charges as a function of step surface de
This behaviour is in accordance with expectations based on a phedesmodel of an
unreconstructed Pt surfacén isopotential point is observed at 0.12 V in which the peak at 0.1
transforms into a peak centred at 0.12 V (see Pt{331} in particular). The Pt{331} CV is interes
because the peak at 0.20 V, previguakcribed to either narrow {111} terraci9] or {110}
reconstructed facetf26], is clearly well separated in potential from the Pt{110} terrace feature
0.25 V ThePt{331} represents a turning point whereby stapd terrace sites become
indistinguishableand can explain thidn addition there issignificant peak broadening for oxide
electrosorption at the step (0.90 VJhis icorrelated with the appearance of the 0.20 V peak da(
speculated to arise from spestep interactions for narrow average terrace widths close to the
turning point of the zoneForPt{331}, the oxide peak associated with Pt{110} terraces at 1.1 V
almost completely vanished. If Pt{110} terraces were present, both the 0.25 V anghéakdfvould
be expected talso be visible for Pt{331}.
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Figure79: Cyclic voltammograms of Pt n{110}x{111} electrodeé& InM aqueous perchloric aciBweep rate = 50 mV/s

Weaker and more sul# changes observed Figure79include charge growing between 0.60 an
85V,hasbeen « E] o S8} *"K,_ ~]v ( SU &Lwhiclisvwdre Porhplethan that
Hupa fOr obvious reasons) adsorption on narrow Pt{111} terraces. As reported previously, whe
n{111}x{110} surfaces are considered for n > 2, this charge component continues to grow as
average {111} terrace width increag@9]. The corresponding delopment in the (wetseparated’
Hupa Pt{111} charge is still visible for Pt{334$ signified by a weak, rising current density from O
to 0.20V butobscured by the larger, 0.20 V peak at more negative potentiatilphuric acid
electrolyte,this featureismuch more markedlater). In summary all surfaces vicinal to Pt{110}
containing {111} linear steps remain unreconstructed when prepared via CO cdbimguggestio

is in accordance with previous in situ XRD measurenanit{331]30].
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Figure80: Plots of Pt{1100A) terrace and (B) {111}x{111} step oxide electrosorption charge as a function of step de
Pt n{110}x{111} electrodes in 0.1 M perchloric acid.

In contrastto the results presented here, referen{26] presentedhydrogen- cooled Pt

n{110}x{111} voltammetrgnd only the broad and asymmetric Pct feature centred at 0.25 V wa
reported. Thisgradually diminished in magnitude with a slight shift to more negative potentials
surface step density increased. A gradual increase in the peak intensity associated with step:
V) was also observeth terms of 2D Pt{110} terrace order, all mgden- cooled samples failed to
sustain the presence of a 0.25 V 2D ordered terrace peak (although there is good overlap wi
for Pt{110} in particular)Therefore, these samples must be intrinsically disordered relative to C

cooled analogues.

Thenature of the broadness of Pct is speculated to stem from the presence of narrow {111} t
as residuals left over upon lifting of the (1x2) terrace reconstruction (electrosorption charge a
more negative potential of PLtThis explanation accounfor the influence of both steptep
interactions and residual Pt{110} 2D ordeading to an increase in peak magnitude of Pct as st
density diminishes. The nature of the actual, adsorbed species constituting this unusual

electrosorption peak will beeliberated later.
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In Figure82, the voltammetry of Pt{332} and Pt{110} is compared. Pt{332} in microfacet notat
corresponds to Pt 6{111}x{11Ike junction of he two {111} sites corresponds to a {110} linear
step (hard sphere model shown Figure81below)X dZ]e ~+8 % _ ( 3$SuE Rdelined(
voltammetric peakat 0.12 V when incorporated into Pt{110} and Pt{111} terrace R&s29]and it
clearly associated with 1D {110} steler. Figure82 showsthat the 0.12Vand 0.145 V peaks he
different origins Even after varying the surface step density (including for hydregemled
Pt{110}), the 0.12 V peak does not vary in potenfialerefore thed.145 Vpeak reported here is
unique and cannot be ascribed to {111}x{111} step sitbe0.145 V peak igotentially caused by
electrosorption on 2D Pt{110} terrace sites. The isopotential point at 0.12 V is the result of a
one correspondence between thmimber of 1D Pt{110} and 2D Pt{110} sites as step density it
varied, in accordance with a hard sphere interpretation of all surfaces being in their (1x1)

unreconstructed state.

Figure81: Hard sphere model of Pt{332}
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Figure82: Cyclic voltammograms of Pt{13(x1) (black) and Pt{332} (red) in 0.1 M aqueous perchloric acid. Swee
50 mV/s.
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Figure83: Cyclic vokmmograms of Pt n{110}x{111} electrodes in 0.1 M sulphuric acid. Sweep rate = 50 mV
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Figure83 shows a family of CVs for C@ooled Pt n{110}x{111} stepped surfada aqueous 0.1 M
sulphuric acidThepotential scalds expandedo show the Hyq peaks more clearly. Using a simil:
analysis to that described above, it is evident that the multiplicity of overlappipgkElaks is now
confined to a much narrower rangeg potentialthan seen in perchloric acid electrolyts expecte:
for more strongly specifically adsorbing anions such as sulphate. In fact for Pt{111} and after
discussion in the literature, sulphate rather than bisulphate has been demonstrateael ttee

specifically adsorbing specj88]. This has beeassumel that this is indeed true for Pt{11[84-36].

350 -

— 110
300 —— 19191

J/mA cm

0.6 | 0.8 | 1.0 | 1.2
E/V vs RHE

Figure84: Expanded xide potential range of cyclic voltammograms using Pt n{110}x{111} electrodes in 0.1 M ac
sulphuric acid. Sweep rate = 50 mV/s.

The oxide electrosorption peakfiown inFigure84 also reflect the presence of specifically
adsorbing sulphate anions relative to perchloric awith peaks at 1.03 V and 0.92 V corresponc
to electrosorption of oxide at terrace and step sites respectivelyure85 shows how the charge
under each of the oxide peaks is linearly correlated as a function of step density in agreemer

previous assertions that all electrode surfaces exhibit &)(ferminated structure.

127



S O o e L e o e o 10771711 T T T

200+ 41 804 .

150+ 41 60+ .
S
o

¢ 100- 1 404 .
E
I=2

50 41 204 .

0- {4 o -

T ™ L B T

L L LI L L LI L
0 2 4 6 8 10 12 14 16 18 0 2 4 6 8101214161

step density (106 cm'2) step density (106 cm'z)

Figure85: Plots of (A) terrace and (B) step oxide electrosorption charge as a function of step density for Pt n{11(
electrodes in 0.1 M sulphuric acid.

Returning tathe Hyq potential region, if one assumes that the same electrosorption processes
occurring as for perchloric acid but confined within a narrower potential range, it is possible t
logical assignments concerning most of the features and suggest goodiagesdior the remainde
For example, the peak component at 0.1, #Wich is attenuated as step density is incregssed
almost certainly ascribable to the same process as was occurring in the 0.25 V peak in perch
and is proposed to be a manifesgion of long range Pt{114}Lx1) 2D surface order. The correlate
growth in the shoulder at most negative potentials (0.11 V) as step density increases must th
characteristic of 1D Pt{110} order (linear steps). Further progress can be made if Pt{331}
voltammetry is scrutinisedvhereby the electrosorption charge between 0.15 and 0.32 V with ¢
broad feature between 0.5 and 0.8 V are considered together. Both of these may be positivel
identified as being due todt and sulphate adsorption respeeely on very narrow Pt{111}
terraceg37]. In fact because the Pt{111}.s peakis identical in both sulphuric and perchloric ac
]S ] v} *HE R E]s S$Z § SZ <+ U %}S vs] o & vP ] AZ] ]S
contributions in both perchloric and sulphuric acids. Also, the slight shift to more positive pote
of the Pt{111} anion electrosorption charge upon changing from sulphuric to perchloric acid a

media is also in accordance with these peak assignri&8its
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The more complicated issue arises from consideration of the intense peak centred 0.145 V. |
found to decrease in intensity (as step density increases) to about 50% of its original vakie ir
case of the Pt{331} surface. Since Pt{331} contains no 2D ordered Pt{110} terrace sites, this
ANE e]po_ Z EP ] o &] 3} %uE oC i WS,iiif JE EX ,
be discernedt a contribution at more negative potentiad.(L1 V) and one at more positive
potentials (0.145/). As a tentative suggestidmth peaksare ascribedo adsorption at Pt{110} 1C
steps with (for positive potential sweep) cations desorbing in the peak at U.ahd anions
adsorbing in the peak 0.145. This demarcation of cationic and anionic charge separation

JA Eo %% ]vP Al3Z AZ § ]« E (EE &8} 0 *+] 00C + "ZC E
mentioned in relation to Pt{111} terraces. In a similar fashion, an interpretation of why for Pt{.
8Z % | 3 iXidfi s ] ou}ed 3A] SZ ]I }( 3Z 3 (J&E WS3,iiif
wholly caused by adsorption into 2D Pt{110} surface ordered, siteish overlap with the step
contribution. Two contributions towards electrosorption @D Pt{110} ordered sites may also be
delineated; that due broadly to anions at 0.16 V and that due broadly to cations at 0.145 V. A
this hypothesis may be attempted by evaluations of PEIaEe importantly, the consequence of

the hypothesisheremay be framed within the following:

Is it possible that all electrosorption at weléfined sites may ultimately be broken down into twc
contributions, anion adsorption at the more positive potential and cation adsorption at the mc
negative ptential? Theseparation of these two processes would depend ongpecificadsorption
site, the relative strengths of anion and cation adsorption and the degree of lateral interactior
occurring as each site is occupied. This happens with Pt(111) and Pt(100) e aedia[39].
Another thing to consider is thatater interaction changewith potential[40, 41] The notion of a
local potential of zero charge has previously been discuss@hy3] This concept fits well the
U} o JVP % E}%}e Jv 8Z % & » v AYEI |v AZ] Z "% § 2}
from negative to positive as a functioniotreasing potential and thus causing the generation o
various peaks recorded during CV (via adsorption/desorption of ions) depending on the sign

excess charge at a specific site.

Looking back at the multiplicity of CV peaks seen for Pt{hl@rchloric acid, the 0.145, 0.20 an
0.25 V araall doublets and each doublet coud@ seen as the cationic/anionic pair pertaining to
Pt{110} sites. However, the ratio of cations/anions in each state is predicted to change as the
coverage of electrawbed hydrogen changes (more sites for anion adsorption will become ave

as potential increases since more hydrogen leaves the surface and vice versa). This means -
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0.25 V peak would be largely damted by the anionic component arlde 0.145 \peak by the
cationic componentThe 0.20 V peals thereforea more equal distribution of cationic/anionic
chargesThis has alreadyeen suggested ifi11] and is in line with recent thinking concerning the

dependence of kq peaks at platinum electrodgd4].

4.2.2Voltammetry of Pt n{110}x{100} electrodes cooled in CO after flame anneal

In Figure86 the first voltammetric sweep from 0.05 to 1.2 V of freshly flame annealed antl CO
cooled Pt n{110}x{100} electrodes in 0.1 M aqueous perchloric acid is shown. lasteotdata
depicted inFigure79, inspection ofigure86 reveals that the introduction of {100} linear steps in
the Pt{110} surfacelane Thisleads to voltammetry much more closely akin to hydrogexooled
sampleq25]. For example, what were wealefined doublets at 0.25 V and 0.145 V ascribable to
presence of 2D Pt{110} surfaceler, even at relatively low step density (n = 10) evolve immedi
towards peaks that are much broader whilst simultaneously diminishing in intensity and shift
more negative potentialsA lack of a distinct isopotential point around 0.12s\also noteworthy
when comparing data ikigure79. The 0.20 V doublet observed with &0oled Pt{110} is
immediately quenched upon the introduction of step siteseating to the surface structural

sensitivity of this state.
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Figure86: Cyclic voltammograms of R{110}x{100} electrodes th1 M aqueouperchloric acid prepared at Alicante
University Sweep rate = 5V/s.

The oxide electrosorption potential range between 0.8 and 1.2 V also changes in a less
straightforward manner than for Pt n{110}x{111} stepped surfaces. Rather than observing two
distinct and wellseparated oxide adsorption peaks denoting step terdace electrosorption, a
multiplicity of adsorption peaks between 0.80 V and 0.90 V is evident. However, it is clear that
0.89 V step adsorption peak (at Pt{111}x{111} sites) is prominent amongst this complexity. Talk
into account the absence of amalogous Pt{110}x{100} oxide peak growing steadily with step
density together with the presence of the 0.89 V pgdals clear that the step sites are
reconstructed.Thissymmetryis not expected tamccur for this surface if it reflected a purely hard
sphere (1x1) truncation of the platinum crystahis would also be in acca@ndcewith the lack of
surface 2D order in the ik potential region alluded to above. The Pt{140k1) terrace peak at 1.1
V is observed to decrease as step density decreasdsturgimpletely vanishes for Pt{210}, as
expected since Pt{210} is the turning point of the zone. Interestingly, the reproducibility betwee
Cardiff and Alicante Pt n{110}x{100} substrates was also found to be less marked here with Ce
samples displagig a slightly larger 0.89 V oxide step p#akn those depicted ifrigure86. This was
probably due to minute differences in the alignment of the cutting plane wpassibly tipped the
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reconstruction direction towards the formation of {111}x{111} steps for the Cardiff electrodes
(Figure87). Irrespective of the number of {111}x{1}lsteps formed after step reconstruction, the
model being proposed is completely consistent with previous work by GAraieeet al.,

demonstratingthe reconstruction of {110}x{100} steps to form {111}x{111}structures for flame

annealed and hydrogeroded stepped Pt{100B2].
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Figure87: Cyclic voltammograms of Pt n{110}x{100} electrodes in 0.1 M aqueous perchloric acid prepared at (
University. Sweep rate = 50 mV/s.

In addition, the rate at which the terrace oxide peak is attenuated is quite diffdp that observe:
in Figure79. Thispoint is emphasised iRigure88, wherea plot of the electrosorption charge

associated with thét{110}(1x1) terrace sites is plotted as a function of step density for both F
n{110}x{111} and Pt n{110}x{100} electrodes. For all step densities up to n = 2, it is found th
terrace charge for Pt n{110}x{100} electrodes is consistently smha#arthat for the analogous P1
n{110}x{111} stepped surface. Itien concluded from this that for a specified step density, the
long range order of the terraces is also influenced by the reconstruction of the steps and that

2D long range order giminished relative to Pt n{110}x{111} planes.
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Figure88: Graph showing how the Pt{110} terrace oxide electrosorption charge in 0.1 M perchloric acid electrolyte v
a function of step density fé?t n{110}x{111} electrodes (black) and Pt n{110}x{100} (red) electrodes.
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Figure89: Cyclic voltammograms of R{110}x{100} electrodes th1 M aqueousulphuric acidSweep rate = 50 mV/s.

Figure89 also highlights changes in Pt n{110}x{100} voltammetry occurring when perchloric aci

replaced by sulphuric acid. As remarked earlier, the effect of the more strepgtyfically adsorbing
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anion is to narrow the potential range offdresponse In this case, the emergence of {111}x{10(
Hupa Step sites is evident at 0.28 P{110} is actually a compound step in microfacet notation

denoted {111}x{111}). Again, tlexide electrosorption peaks are all shifted to slightly more pos
potentials in sulphuric acid electrolyte with the Pt{110} terrace peak at 1.03 V and the {111}x{
step peak situated at 0.93 \his isspecially prominent foPt{10,9,0}) (se€igure90). The increas
in oxide peak intensity between 0.80 and 0.90 V is attributed to the presence of {110}x{100} :
although a comparison with this potential regiin perchloric acid suggests quite a number of

distinct adsorption sites are subsumed within this broad feature.

Unlike for Pt n{110}x{111} surfacésFigure89the 0.17 V 2D Pt{110} terrace featuisammediatel
guenched for n£0, a distinct 1D Pt{110} peak is absent at 0.11 V and a complete absence of
isopotential point for the kha peaks confirms that a simple hard sphere, (1x1) truncation of the
crystd would not fit with the dataCharge observed at potentials negative of 0.14 V apptabe
an offshoot of the broadened 0.14 V peak discussed earlier. For Pt{210}, the emergenge of
charge in the potential range 0.30 to 0.45 V is consistent wighpttesence of narrow {100}

terraceg45].
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Figure90: Expanded oxide potential range of cyclic voltammograms using Pt n{110}x{100} electrodes in Oebi &
sulphuric acid. Sweep rate = 50 mV/s.
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4.2.3Potential dependence of Jsh electrosorption peaks on specific adsorption strengtt
and pH

In order to gain further insight into the electrosorbing species responsible for the principal 2D
Pt{110}voltammetric peaks recorded for G@ooled electrodes, CV data were collected in
electrolytes containing anions of differing specific adsorption strength at almost constaiiteide
included:(bi)sulphate, fluoride, methyl sulphonate and perchloréfgure91). Studies with
methanesulfonic or trifluoromethanesulfonic acids illustrate the effect of-adeorbing anions on
the structure of interfacial watejd6, 47] In addition, the pH dependence of thepktegion of
Pt{110} was investigated using a sodium fluoride b#8}. The datdas shown irFigure92.
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Figure91: Cyclic voltammograms of Ctzooled Pt{110} electrodes a function of increasing anion adsorptioresgth
(sulfate > methyl sulphonate > fluoridéGH™).

In Figure91, the influence of different anions at almost constant pH is shown. The main chang
observed is a shift to more negative potentials of the 0.25 V peak. In refddsjcthe Pct peak we
associated with very weakly specifically adsorbing perchlorate anions influencing the electros
}( v MK, _tainjng species. The presence of an OH containing species during the formatiol
Pct electrosorption state has also been supported using PZTC and thermodynamic gBalyskes

the present study, as the nature of the anion is changed, the systematic potential shift observ
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be interpreted as more successful competition for adsorption sites by the more strongly spe:
adsorbing anion. This interpretation hakeady been used in the case of Pt{111} and Pt{2#9]}o
explain marked potential shifts in the potentialafion adsorption and ultimately, complete

blockage of any FDH bond formation when sulphate is present. (This could be due to the an
effect on HO structure[50]). The data ifrigure92 therefore suggests that in terms of the strenc

of anion specific adsorption, the order of interaction is:
*HO%Z § E u SZ Vv *u0o%Z}v § E (op}E] E % E

It is also noteworthy that the peak at 0.145 V hardly changes potential at all, irrespetthe

nature of the anion indicating that the extent of anion adsorption at such negative potentials
rather small if not zero. This would be consistent with the potential of zero charge occurring
value positive of 0.145 V (to anions at 0.145hé, surface ostensibly bears a negative charge

sites and therefore precludes electrosorption).

Thus, support for the initial assignment of the origins of the majgs 2D Pt{110} voltammetric
peaks (mainly anion electrosorption at 0.25 V, maintjoceelectrosorption at 0.145 V) is eviden

from these anion studies.
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Figure92: Cyclic voltammograms @fOt cooled Pt{110} electrodes as a function of pH
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However, an interesting and ongoingntroversy relating to the nature of the adsorbing species
the Hypqregion of Pt single crystal electrode surfaces may also be highlighted when the pH
dependence of the peaks IRigure92 are scrutinised. For an RHE or Pd/H reference electrode,
Hupa peaks corresponded to just proton electrosorption, there should be no pH dependence si
the potential response should be stificNernstian Figure92 showsthis is clearly not the casan
alternative interpretation of norNernstian effects needs to be formulated. One attempt to do tr
has been to assign nedernstian potatial shifts in kg peaks as a function of pH to complex, no
stoichiometric combinations of H/OH/O adsorbing at for example step[4#¢sThe problem with
this interpretation is the inevitable eexistence (presumably at close proximity at the step) of H
OH on a platinum surface at room temperature whehould spontaneously react to produce wa
according to previous ultrhigh vacuum studig¢S1]. In[44], the authors did indeed note that on
Pt{110} and R1L.00}, there is a small potential window in which H and Oldxist on the surface, ir
what is traditionally called the "hydrogen region". An explanation for this was discussed wher:
stronger bond of OH to these surfaces as compared to Pt{111}nibination with the stabilizatior
of OH provided by water, prevented the recombination of H and OH into water. It is true i@at |
stabilises OH, but spontaneous formation of 20H leads to facile and autocatalytic surface rec
with any H present to fornrvater[52]. Hence, even in the presence ofadsorbed water, the
coexistence of H and OH on Pt at room temperature remains difficult to rationalise. There is
however some eviderhere, that ceadsorption of at leastwo species is responsible for the nor

Nernstian shift in peak potential.

In the present study, differing degrees of specific adsorption of sodium ions and perchlorate ¢
in addition to hydrogen electrosorption may be usednterpret the data inFigure92. This model i
in agreement with very recent work by McCrum and Janik who used density functional theory
predict that the alkali metal cation potassium shosfeecifically adsorb on Pt, especially for
increasing pH53]. In fact, such cadsorption might be involved in the nadernstian shifts in Pt
step peak potential. Much work Babeen undertaken by the Frumkin School in relation to the p
dependence of anion and cation adsorptjb#]. From these studies, it was determined thlaé
specific adsorption of anions and cations is pH dependent. An increase in pH leads to a weal
the interaction of anions with an electrode surface and a strengthening in the interaction of ce
and vice versa. This corresponds in a shift tsemegative potentials in the PZC as anion adsor|
strength increases and a shift of PZC to more positive potentials as cation interaction strengtl

increases.
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In Figure92, the peak at 0.145 V is observed to shift positively at a rate of 18 mV per pH unit ¢
0.25 V peak at a rate of 6 mV per pH unit. The first peak shift of 18 mV per pH unit would be
consistent with stronger interaction of the electrode withdsam cations requiring a more positive
potential to cause desorption (PZC shifts to more positive potentials with increasing pH). The
weakening in the interaction of fluoride anions (shift of PZC to more positive potentials) with t
electrode surface asfanction of increasing pH would then account for the 6 mV per pH unit
positive shift observed for Pt{110}. The magnitudes of the potential shifts probably reflect a c«
interaction between H/Na v " K, ~ddnpetitively adsorbing at tally chargedites. InFigure93,
the influence of both anions and cations is combined for Pt{110} in 0.01 M aqueous perchlorit
and a pH = 2 sodium fluoride buffer. lexdent that since the pH is common to both electrolyte:
the presence of Ngaq) ions causes a slight shift in the 0.145 V peak to slightly more positive
potentials and the faq) ions of the buffer engender a shift to more negative potentials in the
potevS§] o }( $Z iXTA s % | ~8Z C }u% S Uu}E <*p e*(po0OC S.

expected based on the model outlined above
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Figure93: Cyclic voltammetry of CO cooled Pt{110} electrodes a2 piding a NaF buffer (black) and unbuffered 0.01
aqueousperchloric acid (red). Sweep rate = 50 mV/s
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4.2.4CO chargdisplacement measurements of the potential of zero total charge (PZT

In Figure94, CO charge displacement measurements of the potential of zero total charge (PZ
summarised as a function of step density for all surfaces. The total charge is the charge that"
flow if all free charges (mommles, dipoles and electrosorbed species (for exampld)Ptvere
stripped from the electrode surface. CO is an excellent chemisorbate for aahiéns
transformation {or potentials negative of its electrooxidation) and subject to a small correctiog
% E }A] Aop }( %}3 v38]l o 8 Azl zZz 38z zZ v]}vl[ v Z 8]}v
of Pt electrodes to CO are in perfect balance and thus, the PZTC is deteromfedunately, in
most cases, the CO charge displacement method cannairaspthe specific cationic and anionic
charge flow contributions from individual local adsorption sites (steps, terraces and kinks). Re
u C % E}A] ZPo} o A @ P[}( o0 }(8Z <« }JVSEE] us]}ve
Hupa andanion electrosorption states are well separated, it is indeed possible to deduce the

Z (Jv]S8]A [ A op }( Wed U X X (}E WS,iiifuU §Z Po} o A oy
PZT@2, 43] This is important when surfaces such as Pt{110} in perchloric acid are considere
because their voltammetry is manifested as a series ofeaflhed electrosqgption states that spar
the entire Hypq potential range and if it is assumed that each electrosorption state reflects a val
surface charge as a function of potential, then the global PZTC determined using CO charge
displacement may not reflect these llty charged states. However, it is logical to assume that
potentials well removed from the PZTt8e direction of transient current flow should reflect the
majority charge species (cationic or anion€lpse inspection dfigure94 indicates that not only is
the PZTC both structure and anion sensitive but that certain electrosorption peaks must be
dominated by one type of charge. For example, for Pt{110} in pmtickdcid, the PZTC coincides
with the top of the more negative peak of the 0.25 V doubléging the labelling of CO cooled Hu
region from[5] (and shown irFigure95), where P1 signifiethe most negative kq peak aml P6
signifying the most positivehis would broadly indicate that P6 may be ascribed to the
electrosorption of anions and those negative of this potential to desorption of cations. This wc
in accordance with measurements recorded as a functiortbpd varying the sequence
anion/cation highlighted previously. However, if all peaks P1 to P6 do correspond to differenti
charged states, it should also be possible to calculate the PZTC without having to undertake

charge displacement.
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Figure94: Potential of zero total charge (PZTC) as a function of step density for Pt n{1103x{d P1}n{110}x{100}
electrodes

Figure95: CO cooled Pt{110} electrode in 0.1 M HCIOA4. Reprinteddtom
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4.2.5PZTC evaluation without charge displacement?

Figure96 shows a typicaCO cooledPt{110} CV in 0.1 M perchloric acid with appropriate curve
fitting using six Lorentzian peak$eTltable below thershows the values of deconvoluted charge
eachpeak contribution. Also, highlighted in the figure are three local values of PZC centred ai
doublet (see earlier). According to this scheme, peaks P1, P3 and P5 would then correspond
cationic charge states and peaks P2, P4 and P6 to anionic chpvgeE] usS]}veX § §Z
~ A op 38 pe]vP K Z EP ]*%0 u v3eU ]88 ]e A] v8 83Z 8§ W
*§ 8+ o]v 3Z Po} 0 Wed ]* %}]3]A }( }85Z 0} o We (}CE
locally positivey charged surface so are repelled). However, the corresponding P2 and P4 pei
V 0}P}pe E e}ve ¢Z}po A(lJoo _ A]8Z v]}ve ~ ¢ 3 5§ % E
positive charge attracting the anions). The PZTC being at the potentiedkfAb means that only
50% of this cation charge site will be occupied together with 6% of the anionic peak P6. Ther

this breakdown of charge contributions is correct, it is evident that in terms of charge at the P

P2 + P4 + 0.06 x P6 = 085
Wpssl]vP Jv 8Z A op * }( 8Z « ~odfromTable®EP « ~]v R u
P2 + P4 +0.06 x P6 = 4.6688 + 14.4192 + 0.06 x 52.7804 = 202648

And: 0.5 x P5=0.5 x 45.838 = 22.90cn¥

This remarkable agreement between the predicted caodibf global PZTC and the actual value
PZTC determined experimentally lends further support to our peak assignments. Additionally
future work it should be possible to reconstruct each CO charge transient as a function of pot
using such analgs whereby electrosorption peaks may be assigned to positive and negative (
contributions, deconvoluted to determine their magnitudes and then combined as a function ¢
potential (filling and emptying of each state). This analsfstuld beundertakenfor other platinum
single crystal electrode surfaces in order to generate PZTC \amjuréwi In the present study, all

measurements seem to point towards a consistent model involving adsorption/desorption of \
amounts of cations and anions deping on pH, anion/cation adsorption strength and surface

structure.
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Figure96: Curve fitting to the 0.85 V to 0.05 V potential sweep of a Pt{1{D}1) electrode in 0.1 M aqueous perchic
acid. Sweetate = 50 mV/s.
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4.2.6Trends in PZTC of stepped Pt{110} electrodes

Returning toFigure94, the most striking feature of this PZTC data is the disparity in the trends
depending on the nature of the step site. For example, in perchloric acid, increasing surface t
of {111}x{11} steps results in a steady shift to more negative potentials in the value of PZTC.

contrast, for {110}x{100} stepped surfaces, after an initial steady plateau region, for narrow te
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the PZTC shifts to more positive values. Within the model @dlabove concerning locally charg
sites, the shift to more negative potentials in PZTC as n decreases for Pt n{110}x{111} may b
ascribed to a decrease in the intensity of the 0.25 V doublet terrace peak corresponding to P!
the large P6 anion peakinSe P6 > P5, this means that per the definitions outlined above, the ¢

PZTC value must shift to more negative values.

For the more complicated and reconstructed Pt n{110}x{100} stepped surfaces, it is not
straightforward to separate the various alg@ contributions, especially for Pct. However, the
gradual decrease in the intensity of this peak that is observed as the average terrace width
decreases might have also resulted in a steady shift in the PZTC to more negtaiviéafs.
However, fromFigure85it is noted that new kg electrosorption states begin to appear between
0.2 and 0.4 V for n < 4. It iseslated that it is theanion desorption charge in #se states that
pushes the PZTC to more positive values. This trend of increasing global PZTC is even more
pronounced using sulphuric acid electrolyte since the Pt{11Q}states are confined to a narrowe
more negative potential region due to speciiidsorption of sulphate and the newdstates
appearing at more positive potential due to {100} steps are much less affected by specifically
adsorbing anions. This means that the almost static PZTC observed for lower step densities i
perchloric acid isat realised in sulphuric acid electrolyte aimdtead,a gradual shift to more
positive values in the PZTC is seen at all step densities. For Pt n{110}x{111} stepped surfact
sulphuric acid, the almost negligible change in the value of PZTC reflectartiow confinement of
all Hpa peaks within a narrow potential range and therefore, relative changes in step/terrace

contributions make very little difference to the overall PZTC.

Compared to previous reports for hydrogemooled stepped samplgb, 26] the trends reported
in Figure96 are remarkably similar. The only major difference is a sligksetfin the PZTCs of the
COtcoded samples by approximately 16 mV to more positive potentials. This probably refle

the slightly greater degree of disordpresent in the hydrogert cooled samples.

4.3 Conclusions

A comprehensive electrochemical study of €&doled single crystal electrodes vicinal to the Pt{
basal plane has been undertaken. Based on detailed analysis of electrosorption

charges/voltammetry, pH, anion and catieffects and PZTC it is concluded that Pt n{110}x{111
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electrodes are unreconstructed and afford systematic variations,jfnard electrosorbed oxide C)
peaks as a function of step density. In contrast, similar analyses using Pt n{110}x{100} electr
indicate a strong tendency towards surface reconstruction, not necessarily just confined to rel
unstable {110}x{100} steps but also possibly residual terrace sites adjacent to the steps. A ne
model of the Pt{110} igs region is expounded in which lalccharged states that vary as a functiol
potential, pH and ionic adsorption are thought responsible for the variety of CV response rec
The model allows for interpretation of neldernstian shifts in peak potential as a function of pH
the nature of the ions in contact with the electrode surface and points to weak specific adsorp
*} Jpu ]J}ve v (op}E] vli}ve }v WSE,iiif8}P 8Z & A]3Z ~K,_
0 SE}}E%S]}VX D}IE }A EU ]38 e e+ ESvV 3ZVv3iIVQ _«-}P¥EF
the overall Hpq region, one may evaluate the global value of the PZTC without the need of
measuring CO charge displacement. The possibility that this model may apply generally to ot

well-defined Pt electrodes will be theulject of future investigations.
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Chapter Five

Characterisation of stepped Pt single crystals in the [001] z

5.1 Introduction

Platinum is one of the most investigated materials in electrochemistry due to itsbtglity in
numerous electrocatalytic reactiofld. The use of single crystals to investigate electrocatalytic
phenomena plays a key role in identifying the surface structure of the active sites specificall
E *%}ve] o (}E u tgadd peteptivitySIhidduction of the flame annealing method
Clavilief2] facilitated a grat advance in the understanding of many structgensitive reactions .
the atomic scalfl]. Information gained from single crystal studies enables systematic and lo¢
progress to be made in the development of real catalysts (for examplbapeselective
nanoparticle synthesig, 4]). Many studies have already reported on the surface $tmec
dependence of electrochemical reactions at heterogeneous interfaces, including the oxygen

reduction reactiofb-8].

Such studies have beearried out on platinum single crystal electrodes with orientations vicir
both the Pt(111) and Pt(100) planes which afford activity trends associated with the surface
of linear stepf9-16]. Pt(110) and its vicinal, stepped surfaces have been comparatively less \
explored. In this wrk, platinum surfaces in the [001] zone of the stereographic triangle will be
investigated. This chapter in particular employs CV to explore the reactivity, activity and role
specific step/terraced sites in relation to the oxygen reduction and hydrpgeoxide

disproportionation reactions. The impact of the polymer exchange membrane Nafion (used |
oxygen based fuel cells) in altering the surface behaviour of stepped platinum single crystal
electrode surfaces is also explored. Two series of steégpefaces are investigated and trends i
electrochemical properties as a function of average terrace width and the nature of the linea

will be reported. This chapter will provide an introduction to the reactivity of steppdukPt{
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electrodes and &asis for considering changes engendered by changing the cooling environm

the flameannealed, stepped Pt{110} electrodes in particular.

5.2 Results of Pt(S)[n(100)x(110)] single crystal electrode studies

Figure97: Hardsphere models of Pt(S)[n(100)x(110)] single crystal surfaces

5.2.1 Cyclic VoltammetryPerchloric Acid Electrolyte

The voltammetric profiles of several stepped surfaces vicinal to the (100) pole of the stereogr
triangle in acidic media are shownkigure98. These surfaces contairatom wide (100) terraces
< n < 20) separated by linear (110) stdpigure97 illustrates hard sphere models of some of thes
surfaces. Voltammograms were measured in 0.1 M H&id® 0.1 M KHSQ for comparison to
previous electrochemical studies involving single crystal eldes and to differentiate between
electrochemical responses in the presence and absence of specific anion adsorption. There i
agreement with some surfaces that have been reported in the litergliel5, 1720]. However, n
publication has previously shown the corresponding vottasgrams at potentials positive of 0.8
These adsorption states are considered crucial for understanding reactivity trends and are in
here for the first time. For results performed in 0.1 M HCEDqualitative interpretation of the

various voltammegic features is proposed.

Figure98 and Figure99report the voltammetric profiles of the different stepped electrode®ith M
HCIQ. The voltammetric profiles indicate reversible behaviour in the potential window negativ
the oxide electrosorption region (between 0 and 0.8 V), showing the surfaces to be stable un
these conditions. The voltammogram of Pt(100) is ctimr@gsed by adsorption states centred at
approximately 0.3, 0.4 and 0.5 V, corresponding i (9.3 and 0.4 V) and QHO0.5 V)
formation[21, 22] Overlap of H and OH adsorption states for all platinum single crystal surfac

(with the notable exception of Pt(111)) in aqueous perchloric acid is widely acknowj2d@eth
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order to understand trends in electrosorption behaviour, we shall adopt thispnégation of the
A E]}us ZZC E}P v pv E%}3 v3] 0 % le ~, hW [ Z E X ,}A
demonstrated that this simple interpretation of the electrosorption at platinum may require sol

revision.

The gradual introduction of lineg110) steps into the Pt(100) terrace, gives rise to a steady chz
in the classical Pt(10@)1x1) voltammetric profilR3]. The new electrosorption states appearing
0.23 V and below 0.2 V which increase in intensity as step density increases may be ascribet
presence of steps formed at the junction of the (110) step @) terrace sites. Previous work t
[24-26] has indicated that this step site is actually highly unstable and susceptible to reconstrt
Here, once again we shall assume that the step site remains stable given its reversibility to pi
cycling in the 0 to 0.85 V range. \Mever, it may be that immediately after flarrnealing and

cooling in hydrogen, some reconstruction at the step may already have occurred.

The step feature itself at 0.23 V is found to shift to slightly more negative potentials (20 mV) v
highly steped surfaces Pt(210) and Pt(310). This effect has previously been reported for
Pt(100)x(111) surfacgx?, 28]and we ascribe the phenomenon to stsfep interactions (the
negative shift in potential is most marked at highest step densities). Contributions to the
voltammogram below 0.2 V also increase with step density, but these features are rather Inwbi
featureless. We have seen already in Chapter three that a similar phenomenon of two
electrosorption peaks corresponding to a single type of adsorption site may be interpreted (bs
on measurements of potential of zero charge, pH and differing catidraaion types) as cations
*}JE JVP § 8Z Uu}E v P S]A %}3 v3] 0oe ~]v §Z]e ¢ % E}S}
more positive potential. If this is the case here, one should expect both the growth in the 0.23
electrosorption peak and thstates below 0.2 V to correspond to electrosorption of (mostly) ani
and (mostly) cations at the step sites respectively. The corresponding attenuation in all #1(40)
terrace features at potentials positive of 0.3 V is also a notable featureedhfluence of steps anc
the systematic decay in terrace peak intensity suggests strongly that the (1x1) surface is forrr
flame-annealing and hydrogen cooling. This would be consistent with previous work by étttaird
who used low energy electradiffraction (LEED) to confirm that stepped Pt(100) electrodes

containing (111)x(100) linear steps all gave rise to (1x1) terminations after such tref28jent

150



60 -
40 - / l
20 +
IE \\\___
(&) =
< oS
S _—
204 —— Pt{100}
—— Pt{20,1,0}
, N —— Pt{10,1,0}
-40 \o 175 Pt{710}
o PY{510}
60 Pt{310}
—— Pt{210}
' 1 ' 1 ' 1 ' 1 ' 1 ' 1 ' 1
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

E/V vs Pd/H

Figure98: Cyclic Voltammograms of Pt(S)[n(100)x(110)] in 0.1 MJHCIO

Figure99 shows the potential range corresponding to electrochemical oxide formation. Only the
positivegoing scans are shown. This is because the subsequent reverse scan indicates marke:
reconstruction of the electrode surface upon stripping of the oxide adlayer. This phenomenon is
known[30] and corresponds to plaeexchange of Pt with oxygen and OH spef2d$. Pt(100)
exhibits an intense peak in thexide region at around 0.98 V. This is ascribed to electrosorbed o)
on (100) terracg®7] and is typical of defect free platinum group electrodes including[ga&]dand
palladiuni32]. As seen in earlier chapters, it is also true of Pt(111) andoofed Pt(110). Between
the potentials 0.65t 0.98 V the current density is minimal and starts gradually increasing as the
potential is swept positive. Upon close inspection there is aldmoalsharp feature at ~0.92 V. This
characteristic of a wellefined Pt(100) surface with minimal or no defects combined with a perfe
flame annedR3, 33] It is often used to identify a high quality Pt(100) single crystal much like the
(absence) of the feature at 0.25 V. At potentials positive of the intense oxide electrosorption pe
the current density does not return tolaw value. Rather, it steadily increases until the oxygen
evolution potential is reached at ~1.6 V (not shown). Although no obvious adsorption features ¢
be elucidated between Pt(100) oxide states and oxygen evolution, current density observed in
region has been ascribed to stronger oxide bonding andssutace oxide formatiof34]. The

potential limit can alter the coverage of oxides and therefore the amount of roughening that occ
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This phenomenon has also been documented previ¢dS]yA good flamenneal will usually return
the original CV features of a weléfined single crystal surface. However, continual excursions to
potentials that roughen the surface can irreversibly damage the quality of the single crystals,

especially going up to potentiads high as oxygen evolution. Hence, this should generally be

avoided.
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Figure99: CVs of Pt(S)[n(100)x(110)] surfaces up to 1.2 V, in 0.1 M HCIO

For all stepped surfaces the oxide adsorption regioesvary broad compared to the Pt(100) and
CGQcooled Pt n(110)x(111) electrodes (see chapter four), with large contributions of current density
in the potential range 0-80.9 V. With the addition of (110) steps, the terrace feature at 0.98 V
diminishes inntensity and therefore, one may confirm that this feature should be attributed to
oxide formation on Pt(100) terraces. Sharp peaks are representative of long range order. It is cleat
that addition of (110) steps breaks up the (100) long range order herlssr inspection of the
voltammogram profiles in the oxide region reveals small overlapping adsorption features between
0.850.92 V which are ascribed to the presence of (110) steps. All stepped surfaces show a main
adsorption state at ~0.8 V. The cobtution of this feature in the CV profile increases with increasing

step density. The Pt(210) electrode exhibits the most intense oxide step peak, a surface which als:
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corresponds to the largest (110) step contribution of all stepped surfaces studied. Eliguev

comparison with C@ooled Pt n(110)x(111) stepped surfaces, all of the step oxide features ar:
rather broad (similar to what was found using Pt n(110)x(100) stepped surfaces (chapter fou
chapter four, surface reconstruction at both the staplaerrace sites was deduced, even for-CC
cooled substrates. In this case, the reconstruction of the (100) terrace sites appears less likel
Hence, a selective reconstruction of the linear (110) steps is proposed to account for the rath
broad electrosoption oxide step feature which seems to consist of a multiplicity of overlappinc
states. This suggestion would be in accord with the low stability of (100)x(110) sites reported

for Pt(110) stepped electrodes cooled in hydrogen and previous st{2#le26]

5.2.2 Cyclic Voltammetr/Sulphuric Acid Electrolyte

Figurel00andFigurel01 show the CV profiles ¢&ft(S)[n(100)x(110¥urfaces in 0.1 M 13Q
electrolyte. These are in good agreement with those already publj2B¢dnd they resemble CVs
seen for other stepped surfaces containing (100) terrfiesl6, 20] This electrolyte contains
strongly specifically adsorbing sulphate anions which inhibi @Hnation[36]. As a consequence
both H,,q and oxide formation are perturbed since{sulphate competes successfully with OH f
adsorption sites. Such modifications are readily assimilated via inspectiiguw&100andFigure
101.

The observation of the characteristic voltammogram of Pt(4@&)1) Figure1l00) shows the
electrolyte to be clean and free from contamination, with peaks centred at 0.22, 0.33 and 0.6
adsorption state at 0.22 V is attributed tegs(anions) at defects and overlaps with the state at (
V, which is large and sharp, corresponding to adsorptidhe (bi)sulphate anion on large, well
defined (100) terraces together with desorption of hydrofgtj. The specific adsorption of sulph
leads to a shift in peak potential compared to observations in perchloric acid media since a ir
negative potential is required to causesdlacement of sulphate anions by the.idayer due to
sulphate being strongly specifically adsorbed compared to OH. The small feature at 0.6 V
corresponds to OH adsorption on (100) terraces. It is small relative to analogous states exhik
aqueous prchloric acid due to the strongly adsorbing bisulphate anion blocking most of the

available OH adsorption sif@qd ].
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Stepped surfaces presenteBigurel00) are seen to deate from the Pt(100) voltammogram, whe
addition of (110) steps leads to the diminution of adsorption states-0.28 V (as seen for the

corresponding peaks in perchloric acid). Thed@tmed at terraces has been inhibited still furthe
by adsorption 6the (bi)sulphate together with a decrease in the available Pt({DX)) terrace site
and therefore only a small electrosorption charge is observed corresponding to the small bun
0.6 V, marked more clearly Figurel01. A similar phenomenon is seen for stepped Pt(111)

surfaces whereby theso oo~ pu38 E(0C % |_ <} 138 A]3Z K, +}C

diminishes in intensity as arfiction of increasing step density/1, 13, 37]

A new feature appears i increasing step density at 0.22 V. This behaviour pattern has been
previously observed for Pt(S)[n(100)x(111)] surfgds Simultaneously, current density at
potentials negative of 0.25 V also increases with increasing surface density of (110) linear ste

hence both can be linked to the presence of steps on the surface.

OH
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Figurel00: CVs of Pt(S)[n(100)x(11®)0.1 M HSQ

Figurel01 shows voltammograms for the Pt(100)x(110) surfaces in 0.23Qkp to 1.2 V, showir

the onset of electrochemical oxide adsorption. Pt(100) shows one main feature at high poten
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relatively sharp peak at 0.98 V. This is the same potential as seen in 0.1 WaHEIOattributed to
oxide adsorption or§100) terracef1, 27] As step density increases, there is a diminution of th
peak at 0.98 V and growth of a new adsorption state rie&0.84 V, corresponding to oxide
adsorption states on (110) steps. Hence, it is apparent that in this case, the presence of spet
adsorbed anions does not inhibit oxide formation. This is unusual since on polycrystalline ele
(see also chapt three) and single crystal surfaces such as Pt(111), sulphate anion specific
adsorption usually results in a shift to more positive potentials in all oxide peaks. It is specule
here therefore that, in the case of Pt(100) vicinal surfaces, in termeraopetition for sites, OH/O
species can successfully compete even with sulphate anions. Close inspeéligaref01 also
reveals that at low step density (e.g. H(1,0)), the step site actually causes the formation of a
small, welldefined peak at 0.8 VV which broadens at high step density and shifts towards mort¢
positive potentials. In chapter four, a similar behaviour for Pt(110) electrodes containing linej
step sites was also observed. In that case,-stejp interactions and possible step reconstructiol
were invoked and hence, it is also proposed here to explain step oxide peak broadening for |
If correct, when (110) linear steps are widely spacedgelldefined electrosorption peak is
generated at 0.8 V (0.84 v on RHE scale) identical in fact to the site at stepped Pt(110) (see
four). Of course Pt(210) is the turning point of the zone on moving from Pt(100) to Pt(110) te
along the sereographic triangle so together with an intrinsic instability and close proximity, so
reconstruction is to be expected leading to the broader range of potential for oxide formation

relative to wellseparated steps.
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Figure101: CVs of Pt(S)[n(100)x(1104 to 1.2 Vin 0.1 M H2S0O4
5.2.3 Nafion

The adsorption of Nafion on single crystal platinum electrodes has previously been used as a
of OHg, as it has been suggested that the Nafion spike nodten for thin layers of Nafion on sin
crystal platinum electrodes, demarcates the region gffom OHg stability{38]. The figures belw
show for the first time, attempts at adsorbing wekfined Nafion on (110)stepped Pt(100) singl
crystal surfaces in 0.1 M HGIO

Unfortunately, the adsorption of the Nafion films showed evidence of some contamination occ
during film preparéion. This is apparent from the blocking of charge in thg tgion, as well as tf
large contributions of charge density at high potentials seen in most of the figures. This is attr
to the organic solvents that the asceived Nafion is stored imhich can be difficult to fully remov
dzZ "~ E e+ PUEE v ve]E] =} « EA § %}3 v8] o« E iXd s
carbonaceous material. Great skill (and luck!) is needed to obtain a truly clean Nafion covere
electrode. Betterguality Nafion films on platinum basal planes have been achieved in other ch
of this thesis and are reported elsewh§s8, 39] When true cleanliness is achieved, thgglegion

usually remains relatively unperturbed in terms of overajsldharge although of course, OH
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adsorption states are modifi¢88]. Despite this contamirieon, some trends are still apparent anc

particular, extrapolations concerning Nafion sulphonate groups may be deduced.
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Figurel02 CVs of Nafion on a Pt(100) single crystal in 0.1 MHCIO
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Figurel03 CVs of Nafion on a Pt(20,1,0) single crystal in 0.1 M4HCIO
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Figurel04: CVs of Nafion on a Pt(10,1,0) single crystal in 0.1 M4HCIO
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Figurel05: CVs of Nafion on Pt(710) in 0.1 M HCIO
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Figurel06: CVs of Nafion on a Pt(510) single crystal in 0.1 MsHCIO
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Figurel07: CVs of Nafion on a Pt(310) single crystal in 0.1 MsHCIO
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Figurel08 CV of Nafion on a Pt(210)single crystal in 0.1 M HCIO

General inspection of the CVs in figures reveal segagalficant changes when compared to Nafio
free surfaces. For Nafion covered Pt(100), a sharp spike is generated igpdhegidn. The
magnitude of the spike depends on the amount and quality of the Nafion log#ing9] The
potential of this sharp peak is close to the PZTC of PfA@OY his behaviour is indicative of
sulphonate adsorption displacing OH spef@8s In particular, it is noted that g states negative of
the Nafion spike remain unperturbed. Addition of Nafion suppresses charge arounav@ar,
which can be labelled as the @lfegion. Some of this charge is displaced into the Nafion spike.
Displacement of Ofdby more strongly adsorbing anions is normal behaviour observed with
Ne% J(] ooC *}E JvP v]}lve U «pu Zating groopsah the Nafiah (stilpfiondte
display such behaviour here, blocking the,0dt the surfaces. The hysteresis in the potential of tl
Nafion spike is much less than observed with Pt([BB1) The magnitude and sharpness of the spil
together with hysteresis in the forward and reverse potential sweeps corresponds tedinde
effectsin the phase transitions occurring in the uniform distribution of variously sized Nafion su

domaing38, 39]

160



In general, it is seen that the magnitude of the Nafioalpeorresponding to Pt(100) terraces
diminishes with step density just as was observed for Pt(111)x(111) electrodes in sulphuric ai
perchloric acid electrolytes [38]. Hence, a decrease in the average terrace width limits the siz
sulphonate domairsize leading to attenuation in the spike. This interpretation is in accordance
predictions made ifi38] whereby the magrude of the Nafion spike was strongly correlated with
domain size. However, the quenching of the Nafion spike is rather marked with the disappeat
this state for average step separations corresponding to n < 10. For stepped Pt(111) surfaces
absence of the Nafion spike was observed at around 38h Two reasons for this difference in

guenching of the Nafion spike are proposed:

i) it may be that relative to the earlier wo[R8], the degree of contamination in the Nafion layer
the present study is simply greater leading to attenuatity random distributions of sitblocking

agents or,

i) The extent of OH formation on Pt(100) and Pt(111) sites is different (since the spike has be
shown to be a probe of local OH formatif38]). Some evidence for this hypothesis may be glea
when the magnitudes of theharge in the OH butterfly peak on Pt(111) and the OH peak for Pt
are compared. The OH charge for Pt(111) is found to be almost double that of RR&.GY] and s¢
it may be that the Pt(100) Nafion voltammetric signature is starting from a lower base than Pt
*} uC ZJe %% E[ § v &o] & s P X

Whatever the reason, for both stepped Pt(111) and stepped Pt(100) electrodes, the Nafion te
peak spike is conigtely attenuated for sufficiently narrow terraces confirming the highly structt
sensitive nature of its adsorption. It is interesting to note that for (111)x(100) linear steps, a st
Nafion peak is also observ§sB]. This means that the Nafion spike is not solely caugeeivaces.
It is suggested therefore that in the present case of (110)x(100) steps, local disorder due to s
reconstruction disfavours an ordered array of sulphonate/Nafion forming thus precluding the

observation of a Nafion spike at these local sites.

For the surfaces not showing a clear Nafion spike, other changes in the CV are evident, whic

associated with the specific adsorption of sulphonate inhibiting tdrmation and causing for
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example kg States to shift to more negative potentials abdcome narrower. This is particularly
evident for Pt(310) and Pt(210) whereby both step and terrace sites shift to more negative
potentials when Nafion is present. The narrowing gfsldeaks has previously been ascribed to
attractive lateral interactionsvithin the electrical double layg41]. Interestingly, a new Nafion
NeY%oll _ %% @Ee (JE WSE~7iie AZ] Z abdiP{(110)AilefaD] armtl wiks figstv &
observed by Markovicand €A} E| E+ pe]vRE Cr% poQv _[3% Thigplicates that
some Pt(110) terraces may be present at the Pt(210) surface as a result of reconstruction of

sites (see earlier).

The presence of Nafion on the platinum surface® dllocks oxide features and shifts them sligh
positive for surfaces containing larger (100) terraces. However, this shift is insignificant comg
what has been documented previously for Nafion on Pt([BB],)39] Considering that an even mc
strongly specifically adsorbing anion such as sulphate cannot cause a shift to more positive
potentials (see earlier), this is not entirely unexpected for the even more weabtyfigally
adsorbing sulphonate although contamination obscures somewhat the details of the voltamm
the oxide region. Contamination also makes it difficult to calculate the surface coverage of th
Nafion from electrosorption charge measurementsiod Nafion spike although in previous work
using identical dosing procedures, a nominal film thickness of 3 nm was evaluated when the

spike reached a maximyB8]. It is probable that a similar situation arises here.

5.2.4 ORR and HPORR

Figurel09shows the RDE voltammetric profiles for oxygen reduction at 1600rpm on stepped
Pt(100) platinum crystal surfaces in 0.1 M HCKDe electrolyte was saturated with oxygerfdre
and during use. The voltammetry was recorded between 0 and 1 V. The curve for the Pt(100
shows characteristic behaviour with a we#fined limiting current density value as reported

previously42].

Inspection of the voltammograms reveals that the onset for oxygen reduction is ~0.9 V and fc
surfaces a limiting current, is obtained between 0:B.4 V. This signifies a rather large

overpotential (deactivation) of the ORR, considering that the equilibrium potential for the ORF
occurs at 1.23 V. The voltammograms show two sequential current drops in the potential ran

below~0.23 V. The first drop in catalytic activity for the oxygen reduction starts at 0.23 V. Thi
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plateaus at ~0.D.15 V before another current decrease until ~0.04 V. This reduction of current at
lower potentials has been attributed to adsorbed hydrogerttoa surfaces. In this potential region,
oxygen (or any other relevant intermediates) need to compete with adsorbed hydrogen for
adsorption sites. Previous examination of stationary voltammograms show that in this potential
region, Hpqd has already formedmthese surfaces. Therefore, a minimal coverage of hydrogen may
first be necessary to block the oxygen adsorption. In this low potential range, hydrogen peroxide
formation has previously been detected on other surfgd8% demonstrating that only two

electrons are exchanged. In fact, the results reported here are completely in accordance with
models of ORR in which site blocking by anions/hydrogen/contamination lead to a switch from a 4e
(water formation) to a 2e transfer (hydrogen peroxide formation)qass. A geometrical site

blocking effect has been proposed to explain this phenomenon (two contiguous, adjacent metal

sites required for the 4e process, 2e transfer when this condition is no{4dt
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ad ///
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-2 - ///
E -
(&)
<{ -3 4 3.2 { T 1
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-~ E/V vs Pd/H
-4 / “\ —— Pt{100}
—— Pt{20,1,0}
—— Pt{10,1,0}
5 - Pt{710}
Pt{510}
P{310}
- _ —— Pt{210}
T T T T T T T T T T 1
0.0 0.2 0.4 0.6 0.8 1.0

E/V vs Pd/H
Figurel09 RDE CVs for Pt(S)[n(100)x(110)] up to 1V, at 1600 rpm, in 0.1 M HCIO

The 2e oxygen reduction ihé potential range 0.2 to 0 V decreases significantly as a function of

increasing step density (ORR current increases). This means that hydrogen peroxide formation is
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water in this potential range and is consistent with the knowhdpgour of platinum towards the

ORR47].
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Figurelll: (a) stationary CV of Pt(100), underaxd (b Pt(100)) in the RDE at different rotation rates, undeBGth in O.
M HClQelectrolyte.
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Figurel12 ORR Analysis of Pt(100) from RDE experiments where (a) shows a Levich plot and (b) shows the co
Tafel plot.
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Tafel plots are presented for all surfacesigurel13 where more information regarding the

possible mechanism was elucidated. Although straight line sections (Tafel slopes) are difficult to
isolate due to their close pramity to one another (and therefore estimates of gradients are subject

to errors), the figure shows how the vicinal surfaces exhibit similar kinetic behaviour. The number of
electrons up to and including the rate determining step, are calculated froratappbverpotential

VS logo(jirans), Where dansis the current density in absence of mass transport.

— High Overpotential
Low Overpotential
-300
-375
L
©
o
) -450 -
>
>
S
2 -525 -
-600

-4.5 -4.0 -3.5 -3.0 -2.5 -2.0 -1.5 -1.0
Iog 10 Jtrans

Figurell3 Tafel slopes for Pt(S)[n(100)x(110)] surfaces showing similar gradients

The exchangeurrent density reflects the magnitude of the electrochemical rate constant and can
be calculated by extrapolation of the Tafel slope (valugfjS {AieX P ]JvU pe }( 8Z
subjective choice in deciding the tangent to the curve, the values aftiepd are subject to error.
However, the values obtained here were of a similar magnitude to other stepped surfaces found
previously45]. For ORR, Tafel plots showed a change in gradient, which is an indication of
mechanism chandd8]. Therefore,d ( 0 %0}3* A @ } § v (}E& "0o}A_ ~ }EE -
JAE euyE( e+ v "ZIPZ_}A E%}3 v38] 0 E VP ¢+ ~ }EE *%}Vv ]Vl
§Z }& S] o0 *0}% }($Z (}&uU & *Z}po <p 0 Oi usl (}J& 1 o ¢
}JA E%}3 v8] o & vP v ifi usl (JE i o SE}v S8E ve( & Jv 8Z
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the latterf42]. The Tafel slopes have been estimated for all surfaces and are shdviguirel14and
Figurel15X 3§ "0}A_ }A E%}3 v8] o*U §Z vpu E }( o SE}ve p¢
evaluated to be between 1:4.8. This is a slight deviation from the expected value of 2 and it is
speculated that surfacesontaining varying amounts ofyand OHgswith differing abilities in
influencing oxygen activity in this potential region may lie at the heart of this effect. For exam|
Pt(111) inwhich a strongly adsorbed L#&tllayer is fully formed at low GRoverpotentials, it is
reported that a Tafel slope of 54 mV dds observef#9]. This is also true of Pt(311) in which all
sites bear a strong oxide phase adsorbed at all sites (turning point of zone so consisting entir
linear steps). Hence, surfaces covered in lower amounts ef @ldxide would be predicted to
exhibit a somewhat higher Tafel slope. Pt(100) is an example of such a surface since the am
terrace OHgsis half that of Pt(111) (see earlier) and oxide at terrace sites forms fully at slightly
positive potentiao* X & ~"Z]PZ_ }A E%}3 v8] oeU §Z vpu E }( o §
was ~1 for all surfaces in accordance with previous st{#¢¢sHence, the first rate limiting step ir
the ORR for all stepped surfaces studies not covered in significant amounts of eitbbeiGblgsis

proposed b be:

Pt + @+ H (aq) + e = PtOOH (ad)

Markovic and ceworkers have previously proposed a model of how adsorbed OH (in addition
blocking) alters the adsorption energy of ORR intermediates, therefore having a deleterious €
on ORR kirteeg[50]. This also could explain why the Tafel slope (and ORR mechanism) chang
low overpotentials. The nature of the4tH bond at these potentials is still debated as to wheth
Pt-OH could be ionic or completely covalent as a function of potg¢bfialWhatever the true natur
}(8Z -KWS }v U ]88 Z » V % E}%}e 8Z § §Z]e }v Z vP « ]§
%3}8 v8] o ~]v }JCE & 8§}~ }E _ v o SE}v o} tefhce must Fahsfer
over to the OH side thus generating Qad) which immediately is neutralised by protons to form
water). The extent to which this transfer happens will determine the overall bond strength anc
even after the POOH bond is formed, ghould not be assumed that its binding with potential is

constant. In addition, it should be noted that if OH forms at more negative potentials (e.g. on
compared to on Pt(111)), it should be expected that this OH species will be more polarisgidex
potential (say ORR range) and hence, prove more capable of blockaug@ption. It is proposed
that this idea may explain the superior intrinsic activity towards ORR of Pt(111) compared to

The introduction of steps (both for Pt(111) aRt{100) should lead to the brealp of OH domains

formed on these terraced surfaces. Therefore, a decrease ibhd@king by OH species is to be
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expected and a general increase in ORR activity result. However, too many steps not only linr
number of errace sites for 4e transfer (by definition) but also introduces a greater amount of <
blocking at ORR potentials since step sites become oxidised (OH forms at lowest potentials ¢
and so the polarisation of this species at ORR potentials isggteattall leading to spontaneous
oxide formation (ORR requiresetallicsites to take plac§9])). This model of the crucial role of
metallic sites being blocked by OH species successfully interprets the volcano curve of activit

reported here and also similar relationships found in previousiet#B, 49, 52]

Theoretical calculations predict Pt(111) to be the best Pt surface for ORR under acidic cdb8it
It is interesting that this theoreticarediction proves correct experimentally only for alkaline
electrolytes but not in acid. In fact, it is Pt(331), a surface comprising 3 atom wide (111) terra
with linear (110) steps that has been shown to be the most active pure Pt surface for ORR in
HCIQ[46].

The assumption that the nature of adsorbed OH changes with potential and hence controls tF
change in Tafel slope also then explains why only a single Tafel slope is obsenikR forkBQ
solutiong54], where the sulphate anions block the adsorption of OH (OH changibading is not

relevant since it is displaced by sulphate).

Low Overpotential
Surface No of electronsn rds jo! A cm?
Pt(100) 1.4 1.92 x16
Pt(20,1,0) 1.5 6.35 x10
Pt(10,1,0) 1.7 2.02 x16
Pt(710) 1.6 3.86 x10
Pt(510) 1.5 6.98 x16°
Pt(310) 1.6 3.88 x10
Pt(210) 1.8 7.95 x101

Figurell4: ORR Tafel analysis for low overpotentials for Pt(S)[n(100)x(110)] surfaces
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HighOverpotential
Surface No of electronsn rds jo! A cm?
Pt(100) 0.9 1.35 x16P
Pt(20,1,0) 1 5.26 X100
Pt(10,1,0) 1 4.52 x10/
Pt(710) 1 3.03 x10/
Pt(510) 1 6.51 x10/
Pt(310) 1 8.11 x10/
Pt(210) 0.9 1.34 x16

Figurell5 ORR Tafel analysis for higberpotentials for Pt(S)[n(100)x(110)] surfaces

5.2.5 Effect of ORR experiments on the Pt surfaces

The effect of the flame annealed Pt surfaces being exposed to gaseous oxygen during the O
investigated. CVs were taken before and after the ORR experiments and are shHeguréi16.

From these, an electrode exhibiting higher step density shows to be less perturbed by the OF
experiment, as the CV before and after ORR match closely. This finding haseal$ouvel for high
Miller index structured nanoparticl§s5]. This may simply reflect the fact that the more stepped
surface is, the less order it has to lose. The data shows no aeglapments in terms of steps,

suggesting terraces of n < 4 atoms are more stable towards surface reconstruction under Ok
conditions. For surfaces containing low densities of steps, transfer of intensity from the Pt(1(
(1x1) peak at 0.3 0.4 V to thepotential where defects usually occur ( < 0.2 V) indicate that eve

though the potential was kept below 0.85 V, exposure to ORR conditions resulted in significa

reconstruction of all Pt(106(1x1) terraces.
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5.2.6 HPORR

The results for the activity of Pt(S)[n(100)x(110)] crystal surfaces towards hydrogen peroxide
oxidation and reduction are showfigurel173). Results are shown for Pt surfaces in a 1 mb H

0.1 M HCI®solution using an electrode rotation rate of 1600rpm.

The voltammograms follow a similar profile to that seen for the ORR results; however, they a
the same. There are threeg@ns that can be described: the low potential region (E<0.3 V), the
limiting current potential range (0-8.7 V), and the high potential region (E>0.7 V). In the low
potential region of the reduction (0.3 V), the changes observed are similar to thosnse the
ORR results wherebyddadlayers appear to inhibit hydrogen peroxide decomposition althougl
this case, water formation is expected (not hydrogen peroxide!). The current drop below 0.3 \
more dramatic for large terraced Pt(100) surfaces.éxample, the Pt(100) electrode displays
greatest reduction in current from 0.28.15 V and less so for the more stepped electrodes. Ox)
reduction at a kha covered surface forms hydrogen peroxide, a 2 electron process as describe
previously. At lowpotentials, the kK Seems to act as a site blocking species against the hydrog
peroxide reduction, resulting in the current tending towards zero g@sddverage increases. This
very interesting result in itself since at these potentials, the electrode is very negative of the
standard reduction potential of hydrogen peroxide and reaction is strongly thermodynamically
favoured44]. The reason why the highly unstable hydrogen peroxide is stable when interactin
a hydrogen covered terrace is unknown. FolPL(), the same phenomenon is obser{&sl.
Certainly by introducing steps, the hydrogen peroxide decomposition is indeed strongly catal
signified by the tendency to reach the limiting current density for the 2e hydrogen peroxide

reduction to form water.

At potentials belowd.7 V, only the 2 electron reduction of HP occurs, confirmed by measurem
of the variation of limiting current with rotation rate. Between @0 V, the activity changes from
reduction to oxidation of hydrogen peroxide very quickly. The potential atthis occurs change
depending on the geometric nature of the surface, the electrolyte and the rotation rate and th

potential has been tabulated below.
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Potential for HPR/HPO
Surface
crossover (vs. Pd/H)
100 0.930
20,1,0 0.928
10,1,0 0.911
710 0.907
510 0.896
310 0.875
210 0.870

In these studies, the switchover occurs at a lower potential for single crystals with higher steg

density. This has been observed for other platinum stepped suifi#@kpd he change from oxidati

(HPO) to rduction (HPR) or vice versa occurs at a potential at which surface oxide formation

commences. These results indicate that surface oxides catalyse the HP oxidation reaction, a

stepped surfaces form surface oxides at lower potentials and show a crossowvethie HPR to HF

at lower potentials. More explicitly, a correlation of step oxide formation in earlier CVs with th

change in the potential of the hydrogen peroxide wave is observed.
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£
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E/V Vs Pd/H

Figurell?7: CVs fothe HPORR experiments of Pt(S)[n(100)x(110)] surfaces
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As mentioned above, previous studies of hydrogen peroxide on polycrystalline platinum atti
the switch from reduction to oxidation as corresponding to a change in the oxidation state ¢
platinum surface (reduction on metallic sites and oxidation on oxide covered suface$eliuet
al. also recently reported the importance Pt oxides play in hydrogen peroxide oxidation in
Pt(111)56]X , E U A Z A 3ZJuVE}++}A E %}]vs C Z VP]VP +8§

suggestions made with polycrystalline samples that adsorbed oxide is crucial for HPO.

1.00 ~
Tafel Analysis for HPOR
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Figurell8 Tafel slopes for HPOR of Pt(S)[n(10@)(Isurfaces
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Tafel Analysis for HPRR
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Figurel19 Tafel slopes for HPRR of Pt(S)[n(100)x(110)] surfaces

Analysis of the hydrogen peroxide is quite different to the ORR since the hydrogen peroxide
consists of two overlappmprocesses, hydrogen peroxide reduction and hydrogen peroxide
oxidation. Some parallels can be made between this and the ORR but it is important to unde
that the relative positions of the waves shown are not related. For the ORR, the half wavéa
was found to shift in a volcano trend with step density, whereas a linear trend discussed abc
seen for the hydrogen peroxide studies. One thing is certaiQ Bpecies have been found to
negatively affect the ORR activity but positively afteet HP oxidation reaction. Tafel analysis t
been undertaken and the results shown below. Individually, for each of the oxidation and re«
reaction, there is no change in Tafel slope, indicating no change in mechanism for each indi
reaction (they are mass transport limited in both cases). Tafel slopes observed for all [Pt
n{100}x{110}] surfaces for hydrogen peroxide reduction varied frofd77éV/dec. This is differe
to experimental data found in referend49]. As step density increases, the gradient of the Taf
slope decreases. Alis potential range the changes which could be attributed to more oxide
adsorbed on the surfaces and hence influencing the change. For the hydrogen peroxide oxi
Tafel slopes vary from 785 mV/dec. The gradient of these slopes becomes larger weteasing

step density, opposite to that found for [Pt n{111}x{100}] surfaces. The deviation from previc
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result449] has been attributed to the adsorption of moreidg species on thee Pt surfaces at this

potential range.

5.3 PtE)[n(110)x(100}4ingle crystal electrodes

We now switch from electrodes containing linear (110) steps on (100) terraces to surfaces in w
linear (100) steps on (110) terraces form the central structural motif. In chapter four, it was alre
emphasised that by cooling Pt(S)[n(110)x(100)] segac CO after flamannealing that some
instability arises in the surface due to reconstruction. In this section, hydrogeled Pt
n(110)x(100) stepped electrodes ( n > 2) will be investigated in order to complete the picture st
as the stability ofhese more open electrode surfaces are concerriggure 120 shows hard sphere
models of some Pt n(110)x(100) (n = 2, 3, 5 apdurfaces. Togethavith the data reported in
chapter four, previous work discusses the possibility that these surfaces are highly unstable ar

facet easilj20].

Fgure 120 Hard sphere models of Pt(S)[n(110)x(100)] single crystal surfaces

5.3.1 Cyclic VoltammetrPerchloric Acid Electrolyte

Figurel21reports the voltammetric profiles of a range of Pt[n(110)x(100)] electrodes in 0.1 My F

in good agreement with earlier repof0].
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—— P{110}
—— Pt{20,19,0}
—— Pt{10,9,0}
Pt{540}
P{320}
—— Pt{210}

T T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

E/V Vs Pd/H
Figurel21: CVs of Pt(S)[n(110)x(100)] surfaces in 0.1 MHCIO

Figurel21shows both foward and reverse potential scans betwee® @ V in 0.1 M HCIOThe
voltammetric profiles reach stationary distributions of various reversible adsorgkmorption

states as long as the upper potential limit is below the oxygen adsorption region ¥t 0.7

When compared with CGOooled data for these surfaces in chapter four, the lack of good two
dimensional long range order in all electrodes is clear as signified by the absehe¢hwée

intense doublet features observed at 0.2, 0.15 and 0.09 V (Pd/H) normally seen witboGled
electrodes and the strength of intensity of the brodd o ¢¢] o V&SE&IES % |_ }E "
shortat 0.2 V confirms the instability of the surfasteucture. Since all of these less ordered featu
formed after flame annealing and hydrogeooling have been discussed already in chapter fou
and are found to agree in terms of voltammetric response with work published in refef2@két is
re-asserted that all hydrogemcooled Pt n(110)x(100) stepped surfaces contain surface disordel
(both terraces and steps). It is noted that the tathhrge under the adsorption peaks between 0
0.25V, is larger than 147 uC ¢fthe charge expected for one monolayer of adsorbed hydrogen
(1x1) (110) surface, assuming 1 H atom per site) suggesting other adsorption processes (suck

water splitting b form OHgg), could be occurring in this potential region. In chapter four, by usin
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values of PZTC together with changing the nature of the electrosorbing cations and anions, t
assumption was confirmed. Unless in the unlikely event of disorderedpbgd t cooled samples
no longer giving rise to H and OH adsorption at different adsorption sites (one dimensional a
dimensional (110) sites and (110)x(100) steps) in thepgdtential region applies, we assign both
the broad 0.09 and 0.2V peaksfoJ*}E & _ ¢S % v S EE ]S o« E %
noted that as step density increases, the ability to differentiate between &1 hydrogent coolec
samples becomes less and less demonstrating that for very open surfaces, evaol@@is
insufficient to keep the electrode surface in a pristine, unreconstructed state (contrast with Pt
n(110)x(111) behaviour).

Figurel22shows a highepotential range, going up into the oxide region. This has not been
previously reported for any stepped Pt n(110) x(100) surfaces in this electrolyte. Again, only 1
forward scans are shown, as increasing the scanning window results in an unsymmasifitabp

adsorbed oxides change the arrangement of the surface.

The Pt(110) CV shows three distinguishable features in the oxide adsorption region at 0.75, (
0.97 V. The feature at 0.75 V is small but reasonably sharp, the feature at 0.85lés amdless
defined and the sharp feature at 0.97 V is large. The peak at 0.97 V has previously been asc
electrosorbed OH/O species on the terrace whereas the peaks at the lower potentials are as
to electrosorbed OH/O species at defecesitDefect sites here include the steps and kinks. The
peak at 0.85 V has also been seen in chapter four for the €&0led electrodes (0.9 V vs. RHE) ¢
may tentatively be ascribed to adsorption at (110)x(111) linear steps. Of course, as noted in
four, this electrosorption site should be absent from Pt n(110) x(100) stepped surfaces. Henc
presence supports the assertion that the (110)x(100) step sites exhibit marked reconstructior
peak at 0.75 V has previously been seen using hydrogeémigrogencooled Pt(110) electrod§sa].
There,the( SpPE A - V1 §} E&J]e (E}lu }AE] (JE&uU S]}v }v §Z
consequence of residual (1x2) reconstruction. These very low coordinated surface atoms are
expected to be the most oxyphilic of all Pt sites and thus exhibit thedbwsdde electrosorption

potential.
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Pt(110) is a basal plane atomic arrangement, yet its surface begins by being stepped; therefc

addition of steps to this surface will likely bring about more than one step feature and hence r

than one type of adsotjon site.

140 - Oxides
—— Pt{110}
— Pt{20,19,0}
1204 | —— Pt{10,9,0}
Pt{540}
Pt{320}
1001 | —— pt210}
. 804
= .
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<
3 60
40 4
of N\
1 & Terrace sites
0 T T T Tﬂl T T T T T 1
0.0 0.2 0.4 0.6 0.8 1.0 1.2

E/V Vs Pd/H
Figurel22 CVs oPt(S)[n(110)x(100)] surfaces upto 1.2 V, in 0.1 MHCIO

Overall, addition of (100) steps leads to a broader, less defined oxide adsorption region. In p¢
the feature corresponding to oxide adsorption on terrace sites at 0.97 V, diminishes very quic
with the addition of steps. The Pt(20,19,0), (a 20 atom wide (110) terrace), shows the peak al
is almost half the size compared to the Pt(110) profile. 8dsorption state at 0.85 V is attenuatel
The adsorption states at 0.75 and 0.97 V can be ascribed to (110) steps and terraces respec
The adsorption feature at 0.85 V grows with increasing (100) step density and so may be ten
ascribed to oide adsorption on (100) step features. Moreover, it occurs at precisely the poter

the step feature found with low levels of linear step sites.
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5.3.2 Cyclic VoltammetrySulphuric Acid Electrolyte

Figurel23shows the voltammograms of Pt(S)[n(110)x(100)] surfaces in 0.SK &lectrolyte.
These are closely matched with those shown by Fetlal. previously20]. Again, comparison is

made with the same data for CGcooled samples in chapter four.

22519 — Pt{110}
—— P{20,19,0}
—— Pt{10,9,0}
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Pt{320}
—— P{210}
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0.0 0.1 0.2 0.3 0.4 0.5 0.6

E/V Vs Pd/H
Figurel23 CVs oPt(S)[n(110)x(100)] siaces in 0.1 M $5Q

It is seen that in this case, introduction of (100) linear steps show a stepwise deviation from tl
Pt(110) hydrogeftooled voltammogram so the influence of the expected (1x1) hard sphere
representation of thadealised surface is operative, it is just that all peaks are broadened As ¢
density increases, the characteristic adsorption state near 0.1 V decreases. This can be ascr
disordered (110) sites at both terraces and steps. For surfaces exdibitb the broad adsorption
state 0.150.25 V, grows and becomes more defined as step density increases. The Pt(320)
voltammogram shows the appearance of 2 new peaks in this potential region; one at 0.16 V ¢
V. The Pt(210) also shows the same feasumith the peak at 0.21 V much larger. These new st
visible with the addition of (100) steps can be associated with adsorption processes on (100)
When these samples were CO cooled in chapter four, a broadly similar trend was also obsen

confirming that even Ceooled samples are strongly reconstructed.
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Figurel24shows the voltammograms of the Pt(110)x(100) surfaces in 0.39@Hip to 1.2 V. Onl
the forward scan is shown for reasons described previously. For all surfaces, excursions pas
potentials of 0.6 V show the onset of electrochemical oxide formation. Some of the oxide ads

processes here are reversible but get mixed itihuhe irreversible ones.

The Pt(110) CV shows characteristic oxide adsorption states at 0.82, 0.88 and 1.0 V. The shi
more positive potentials relative to perchloric acid electrolyte reflects the specific adsorption ¢
sulphate anions inhibiting cde formation (the shift of kha peaks to more negative potentials
relative to perchloric acid is also a manifestation of this phenomenon). Introduction of (100) s
shown to cause the large oxide adsorption peak at 1.0 V to diminish. This featuse attnibuted
to oxide adsorption on (110) terraces. For surfaces containing terraces of n>5 atoms, the ads
state at 0.88 V grows and becomes more defined. These features can therefore be attributed
oxides on (100) steps. The feature at 0.8 ¢ alsreases slightly. For the Pt(320) and Pt(210), tt

features increase, but also broaden and become amalgamated into features that are more di

to elucidate.
— Pt{110}
— Pt{20,19,0}
—— Pt{10,9,0}
200 -
Pt{540}
Pt{320}
— Pt{210}
150 -
IS
(@]
<
3
= 100 +

E/V Vs Pd/H

Figurel24: CVs of Pt(S)[n(110)x@) sufaces up to 1.2 V, in 0.1 M$Q
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5.3.3 Nafion

The nest six figures show attempts at adsorption of Nafion films on Pt(110)x(100) in 0.1 M H:
The adsorption of Nafion films show contamination (especially for Pt(320)) as signified by lar
eledrooxidation currents appearing in the oxide region at potentials positive of 1 V (see earlie
However, for Pt(20, 19, 0) and Pt(10, 9, 0) the amount of contamination is minimal as exemp
very low electrooxidation currents relative to the cleanface positive of 1 V. Itis noted that on
again, a correlation is seen between the magnitude of the Nafion induced Pt(110) terrace fee
0.11 V and the extent of Pt(110) terraces. Pt(320) does not give rise to a Nafion spike but th
clearlydue to contamination effects since all of the other surfaces do. It is also interesting tha
shift of 40 mV to more positive potentials is seen in the peak for Pt(210) demonstrating that <
step interactions for sulphonate groups may also be occurkiogvever, the trends seen are very
similar to those reported earlier and in previous studi@®, 39]whereby Nafion adsorption leads
weak specific anion adsorption effects causings pleaks to both shifhegatively and narrow. Tha
the Nafion spike is observed for all surfaces save for Pt(320) also marks out the Pt n(110)x(1
stepped surfaces since for both Pt n(100)x(110) and Pt n(111)x(100) and Pt n(100)x(111), fo
the spike disappears. Reasdosthis clear difference are unknown at present but it is speculat
that the Pt (110) terrace site affords a particularly stable configuration for sulphonate groups.
Unfortunately, Nafion adsorption on Pt n(110)x(111) electrodes was not explored studis.

However, it is predicted that here too, the Nafion spike will be seen at all step densities due t

presence of (110) terrace sites.

The position of the terrace Nafion peak is somewhat negative of the PZTC reported in pure
perchloric acid38, 39]but this again is completely consistent with the stronger specific adsorg

of sulphonate groups relative to Q441].

The presence of Nafion on the platinum surfaces is shown to fully block the electrochemical
adsorption state at the lower potentials (0.75 V), attenuates and shifts the @edl85 V by
approximately 10 mV but when clean, hardly affects the oxide terrace peak at 0.98 V at all (s
example Pt( 20, 19, 0)). Clearly, the strength of specific adsorption of Nafion with Pt(110) oxi
insufficient to cause potential shifte more positive potentials, as was found with stepped Pt(1

0 8E} + Eo] E v §Z]* Z %% EX dZ <p v Z]vP }( §Z X6
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some lifting of this reconstruction may have occurred by Nafion adsorption but similar behav
exhibited by stepped Pt(110) electrodes in sulphuric acid (see figure 5) tends to suggest tha

adsorbed oxide has been displaced by the more strongly specifically adsorbing anion into a

at a more positive potential.

140 -
— Pt{110}
—— With Nafion

120 +

100 +

80

60

jl PA cm™

40 4

20

0 T T T T T T T T T T T T T 1
0.0 0.2 0.4 0.6 0.8 1.0 1.2 14

E/V Vs Pd/H

Figurel25 CVs of Nafion on a Pt(110) single crystals in 0.1 M4HCIO
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Figurel26: CVs of Nafion on a Pt(20,19,0) single crystals in 0.1 My HCIO
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Figurel27: CVs of Nafion on a Pt(10,9,0) single crystals in 0.1 MyHCIO
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Figurel28 CVs of Nafion on a Pt(540) single crystals in 0.1 MsHCIO
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Figurel29 CVs of Nafion on a Pt(320) single crystals in 0.1 MsHCIO
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Figurel30. CVs of Nafion on a Pt(210) single crystals in 0.1 M4yHCIO

5.3.4 ORR and HPORR

Figurel31shows the voltammetric curves for ORR at 1600rpm for Pt(110) and Pt n(110)x(10
surfaces in 0.1 M HCIOThe electrolyte was saturated in oxygen before and during theraxents

The voltammetry was recorded up to 1 V.

The wave for Pt(110) is in accordance with previous studies showing that a limiting current is
reached at around 0.3 V and that the onset of ORR occurs around [@25 Fhe (100) linear
stepped surfaces have not been reported previously but show similar behaviour to the Pt(11(
electrode. The deactivation of the ORRagain significant considering the equilibrium potential
§Z]e & 3]}v ] iXii sX Z UEA « (}J00}Ae 3E 5§ Z NN e
H.pa potential region of the voltammogram, the current drops in two sections after readkmniting
current near 0.3 V. There is a small, gradual current decrease betwe®03.¥ followed by a
sharper, larger current drop between 005V. This behaviour at potentials below 0.3 V is usual
attributed to H,,q adsorption blocking sites and gahiing the ORR from a 4e to a 2e process witl

subsequent production of hydrogen peroxide (see earlier).
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The area of the ORR results we are most interested in however is in the upper potential regic
(E>0.6 V). The main difference between the surfaceth®ORR profiles evident in the S shaped
curves is the potential at which half the limiting current is observed. The trengb mcEvity is
shown more clearly ifrigurel32 where Pt(20,19,0) is shown to exhibit the highest activity.
Generally, as step density increases, thedetivity decreases. However, theFactivity for Pt(110]
falls between Pt(320) and Pt(210), so not quite on trend. Although Pt(20,19,0) gives the best

for these surfaces investigated, this is still 0.38 V below the equilibrium potential for the react

0| | — PH110}
—— Pt{20,19,0}
1 | —— Pt{10,9,0}
1 Pt{540} [
Pt{320} |
| | —— Pt{210}
-2 4

o.

&

jl mA cm

E/V Vs Pd/H

j/ mA cm?
I

T T T T T T T T T T |
0.0 0.2 0.4 0.6 0.8 1.0
E/V Vs Pd/H
Figurel31: CVs of RDE experiments of Pt(S)[n(110)x(100)] surfaces in 0.14M HCIO
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Figurel32 B/, values for Pt(S)[n(100)x(110)] surfaces
Levich and Tafel analysis has been undertaken and results are shBiguiel33. A 4electron
reduction was calculated for all surfaces correspondingomplete reduction of oxygen to water

this potential range. This is consistent with the known behaviour of platinum towards th2QRF

Tafel analysis has been undertaken to gather more quantitative data on the experiments. The
number of electrons up to and including the rate determining step as well as the exchange ct
density (corresponding to electrochemical rate constant) hasbeen (ES | v }v }8Z ~Z
N"o}A _ %}3 v8] 0 E VP ¢ Vv 0}P}ue 8} §Z 8§ %% E} Z pe % E
clearly in tables, ifrigurel34andFigurel3s. dZ ZSZ }@& S§] of *0}% }( $Z o]
usl (JE T o SE}v E p 8]}v ]v 8Z ~o}A_ }AIESH) & Vééctoor
SE ve( & Jv 8Z "~Z]PZ_ }A E%}5 v3] o E vP X § “0}A_}A G
and including the rds were between 1178. This is a slight deviation to the value of 2 that woulc
expected. This is attributeabithe surfaces containing adsorbed oxide species changing the na
the surface in this potential regip48] 3 "Z]PZ_ }A E%}3 v3] oU §Z vpu |
including the rds was 0-Z.0 for all surfaces. Although these surfaces deviate from theoretically
proposed values, they are similar for all surfaces, suggesting that the same mechanism occu

atomic arrangements of platinum fcc surfaces.
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Overall, the Pt(S)[n(110)x(100)] surfaces are shown to be more active for the ORR than
Pt(S)[n(100)x(110)]. Spécally, Pt(20,19,0) is reported to be the best platinum surface from the
[001] side of the stereographic triangle for ORR activity. There is a caveat to this data that m
remembered (in contrast to all other hydrogen cooled electrodes). In thisgghiedhas been prover
that hydrogen cooling of stepped Pt(110) surfaces will lead to significant, intrinsic surface dis
Hence, if the formation of a wetirdered OH adsorbed phase at terrace sites precludes effectiv
ORR electrocatalysis by virtugits siteblocking capabilities, it therefore follows that breaking uj
§Z]*s ojJvP E vP }E & u C P]JA E]J* 38} (o JvE E%E § §]
been demonstrated for hydrogemnd COcooled Pt(110)58] whereby the C&ooled surface, by
virtue of sustaining welbrdered andarge (1x1) terrace domains was significantly less active th
hydrogen cooled equivalent. In the context of the stepped surfaces here, future work on ORF
needs to addressCO }}o ¢S %o %o 0 SE} X /v *%]5 }( 32} A
relationship between step density and ORR activity is not unexpected and the same interpret
the data as before is postulated. Namely, that steps break up long range terrace order leadin
more successful competition for sites by dioxygen rooles relative to adsorbed OH. However, 1
many steps both limits the number of active terrace sites and affords elesidation (and

guenching of ORR) of the surface at more negative potentials.

0o g
o o o O
008 I3 g\ S Q Pt(110)x(100)
-350
T
S -400 4
a
[
>
£
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2
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—— Low Overpotential
-550 T T T T T T T T T T T 1
-4.0 -3.5 -3.0 -2.5 -2.0 -1.5 -1.0

|Og 10 Jtrans

Figurel33 Tafel analysis of Pt(S)[n(110)x(100)] surfaces
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Low Overpotential
Surface No of electrons up to and rds jo! A cm?
Pt(110) 1.7 1.04 x16°
Pt(20,19,0) 1.7 1.09 x16°
Pt(10,9,0) 1.7 9.75 x10
Pt(540) 1.8 3.91 x10
Pt(320) 1.7 9.62 x10
Pt(210) 1.8 1.03 x10

Figurel34: Tafel analysis for low overpotentials for Pt(S)[n(100)x(110)] surfaces

HighOverpotential
Surface No of electrons up to and rds jo! A cm?
Pt(110) 0.9 5.05 x16°
Pt(20,19,0) 0.7 3.82 x16
Pt(10,9,0) 0.8 1.53 x16P
Pt(540) 1.0 3.11 x16
Pt(320) 0.9 6.51 x16°
Pt(210) 1.0 8.65 x16P

Figurel35: Tafel analysis for high overpotentials for Pt(S)[n(100)x(110)] surfaces

5.3.5 Effect of the ORR experiments on theurfaces

The effect of the flame annealed Pt surfaces being exposed to gaseous oxygen during the (
investigated by comparing CVs in 0.1 M HGKJore and after the ORR experiment. These are
shown inFigurel36. From these, it is seen that these highly stepped surfaces are less pertur
the ORR experiment, as the CVs of before and after ORR match closely. This was also see
the chaper for Pt n(100)x(110) stepped electrodes. This may simply reflect the fact that the
stepped a surface is, the less order it has to lose. The data shows no new developments in
steps adsorption features. Rather, broadening of all peaks ame $tansfer of charge fromJsh

peaks at more positive potentials (terraces) to more negative potentials (steps and defects)

observed.
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Figurel36: CVs of before and after RDE experiments in 0.1 MyHCIO
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5.3.6 HPORR

The results for the activity of Pt(S)[n(110)x(100)] crystal surfaces towards hydoegaxide (1 mNV
HO, + 0.1 M HClIgsolution at 1600rpm) oxidation and reduction are showirigurel37. The date
shows typical hydrogen peroxide vammogram curves and are similar to those reported earlie
Current densities have been normalised to 1 ahdmaximum oxidation current and maximum

reduction current respectively) to enable easier comparisons.

—— Pt{110}
Lod | — Pt{20,19,0}
—— Pt{10,9,0} 3
Pt{540} T,
P{320} z
054 | — P4210} Oxidation
" E/\;gfls Pd/H "
0.0 <o

j Normalised

Reduction

0.0 0.2 0.4 0.6 0.8 1.0
E/V Vs Pd/H

Figurel37: CVs for the HPORR experiments of Pt(S)[n(100)x(110)] surfaces

In general, there are three regions that can be described; low potential region (E<0.1 V), limi
current potential range (0-D.7 V), and high potential region (E>0.7IWthe low potential region,
the changes observed are similar to that seen in the ORR results. Here there is only one curi
from the limiting current. All surfaces show a sharp decrease, except Pt(210) which shows a
and more gradual decreasAt low potentials, the Bq has been thought to act as a site blocking
species against the hydrogen peroxide reduction, resulting in the current heading towards ze
Hupa COVerage increases. As this is such a low potential range, it is unlikely thatiteeany Oki

species present even with these stepped surfaces. This could match the sharp current drop ¢
the ORR curvé therefore meaning features below 0.05 are onlydthen above this could be mo

Hupd with some Oldsor H,pa terrace/step beng differentiated, as discussed in Chapter 4. At
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potentials below 0.7 V, only the 2 electron reduction of HP occurs, validated by the variation
limiting current with rotation rate. Between 0-Z.0 V, the activity changes from reduction to
oxidation ofhydrogen peroxide very quickly. The potential at which this occurs changes depe
on the geometric nature of the surface, the electrolyte and the rotation rate and has been plc
into a table inFigurel38. In these studies, the switchover occurs at a lower potential for singl
crystals with higher step density. This trend matches that seen for the ORR activity and has
observed for otheplatinum stepped surfac¢49]. These resudt show that the hydrogen peroxide
oxidation reaction likely occurs over-Btsurfaces and hydrogen peroxide reduction occurs ove
PtOH/PtH/bare Pt metal sites.

Potential for
Surface | HPR/HPO crossov
(vs. Pd/H)

110 0.916
20,19,0 0.899
10,9,0 0.896

540 0.887

320 0.877

210 0.870

Figurel38 Values showing the potential at which the crossover between HPO and HPR for Pt surfaces

Tafel analysis of the hydrogen peroxide results was undertaken. It is more difficult to quantit:
analyse due to the two competing reactions of oxidation and reduction which are both stronc
thermodynamically favoured in the potential range studied. Tafel plots were constructed and
shown in the figures below. Tafel slopes observed for ah{Pr0}x{100}] surfaces for hydrogen
peroxide reduction varied from 7970 mV/dec. This is different to experimental data found in
reference[49]. Generally, as step density increases, the gradient of the Tafel slope decrease
the hydrogen peroxide oxidation, Tafel slopes vary frorl@0 mV/de. The gradient of these
slopes did not show a linear trend with increasing step density. Deviations from the theoretic
expected straight line is evident at each end of the high or low potential spectrum. This coulc
change in mechanism or moredily a deviation from theoretical behaviour predictions. Overall,
introduction of more (100) steps to Pt(110) terrace causes a decrease in both ORR and HP(
activity. The Pt(110) is a bit odd however, as it has the highest potential for the HPORR cros
but not the highest activity for the ORR.

193



E/V Vs Pd/H

E/V Vs Pd/H

1.00 +

Tafel Analysis for HPOR
0.98
0.96 -
0.94
0.92 - — Pt(110)
— Pt(20190)
— Pt(1090)
0.90 1 —— P1(540)
— Pt(320)
Pt(210
0.88 ( )
T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2
log j,
Figurel39: Tafel slopes for HPOR of Pt(S)[n(110)x(100)] surfaces
0929 Tafel Analysis for HPRR
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Figurel40 Tafel slopes for HPRR of Pt(@)10)x(100)] surfaces
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5.4 Conclusions

A series of stepped Pt electrodes have been prepared (Pt n(100)x(110) and Pt n(110)x(100))
been demonstrated that by investigating systematic variations in electrosorption peaks as a f
of step densityterrace and step adsorption may be identified. The effect of specific anion

adsorption on electrosorption peak potentials may be used to deduce the involvement of ads
OH at potentials in the 5 range. The oxide adsorption region on both types of stepped surfac
were also reported showing distinct adsorption behaviour for step and terrace oxide sites. Né
adsorption was also investigated and the structure sensitivity of Nafion adsorptiononégmed in
thatso oo "E (]}Vv *%]l «_ U Z & S E]*S] }( 8§ ECE * } & %o
the introduction of steps as indeed whergpkisites negative of the PZTC found in pure perchlor
acid media. Interestingly, the Nafion spike gists on Pt(110) terraeeontaining surfaces up to the
turning point of the zone (Pt(210)) suggesting that Pt(110) terrace sites afford a specific affin
sulphonate groups contained within the Nafion adlayer. In contrast, for Pt n(100)x(110) surfa
rapid quenching of the Nafion spike as a function of increasing step density is observed. Ree
measurements involving oxygen reduction and hydrogen peroxide oxidation/reduction largely

revealed the importance of adsorbed oxide/OH in regulatingvagti

For ORR, the most active electrode surfaces were found to contain sufficient numbers of line
such that long range ordered OH adlayers associated with terraces were disrupted thus allov
unfettered access of oxygen molecules to metaltessiHowever, too great a density of defect si
would engender surface oxide formation and attenuation in ORR activity leading tozdled
ZAlo- uXEA [ }JEE o0 8]}v 3A v KZZ 3]A]8C Vv 8 % ve]$
are in agreemat with previous work showing a switchover from reduction to oxidation when
surface oxides formed. Little variation in Tafel slope was observed for hydrogen peroxide ree

confirming the mass transport limited nature of the reaction.

195



5.5 References

[1] V. Climent, J.M. Feliu, Thirty years of platinum single crystal electrochemistry, Journal of .
State Electrochemistry 15@) (2011) 1291315.

[2] J. Clavilier, R. Faure, G. Guinet, R. Durand, Preparation ofarystalline Pt microelectrodes
and electrochemical study of the plane surfaces cut in the direction of the (111) and (110) pl¢
Journal of Electroanalytical Chemistry 107(1) (1980}

[3] F. Maillard, P. Sergey, E. Savinova, Size Effects in €dtaysis of Fuel Cell Reactions on
Supported Metal Nanoparticles, (2008) 5G56.

[4] 3.B. Wu, H. Yang, PlatilBased Oxygen Reduction Electrocatalysts, Accounts of Chemice
Research 46(8) (2013) 184857.

[5] K. Wandelt, Properties and influence affacedefects, Surface Science 251 (1991)-383.

[6] M. Bowker, The basis and applications of Hetergenous catalysis, Oxford University Press
1998.

[7] B. Lindstrom, L.J. Pettersson, A brief history of catalysis, Cattech 7(4) (20a38130

[8] P.P. Lopes, D. Strmcnik, D. Tripkovic, J.G. Connell, V. Stamenkovic, N.M. Markovic, Rela
between Atomic Level Surface Structure and Stability/Activity of Platinum Surface Atoms in /
Environments, ACS Catalysis 6(4) (2016) 2534

[9] J.Clavilier, D. Armand, S.G. Sun, M. Petit, Electrochemical adsorption behaviour of platin
stepped surfaces in sulfuraxid solutions, Journal of Electroanalytical Chemistry 205(1986)
267-277.

[10] N.M. Markovic, N.S. Marinkovic, R.R. Adzic, Emtption of hydrogen and sulfuric acid ani
on single crystal platinum stepped surfaces. 1.The 110 zone., Journal of Electroanalytical Ct
241(12) (1988) 30x28.

[11] P.N. Ross, The role of defects in the specific adsorption of anions on PifLkhil De Chimi
Physique Et De Physi@himie Biologique 88{8) (1991) 1353.380.

[12] N. Hoshi, S. Kawatani, M. Kudo, Y. Hori, Significant enhancement of the electrochemica
reduction of CO2 at the kink sites on P#(§)10) x (100) and Pt{(8§100) x(110), Journal of
Electroanalytical Chemistry 4672} (1999) 6773.

[13] V. Climent, N. Garchraez, E. Herrero, J. Feliu, Potential of zero total charge of platinum
crystals: A local approach to stepped surfaces vicinal to Pt(111), Russiaal ébdiectrochemistr
42(11) (2006) 1145160.

[14] R. Francke, V. Climent, H. Baltruschat, J.M. Feliu, Electrochemical deposition of copper
stepped platinum surfaces in the 01(1)ousar zone vicinal to the (100) plane, Journal of
Electroanalytical Gimistry 624(12) (2008) 22840.

[15] F.J. Viddglesias, J. Solfaullon, J.M. Campina, E. Herrero, A. Aldaz, J.M. Feliu, CO monc
oxidation on stepped Pt(S)-(r)(100) x (110) surfaces, Electrochimica Acta 54(19) (2009)4445t
[16] R.M. ArarAis M.C. Figueiredo, F.J. Vidiglesias, V. Climent, E. Herrero, J.M. Feliu, On the
behavior of the Pt(100) and vicinal surfaces in alkaline media, Electrochimica Acta 58 (2011)
192.

[17] K. Mikita, M. Nakamura, N. Hoshi, Situ infrared reflection altigori@pectroscopy of carbon
monoxide adsorbed on Pt(3)(100)x(110) electrodes, Langmuir 23(17) (2007) S0®z7.

[18] N. Hoshi, A. Nakahara, M. Nakamura, K. Sumitani, O. Sakata, StrdgEattering of high
index plane of platinum containing kink ats in solidiquid interface: Pt(310)=3(104110),
Electrochimica Acta 53(21) (2008) 6657 5.

[19] S. Motoo, N. Furuya, Electrochemistry of platinum single crystal surfaces. 2.Structural ef
formic-acid oxidation and poison formation on Pt(11(100) and (110), Journal of Electroanalyti
Chemistry 184(2) (1985) 3R 6.

[20] J. Souz&arcia, C.A. Angelucci, V. Climent, J.M. Feliu, Electrochemical features of Pt(S)
(100) surfaces in acidic media, Electrochemistry Communications 34) 221394

196



[21] J. Clavilier, R. Durand, G. Guinet, R. Faure, Electrochemical adsorption behaviour of the
in sulfuricacid solution, Journal of Electroanalytical Chemistry 1-3j(1L981) 282287.

[22] A. Rodes, J. Clavilier, J.M. Orts, J.M. Felidldaz, Electrochemiebéhaviour of Pt(100) in
various acidic media. 2.0n the relation between the voltammetric profiles induced by anion sj
adsorption studied with a transfer technnique preserving surface cleanliness and structure, Ji
of Ekctroanalytical Chemistry 338¢) (1992) 317338.

[23] A. Rodes, M.A. Zamakhchari, K. Elachi, J. Clavilier, Electrochemical behaviour of Pt(100
various acidic media. 1.0n a new voltammetric profile of Pt(100) in perclalodcand effects of
surfacedefects., Journal of Electroanalytical Chemistry 305(1) (19911295

[24] N. GarcidAraez, V. Climent, E. Herrero, J.M. Feliu, On the electrochemical behavior of thi
Pt(100) vicinal surfaces in bromide solutions, Surface Science-36H004) 26284.

[25] N. GarcidAraez, V. Climent, E. Herrero, J. Feliu, J. Lipkowski, Thermodynamic studies of
adsorption at the Pt(111) electrode surface from 0.1 M HCIO4 Solution, Journal of Electroane
Chemistry 576(1) (2005) 38L.

[26] N. GarcigAraez V. Climent, J. Feliu, Potent¢pendent Water Orientation on Pt(111), Pt(1
and Pt(110), As Inferred from Lageulsed Experiments. Electrostatic and Chemical Effects, Jo
of Physical Chemistry C 113(21) (2009) 92304.

[27] N. Hoshi, T. Suzuk . Hori, Catalytic activity of CO2 reduction on Pt siogistal electrodes:
Pt(S)n(111)x(111) , Pt(Sp(111)x(100) , and Pt(S$)(100)x(111), Journal of Physical Chemistry f
101(42) (1997) 8528524.

[28] A. FerreVilaplana, R. Gisbert, E. Herre@n the electrochemical properties of platinum
stepped surfaces vicinal to the (100) pole. A computational study, Electrochimica Acta 125 (2
666-673.

[29] G.A. Attard, R. Price, Electrochemical investigation of a structure sensitive growth mode
palladium deposition on Pt(10eiexR0.7Degrees and Pt(10g)1x1), Surface Science 3351
(1995) 6374.

[30] P.T. Kissinger, W.R. Heineman, Cyclic Voltammetry, Journal of Chemical Education 60(¢
702-706.

[31] D.M. Kolb, Electrochemical surface sceemengewandte Chemimternational Edition 40(7)
(2001) 11621181.

[32] J. Inukai, M. Ito, Electrodeposition processes of palladium and rhodium monolayers on F
and Pt(100) electrodes studied by IR reflectadrsorption spectroscopy, Journal of Eleetnalytical
Chemistry 358(2) (1993) 307315.

[33] F.C. Nart, T. lwasita, M. Weber, Sulfate adsorption ondeéithed Pt(100) electrodes,
Electrochimica Acta 39(13) (1994) 2a5106.

[34] D.V. Heyd, D.A. Harrington, Platinum oxgglewth kinetics for cylic voltammetry, Journal of
Electroanalytical Chemistry 3352) (1992) 1B1.

[35] S.D. James, Multilayer oxide films on anodized platinum, Journal of the Electrochemical
116(12) (1969) 168&amp;.

[36] D. Armand, J. Clavilier, Influenceof spedcitisorption of anions on the electrochemical
behaviour of the Pt(100) surface in aciedium- comparisons with Pt(111), Journal of
Electroanalytical Chemistry 27062) (1989) 331347.

[37] N.S. Marinkovic, N.M. Markovic, R.R. Adzic, Hydrogen adsorptisinglecrystal platinum
electrodes in alkaline solutions, Journal of Electroanalytical Chemistry-3BQ(992) 433152.

[38] M. Ahmed, D. Morgan, G.A. Attard, E. Wright, D. Thompsett, J. Sharman, Unprecedente
Structural Sensitivity toward Average Tare Width: Nafion Adsorption at Pt{hkl} Electrodes, Jo
of Physical Chemistry C 115(34) (2011) 17020P7 .

[39] R. Subbaraman, D. Strmcnik, V. Stamenkovic, N.M. Markovic, Three Phase Interfaces a
Electrified MetalSolid Electrolyte Systems 1. Studyhe Pt(hkj)Nafion Interface, Journal of
Physical Chemistry C 114(18) (2010) 83422.

197



[40] K. Domke, E. Herrero, A. Rodes, J.M. Feliu, Determination of the potentials of zero total
of Pt(100) stepped surfaces in the 0X¢ier-bar zone. Effectfahe step density and anion
adsorption, Journal of Electroanalytical Chemistry 552 (2003)L285

[41] A.N. Frumkin, O.A. Petrii, B.B. Damaskin, Comprehensive Treatise of Electrochemistry, :
[42] N.M. Markovic, R.R. Adzic, B.D. Cahan, E.B. Yeageti@t effects in electrocatalysi®xyger
redution on platinum lowindex single crystal surfaces in perchloric acid solutions, Journal of
Electroanalytical Chemistry 3772) (1994) 24259.

[43] N.M. Markovic, H.A. Gasteiger, N. Philip, Oxygen remfuoti platinum lowindex singlecrystal
surfaces in alkaline solution: Rotating ring disk(Pt(hkl)) studies, Journal of Physical Chemistry
(1996) 67156721.

[44] I. Katsounaros, W.B. Schneider, J.C. Meier, U. Benedikt, P.U. Biedermann, A.Al.Auer, K
Mayrhofer, Hydrogen peroxide electrochemistry on platinum: towards understanding the oxyc¢
reduction reaction mechanism, Physical Chemistry Chemical Physics 14(20) (201239884
[45] N.M. Markovic, T.J. Schmidt, V. Stamenkovic, P.N. Ross, ®edyetion Reaction on Pt and
Bimetallic Surfaces: A Selective Review, Fuel Cells 1(2) (2001)6.05

[46] A. Kuzume, E. Herrero, J.M. Feliu, Oxygen reduction on stepped platinum surfaces in ac
media, Journal of Electroanalytical Chemistry 599(@0 12 333343.

[47] S. Treimer, A. Tang, D.C. Johnson, A consideration of the application of Kbetdckyplots in
the diagnoses of chargeansfer mechanisms at rotated disk electrodes, Electroanalysis 14(3) |
165171.

[48] R. Subbaraman, Btrmcnik, A.P. Paulikas, V.R. Stamenkovic, N.M. Markovic, Oxygen Re
Reaction at Thre®hase Interfaces, Chemphyschem 11(13) (2010)-28238.

[49] A. BrewElectrochemical studies of the oxygen reduction reaction: platinum and platinum
bimetallic sngle crystal electrodeSlectrochemical studies of the oxygen reduction reaction:
platinum and platinum bimetallic single crystal electrodes., Chemistry, Cardiff University, 201.
[50] J.X. Wang, N.M. Markovic, R.R. Adzic, Kinetic analysis of oxygeiredad®t(111) in acid
solutions: Intrinsic kinetic parameters and anion adsorption effects, Journal of Physical Chem
108(13) (2004) 4124133.

[51] A.M. GomeMarin, R. Rizo, J.M. Feliu, Some reflections on the understanding of the oxyc
reductionreaction at Pt(111), Beilstein Journal of Nanotechnology 4 (20139656

[52] R. Rizo, E. Herrero, J.M. Feliu, Oxygen reduction reaction on stepped platinum surfaces
alkaline media, Physical Chemistry Chemical Physics 15(37) (2013)158255

[53]J.A. Keith, G. Jerkiewicz, T. Jacob, Theoretical Investigations of the Oxygen Reduction k
on Pt(111), Chemphyschem 11(13) (2010) 22794.

[54] A. Bjoerling, E. Herrero, J.M. Feliu, Electrochemical Oxidation of Pt(111) Vicinal Surface:
of Surface Structure and Specific Anion Adsorption, Journal of Physical Chemistry C 115(31)
1550915515.

[55] J. Greeley, J. Rossmeisl, A. Hellman, J.K. Norskov, Theoretical trends in particle size eff
the oxygen reduction reaction, Zeitschiiffir Physikalische Cherdigernational Journal of Reseal
in Physical Chemistry &amp; Chemical Physics 220 %2007) 1209.220.

[56] A.M. GomeMarin, K.J.P. Schouten, M.T.M. Koper, J.M. Feliu, Interaction of hydrogen pe
with a Pt(111) electrodeElectrochemistry Communications 22 (2012)-158.

[57] A.M. GomeMarin, R. Rizo, J.M. Feliu, Oxygen reduction reaction at Pt single crystals: a
overview, Catalysis Science &amp; Technology 4(6) (2014)15385

[58] G.A. Attard, A. Brew, Ciycvoltammetry and oxygen reduction activity of the Pt{:{Dk 1)
surface, Journal of Electroanalytical Chemistry 747 (20151293

198



Chapter Six

Probing the nature of electrochemical oxides ohltsingle cryste

surfaces

6.1 Introduction

Electrochemical oxides on platinuglectrodescause a sharp decline in activity for the ORR. The
exact role of how such species inhibit the QRRot well understood. If improvements in the ORI
are to be made, more information about the nature of electrochemical oxide growtplatinum

~ Z WiS Keleded, and the right approach for the improved design of electrocatalysts for fuel ¢
cathodes an be madeThe mechanism oft® formation isanimportant topic of experimental and
theoretical researcln this, andstimulatesmuchdebate in the electrochemical community3].
There is a large amount of literature attempting to elucidate the oxide growth on platinum, so
that have since been published after the presstudy was completef4-8] In particular, previous
studies have addressed the mechanism of Pt oxide growth. Some have assumed a hydroxide
is firstly deposited with varyingonfigurations/stoichiometry during the stages of oxide growth,
matching oxide electrosorption peaks/charges seen in the voltammd@,e®h Contrary to this,
other conclusions from electrochemical and spectroscopic studies on a platinum wire electrot
agueous sulphuric acid gave oxide as the chemisorbed sjE@jelsowever this could be due to tl
strongly adsorbing nature of the bisulphate anion present which is known to block OH

adsorptiorill, 12]

This chapter attempts to further investigate the nucleation and growth of electrochemical oxic
well-defined Pt single crystal electrodes as model electrocatalytic surfaces. Three investigatic

been carried out:

1. Holdingof the potentialconsi&nt at the commencement of oxide formation tmderstand

the growth behaviour and rate of electrochemical oxidemationon platinum.
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2. Using chronoamperometry to gafarther kinetic informationconcerningwith rates ofoxide
growthon single crystaurfaces.
3. Investigating how fagbotential scamingof platinum single crystal electrodesfects the

surface structure and the behaviour of adsorbing/desorbing species.

6.2 Investigating the role of potential and time on Electrochemical Oxide growtr

Multiple voltammetric investigations have been undertaken regarding the role of potential anc
on electrochemical oxide formation and stripping. These effects have been studied on Pt bas
stepped Pt(s)[n{100}x{110}] single crystal electrodgeeirchlaic acid, as well as sulphate and
chloride-containing electrolytes. In this study, the effect of holding the potential at 1 V for varic
lengths of time was undertaken and tBabsequent/oltammogramsneasured Previously, surface
disordering experimentshowed features in platinum single crystal CVs that affect surface
composition when scanninabove 1.15 V (vs Pd/H) for Pt{1[1B]. As a consequence, a potential
1V was chosen for the current potential hold experiments. At this poteritidial stages of oxide
formation arerelevant but there is limited possibilitf subsurface oxide adsorption. Thermal
oxides (from flame annealing) were stripped from the surfaceubyinga negative going potentia
sweep before the potential holding experiment was undertaken. This allowed the study of
electrochemically formed oxides exclusively. A model of how the oxygen reduction reaction (¢

kinetics are influenced by surface structuned electrochemical oxide formation is presented.

6.2.1. The role of potential and time upon cyclic voltammograms
6.2.1.1. Pt{111}

The effect upon the CV of Pt{111} of holding the potential at 1 V for various lengths of time ar
shown inFigurel4l The Pt{111} plane represents the most stable facet on Pt nanoparticles, v
are widely used as ORR catalyst in polymer electrolyte membrane fugl4ell§] Initial inspectior
of the results irFigurel41for Pt{111}, show that holding the potential at 1 V encourages the
adsorption of oide species onto the surface. This is evident by the increase in the electrosorp
*3E]% % ]VP Z EP A v iXA v is E o 3]A 8§} 8Z "o v_
direct correlation between the amount of time the potential is heldlahe amount of oxide
adsorbed, suggesting a saturation point of oxides on the surface or change in oxide formatior
holding time is variedSpecifically, the hydrogen underpotential depositibpf) region is
unperturbed as all CV profiles match betwe@ i X6 sV ]Jv op JvP §Z ~ o v_ WS
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has only been scanned in a potential region where no oxide species ad€hfh U). The broad, s
00 " pu33 E(0C_ % | & «iX01 sU ~AZ] Z ]« Iv}Av 8} }EE
adsorptioridesorption of OH species on Pt{111} terraces), does not lose its sharpness, but sin
u} 1(1 « Az 8 A}po §Z V}EuU 0 "N pee]l V_ *Z % } 3 ]1v (E}hH
Pt{111} fcc terraces are known to be stable up to 1.15 V in4¢@€rolytes and thereforehie mair
conclusion here is that electrosorbed oxides adsorbed at potentials of 1 V do not perturb the
underlying Pt{111} structure with time. This shows that at this potentialssuface oxides are not
present. A positive sweep from@85 V, after eaclexperimentshowed that the Pt{111} terrace w
not reconstructed. In fact, this result agrees with surface studies of oxygen adsorption on Pt{:
which show that so long as the coverage of oxygen adatoms remains less than 0.25 manoiay
surface restructuring will occ[ir6, 17] Oxygen coverages exceeding a critical value such as 0.,
Pt{111} lead to restructurirj8]. Hence, in the present electrochemical studies, it may be useft
bear this fact in mind since if applicable, it explains why even electrochemical oxide, so long
}voC Zeu oo0[ u}potEddtaZsurface modifications. This may be confirmed by inspe
of the many CVs in the present study which adsorb oxide up to 0.85 V reversibly. However, if
positive potentials are accessed then irreversibility in the oxide stripping peaksiegoccur

together with changes in thel,pqd voltammetric response.

-20 4
-40
N ]
S
o -60 -
<
=

804 | —— 10min held at 1 V
5min heldat 1V
—— 1minheldat1V
-100 A —— Started at 1V
Started at 0 V

-120 . : . : . , . , .
0.0 0.2 0.4 0.6 0.8 1.0

E/V vs Pd/H

Figurel41l: C\s of Pt{11% (1st negative going sweep from 1 Where potential was held at 1{ppre-scans¥or differing time:
in 0.1MHCIQ, scan rate 50mV/s
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6.2.1.2. Pt{100}

The results for the Pt{10@Jectrode of holding the potential at 1 V are showrFigurel42 The
{100} suE ( Jmore®dpen_ U 0 ¢+ Vve 0C %o | EE vP u vS }( %0 §
and thereforeis more prone to reconstruction (roughening) ayideformation. Unlike for Pt{111},
which only electrosorbs oxide (reversibly) up to 0.85 V (for Pt{1pb}ential upto 1t1.2 V is

possible).

Unsurprisingly, initial observation shovesder amounts of oxidbeing desorbedn the potential

region 0.750.95V, compared to Pt{111}Againtime does not affect the amount of oxide adsorbe
but its strippingpeak (~0.70.9 V) doeshift to a more negative potential and broadens slighflyis
can be ascribed to the slow reconstruction of the Pt{100} terrace, as the oxide layer is held fo
and longer periods of time. Hence, the peak at most positive maks (0.87 V) corresponds to

oxide on Pt{1006}1x1), but slowly, placexchange occurs, generating more and more step sites
therefore a drift to more negative potentials for the oxide stripping peak (oxide held more stro

at steps than terraceg see later).

Two sharp Z u C » He@kgappearin the Hpq region of Pt{100at ~0.18 \and ~0.26V) following the
stripping of the oxideThe peak at ~ 0.26 V decreases in intensity as the potential is held for lo
whereas the peak at ~ 0.18 V increasn magnitude. One reason could be reconstruction of the
clean surface by the adsorbed (then desorbed) oxide, followed by lifting of the reconstruction
adsorbed hydrogen. Hypothetically, sabrface oxides could already be forming at 1 V for this
surface. A positive sweep from 0 to 0.85 V reveals that Pt{{DX}) terraces are reconstructed,
unlike what was observed for the Pt{111} results as signified by the appearance of paetatés
around 0.21 V corresponding to step s[tE%21]. Another reason for these mystery peaks coulc
the stripping of a strongly adsorbed anion impurity picked up during holding of the potential;
although if this were true, one would expect the positive going CV @afto return to its original
% E}(Jo U AZ] Z 183 ] vV[8X &]v ooCU 8Z & | }Av }( % E Zo
a similar effect. These possible reasons for the appearances of the stripping peaks at potenti

0.25 V will be exploreth more detail later.
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Figurel42 C\$ of Pt{10Q (1st negative going sweep from 1 Where potential was held at 1{ppre-scans¥or differing times
in 0.1M HCIQ@ scan rate 50mV/s

6.2.1.2.1InvestigatvP §Z v SUE }( §Z "~uCe+3 EC_ %o e

WE AJ}pu*oCU %0 S]vuu cpE( + }v8 Jv]vP ,iiif 8§ EE Hpa*Z}A
region following oxide adsorption and desorption. To try to understand the true nature of the
AuCeS E C _a $ecklsdlution of KCl was sequentially added in an electrochemical cell conta
0.1 M HCI@ CVs were recorded after each amount was added. By adding chloride anions into

solution it could be determined if peaks observed are from the breakdown ohfmeate.
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Figurel43 CVs showing the result of addition of KCI for smoothedectrochemicallyoughenedPt{100}, 0.1M HCIO
solution, scan rate 50mV/s

The addition of chloridéo the perchloric acid electrolyte shows the diminution of features relate

to ordered Pt{100} terrace in perchloric acid between 0.25 and 0.6 V, along with the developn
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a desorption peak at ~0.23 V. This is expected-as &&trongly adsorbing &am and blocks all OH
and Hpq features unless a more negative potential is reached. The potential at which the chlo
anion desorbs is comparable to one of the mystery peaks seen in earlier experiments. This

experiment was conducted on both flat and el@chemically roughened Pt{100} to see if the CI
anion adsorbed at different potentials depending on the presence of terraces or steps. The

roughened surface did indeed show the peak at 0.23 V but also an additional desorption pea
0.18 V, comparabl results seen previously. Although appearing at the same potentials as tt
UC*S EC % IeU SZ E & °+*uo00 J((EvV X 0} JveH S]}v
% le_ }po Vv}S§ Pv &S pue]vP 151}v }( ZoutiEr was tested fol
its cleanliness, where a flame annealed Pt CV showed no presence of chloride anions. Supe
the mystery peaks in earlier investigations behave as if a strongly adsorbing anion is present
that anion cannot be chloride. Adiaal note, increasing the concentration I§Cl ledo the peak at

0.17 V being diminished and the peak at ~0.23 V being increased in size on the roughened F

In order to completely eliminate the possibility of perchlorate degradation and cledoicmation a

%o}ee] 0 FAE%O0 Vv S]}v }( SZ "uCeS EC_ %o I°U epo%Z S <}c
M HCIQ electrolyte and changes observed. Once a suitable concentration was added the pot
was held at 1V for 0, 1 and 5 minutes followmdoxide stripping. A CV was collected between e

experimentto check to cleanliness of the electrolyaéter sulphate addition.
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Figurel44: CVs showing the result of additi of H,SQ for Pt{100}, 0.1M HCl3olution, scan rate 50mV/s
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Upon increasing the concentration of sulphate in the solution, the-dediined features for a flame¢
annealed Pt{100} electrode are blocked and there is some growth of peaks attributa®tfl 6D}
terraces with specifically adsorbed bisulphate (peak at 0.33 V). The sulphate is a much strol
adsorbing anion than perchlorate, which is the reason this change is observed (shift of OH a
to peak at 0.55 V andyH at 0.37 V shifting t®.33 V).

Holding the potential at 1 V in the sulphate spiked solution, results in similar features to thos¢
in the initial studies. As there is still perchlorate in the cell one could argue that it could be sti
decomposing into Canions but this is unlikely as sulphate is a much more strongly adsorbing
at these concentrations and would compete successfully with the adsorption of perchlorate. -
oxide stripping peak at ~ 3.9 V shifts negatively with holding time, as exfeel, since the Pt{10!
SEE + E °cJuposS v }peoC E }veSEWM S]VP ~epCE( E}pkPZz
phasd22]). This is evident by the absence of the peak at 0.33 V associdatedulphate on Pt{100
(1x1) terraces. We deduce that the 0.23 V peak and the 0.18 V peaks are due to either subsi
oxide or reconstruction of terrace and step sites respectively which relax back to a more norr

(terrace and step) configuration aftélydrogen is adsorbed.

6.2.1.3. Pt{110}

When subjected to the same conditions, the Pt{110} electrdtdgurel45 shows some similaritie
to Pt{100}whereby the oxide stripping peak appears in the potential region-8@A and shifts tc
more negative potentials as the time of holding the potential at 1 V is increased. There is alst
broad peak ~0.8.5 V related to desorption of oxide. The.dpeaks associated with the clean

Pt{110} surface (0.04 V and 0.18 V) are still visible but seem to be positioned over a feature
increases their overall intensity relative to a surface with no oxide adsorbed. This could be dt
similar reasons outlinetbr Pt{100} such as surface reconstruction from adsorbed oxide specie
perchlorate degradation, or even a badly wetting meniscus (the oxide covered surface at this
potential may exhibit a marked change in its surface energy relative to the-fngielsurface) so th

meniscus may start to creep along the sides of the crystal resulting in an apparently larger ct
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Figurel45: CVs of P#{10} (1st negative potential sweep from 1 V) where potentiasweld at 1V for differing times in
0.1M HCI@ scan rate 50mV/s

6.2.1.4. Stepped Pt Surfaces

dZ e u Z%}ZNS] 0 E% E]Ju v3s A E pv ES | v }v «]JvPo E(
surfaces. Analysis of the voltammetric profilegigurel46indicate that single crystal electrodes
show a broad oxide stripping peak in the potential regior@%BV. This is also seenFigurel4?. As
seen for the Pt{100} results, the oxide stripping peak shifts negatively as the time the potentic
held increases. The oxide stripping peak sharpens as the single crystal surface becomes mo
stepped (i.e from Pt{20,1,08°t{210}). The peak also becomes sharper and smoother as a fun
of time. Two mystery peaks in theddregion ~ 0.18 V and 0.26 V appear for all surfaces excep
Pt{210}. The Pt{210} shows an unperturbegiiregion after oxile stripping for the most part. For
the other stepped surfaces, the ratio of the mystery peaks changes as the potential holding ti
increases, where a higher step density favours the peak at the lower potential. The Pt{510} a
Pt{310} show two peaks, &lbugh they are somewhat slightly mergétence, all changes reportet
aboveare associated with residual Pt{1G8}race sites being affected by having oxide adsorbec
upon them. All stepped electrodes show a monotonically increasing oxide peak intengity as

function of holding time and a decrease in the potential shift seen with Pt{100}. Based on the
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that close inspection reveals two oxide stripping peaks at 0.9 and 0.75 V with the 0.9 V peak
decreasing in intensity as step density increases leawh@t the single 0.75 V peak, we deduc
that the former is due to stripping from terrace sites and the latter (0.75 V) peak stripping of ¢
from defect sites. Thustheso 00 Z%0}3 v3] 0 «Z](8[ } « €A }v WS, iiij
greater and greadr generation of defects. Hence, the red curve in the voltammograms signifie

least defective surface since the 0.9 V stripping peak is the largest of all surfaces studied.

j/pA cm?

1 \ 10min
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0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
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Figureld6 CVs oPt{20,1,0} and Pt{10,1}Q1st negative going sweep from 1 Where potential was held at 1{pre-scans
for differing times in 0.1M HCIOscan rate 50mV/s
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6.2.2. Investigations into how the role of potential and time on oxide deposition affect:
ORR activity

Adsorbed oxides and surface reconstruction is known to affect the activity for the very import
Oxygen Reduction Reacti(@RR). ORR experiments were undertaken in the rotating disc elec
(RDE) cell in a hanging meniscus configuration following potential hold experiments in the st
voltammetry cell in order to elucidate relationships between the potential hold expents and the

ORR.
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Figurel48 ORR curves for Pt{111} holding the potential in the RDE cell. 0.1 i) $t@lOrate 30mV/s. Expanded regi
used to determinez is shown as inset.

The effect upon th activity of Pt{111} towards the ORR after holding the potential at 1V is sho
Figurel48. Broadly speaking, as time is increased (and consequently the amount of electrosc
oxide) the ORR reaction is increasingly inhibited. Since ORR only occurs on metallic sites, if
electrosorbed oxide is present, this must be removed before ORR canltaleegnd hence, a

reduction in ORR activity is generally seen with increasing amounts of electrosorbed oxide. F
the ORR activity of Pt{111} has not been affected significantly by holding the potential at 1 V

accordance with the known structuraidility of this plane. This correlates with the effect seen i
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