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ABSTRACT

The electrodeposition of Ag and Tl on Pt single crystal surfaces covered with iodine
has been investigated, focusing on the study of the electrodeposited Pt(111)(3 x 3)-Agl
structure. These crystals were prepared under atmospheric or ultra high-vacuum conditions.
Maultiple techniques were used for characterization: traditional electrochemical methods,
A_C. impedance, LEED, Auger spectroscopy, thermal desorption spectroscopy and contact
angle measurements.

The surface compound Pt(111X3 x 3)-Agl is formed during the first
electrodeposition peak of Ag* on Pt(111)}(V7 x V7)R19.1°-L. The crystallographic structure
of this compound was determined using tensor LEED analysis. Using stepped single crystals
with (111) terraces, it was found that there is a correlation between the charge of this peak
and the length of the terrace. Terraces are more reactive than steps, and ordered structures
are only found for terraces wider than about 10 A. The long-range order is associated with
the directional nature of the Ag-I bonds.

Cohesive and formation thermodynamic parameters of the Pt(111)(3 x 3)-Agl are
calculated using a thermodynamic sequence. Two of the steps: electrodeposition of Ag on
Pt(111)}V7 x V7)R19.1°-I and desorption of iodine are studied in more detail. The
thermodynamic parameters calculated are partly explained by the metallic character of the
Pt-Ag bond, and the covalent character of the Ag-I bond.

A study of T electrodeposition on Pt(111)(V7 x v7)R19.1°I was also undertaken.

Some of the features of the voltammogram are related to specific surface structures.
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AG, AG’, A'G

AH, AR, A*H

AU, AU, AU
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SYMBOLS
Meaning
Mean-square displacement

Contact angle.
Proportionality constant.

Surface tension.
Activity coefficient.

Surface excess.
Surface excess at saturation.

Apparent activation energy dependent on 6 at 0
K

Standard apparent activation energy at 0 K and
0 coverage.

Gibbs energy change, standard state, of
activation

Standard enthalpy change, standard state, of
activation.

Internal energy change, standard state, of
activation.

Coverage

Debye characteristic temperature, frequency.
Einstein characteristic temperature, frequency.
Vibrational frequency.

Charge density.

Excess charge density on phase i.

Excess charge density on the metal surface.
Surface area.

Helmholtz energy.
Frequency factor.

mol m?
mol m?

kJ, kJ mol*!
kJ, kJ mol*
kJ, kJ mol*
kJ, kJ mol™

kJ, kJ mol™

~

cm’
Ccm?
Ccm?

Ccm?

kJ, kJ mol™

Depends on
order
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Meaning
Differential capacitance of the double layer.
Heat Capacity.

Potential.
Kinetic energy of electron.

Activation energy of desorption.
Apparent activation energy.

Kinetic energy of the Auger electron.
Standard potential.

Peak potential.

Potential of zero charge.

Interaction parameter. g = 6uN,/RT
Gibbs energy.

Planck constant.

Enthalpy.

Iodine transition-state complex.
Current density at peak maximum.

Boltzmann constant.
Rate constant

Equilibrium constant.

Chemical potential, standard state.
Number of sites.

Number of particles.

Avogadro’s number.

Partial pressure of desorbed species.
Molecular partition function.

Canonical partition function.
Charge of a capacitor.

kJ, kJ mol™
Js
kJ, kJ mol™

pA cm?

JK!
Depends on

order

kJ mol™

mol™*

WF, uF cm™
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Meaning

Thermal canonical partition function.
Overall canonical partition function.

Total rate of a reaction.
Molar gas constant

Reliability index for each diffraction beam.
Average reliability index or R-factor.

Solution resistance.

Entropy.

Excess surface entropy.
Surface stress.

Interaction energy.

Internal Energy.

Mean Energy of Interaction.
Sweep rate.

Weight of the configuration.
Peak full width at half height.

Impedance.

mol m2s

Jmol' K!

Jmol* K
Jmol' K*!
mJ m?

kJ, kJ mol™!
kJ, kJ mol™
Vst



MCP

NGC
PZC
RFA

STM
SXS
TSP
TDS

UPD

Meaning

Alternating Current.

Auger Electron Spectroscopy.
Cyclic Voltammetry.

Direct Current.

Low Energy Electron Diffraction.
Microchannel Plate.

Monolayer.
Nucleation-Growth-Collision.
Point of Zero Charge.

Retarding Field Analyzer.
Reversible Hydrogen Electrode.
Scanning Tunneling Microscopy.
Surface X-ray Scattering.
Titanium Sublimation Pump.
Thermal Desorption Spectroscpy.
Turbomolecular Pump.
Ultra-high Vacuum.
Underpotential electrodeposition.
X-ray Absorption Spectroscopy.
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Figure 8.12: Thermodynamic sequence corresponding with the cohesion of Pt(111)-TI-I.
The symbols are equivalent to the ones in Fig. (5.1).
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Figure 8.13: Cyclic voltammogram for TI UPD on Pt(111)(V7 x V7)R19.1°L in H,SO, after
holding potential for 1 minute afier peak C1. Double layer charging and Rs obtained
with A.C. voltammetry at different frequencies: 3 Hz to 50 kHz, modulated signal0.5
mV rms. [T1*] = 1 mM. [H,SO,] =0.1 M, [TI'] = 1 mM. Sweep rate =20 mV s™.

Figure 8.14: Bode plot at different potentials of the voltammogram shown in Fig. (8.13) for
frequencies from 3 Hz to 50 kHz.

Figure 8.15: Auger spectra for the regions A, B and C of the voltammogram for T1
deposition on Pt(111) covered with iodine after rearrangement of the Pt(111)(V7 x
VT)R19.1° structure. X: calibration Auger spectra for 0.66 monolayers of Tl on
Pt(111). Beam current = 10pA.

Figure 8.16: Thallium coverages obtained with: 0) AES and ®) integration of the cyclic
voltammogram for T1 UPD on Pt(111)vV7 x v7)R19.1°-I in H,SO, after holding
potential for 1 minute after peak C1 (also shown). [H,SO,]=0.1 M, [TI']=1 mM.
Sweep rate =20 mV s™

Figure 8.17: Iodine oxidation voltammograms, ( — ) without deposition of Tl, ( ........ )
after Tl deposition and development of cathodic peaks C11 and C12 oxidize. 20 mV
s*, [H;:SO,] =0.1 M. -

Figure 8.18: a and b) Open potential starting at two different potentials, together with the
cyclic voltammogram for Tl deposition on iodine modified Pt(111) surface. 20 mV
s', [H,S0,]=0.1 M, [TI'] =1 mM.

Figure 8.19: LEED patterns at a) 35 and b) 70 eV of a platinum surface corresponding with
region C of the voltammogram.

Figure 8.20: Pt(lll)[; :] unit cell,

Figure 8.21: Computer simulation of tae LEED pattern for a‘[é 2 structure on a (111)
surface showing the three domains of the: unit cell, a) forno ial symmetry of the
lattice, b) for p2gg symmetry of the lattice and the systematic absences (circles).

Figure 8.22: a) Unit cell for Pt(111) with p3m1 symmetry, b) unit cell with p2gg symmetry.

Figure 8.23: Proposed structure for the Pt(11 1))[; 2] -TII structure.

Figure 8.24: LEED pattern at 73 eV of a platinum surface corresponding with region B of
the voltammogram.

Figure 8.25: a) Pt(111)(v7 x V7)R19.1° unit cell, b) Pt(111)(v3 x V3)R30".

Figure 6.26: ( ... ) Cyclic voltammogram for T1 electrodeposition on Pt(111)V7 x
vTR19.1°I, (—) after holding the potential at +0.395 V, allowing the formation
of the peaks C11 and C12. [T1*] = 1 mM. [H,SO,] =0.1 M. Sweep rate =20 mV s™.

Figure 8.27: Cyclic voltammograms for Tl UPD on Pt(111)(V7 x V7)R19.10-I in H,SO,

svlveeping back after peak C2. [TI'] = 1 mM. [H,SO,] =0.1 M. Sweep rate =20 mV

s,

Figure 8.28: Cyclic voltammogram for T1 UPD on Pt(111)(V7 x V7)R19.1°I in HCIO,

svlveepingback after peak C2. [T1']=1 mM. [HCIO,] =0.1 M. Sweep rate =20 mV

s,

Figure 8.29: Cyclic voltammogram for T! UPD on Pt(111)(V7 x v7)R19.1°-I in H,SO,. a)
holding potential one minute at the beginning of peak C2, b) holding potential for
1 minute in the cathodic shoulder of peak C2 at several potentials. ( ......... ) double
layer charging. [T1'] = 1 mM. [H,SO,] =0.1 M. Sweep rate =20 mV s™.
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Figure 8.30: Cyclic voltammogram for TI UPD on PY(111)(V7 x V7)R19.1°-I in HCIO,. a)
holding potential one minute at the beginning of peak C2, b) holding potential for
1 minute after peak C2. [T1*] = 1 mM. [HCIO,] =0.1 M. Sweep rate =20 mV s™.

Figure 8.31: 2* and following cycles for the voltammogram for TI UPD on Pt(111)(v7 x
V7R19.1°1 in HCIO;. [TI*] = 1 mM. [HCIO,] = 0.1 M. Sweep rate =20 mV s™.

Figure 9.1: Pt(111)(3 x 3)-Agl structure showing the 12 Ag-I bonds per unit cell.
Figure 9.2: Pt(111)(3 x 3)-AglI structure showing the different Pt-Ag bonds per unit cell.



ACKNOWLEDGMENTS

I would like to express my gratitude to my supervisor, Dr. David Harrington, forall
his help and guidance throughout my graduate career. I would also like to thank a former
student in our group, Scott Furman. His support during the time we worked together is
greatly appreciated.

A special thanks to Bob Dean; his help fixing the electronic equipment was

invaluable.



DEDICATION

Para mam4 y el aitacho, de vuestro hijo.



Chapter 1

Introduction.

There has been traditionally a great interest in surface electrochemistry for its
technological significance, such as in energy applications, catalysis and corrosion. Many of
the processes involved in those applications, e.g., underpotential electrodeposition (UPD)
reactions, growth of ultra-thin films, catalytic reactions, involve submonolayer ormonolayer
amounts of adsorbates on surfaces. These monolayers are structurally and energetically
strongly influenced by co-adsorbed anions, and especially halides such as chloride, bromide
and iodide. However, the role of the specific surface interactions of these anions in the
electrodeposition process is still not fully understood. Since the electrode potential is a free-
energy scale, electrochemistry readily gives the thermodynamic stability of surface
compounds, and a careful comparison of thermodynamic data with the structure measured
by modem surface-science methods can lead to useful insights into the nature of surface
bonding.

The presence of halides in a solution or on a surface has a strong influence on
electrodeposition processes. This thesis is primarily concerned with a detailed analysis of
the properties of two selected metal-halide surface compounds. The goal is the development
of a methodology for the calculation of the different thermodynamic parameters. In
particular, the cohesive and formation energies of electrodeposited metal-halide surface
compounds are sought.

There is not yet a systematic study about the real nature of metal-halide adlayers.

In-situ Surface X-ray Scattering (SXS) of TI-Cl, Brand Ion Au(111) and Pb-Bron Au(111)
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[1.1][1.2]{1.3], in-situ Scanning Tunneling Microscopy (STM) for the Cu-Cl system on
Au(110)[1.4] and Au(100) [1.5] or X-ray Absorption Spectroscopy (XAS) of Cu-Cl, Brand
Ion Pt(111)[1.6], suggestan ionic nature of the electrodeposited metal-halide bond. For Ag
electrodeposition on polycrystalline Pt covered with iodine, it was determined by changes
in the oxidation potential of iodine with coverage that the deposition of iodine is
predominately zerovalent [1.7][1.8].

Research is undertaken here in order to further understand the interactions in these
structures. The system Pt-Ag-I is taken as a model system. There are several reasons for this
choice. Historically, Agl adsorbed on Pt(111) was the first electrodeposited structure on
single crystals studied by ultra-high vacuum techniques. Early studies of this system used
the iodine layer as a way of protecting the surface from contaminants during transfer from
solution to ultrahigh vacuum (UHV) [1.9]. As we will see below, the mechanism that takes
place during the electrodeposition of Ag on Pt covered with iodine is intrinsically
interesting. The Aglifts the iodine adlayer and deposits in direct contact with the Pt surface.
At the same time, interesting surface structures are formed.

Studies of silver electrodeposition on Pt in the absence of specifically-adsorbed
anions have been reported for several single-crystal faces [1.10](1.11][1.12][1.13], as well
as for polycrystalline Pt [1.14][1.15]. The presence of a pre-existing monolayer of iodine
modifies the electrodeposition process of Ag on Pt. The electrodeposition of Ag on
I-covered Pt(111) has been studied previously by Hubbard and co-workers using ex-situ
surface-analytical methods [1.16][1.17][1.18][1.19]{1.20] and by Itaya [1.21] using STM.
The kinetics of this system have also been studied in our laboratory [1.9].

Among the different Pt-Ag-I structures, we are interested in this thesis primarily in
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the study of the surface compound Pt(111)(3 x 3)-Agl. This surface compound is produced
by underpotential electrodeposition of Ag* onto a Pt(111) surface pre-covered by a
monolayer of I atoms, in the Pt(111)(V7 x v7)R19.1°-I structure [1.22][1.23]{1.24]. UPD
refers to the electrochemical deposition of a submonolayer of a metal on a surface of a
different metal, at a potential more positive than the equilibrium potential. In other words,
the deposition of an atom on the substrate metal is favored over the bulk deposition of the

same atom. The cyclic voltammogram is shown in Fig. (1.1), [1.24]. The point X in this
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Figure 1.1: Cyclic voltammogram for Ag deposition on
Pt(111)(V7 x VT)R19.1°-L. [Ag*] = 1 mM, sweep rate S mV s™.
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figure denotes the beginning of the deposition of bulk Ag, and comresponds to the
equilibrium potential Ag|Ag* under these conditions. Any silver that is deposited on the
surface at a potential more positive than point X corresponds to the UPD of Ag.

The first reduction peak at + 0.448 V. vs. Ag|Ag" is production of the (3 x 3)-Agl
structure via a nucleation-growth-collision mechanism (NGC) [1.9], according to the
reaction:

I(ads,aq) + Ag*(aq) + e~ = Agl(ads) ¢}
where I(ads,aq) refers to the Pt(111)(V7 x V7)R19.1°], and Agl(ads) refers to the
Pt(111X3 x 3)-Agl structure immersed in electrolyte. The UPD peak C2 in the
voltammogram corresponds to the electrodeposition of additional amounts of Ag" to
produce the Pt(111)(V3 x V3)R30°-Agl surface structure. The peak C3 corresponds with the
deposition of a second monolayer of Ag [1.25]. The processes under the three cathodic
peaks in the voltammogram are reversed on the positive-going sweep, with the same surface
structures removed during the equivalent anodic peaks.

We calculate in chapter 3 the crystallographic structure with the exact position of
the atoms of the surface [1.26]. The Pt(111)(3 x 3)-Agl structure is described as amonolayer
of Ag atoms lying between a monolayer of iodine atoms and the first Pt layer. It can be
represented as a slice of bulk crystalline Agl in the zinc-blende structure, sitting on the Pt
surface and contracted laterally by 10%, Fig. (1.2). A more detailed analysis of this structure
is given in chapter 3.

It is interesting to study the influence of the underlying Pt surface on the
electrodeposition process, in the context of the known structure of the Pt(111)(3 x 3)-Agl

surface compound. Chapter 4 compares the electrochemical response of different stepped
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Figure 1.2: Surface structure for the Pt(111)(3 x 3)-Agl surface structure.

Pt single crystals. However, this study mostly provides qualitative information about the
surface compound. In order to obtain thermodynamic parameters for Pt(111)(3 x 3)-Agl, we
apply Hess’ law in chapter 5 to develop a thermodynamic sequence of different reactions.
The cohesive and formation energies are found from the sum of the individual components,
which are measured by means of electrochemical techniques such as cyclic voltammetry and
A.C. impedance. The results are complemented with standard surface analytical techniques
such as Low Energy Electron Diffraction (LEED), Auger Electron Spectroscopy (AES),
Thermal Desorption Spectrocopy (TDS) and measurements of contact angle and work
function changes.

An important component of the sequence is calculation of the thermodynamic
parameters for the removal of the Ag layer from the Pt-Ag-I surface structure. This is done
electrochemically in chapter 6 from estimations of the standard potential of the
electrodeposition reaction and its temperature dependence.

On the other hand, an understanding of the influence of iodine in the
electrodeposition of Ag on Pt can only be accomplished with a good model of

adsorption/desorption of iodine on bare Pt. This implies a knowledge of the structure and



bonding for the Pt-I system, which is studied in chapter 7.

In chapter 8 we attempt to apply the methodology developed in previous chapters
to the Pt-TI-I system. In contrast to the Ag-I bond, which is suggested to be covalent, the
TI-I bond is suggested to be of ionic nature. The comparative study of these two systems

gives an important glimpse into the nature of bonding in UPD systems.



Chapter 2

Experimental

2.1. Introduction.

Iodine-covered Pt single crystal surfaces were used as the starting points for two
types of experiments: (1) experiments in which the cleaning, deposition of an iodine layer,
and analysis of the surface after the experiment are performed under Ultra-High Vacuum
(UHYV) conditions (section 2.2), and (2) electrochemical experiments in which all the steps
for the cleaning of the surface and deposition of iodine are performed at atmospheric
pressure (section 2.4).

Electrochemical experiments involving the use of UHV technology are a great
challenge experimentailly for many reasons. The crystal has to be transferred from an
analytical UHV chamber to a high-pressure chamber, which is then brought to atmospheric
pressure under purified argon. A custom-made electrochemical cell is introduced into the
chamber and an electrochemical experiment is performed. The chamber is then pumped out
again to ultra-high vacuum, and the crystal transferred back to the analysis chamber in order
to perform the analysis of the surface.

These analyses are only reliable if the surface is extremely clean and well ordered.
Therefore, care was taken to minimize the contamination of the surface, especially by
compounds such as carbon, during all the stages of the experiment. A very low pressure
must be achieved in a reasonable period of time before any UHV measurement can be
obtained. This is difficult to achieve for transfer experiments after electrochemistry, due to

the presence of water molecules from the solution adsorbing on the chamber surfaces. Water
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Figure 2.1: Custom-Made electrochemical cell for the UHV system.

is difficult to evacuate with the use of turbomolecular pumps, which are available in our
laboratory. The main source of water contamination of the high-pressure chamber are the
small droplets of electrolyte remaining on the surface after the experiment. These droplets
evaporate and adsorb on the chamber surfaces during the pumpdown of the chamber. The
removal of these droplets of solution before the evacuation of the chamber has been
achieved with the design of a custom-made electrochemical cell, Fig. (2.1). The surface is
flushed with argon and the droplets are sucked out with different glass tubes. This

minimizes water residue in the chamber.



2.2. UHV System.

The UHV system in our laboratory has facilities for electrochemistry, Auger

Electron Spectroscopy (AES), Low Energy Electron Diffraction (LEED), Thermal

Desorption Spectroscopy (TDS) and measurements of work function changes

basics of the two techniques most used in this thesis, LEED and AES, are explained in the

last sections of this chapter.

The pumping system is composed of three turbomolecular pumps (TP), two sorption
pumps, an ion pump and a Titanium Sublimation Pump (TSP), Fig. (2.2). Contamination-
free transfer of the crystal from a surface-analytical or main chamber (base pressure 1.5x10°
' mbar), to a high pressure chamber (base pressure 1x10” mbar) is possible.

transfer, the high-pressure chamber can be backfilled with argon, and the electrochemical

cell introduced for the electrochemical measurement.

[2.1]. The
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Figure 2.2: UHV system at the University of Victoria.
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Figure 2.3: X-ray laue diffraction pattern for: a) Pt(100), b) Pt(111) and c) Pt(110).

The platinum crystal used for the UHV experiments was cut with a diamond-
wafering saw from a single-crystal boule (1 cm diameter) grown by Metal Oxides and
Crystals Ltd. (99.999%). After cutting, the surface was polished with successive grades of
diamond paste (Beuhler Ltd.), and oriented within 0.5° of the selected plane by X-ray Laue
back diffraction. Crystals with three different orientations, (111), (110) and (100), were cut
and polished, although during the course of this thesis only Pt(111) single crystals were
used. The surface area of the crystal used in the UHV system is 0.86 cm®. Fig. (2.3) shows
the characteristic back-Laue diffraction pattern for the three types of surfaces.

A standard ion-bombardment and annealing procedure was used to clean the crystal.
Briefly, the crystal was bombarded for 5 min with Ar* at 3x10”° mbar, 25 mA emission
current, 3 keV beam energy and 20 pA current at the crystal. After waiting a few minutes
until the pressure recovered to 9x107'° mbar, the platinum crystal was heated resistively
using an external power supply (Lambda Electronics Corp., model LK350-FMOV) at 6 K

s™ to 1200 K and held at 1200 K for | minute. The temperature was monitored with a K-
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type thermocouple spot welded to the back of the crystal, connected to a custom-made
temperature control unit. The crystal was then cooled to room temperature. At this point the
pressure was 5x10"° mbar. LEED and AES were used to ensure the cleanliness and order
of the surface.

The iodine was deposited on the surface by passing 400 pA through an iodine doser
based on a solid-state electrochemical cell using Ag,Rbl; electrolyte [2.2]. The clean
platinum crystal was then briefly heated to 600 K at 6 K s'. During subsequent cooling,
deposition was started at 500 K. The deposition ended with the crystal at 300 K. The
pressure during deposition was 5x10'° - 5x10® mbar. The deposition was monitored by
measurement of work function changes. The iodine dosing procedure was considered
acceptable when the work function change reproduced previous results in the literature,

[2.1]. Fig. (2.4) shows the work function change during the deposition, which was continued
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Figure 2.4: Work function change during deposition of I onto Pt(111).
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until there was no further work function change.

This point is known to correspond to the formation of the saturated Pt(111)(V7 x
V7)R19.1°-] surface structure, with a coverage of 0.43 ML. The LEED pattern and Auger
spectra were monitored again at the end of deposition to ensure the quality and cleanliness
of the Pt(111)(V7 xV7)R19.1°-I structure. The surface then presents a LEED pattern of good
quality. However, the crystal was then heated to 400 K at 2 K s™ and let cool to room
temperature to make the diffraction spots of the LEED pattern even sharper, ensuring the
highest quality surface structure.

After preparing the Pt(111)(v7 x V7)R19.1°-I structure and transferring the crystal
to the electrochemical chamber, the chamber was brought to atmospheric pressure with
argon purified with a Centorr Gettering Furnace (Model 2B-20-Q). Two different types of
experiments could then be performed: electrochemical experiments and measurements of

the contact angle.

2.2.1. Electrochemical Experiments with Pt(111) Prepared under UHV
Conditions.

Before the experiment, all glassware was cleaned with hot chromic acid and rinsed
with 18 MQ cm Millipore Q Water, wrapped in aluminum foil and left overnight in an oven.
Immediately before the experiment, all glassware was rinsed with fresh electrolyte. These
solutions were made with the reagents HCIO, (BDH, 60%, AnalaR), H,SO, (Seastar
Suprapure, 98%), AgCIO, (Alfa AESAR 99.9%) or TL,CO,; (Alfa AESAR 99.999%). The
solution and electrochemical cell were degassed for at least 1 h with high-purity argon

before being introduced into the chamber.
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As shown in Fig. (2.1), there is a counter and a reference electrode in the
electrochemical cell. The counter clectrode is a platinum mesh cleaned with chromic acid
prior to the experiment. Two different types of reference electrode were used depending on
the type of experiment. A 1 cm silver wire was used as the reference electrode for the
experiments involving the electrodeposition of Ag. The reference electrode isthen Ag| Ag*
(1 mM in 0.1 M HCIO,), and gives the potential vs the potential for electrodeposition of
bulk silver. This electrode was cleaned with HNO, and then chromic acid prior to the
experiment. For the rest of the experiments a h&drogen charged 1 cm long, 0.5 mm diameter
Pd wire was used as a reference electrode. The Pd was charged with hydrogen by applying
a reduction current of 5 mA for 10 minutes in a 0.5 M H,SO; solution. The H* from the
solution is reduced to H, which is absorbed into the electrode. The reference electrode was
then H(Pd)/H", with a measured potential of +50 mV vs the Reversible Hydrogen Electrode
(RHE). RHE refers to the hydrogen electrode in the same solution as the working electrode.
For convenience, the potentials in this thesis have been referred to RHE when using Pd as
the reference electrode.

The crystal was put into contact with the solution at a specific potential using the
hanging meniscus method, and the electrochemical experiment was then carried out. After
the experiment, the meniscus was broken at a selected potential in a controlled fashion. As
explained in the introduction, the remaining droplets of electrolyte on the surface were
removed by flushing with argon and sucking with the different glass tubes, Fig. (2.1). The
electrochemical chamber was pumped out using a molecular sieve sorption pump cooled
with liquid nitrogen, and then a 60 L/s turbomolecular pump. The crystal was transferred

to the main chamber, and after a few minutes the surface analysis measurements were
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performed. The pressure during these measurements was never above 5x10” mbar. The
cleanliness of the transfer was checked with AES for the presence of impurities on the
surface.

As an example of the cleanliness of the transfer experiment, Fig. (2.5) shows the
cyclic voltammogram of Pt(111) in H,SO,, which is a system especially sensitive to the
presence of impurities and surface disorder. The voltammogram depicted in Fig. (2.5)
reproduces results in the literature [2.3][2.4], and the AES spectra after transferring the
crystal back into the main chamber shows no carbon contamination within the detection

limit of the instrument.

60 T v T Y T v T v T

00 02 04 06 08
E/V vs RHE

Figure 2.5: Cyclic voltammogram of Pt(111) in 0.5 M H,SO,. Sweep rate 50 mV s
Initial and final potential =0.1 V.
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2.2.2. Measurements of the Contact Angle.

Measurements of contact angle were performed for surfaces prepared either under
UHYV conditions or in the laboratory ambient pressure. Pt(111)}(V7 x V7)R19.1°-I samples
prepared under UHV conditions were brought to atmospheric pressure in the high pressure
chamber of the UHV under high-purity argon. A droplet of electrolyte (~1puL) was put on
the surface with the help of an external microsyringe attached to one of the glass tubes of
the electrochemical cell. The droplet was then photographed with a Minolta SLR camera
with a 55 mm macro lens attached (Micro-Nikkor), the same one used to photograph the
LEED patterns. The angle was estimated from digitized and expanded images. The shape
of a droplet of electrolyte on the surface shows the slight hydrophilicity of the
Pt(111)(vV7 x V7)R19.1°-I. The large uncertainty in this result arises from the difficulty of
photographing the surface in the center of our vacuum system. However, the necessity for
a contamination-free measurement precludes a measurement in the laboratory ambient
atmosphere.

Surfaces prepared under ambient pressure were used for measurements of the contact
angle of the Pt(111)(3 x 3)-Agl structure. The crystal preparation and iodine deposition were
done as described in sections 2.4.2. The Pt(111)(3 x 3)-Agl surface structure was produced
electrochemically as described in chapter 1, and its quality was ensured when the peak
current of the voltammogram was within 10% of the voltammogram shown in Fig. (1.1).
After holding the potential at + 0.4 V vs Ag/Ag*, the meniscus was broken and the crystal
turned facing up. A droplet of electrolyte (~1puL) was put on the surface and photographed

with the camera described above.
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2.3. Electrochemical Intrumentation and Special Techniques: A.C. Impedance.

2.3.1. Potentiostats.

Five potentiostats; were built during the course of this thesis in collaboration with Dr.
Tom Fyles (UVic). The building process included all the stages of research, development,
building and final testing.

Thebasic layout of the potentiostat is shown in Fig. (2.6). In order to minimize noise
from wires going back and forth from the front panel, all the switches of the layout are
driven by relays installed directly on the circuit board. The main operational amplifier (OP1
in Fig. (2.6)), is helped with the booster (OP2) to obtain a maximum curreat of 300 mA. The
current through the working electrode is determined with the instrumentation amplifier
(OP4) by measurements of the potential drop through an internal or external resistor, R. The
current can be filtered with the selection of capacitors C of different values in parallel with
the measuring resistor. The voltage of the reference electrode is measured with a voltage

follower (OP3). A feature of this potentiostat is that the working electrode is at true ground.
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Figure 2.6: Layout for the custom-made potentiostat.
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This avoids fluctuations of its potential during very fast experiments such as potential step
experiments. In designs using current follower with the working electrode at virtual ground,
the working electrode is not at ground during the time the amplifier takes to stabilize,
usually a few microseconds. Afier a careful selection of the components of the potentiostats,

some of the specifications are displayed in table (2.1).

Table 2.1: Specifications of the Custom-Made Potentiostats

Power Ampliﬁer
Comphance Voltage 15 V

Wlthout Booster

W'th Booster

Control Loop Speed (theoretxcal) 2 8V/ps

1 kQ Resistive Load

- Experimental (from 0 to
Rise time for potential step | 0.5V.vs.RHE step in 0.5M | - 90% rise time: 2 ps

H,SO,, 0.1cm? Pt - time to stabilize: 4 us
electmde)

Current Measurements

1000, 100, 10, ImA/V, 200, 100, 10pA/V or user
supplied external resistor

7 Ranges: Decades
iaFig 26)
6 Ranges of Filter
Capacitors ( C in Fig. 0.068, 0.15, 1.5, 2.2, 4.7, 6.6uF
(2.6))
3 Gain Ranges
(Gain in Fig. (2.6))

x1, x10, x100
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Vo[tage follower accuracy £0.1mV (£0.1%)

[E—— __
mY—

2.3.2. A.C. Voltammetry.

The technique A.C. voltammetry was used in this thesis for the calculation of the
double layer capacitance, C, for different surface structures in solution. One of the main
differences between C, and a real capacitor, however, is the dependence of C, on the
potential across the interface. Nevertheless, the separation of charges between the surface
of the electrode and the solution is typified by the value of C at that potential.

The simplest A.C. voltammetry technique is single frequency A.C. voltammetry. For
this impedance technique, a small modulated signal (amplitude from 0.5 to 0.033 mV rms
and 1 or 2 kHz frequency) was superimposed on the applied voltage for cyclic voltammetry.
At the time scale of a few kHz, the only electrochemical process that responds is charging
of the double layer. Therefore, the equivalent circuit of the cell can be represented as:

WW— |— a
R C

where R, is the solution resistance. The impedance of this circuit for a frequency o is:

1
io Cy

Z=R + Q)

Therefore, the imaginary part of the impedance obtained with single-frequency A.C.
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voltammetry is inversely proportional to Cy4. The imaginary and real parts of the admittance
(inverse of the impedance), were measured by means of two lock-in amplifiers (Perkin
Elmer 7265), which use an internal oscillator with the same frequency as the modulated
signal applied to the electrode. One of the lock-in amplifiers measured the modulated
current, (I lock-in amplifier), while the other measured the modulated output voltage, (E
lock-in amplifier), Fig. (2.7). This second lock-in was used to correct for the error for the
phase shift due to the non-ideal response of the potentiostatic control loop.

A better estimate for C; was obtained by means of multi-frequency A.C.

voltammetry [2.5][2.6). This technique was applied for measurements of Cy in Chapter 8,

1

Ilock-in ampliﬁerl

10 Q

T tentiostat
o 1poﬁ

Reference signal

, Elock-in ampliﬁerl

Figure 2.7: Basic circuit for A.C. measurement.
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for thallium deposition on Pt(111) covered with iodine. The A.C. voltammogram was
repeated for different modvlation frequencies, ranging from 3 Hz to 200 kHz. The data from
these voltammograms were then combined together in order to obtain the frequency
response at each potential. The classical A.C. plots, i.e., Bode plot and Nyquist plots, Fig.
(2.8), are obtained, and then fitted using a linear least-squares fit method with the use of the
electrochemical software “Zview 2.3". For the case of Tl deposition on Pt(111)}(V7 x

VTR19.1°1, Fig. (2.8), the results fitted the equivalent circuit:

. - €))
R, [;ly:]

R,
where R, is the faradaic resistance. The value of Cy is directly obtained during the fitting
process.

The last A.C. technique used in this thesis for the case of silver electrodeposition on
Pt(111) covered with iodine is the classical measurement of A.C. impedance. In this
technique the electrode is held at a constant D.C. potential. The frequency of a
superimposed modulated signal of a similar amplitude as in A.C. voltammetry was swept
between 4 Hz and 2 kHz. The double layer capacitance was then obtained after combining
the real and imaginary parts of the modulated output current at each potential as in A.C.

voltammetry.
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Figure 2.8: a) Bode plot and b) Nyquist plot obtained with multi-frequency A.C.
voltammetry for T1 deposition on Pt(111)(V7 x V7)R19.1°-1 at different potentials. Note
the different axes scales of the Nyquist plot to emphasize the phase angle.
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2.4. Electrochemistry of Platinum Single Crystals Covered with Jodine Prepared by
Flame Annealing.
In this section, all the stages of the surface preparation are performed at ambient
pressure, without the use of UHV equipment. Two different types of platinum single crystals
were used in this work: platinum single crystal beads and D-shaped discs.

2.4.1. Platinum Single Crystal Beads.

Unless otherwise specified, the working electrodes for the electrodeposition of Ag
were oriented single crystals beads prepared and treated following Clavilier’s method
[2.7][2.8]. The area of these electrodes varied from 0.01 to 0.035 cm?. These electrodes were
prepared by Dr. Juan Feliu at the University of Alacant, (Spain). A conventional three-
electrode glass cell was used, which was thermostatically-controlled to within 1°C. The
reference electrode was RHE at the same temperature. A Pt counter electrode was used.
Solutions were 0.1 M perchloric acid (Merck Suprapur) and 1 mM AgClO, (Aldrich), made
up in Milli-Q water.

After heating the crystal with a flame for 1 min, the Pt(111)(V7 x V7)R19.1° iodine
monolayer was prepared by cooling the hot crystal in iodine vapor. The iodine crystals were
warmed up at the bottom of a test tube and let cool for ten minutes before the deposition.
Ten seconds after the Pt(111) crystal was removed from the flame, it was placed on top of
the test tube for fifteen seconds. The Ag deposition voltammogram is very sensitive to the
iodine structure, and the iodine surface was considered unacceptable if the voltammograms
were not identical to those previously published [2.9], or if the first and second cycle peak

heights were different by more than 10%. This surface was the starting point for the



temperature-dependence measurements.
For the study of the stepped surfaces, the clean surfaces were annealed and cooled

in Ar/H,, which is known to give well-defined stepped surfaces [2.10]{2.11]. The iodine was
then deposited by immersing the clean surface in 1 mM KI solution at open-circuit.
Exposure to iodine vapour was not used for the study of the stepped surfaces since it leads
to surface reconstruction [2.12]. In the case of Pt(111), iodide immersion is known by LEED
[2.13] and STM [2.9] to give a monolayer of iodine atoms with a (3 x 3) structure. On
stepped surfaces with low step densities, STM shows that this procedure gives structures
which are locally (3 x 3) [2.12]. We will refer to this structure as “(3 x 3)”, even though this
cannot be the correct unit mesh on stepped surfaces.

Itis useful to compare the measured potentials vs the potential for electrodeposition
of bulk silver. Voltammograms for Ag electrodeposition are reported vs Ag | Ag* (1 mM in
0.1 M HCIO,), although for some sets of experiments they were measured vs RHE. The
conversion used the calculated difference between these two reference electrodes, which

follows from the Nemst equation and the proportionality between the entropy of reaction
and (3E/9T)p:
E, pe(D- Eppy (D=E,, (29815K) +
om, ., . A, So.
RT, TaeThe  ASaome p 5955 K)- — " (7_29815K) (4)

F  y.m. F F
= 06809 V - (1386 mV K™ Y7 - 298.15K)

The numerical values were obtained using data from the NBS tables [2.14], taking
the activity coefficients of H* and Ag" in 0.1 M HCIO, to be the same, and taking the ratio

of their molalities as the experimental value of 100. The zero of the Ag|Ag" reference
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Figure 2.9: Experimental (1) and theoretical (--@--) potential of the Ag|Ag*
reference electrode as a function of temperature.

electrode occurred close to the minimum in the cathodic current before the bulk Ag
deposition onset (chapter 6), and this was true within 2 mV for the (111) voltammograms

calculated using the above equation, Fig. (2.9).

2.4.2. Pt(111) D-shaped Single Crystals.

A Pt(111) single crystal disc was used for the electrodeposition of Tl at normal
pressure. The disc (1 cm diameter, 1 mm thickness) was obtained from the same single-
crystal stub as for the Pt single crystals for the use in the UHV system. It was cut in two
through the diameter before polishing, giving two D-shaped like Pt(111) single crystals. A
Pt wire (1 mm diameter) spot welded to the back of the crystals allows their attachment to

glass rods. Before any experiment, the crystals were annealed in a bunsen flame for at least
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Figure 2.10: Cyclic voltammogram of Pt(111) single crystal disc in H,SO, 0.2 M.
Sweep rate =50 mV s™.

15 min. The iodine was deposited onto the surface in a similar fashion as with the single-
crystal beads. The cyclic voltammogram in H,SO, is shown in Fig. (2.10), which shows the

good quality of the crystals for this type of experiment.

2.5. Low Energy Electron Diffraction (LEED).

The electron optics in our UHV system is a Retarding Field Analyzer (RFA)
supplied by Omicron Vakuumphysik. The advantage of this system is that it can be used for
either LEED or AES with a simple change of the control electronics.

The main feature of this analyzer is a set of three energy selection grids with a
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Microchannel Plate (MCP). Behind the MCP there is a phosphorescent screen which makes
the diffraction patterns visible. Between the third grid and the MCP there is a fringe-field
plate. This plate corrects the path of the electrons to ensure a linear relationship between the
radial distance of the electrons entering the grids, and the electrons seen on the screen. This
is due to the difference in shape between the grids (hemispherical) and the MCP (flat), and
results in compression of the image by a factor of two. The electron gun is located in the
center of the optics. This uses a lanthanum hexaboride single-crystal filament. After being
heated at 1700 K by using a filament current of ~1.1 A, the gun can produce beam currents
from 0.01 to 30 p A at energies up to 3500 eV. This makes it ideal for its use in either LEED
or AES'.
LEED can be considered the equivalent of X-ray crystallography in two dimensions.

According to the de Broglie relationship, the kinetic energy of the electrons, E, is related to

1504 eVA?
L= \,__75_ ®)

This relationship shows that electrons with energy below 500 eV have wavelengths of the

their wavelength, A, as:

order of interatomic spacings in solids. These electrons can then diffract as if the lattice
were a diffraction grating. Since at this range of energies the electrons only penetrate two
or three layers into the solid, the study of the diffracted beams provides only information
on the surface region. A study of the position of the diffracted beams gives information

about the size and shape of the unit cell. If the spot intensities are measured as a function

! The tensor-LEED experiments described in chapter 3 were done with a Varian electron
optics (RFA) provided by Dr. Keith Mitchell (University of British Columbia).



27
of energy, the exact position of the atoms of the outer layers of the surface may be
determined by Tensor-LEED calculations. This technique will be explained in more detail
in chapter 3.

A simple way to understand LEED is that, with the incident electron beam normal
to the surface, a LEED photograph is a “picture” of the reciprocal lattice. If the incident
electron beam is not perpendicular to the surface, the “picture” of the reciprocal lattice
appears distorted. It is called a reciprocal lattice because the distance between diffraction
spots is proportional to 1/a, where a is the distance of the atoms in real space. If the unit cell
of the surface is defined by the vectors a, and a,, the unit cell in reciprocal space is defined
with another two vectors a*, and a’, such as:

g-a,=1 a-a; =1
a,-a°¢=0 a- a; =0

©
This transformation preserves the same type of symmetry between real and reciprocal space.
As an example, Fig. (2.11) shows the real lattice and LEED pattern for a Pt(111) surface,

both with hexagonal symmetry.

Figure 2.11: a) Ball model of a Pt(111) surface, b) LEED pattern of Pt(111). Beam
energy 70 eV. 0.02 pA beam current.
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2.6. Auger Electron Spectroscopy (AES).

With the same set of electron optics used in our laboratory for LEED, it is possible
to perform AES experiments with a different set of control electronics. The results are,
however, very different. While LEED provides information about the surface structure of
the crystal, AES provides information about the composition of the elements present in the
near-surface region. In Auger spectroscopy the electron yield is detected as the current
impinging on the front of the MCP, i.e. the gain of the MCP is not used in this experiment.

The basic process for the production of Auger electrons is shown in Fig. (2.12). A
high-energy electron ionizes an atom by ejection of a core-level electron. A beam energy
of several keV is used. This is not critical, however, since it is just used to create a vacancy.
Unless otherwise specified, the beam energy used in this thesis for AES is 3 keV, with a
beam current of 10 pA. The vacancy is filled by another electron from a higher energy level.
The excess energy can be released by either the production of photons (X-rays) oran Auger

electron. The result in the latter case is a doubly ionized atom.

Ejected electron Auger electron
e-
X-ray
Incident electron T

e-
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Figure 2.12: Process for the production of Auger electrons.
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According to Fig. (2.12), the basic equation for the kinetic energy of the Auger
electron, E,, is:

E\=E;-E-F, Q)
where the energy of the Auger electron is characteristic of the material.

However, due to the low yield of Auger electrons compared with the total number
of scattered electrons, a simple detection system is not practical. The sensitivity is increased
by modulating the energy of the selector grids with a superimposed sinusoidal wave, 10Vpp
and 4.7 kHz. The modulation of the voltage of the retarding grids produces a modulation of
the detected current at the collector, I(E). I(E) is proportional to the total number of

electrons passing through the grids; therefore:
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Figure 2.13: Auger spectrum of Pt(111) normalized to 10 pA ion current.
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I(E) < I:N(E) dE

I'"(E)x N(E) ®

I'"(E)x N'(E)
I’ (E) and I""(E) correspond to the first and second derivative with respect to the energy.
They are measured with the help of a lock-in amplifier, using the modulation frequency as
a reference. Traditionally the Auger spectra is displayed in the derivative form, N '(E),
which is proportional to I"(E). The main reason is to suppress the broad peak of secondary
electrons in the N (E) spectra. As an example, Fig. (2.13) shows the AES spectra fora clean
Pt(111) surface.
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Chapter 3

Surface Structure of P¢(111)(3 x 3)-Agl.

3.1. Introduction.

The surface compound Pt(111)(3 x 3)-Agl was first characterized by Hubbard
[3.1][3.2][3.3]. He proposed a structure on the basis of the size and shape of the unit cell
measured by LEED, the surface atomic composition measured by AES, and by analogy with
the structure of solid Agl. The structure has a repeating unit mesh (2-D unit cell) with sides
832.5 pm, three times the Pt-Pt distance of 277.5 pm [3.4]. He noted that the proposed Ag
and I layers of the structure were isostructural with (111) layers in solid Agl, and that it
could be represented as a slice of bulk crystailine Agl with the zinc-blende structure sitting
on the Pt surface, expanded laterally by 5%. The structure was composed of a monolayer
of Ag atoms lying between a monolayer of iodine atoms and the first Pt layer. The Ag atoms
were arbitrarily assigned to atop and two-fold bridge sites on the Pt. However, the positions
of the atoms within the unit cell were not directly determined from LEED because a full

intensity analysis was not performed.

3.2. Tensor LEED Analysis.

The surface technique tensor LEED is equivalent to X-ray crystallography in two
dimensions. The variation of the intensity of the diffracted beams as a function of the
electron energy is compared with that calculated for different proposed surface structures.
These structures are chosen by a trial-and-etror approach, making sure that they correspond
with the symmetry defined by the diffraction pattern. The agreement is maximized by the
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tensor LEED program by adjusting the atomic positions in an iterative procedure.

We have recently done, in collaboration with Dr. K. Mitchell and M. Saidy at UBC,
atensor LEED analysis for the electrodeposited Pt(111)(3 x 3)-Agl structure [3.5], together
with the vapor deposited Pt(111)(v7 x v7)R19.1°I, Pt(111)(3 x 3)-I and Pt(111)(v3 x
V3)R30°-I structures [3.6]. The LEED patterns for the Pt(111)(3 x 3)-Agl as well as for the
Pt(111)(v7 x V7)R19.1°-I are shown in Fig. (3.1). The experiments were done at UVic with
anelectron optics (RFA) provided by Dr. Mitchell. The structural analysis was done at UBC
using the tensor LEED programs provided by Van Hove [3.7][3.8][3.9].

Twenty-nine different model types were investigated in the case of the Pt(111)(3 x
3)-Agl structure. Measurements of the diffracted beam intensities were made at a
temperature between 298 and 302 K, and under a pressure around 4x10® mbar. Intensity-
versus-energy (I(E)) curves were recorded for normal incidence using a video LEED
analyzer system following standard procedures [3.10]. For example, sets of beams that are

believed to be symmetrically equivalent were measured at the same time in order to ensure

Figure 3.1: LEED pattern (97 eV) for the a) Pt(111)(v7 x V7)R19.1°-I and b) Pt(111)(3
x 3)-Agl structures.
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that a close approximation to normal incidence is attained. I(E) curves were measured with
appropriate beam averaging, normalization and smoothing of the symmetrically-related
beams

The most relevant for this thesis is the Pt(111)(3 x 3)-Agl structure. For the analysis
of the Pt(111)(3 x 3)-Agl structure, thirteen independent beams were used: (0 1), (1 0), (1
1), (0 2), (2 0), (2/3 0), (4/3 0), (0 5/3), (2/3 2/3), (2/3 1/3),(2/3 1), (1/3 1) and (4/3 1/3)
(total energy range is 1350 eV). Fig. (3.2) shows the LEED pattern for the Pt(111)3 x 3)-

Agl structure, together with the notation used in this thesis for each of the beams analysed.

Figure 3.2: LEED pattern (150 V) for the Pt(111)(3x3)-Agl structure, with the beam
notation used for the tensor LEED measurements. (The image has been altered with the
computer to show all the diffraction beams).
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Figure 3.3: I(E) curves measured for thirteen diffracted beams (dashed lines) for normal
incidence from the Pt(111)-(3x3)-Agl surface and compared with those calculated (solid
lines) for the favored geometry according to the tensor LEED analysis.

Given the complexity of the preparation process, six sets of I(E) curves were measured from
independently prepared surfaces, but data from a single set of measurements were used in
the subsequent structural analysis. The experimental and calculated I(E) curves used forthe
final analysis are shown in Fig. (3.3). The reliability index or R-factor, R,, introduced by
Pendry [3.11] was used in order to compare quantitatively the experimental with the
calculated I(E) curves. For each diffraction beam:
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where Y=HL-'2I+_V.§).’ and L=%. V,; is the imaginary part of the inner potential of

the “muffin-tin” approximation, used in the calculations to describe the potential of the
surface. R, is a weighted average of all the 7, factors according to their energy ranges.

The estimated R, value for the I(E) curves in Fig. (3.3) was 0.296. Other structures
gave R, values between 0.484 and 0.843. R, < 0.2 is considered very good agreement
between experimental and calculated I(E) curves. The structure is most likely to be incorrect

for R, > 0.5[3.12].

3.3. Pt(111)3 x 3)-Agl Surface Structure.

With the tensor LEED technique, the crystallographic structure with the exact
position of the atoms of the Pt(111)(3 x 3)-Agl surface structure was obtained. The results
of these experiments confirmed the proposed structure by Hubbard, except for the location
of the Ag atoms relative to the Pt substrate. The structure could be represented as a slice of
bulk Agl with the zinc-blende structure contracted by 10%. We found that per unit cell,
three Ag atoms are close to atop sites and one bonds on a three-fold hollow site on the
Pt(111) substrate. The atomic structure for the Pt(111)(V7 x V7)R19.1°-I as well as for the
Pt(111)X3 x 3)-Agl are shown in Fig. (3.4). The model proposed in this work for the
Pt(111)(3x3)-Agl surface has two inequivalent types of iodine atoms, and that s also the
case for silver atoms, Fig. (3.4.b). The I atoms are located in sites of three-fold coordination
created by the close-packed layer of Ag atoms bonded to the Pt(111) surface, with an
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Figure 3.4: Surface structure for: a) Pt(111)(v7 x V7)R19.1°-I and b) Pt(111)(3 x 3)-Agl.

average Ag-I bond distance of 2.67 A. This distance is shorter than the Ag-I bond length in
bulk Agl with the zinc blende structure (2.81 A) [3.13]. This is expected for the lower
coordination number of I (four in the bulk solid, three in the surface structure). The bond
order for Agl in the Pt(111)(3 x 3)-Agl structure can be estimated according to the Brown-
Altermatt method, which, using Agl bulk to parametrize a Pauling-type bond length - bond
order relation, is [3.14]:

r=r,-0.84 A log, (s) )
where 7, is the length of a single bond and s the bond order. The bond order for Agl in the
Pt(111)(3 x 3)-Agl structure is estimated as 1.46 relative to Agl in bulk.

The Ag atoms go beneath the I layer, in direct contact with the Pt atoms. Of the four
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Ag atoms per unit cell, one occupies a three-fold site on Pt(111), with a Pt-Ag bond length
of 2.82 A. This bond length is close to expectation from the sum of metallic radii (2.83 A)
[3.15]. The other three Ag atoms are displaced by 0.85 A off atop sites on the Pt(111)
surface. Each of them bonds to two Pt atoms with a bond length of 3.11 A, and to one Pt
atom with a bond length of 2.48 A, much shorter than the sum of metallic radii.

Itis interesting to notice that the Ag layer is 2.34 A above the surface Pt layer, and
the I layer is 1.17 A above the Ag layer, with no significant corrugation of either layer. On
the other hand, the I layer for the Pt(111)(v7 x V7)R19.1°-I structure has 0.5 A corrugation,
Fig. (3.4.a). The absence of corrugation in the Pt(1 11)(3x3)-Agl structure is suggestive that

the Ag-I interactions are more important than the Pt-Ag interactions.
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Chapter 4

Silver Electrodeposition on Pt Single Crystals Covered with Iodine.

4.1. Introduction.

Itis interesting to see how the crystallography of the underlying Pt surface alters the
structure and reactivity of electrodeposition processes. This chapter is a systematic study
of the influence of the step density on the electrodeposition of Ag onto Pt covered with
iodine. Aside from Pt(111), LEED, AES and cyclic voltammetry have been reported
previously only for the iodine covered Pt(322) = 6(111) x (111) and Pt(100) [4.1][4.2]
surfaces. The cyclic voltammetry on iodine covered Pt(110) has also been reported [4.3].
In this chapter, the electrodeposition of Ag on various iodine-covered Pt stepped surfaces
is systematically investigated. Most of this has been previously published [4.4]

4.2. Dependence of Ag Deposition on Surface Crystallography of Surfaces Prepared
by Immersion in lodide Solutions.

Fig. (4.1) shows the voltammograms for Ag deposition on the three low-index planes
of Pt, covered with iodine prepared by immersion in iodide solution. As explained in section
2.4.1., this procedure is known to give for Pt(111) a monolayer of iodine with a (3 x 3)
structure. For other surfaces with low step densities it gives structures which are locally (3
x 3), which we will refer to as “(3 x3)".

The first point to note is that the peak widths are wider than for deposition on the
Pt(111)v7 x V7)R19.1°-I surface (Fig. (1.1)), which may be an indication that the iodine
layer prepared by immersion in iodide is less well-ordered than the iodine layer prepared
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from I,(g). The C1 and Al peaks on the Pt(100) and Pt(111) surfaces are tentatively

assigned to deposition on the respective types of terraces, with the site on the (111) terrace
being more stable (C1/A1 peaks at more positive potentials). The second reduction peak

(C2) is best defined on the (111) surface, is ill-defined on the (110) surface and is absent for
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Figure 4.1: Cyclic voltammograms for Ag UPD on the low-index surfaces of Pt
after immersion in KI solution. The first and second cycles for the (110) platinum
surfaces are indicated. [Ag'] = 1 mM, sweep rate S mV/s. T=298 K.
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the (100) surface. The third deposition peak (C3) , previously assigned to a second
monolayer of Ag, is most pronounced for the (111) surface, less pronounced for the (100)
surface and diminished and ill-defined for the (110) surface. For stepped surfaces, this peak
merges with the bulk deposition current, and the two become indistinguishable when the

terrace width is six atoms or less. For this reason, a quantitative study of this peak was not

attempted.

4.2.1. First Cycle Behavior.

After immersion at + 0.60 V, the potential was first scanned to more negative
potentials. Except for the (111) and (100) surfaces, this first negative-going scan on the
stepped surfaces had larger charges than subsequent positive- or negative-going scans (e.g.
Pt(110), Fig. (4.1)). After the first cycle, the behavior was reproducible from cycle to cycle,
and anodic and cathodic charges were equal. The difference in the reduction charges for the
first and second cycles increases with the step density, Fig. (4.2). The correlation with step
density for the reduction charge means that edge effects or other experimental artifacts are
unlikely. One possibility is the reduction of Ag* to give Ag at step sites. However, our
second-cycle voltammograms for the 6(111) x (111) surface agree with Hubbard’s
voltammograms (first or subsequent cycles) [4.5], which began with well-characterized
iodine layers demonstrably free of silver. Therefore it is unlikely that any silver is present
on the surface at the beginning of our second cycle, particularly since the amount of silver
corresponding to the excess charge would be too high, e.g, 3.3 silver atoms per step atom
for the 4(111) x (100) surface. This high charge similarly precludes other reactions

producing surface-adsorbed species. Reduction reactions in which both reactants and
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Figure 4.2: Difference in reduction charges (Ao) between
the first and second cycle as a function of step density (1/n).
(W) = n(111) x (100) surfaces, and (O) =n(111) x (110).

products are solution species are unlikely to correlate with step density. The most likely
process is therefore reduction of a surface species loosely-bound to steps to give a soluble
product. Such a surface species could form during the open-circuit potential immersion used
here, but would not form in the controlled-potential immersion used by Hubbard [4.6],
which likely explains the differences in first cycle behaviors. Possible reactions are the
reduction of iodine atoms or I, molecules to aqueous iodide (which ultimately reacts with
Ag" in the solution), or the reduction of adsorbed oxygen to water. As explained in chapter
2, the crystals were cooled in Ar/H, atmosphere. This prdcedure is known to give well-

defined stepped surfaces. Therefore, the only possible source of oxygen contamination



42
would be oxygen dissolved in the KI solution. It is difficult experimentally to identify the
weakly-adsorbed species, and so the issue of their identity remains unresolved.

4.2.2. Stepped Platinum Surfaces.

The C1 peaks were higher and better-defined on the second cycle than on the first,
with the first- and second-cycle differences larger for surfaces with higher step density. The
charge in the second cycle, between the C3 peak and the positive-potential limit varies
slightly with step density, but averages about 245 nC cm?, which agrees with the
corresponding charge measured by Hubbard [4.5] for the 6(111) x (111) surface. Therefore,

the following discussion of trends applies to the second-cycle behavior.

4.2.2.1. Terraces with 100 Steps.

Surfaces studied: m(111) x (100) forn =, 21, 14,9, 6,4, 3, 2, i., (111),(11,11,10),
(15, 13, 13), (544), (755), (533), (211), (311).

In this series, Fig. (4.3.a), the terraces are (111) with varying widths (7 =number of
atoms across the terrace) and the steps are (100) of monoatomic height. As the step density
increases, the C1 peak broadens, decreases in height and moves to more negative potentials.
The Al peak behaves similarly, but the shift to more negative potentials is less pronounced.
These peaks are barely distinguishable from the baseline for surfaces with terrace widths of
four atoms or less, and the voltammograms for these narrow-terrace surfaces resemble the
voltammogram for (110). The C2 peaks decrease in prominence similarly. As these changes
occur, the flat baseline current between peaks C1 and C3, and between peaks Al and A3

increases. This baseline current is largely Faradaic in nature, since the estimated double-
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layer charging current is negligible on this scale.

4.2.2.2. Terraces with 110 Steps.

Surfaces studied: n(111) x (110) forn=w, 19, 13,6, 5, 4, 3, 2, 0, i.e, (111), (10,10,
9,(@.7,6),(1,7,5),(3,3,2,(,5,3), (2,2, 1), (3, 3, 1), (1,1,0).

Despite the difference in the type of step, similar trends are seen in this series, Fig.
(4.3.b) as when the steps are (100). The C1 peak broadens, decreases in height and moves
to more negative potentials. The A1 peak broadens and decreases in height, but there is no
significant shift to more negative potentials. For surfaces with terraces with fewer than six
atoms, the voltammograms are similar to the (110) voltammograms. The C2 peak
diminishes in intensity as the step density increases. As before, the charge lost as the C1
peak decreases appears in the baseline current. Indeed, the first- and second-cycle behaviors
for (111) terraces are almost identical, whether the steps are of the (110) or (100) type.

4.2.2.3. Terraces with 111 Steps.

Surfaces studied: n(100) x (111) for » = «, 20, 4, 3, 2, i.e, (100), (39,1,1), (7,1,1),
G,1,1), (3,1,1).

As in the other series, the C1 and A1 peaks decrease in height as the step density
increases, and for terrace widths of less than seven atoms, the voltammogram is close to that
previously described for the most open surface, namely Pt(110). However, the C1 and A1
peaks do not shift in potential Fig. (4.3.c), and the broadening is less significant than for the

other series.
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clarify the type of step).
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4.23. Structure - Voltammetry Peak Correlations for Stepped Platinum
Surfaces.

Immersion of Pt(111) into iodide solution is known to give the Pt(111)(3 x 3)-I
structure [4.6]. The structure formed in the C1 peak on the iodide-immersed surface has not
been characterized, but the C1 peak on the Pt(111)(vV7 x V7)R19.1°-I surface formed by gas-
phase dosing of T, is known to produce Pt(111)(3 x 3)-Agl, with I:Pt and Ag:Pt ratios of 4:9
[4.7]. It is reasonable to assume that the C1 peak on the iodide-immersed surface produces
the same structure. In support of this, the C1 peaks on the two surfaces occur at very similar
potentials. In this thesis it is found that the C1 peak potentials on the (3 x 3)-I and
(V7 x VT)R19.1°-I surfaces differed by 15 mV; a difference of ca. 25 mV is evident from
examining the figures in Hubbard’s work. This small difference may reflect small
differences in the stability of the two iodine structures, but is unlikely to be due to very
different Ag deposition structures.

For Pt(100), dosing with gas-phase I, produces Pt(100)(V2 x 2V2)R45°-I, and this
surface is stable in aqueous solution at open circuit. The C1 peak on this surface produces
a Pt(100)(V2 x V2)R45°-Agl structure with :Pt = Ag:Pt = 2:4 [4.1]. Unfortunately, for
iodide-immersed Pt(100) neither the iodine structure nor the C1 deposition structure have
been characterized. Since there appears to be no significant difference in the potentials of
the C1 and C3 peaks on our iodide-immersed surfaces from those on the I,-dosed surfaces,
we assume that the Ag deposition structures are the same, although our peaks are broader
and enclose a higher charge. The differences are likely related to differences in the adlayer
order.

The C1 peaks are therefore assigned to production of ordered structures on the (111)



46
and (100) terraces, and the difference in C1,,, and C1 o, peak potentials is a reflection of the
different Gibbs® energies of these structures. The decrease of the C1 and A1 peaks as the
terrace widths decrease confirms that these peaks are associated with terraces. Moreover,
the almost identical behavior for surfaces with (111) terraces and steps of (100) or (110)
type, Figs. (4.3.a) and (4.3.b), confirms that C1 is not due to step adsorption. Ordered
regions on terraces produce sharp peaks in the voltammograms. However, the deposition
on steps occurs with a distribution of energies, so that the corresponding current appears in
the flat baseline.

The fact that the initial deposition occurs on the terraces is surprising in view of the
dogma in catalysis that step sites are the most reactive. However, this can be explained
considering that the ordered structures containing iodine are more stable than the disordered
structures, and so the iodine preferentially stabilizes Ag on the terraces. This is in agreement
with the tensor LEED measurements in chapter 3, which show that the Ag-I angles seem to
be determining the structure.

The corresponding systematic study of Ag deposition on Pt stepped surfaces in the
absence of iodine has not been done. Systematic studies have been carried out for Pb UPD
on gold [4.8] or Cu on platinum [4.9][4.10], and it is interesting that in those cases the
voltammograms showed much more structure, and peaks could be identified with specific
types of terrace and step sites. Ag UPD on bare Pt likely behaves similarly to these other
metal on metal systems without strongly coadsorbed atoms. The behavior on iodine-covered
surfaces is markedly different in that no peaks assignable to step sites are found, suggesting
that iodine plays a special role. Other arguments can also be made that the iodine influences

both the stoichiometry and structure of the Ag deposition:
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| A) The disappearance of the C1 and Al peaks correlates with the increasing step
density and suggests that the disordering introduced by the steps alters the Gibbs energy
change of the deposition. Both these peaks are well defined for surfaces with at least nine
atoms on the terrace, and disappear once the terrace width becomes smaller than about five
or six atoms. This suggests that these structures require a long-range order over at least
10 A, which is about the size of one (3 x 3)-Agl unit mesh on the terrace. Whether the
change in energetics is due to the sensitivity of the initial iodine layer or the product Agl or
both to the presence of steps is difficult to decide experimentally.
B) Iodine adsorption structures at saturation coverage on Pt single-crystal surfaces

aretypically close-packed layers with interatomic distances close to twice the van der Waals

(UL R
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R (110 _~
5 ( 0)/3//
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—(111) tervace ——
504 A : step
o

o 5 o 15 & 2
(T11) terrace width (atoms)

Figure 4.4: Charge density for the C1 peak for Pt(111) and stepped surfaces as a
function of the (111) terrace width () for: ) n(111) x (100) and A) 7(111) x (110)
surfaces.
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radius. Even across step edges, the iodine positions are close to those predicted from simply
laying down a close-packed layer of iodine atoms over the step edge. That is, specific Pt-I
interactions seem less important than iodine packing considerations, and this leads to a
spectrum of types of surface bonding across a step edge, probably of similar energies. This
region of rather ill-defined sites may persist as a disordered region in the Agl phase after
deposition, since iodine packing considerations probably still play arole (iodine being larger
than silver). If we assume this disordered region extends a fixed distance from a step edge
in either direction, then its size may be estimated from the area of the C1 peak. Fig. (4.4)
shows the charge for the C1 peak for surfaces with steps of (100) and (110) type as a
function of the (111) terrace width. If the charge for the C1 peak is related to “(3x3)”
ordered regions on the terrace, the difference in C1 charge between a stepped surface and
the clean (111) is a measurement of the percentage of surface that is lost to the “(3x3)”
region due to the disordering influence of the steps. The slope of the linear regions in Fig.
(4.4) allows us to calculate that the disordered region is 2 - 2%z atoms per (100) step, and 1%
- 2 atoms per (110) step. As explained above, for surfaces with small terrace widths the
approximation breaks down, and the disordered region is larger than this estimate, (see e.g.
the points for » = 6 on Fig. (4.4)).

O) As the step density increases and the C1 peak diminishes, the silver deposition
voltammograms approach the Pt(110) voltammogram. Furthermore, the Pt(110)
voltammogram is very similar to the voltammogram on a Pt(111) surface which has been
disordered by electrochemical cycling prior to iodine adsorption [4.11]. The voltammograms
become more featureless, and there is no obvious correlation of voltammetry features with

types of steps. Moreover, the charge for silver deposition between the C3 peak and the
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positive potential limit remains approximately constant at 245 uC cm™ for all the surfaces
studied. Therefore, it seems that the same amount of silver can be deposited, but that the
deposition is disordered in a region around the steps. This suggests that Ag:I stoichiometry
is more important than Ag:Pt, and that Ag deposition is not site specific with respect to
platinum. This is verified in the tensor-LEED measurements, which show how the structure
remains essentially flat despite the different types of coordination of the Ag atoms within

the unit cell.
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Chapter §

Thermodynamic Calculations of Agl adsorbed on Pt(111).

5.1. Introduction.

In this chapter, we combine data from several types of experiments to find the
cohesive and formation energies for the surface compound Agl(ads) which can be
electrochemically deposited on a Pt(111) surface. The cohesive and formation reactions
correspond respectively to:

Agl(ads) > I(g)+ Ag(e) (Y]

Ag@E)+ XL(s)~> Agl(ads) @
Agl(ads) refers to the Pt(111)(3 x 3)-Agl structure in vacuum, and includes Ag-I as well as
Pt-Ag bonding.

Most of the thermodynamic parameters of the surface compound Agl(ads) formed
in the electrochemical process above are still unknown. Therefore, with primary data from
our laboratory, support data from thermodynamic tables and some thermodynamic
sequences we will deduce the nature of the bonding in Agl(ads). Two steps of this sequence
require more detailed discussion, which will be deferred until chapters 6 and 7. This will
allow calculation of the cohesive and thermodynamic parameters of the surface compound
Agl(ads). All quantities calculated are per mole of iodine.
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5.2. Cohesive Enthalpy and Gibbs Energy Change of P¢(111)(3 x 3)-Agl.
The cohesive enthalpy and free energy for Agl when it is adsorbed as Pt(111)(3 x
3)-Agl are defined as the changes in these quantities in the reaction (3). As we will see in

chapter 7, in principle it would be possible to study this reaction through TDS experiments.

Ag I
Pt
"

° oo
:ooo o9 (3)
0% °

111)}3 x3
Pi(LLIX rhel 8T (Agl(ads))

However, for Pt(111) [5.1], Pt(6(111) x (111)) [5.2] and Pt(100) [5.3], the thermal
desorption of iodine overlaps with the thermal desorption of silver. The study of this system
is then limited by the lack of an accurate model of desorption to account for the interactions
between Ag and I. Therefore, in order to get thermodynamic information for this reaction
we use the reaction scheme shown in Fig. (5.1). In this sequence, the initial structure
Pt(111)(3 x 3)-Agl, or Agl, is disassembled in successive stages to finally obtain silver and
iodine atoms in the gas phase. After immersion of the Agl structure into the electrolyte, the
silver is removed from Agl(ads) to give solid Ag and P(111)}(v7 x V7)R19.1°-L. The
sublimation stage changes the silver from solid to gas phase. The other two stages are
related to the iodine. First, the emersion of the Pt(111)(v7 x V7)R19.1°-I structure from the
solution to vacuum; and second, the desorption in vacuum of the iodine from the surface.

According to this thermodynamic sequence, we can deduce the set of equations:
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Ag I
\ & Q o O
%00 o :
:0?; °°o
3G (Agi(ads)
P111)3 x3)-Agl =————> Ag(g) + [K@g) + PyllD)
T At (Agl@ade) 50" Q68
aq(bulk) IA..,H- ((ads))
baG ASD b oG (AS®) I(ads vac)
AH (AgD [T (Ag(9)) aq(bulk)
IA.G'a(-ds»
8 T ((ads))
v - 8 1o G" (Agl(ads))
Agl(ads) — T (: T Ag(s) + I(ads,aq)

Figure 5.1: Thermodynamic sequence corresponding with the cohesion of Agl(ads).
I(ads,vac) refers to the Pt(111)}(V7 x vV7)R19.1°-[ structure in vacuum, as distinct from
I(ads,aq), which refers to the same structure in contact with an electrolyte solution of 0.1 M
HCIO, + 1 mM AgClO,. A, G° (Agl) refers to Gibbs energy of immersion of Pt(111)(3 x
3)-Agl in vacuum, and A_,,G° (Agl(ads)) refers to Gibbs energy of cohesion of Agl(ads).
A..G° (Agl(ads)) is the Gibbs energy of reaction Ag(s) + I(ads,aq) - Agl(ads), A,,,G°
(Ag(s)) is the Gibbs energy of sublimation of silver, A,,G” (I(ads)) is the Gibbs energy of
emersion of I(ads,aq), and A,,G° (I(ads) is the Gibbs energy of desorption of I(ads,vac). The
notation is equivalent for the enthalpy changes of the different reactions.

A G"(Agl(ads)) = A, G°(AgD) - A,..G° (Agl(ads)) + A ., G° (Ag(S))
+A_,G°(I(ads)) +A . .G* (I(ads)) @

A ot (Agl(ads)) = A, H*(AgD) - A H>(Agl(ads)) +A ,H*(Ag(s))
+A4 LH°(I(ads)) + A . H (I(ads))
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In the following sections we calculate independently the fouruntabulated terms on the right-
hand sides of equations (4) and (5), which sum to give the cohesive enthalpy and free energy

for Pt(111)(3 x 3) - Agl structure.

5.2.1. Immersion of Pt(111)(3 x 3 )-Agl into the Electrolyte.
The initial stage of the thermodynamic sequence is the immersion of the Agl

structure from the vacuum into the electrolyte:

Agl + aq(bulk) > Agl(ads) - A,G°(AgD, - A, H°(AgD) ©

aq(bulk) is the electrolyte in the bulk form, as compared with aq(gas), which is the
electrolyte with its surface in contact with an atmosphere saturated of electrolyte . In
practice this atmosphere is replaced by a dry inert atmosphere, without significant change
in the surface tension.

In the next sections we calculate first the Gibbs energy change of immersion, and

then the enthalpy change.

5.2.1.1. Calculation of the Gibbs Energy Change of Immersion, A G®

(AgD).
The creation of new surface in a solid or liquid can be represented as the cleavage
the surface, followed by the rearrangement of the surface atoms to their new equilibrium
positions. The two processes occur at the same time in a liquid, being the surface tension,

v, the work required to create a unit area of surface, 4:

2, o
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Since the rearrangement of the atoms on a solid surface is a slow process, v is not

a quantity directly applicable in the case of solids. In other words, it is possible to create
new area in a solid by stretching the distances of the atoms of the surface. The work

required to form the surface is called surface stress, ¢ [5.4]):

_ (A4
"”‘(u]m ®

In the case of liquids, the stretching term (9y/34),» = 0, which is why ¢ =. In our
experiments, the surface is adsorbate-covered, no reconstruction of Pt atoms is observed in
tensor-LEED, and we assume any lateral deformation of the silver and iodine atoms by the
solution is small, i.e. we take ¢ =y. We will sometimes use the terms surface tension and
interfacial tension synonymously.

Reaction (6) can not be studied directly since the electrolyte is in the bulk form. In
order to study it, this reaction has to be divided in two stages:

Agl +aq(gas) > Agl(ads) &)
aq(bulk) - aq(gas) (10)
According with this equation, the free energy change per unit area of equations (9)
and (10) in terms of the surface tension is respectively:

A, G° = yhenm _ yres _ yAdken an
A, G°=y5™ 12

Adding both free energies gives the total Gibbs free energy change of immersion:
A, G°(Agl) = yAsieddm _  Adgss 13)

Measurements of the contactangle a of the electrolyte with Pt(111)(3 x 3)-Agl give
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an estimate of the relationship between the different components of the surface tension at
the point of contact, Fig. (5.2). According to Young’s equation [5.5], the value of the surface
tension of the electrolyte is related to the difference between the surface tension of Pt(111)(3
x 3)-Agl in vacuum and in solution. This is shown in equation (14):
y AP _ y A8 - y 5% cosqr (14)
Although Young’s equation applies only for systems under equilibrium conditions
(drop of electrolyte under a saturated atmosphere), it is assumed that there is no significant
deviation from equilibrium conditions for a drop under a dry atmosphere. This assumption
is supported by the fact that the time scale of evaporation of the drop was slow, ca. 10 min.
Also, the heat conductivity of the Pt crystal and support wires acts to maintain the
temperature of the sample despite the evaporation of the drop.
According to this assumption, substituting Eq. (14) into Eq. (13) yields:
A, G°(Agl) =- y¥= cosa (15)
Measurements of the contact angle of a ca. 1 uL droplet of electrolyte gave a =73

* 5°. Accordingly, the Pt(111)(3 x 3)-Agl structure is slightly hydrophilic (contact angle

> 90°). That is, the Gibbs energy change A,,G° (Agl) for immersion of this structure from

Yn(m)(hma.w /2
%

Figure 5.2: Contact angle and components of surface tension for a drop of electrolyte (1
mM AgClO,, 0.1 M HCIO,) on a Pt(111)(3 x 3)-Agl surface.
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vacuum to electrolyte is endergonic. This is because the introduction of the surface breaks
the structure of the bulk electrolyte. The contact angle for H,O and electrolyte on a
Pt(111)3 x 3)-Agl surface were also the same within the experimental error.

The surface tension of the electrolyte y #** is unknown. Hence, we approximate
7** to y#+%0 which has been measured as 72.60 + 0.01 mJ m?[5.6]. Substituting a and
7**H0 in equation (15) gives a value of Gibbs energy change per unit area as - 21 + 7 mJ
m%. The number of moles of Agl on a Pt(111)(3 x 3)-Agl structure per unit area is 1.010

x105 mol m, and therefore the molar Gibbs energy change is A_G"(Agl) =-2.1 £0.7kJ

mol™.
5.2.1.2. Calculation of the Enthalpy Change of Immersion, A_H" (Agl).
According to equation (16), the entropy change is proportional to the change of
surface tension with temperature:
AG®
= | =2 1
AS® ( 3T ]’ (16)

Since the surface tension is a measurement of the free energy of the surface, substituting Eq.

(15) into Eq. (16) gives the standard entropy of emersion per unit area:

asH0
S agy - (20220 ar
P
Thus:
AS°(AgD = (67;-: lo) cosa + y =0 (6 (a:o;'a) (18)
4 P

Asseen in the next section, measurements of the contact angle for Pt(111)(v7 x V7)R19.1°-I

between 290 and 310 K suggest that it does not change within the experimental error.
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Assuming similar behavior for the Pt(111)(3 x 3)-Agl structure, the term y***° (5cosa/o7)»

in equation (18) is less than 0.01 mJ K™' m. The temperature-dependence of the surface

tension at room temperature is known [5.5}, (3y***%/37), = -0.153 + 0.005 mJ K m?.

Therefore, equation (18) yields A_S° (Agl) =-0.09 +0.02 mJ K™* m?, and per mol of Agl
this is A" (Agl) =- 9.5 +2 J K™ mol™.

The enthalpy change of emersion at 298.15 K is then calculated from the Gibbs

energy and the entropy of emersion as A (Agl) =-4.9 + 1.3 kJ mol".

5.2.2. Electrochemical Adsorption of Ag* onto Pt(111)(v7 x V7)R19.1°-L.
This component of the thermodynamic sequence is the desorption of the silver from
the Agl(ads) structure into silver metal:

Agl(ads) > Ag(s)+ I(ads,aq) —A_.G°(Agl(ads)), — A H(Agllads)) (19)

In chapter 6, we calculate electrochemically the change in Gibbs energy and then the change
in enthalpy of reaction. This is done through a temperature dependence study of the
reversible potential of the C1/A1 peak in the voltammogram. The thermodynamic
parameters calculated are:

A, G° (Agl(ads)) = - 44.0 + 0.3 kJ mol*.

Ak (Agl(ads)) = - 35.5 £ 0.3 kJ mol™

5.2.3. Sublimation of Ag(s).

The next reaction in the thermodynamic sequence is the sublimation of silver:

Ag(s) > Ag(p) —ALuG (Ag(s)), AnuH"(Ag(S) (20)
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According to the NBS tables [5.7], these parameters are:
A,G (Ag(s)) =+245.6 +0.04 kJ mol'.
ALHP (Ag(s)) =+ 284.6 +0.04 kJ mol™

5.2.4. Emersion of Iodine in a Pt(111)(v7 x v7)R19.1°-I Structure from Solution
into Vacuum.
Once the silver has been disassembled from the Agl(ads) structure, the next reaction
is the removal or emersion of the solution from the I(ads,aq) structure.
I(ads,aq) - K(ads,vac) +aq(bulk) A _,G°(Ag(s)), A H°(Ag(s)) (21)
Applying the same methodology as for the calculation of A,G° (Agl) and A_,G° (Agl), in
the next sections we calculate first the Gibbs energy change of emersion, and then the

enthalpy change.

5.24.1. Calculation of the Gibbs Energy Change of Emersion, A G*

(I(ads)).
As in the case of immersion of Pt(111)(3 x 3)-Agl, reaction (21) is divided into two
reactions:
I(ads,aq) » I(ads, vac) +aq(gas) (22)
aq(gas) - aq(bulk) (23)

The free energy change per unit area of equations (22) and (23) in terms of the
surface tension is respectively:
G® =y "0y lakivec _  ledrag 29

Ay
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A_G°=-y%e (25)

ra2

Adding both free energy changes gives the total Gibbs free energy change of emersion:
A G (I(ads)) =y o+ — y 't (26)

According to Fig. (5.3), the relationship between the different components of the surface
tension is:
lodehac _ o ladshad _ o 02820 iy 27

Y Y

which yields after substituting into equation (26):
A ,G°(I(ads)) =y ™™ cosa (28)
Measurements of the contact angle of a ca. LuL droplet of electrolyte gave a = 55
+ 5°. This angle corresponds to a hydrophilic surface, although a slight hydrophobicity of
the Pt(111)(v7 x V7)R19.1°-I structure had been deduced indirectly previously [S.8]. The
contact angle does not change within the experimental error in the temperature range
between 290 and 310 K. The contact angle for H,O and electrolyte on a Pt(111)(V7 x
VT)R19.1° surface were also the same within the experimental error. As in the case of

immersion of the Pt(111)(3 x 3)-Agl structure, we approximate y ¥4 to y #*HO,

Figure 5.3: Contact angle and components of surface tension for a drop of H;O on a
Pt(111)(V7 x VT)R19.1°-I surface.
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Substituting a and y**!2° in equation (28) gives a value of Gibbs energy change per unit
area as 41 + 5 mJ m. The area per mole of I(ads) on a Pt(111)(V7 x v7)R19.1°-I structure
i3 9.743x10 mol m?, and therefore the molar Gibbs energy change is A_,G°(I(ads)) =4.2

+0.5 kJ mol™.

5.2.4.2. Calculation of the Enthalpy Change of Emersion, A__H® (I(ads)).
According to the relationship between AS® and AG® in equation (16), the standard
entropy of emersion per unit area is:

oaH,0
by = (2077 ee) @9

Therefore,

psH0
A,..S*’(I(ads»:-("’ar ) cosa-v"'“@(i’—“ﬂ) (30)

As explained in the previous section, measurements of the contact angle at 290, 300 and
310K suggest that it does not change within the experimental error, making the term y**H2°
(8cosa/3T), in equation (30) less than 0.01 mJ K m?2 Since (gy*~**°/aT), is known,

equation (30) yields A, S° (I(ads)) = 0.09 £ 0.02 mJ K™' m?, and per mol of iodine this is

A5 (I(ads)) =9.2 £ 2 JK* mol™.

The enthalpy change of emersion at 298.15 K is obtained from the Gibbs energy and

the entropy of emersion, A H° (I(ads)) = 6.9 + 0.6 kJ mol™.

§.2.5. Desorption iu Vacnum of Iodine from Pt(111)(v7 x V7)R19.1°-L

The desorption in vacuum of iodine from Pt(111) corresponds to the reaction:
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I(ads,vac) > K(g) A,,G°(I(ads)), A H"(I(ads)) E2))

In chapter 7, thermal desorption experiments of iodine under UHV conditions, together with
the development of a model of desorption allow calculation of Ay ,G® (I(ads)) and A /"

(I(ads)). The parameters obtained are:

A4, G (I(ads)) = 170 +22 kJ mol™.

AgEP ((ads)) = 209 + 20 kJ mol™

5.2.6. Cohesive Enthalpy and Gibbs Energy Change of Pt(111)(3 x 3)-Agl.

In the previous sections we have calculated all the terms in Eq. (4) and Eq. (5) for
the cohesive enthalpy and Gibbs energy change of Pt(111)(3 x 3)-Agl. The question that
remains is whether or not the structure I(ads,aq) obtained from the electrochemical
experiments is the same as the I(ads,aq) from the contact angle measurements, since the first
experiment is under potential control, while the second is at open-circuit potential. The
open-circuit potential was measured in our laboratory as ca. 0.5 V vs Ag|Ag’, only 50 mV
more positive than the first reduction peak in the voltammogram. This potential agrees with
previous results in the literature [5.9]). Therefore, it is reasonable to assume that the
Pt(111)(V7 x V7)R19.1°-I in solution has similar characteristics in both experiments.

Once all the terms in the right hand side of equations (4) and (5) have been
calculated, we substitute them and obtain the total cohesive enthalpy and free energy for Agl
adsorbed on Pt(111):
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A_,G’(Agl(ads))=-21+07 +44+ 03 + 2456+ 004 + 421+ 05+ 170+ 22

= + 462+ 24 kJ mol ™ (32)
A H'(Agl(ads)) =- 49+ 13+ 35£ 03 + 28461 004 + 69+ 06 + 209+ 20
=+ 531+ 22 kJ mol™* (33)

5.3. Formation Enthalpy and Gibbs Energy of Agl(ads).
The formation enthalpy and Gibbs energy of Agl (ads) are defined as the enthalpy
and Gibbs energy of formation of Agl(ads) from its pure elements in their reference states

i.e., for the reaction:

Ag 1
y

| w18
oG (Asl)

P(LLD) + Ags) + YLs) = PUIID-(x3)Agl

The previous method of constructing a thermodynamic sequence is then followed
(see Fig. (5.4)). According to this figure:

A G’ (Agl(ads)) =A G°(I(g)) +4 .G (&)

+A,G (I(ads)) + A .G (Agl(ads)) + A ,,G" (Agl) @3

A H (Agh(ads)) = A H* (@) + A  H" () -
+ A B (i(ads)) + A ' (Agl(ads)) + A L H" (AgD)

Except for A;G°(I(g)) and A.H°(I(g)) (standard formation free energy change and enthalpy
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v

Ag(s) + 'l(s)

\4

v

Ag(s) + I(ads,aq)

I(g)

A G (Agl(ads))

&G Ig))

4 ubG. (I(B)) =-4 4;0' (I(S))

v
I(ads,vac)

A (G* (I(ads)) = - A ,G" (I(ads))

A eGP (Agl(ads))

4 G (Agl)=- 4 ,G'(Agl)

» Agl(ads)

Figure 5.4: Thermodynamic cycle corresponding with the formation of Pt(111)(3 x 3)-

Agl.

change of I(g)), all of the terms in the right hand side of equations (35) and (36) have been

previously calculated. Their equivalences are shown in Fig. (5.4).

According to the NBS tables [5.6]:

AG(I(2)) = +70.250 £ 4-10* kJ mol”", A FP(I(g)) = +106.838 £ 4.10* Ky mol* (37)

in the right hand side of equations (35) and (36):

A.G(Agl(ads)) and A FP(Agl(ads)) are obtained by substituting back all the terms
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A,G°(Agl(ads)) =70250+ 410~ — 170+ 22 - 42+ 05— 44+ 03 + 2.1+ 07
= - 146+ 23 kJ mol ™! (8)

A H°(Agi(ads)) = 106838+ 4-10~ - 209+ 20- 69+ 06- 35+ 03+ 49113

= - 139+ 22 kJ mol™ (9
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Chapter 6

Silver Electrodeposition on Pt(111)(vV7 x V7)R19.1°-I.

6.1. Introduction.

In this chapter, the UPD of silver on Pt(111)}V7 x V7)R19.1°-I and its temperature
dependence are studied. Much of this has been published [6.1], and this chapter is largely
excerpted from there. As shown in chapter 1, starting from a Pt(111)(V7 x V7)R19.1°-I
surface structure with the iodine deposited from I(g) gives the cyclic voltammogram shown
in Fig. (6.1), similar voltammogram as Fig. (1.1). The voltammogram shows three UPD
peaks, of which C1 and C2 will be of most interest.

The reaction for the C1 peak is:

(7 x VT)R19.1°-(ads) + Ag*(aq) + & — (3 x 3)-Agl(ads) ¢))
where the surface before the peak is fully covered with I(ads) in the (V7 x V7)R19.1°-I
structure and the surface after the peak is fully covered by (3 x 3)-Agl [6.2](6.3]. The
narrowness of the peaks is a reflection of the fact that the process is essentially a surface
phase transition between the two ordered phases. In the limit of perfectly-ordered phases
and rapid kinetics, the voltammetry peaks would be delta functions occurring at the
reversible potential for the above reaction. Like solid crystals, the condensed surface phases
have chemical potentials independent of the amount (coverage), and so the standard state
will be taken to be the fully-covered ordered surface phase. As the reaction proceeds, islands
of I(ads) are replaced by islands of AgI(ads), rather than the Ag being randomly deposited
across the surface, as would occur for Langmuir isotherm kinetics. Experimental support
for an island-growth model comes from LEED [6.4][6.5], where the spots for both species
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are observed on emersion before the process is completed, and from the kinetics for this
peak, which follow a Nucleation-Growth-Collision (NGC) (island) model [6.6].

As we will see below, the potential of the foot of the C1 and Al peaks is

C3
00 01 02 03 04 05
E/Vvs Ag/Ag"

Figure 6.1: Cyclic voltammogram for Ag deposition on Pt(111)(vV7 x V7)R19.1°-L
[Ag'] =1 mM, sweep rate S mV s’ Insert: ( ....... ) Steady-state voltammogram
reversing the potential at + 0 V, (—) 1® cycle of the voltammogram starting at
+0.5 V and reversing at + 0.35 V.
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independent of the sweep rate, which indicates that the reaction under these peaks is
reversible. The hysteresis associated with the A1/C1 is assumed to correspond to an
unknown nucleation overpotential [6.6], and not to the history of sweeping voltage to
potentials close to the onset of bulk Ag deposition. This is depicted in the insert of Fig.
(6.1), which shows the similarity between the steady-state voltammogram and the 1* cycle
of the voltammogram reversing the potential between the C1 and C2 peaks.

As the reaction under the peak C1 is reversible, the temperature dependence of this
peak enables the calculation of the different thermodynamic parameters for the reaction:

Ag(s) + I(ads) » Agl(ads) )
where I(ads) refers to Pt(111)(V7 x VT)R19.1°-I, and Agl(ads) to (3 x 3)-Agl. The
parameters determined are A, /P(Agl(ads)), AnaceS"(Agl(ads)) and A,...G7(Agl(ads)),
(standard enthalpy, entropy and Gibbs free energy changes for this reaction). These are used
in the thermodynamic sequence in chapter 5 for the calculation of the cohesive and
formation energies for the Pt(111)(3 x 3)-Agl surface compound.

Additionally, a limited study of the temperature dependence for the process
associated with the peak C2 in Fig. (6.1) is made in section 6.3. This peak corresponds to
the additional deposition of 0.4 - 0.5 ML Ag. The surface phase transition that takes place
is from a fully-covered (3 x 3)-Agl structure before the peak, to a (V3 x V3)R30°-Agl

structure after the peak [6.7].

6.2. Dependence on Temperature of the First Deposition Peak of Ag on Pt(111)(V7 x
vY7)R19.1°-L

The measured reversible potential of C1/A1 relative to an Ag|Ag" electrode in the
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same solution is the cell potential for the reaction which is the sum of reaction (1) and the
reaction Ag —» Ag' +¢; that is:

Ag(s) + (V7 x VDR19.1°I(ads) — (3 x 3)-Agl(ads) QA)
which is the reaction we are interested in for the thermodynamic sequence in chapter 5.
Since all species are in their standard states, the reversible potential of C1/A1 versus AglAg*

is E° for reaction (3), and the standard entropy of this reaction can be obtained from:

A..,S"(Agr(ads»ﬁ(%’—‘;—)’ @

where F is the Faraday constant. Therefore, the variation of the reversible potential for
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E IVvs Ag/Ag’

Figure 6.2: Temperature dependence for the voltammograms of Ag UPD
on Pt(111)(V7 x V7)R19.1°L at 5, 30 and 50°C. Insert: C2 peak at 5°C.
[Ag'] = 1mM, sweep rate 5 mV/s.
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reaction (3) with temperature enables the calculation of the standard entropy of reaction,
A5’ (Agl(ads)).

6.2.1. Reversible Potential and A, S°(Agi(ads)) for reaction Ag(s) + I(ads) —
Agl(ads).

A series of voltammograms were run at 5°C intervals from 5°C to 50°C, with at least
three runs at each temperature, Fig. (6.2). The values reported for the peak parameters are
the averages of replicate runs. The peak potentials of the C1 and A1 peaks shift linearly to
more positive potentials as the temperature increases, Fig. (6.3), but the separation between

these two peaks is 27 + 3 mV independent of temperature. If this shift is interpreted in

75 A1 I
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Figure 6.3: Temperature dependence of peak
potentials for the first reduction (C1) and oxidation
(A1) peaks of Ag UPD on Pt(111)(vV7 x V7)R19.1°-L.
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thermodynamic terms, it indicates that the (3 x 3) Ag-I structure becomes more stable
relative to bulk silver as the temperature increases.

Overthe temperature range studied, the C1 and A1 peak heights (j,) and widths (w,,,,
full width at half height) show some variation. Some of this is due to variation in the degree

of surface order, but it is anticipated that an increase in width associated with poorer surface
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Figure 6.4: Dependence of the peak current (j,), width (w;,)
and charge density (¢) with temperature for the peak C1 for
Ag UPD on Pt(111)}(V7 x VT)R19.1°1..
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order will be compensated by a decrease in height, so that the area should vary less with
surface quality. Plots of j, versus T, w,, versus T, and peak area, Fig .(6.4), estimated from
the triangle formula 6 =j,w,,, vs T showed no significant variation of these quantities with
temperature — the slopes of the regression lines were not significantly different from zero
at the 95% confidence level. As expected, the areas showed less fluctuations than either the
peak currents or widths.

A limited study of the kinetics was undertaken by varying the sweep rates, v, from

jlnA cm®
o

00 02 04 06
E/VvsAg/Ag

Figure 6.5: Cyclic voltammograms for Ag UPD on Pt(111)(V7 x
vVDR19.1° at different sweep rates. T = 15°C. [Ag"] = ImM,
sweep rate S mV/s.
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Figure 6.6: Change of peak potential of C1 peak with sweep rate at
different temperatures.

5 mVs™ to 100 mV s™, Fig. (6.5). At each temperature, the C1 and Al peak potential E,
changed linearly with sweep rate, and the slopes of the E, vs v plots were 50 ms independent
of temperature, Fig. (6.6). The C1 peak current varied as a power law in sweep rate, j, = Vo
*0! Fig. (6.7), in agreement with earlier work [6.14], and furthermore the exponent was
independent of temperature.

The independence of the E, versus vslopes, the j, power law exponents, and the peak
shapes with temperature indicates that the mechanism and rate parameters are not changing
significantly over this temperature range (about a 20% change in T or 1/T). Therefore, the
shift in the reversible potential for this reaction probably tracks the shift in peak potentials.
The reversible potential must lie somewhere between the C1 and A1 peaks, and several

estimates, Fig. (6.8), of the reversible potential were made:
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Figure 6.7: Dependence of log (j,) with log (v) with temperature.

(I) The average of the Al and C1 peak potentials, under the assumption that the
overpotentials at the maxima for the C1 and Al peaks are the same.

(II) Extrapolation of the current of the reduction peak to the baseline, under the
assumption that the reduction process begins at the reversible potential.

(IIT) Average between the extrapolation of the reduction and oxidation peaks to the
baseline, under the assumption that the processes are initiated at well-
defined nucleation overpotentials, and that these nucleation overpotentials
are equal for the C1 and A1l processes.

The result of these three estimates is shown in Fig. (6.9).
Estimate (I) involves the potential of the Al process at the peak maximum. The

position and shape of the A1 peak were found to be very dependent on the cleanliness and
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Figure 6.8: Cyclic voltammogram for Ag UPD on Pt(111)V7 x V7)R19.1°-I showing the
different estimates of the reversible potential.

condition of the surface, which introduces substantial error into this estimate. Estimate (IIT)

also involves the shape of the A1 peak, whose initial potential was not always well defined,

so that some reaction may already have occurred by the estimated A1 nucleation potential,

especially at low temperatures. Indeed, some voltammograms showed that the C1 and Al

peaks initiated at approximately the same potential, suggesting that there is no significant

nucleation overpotential. Therefore, the best estimation is the extrapolation of the reduction
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peak to the baseline (method (II) in Fig. (6.8)). This estimate is uncomplicated by the issues
of the Al peak shape. At 25°C the E° for reaction (2) from the three estimates are (I) 462
mV, (II) 455.5 mV and (III) 457.5 mV. The A, S°(I(ads)) calculated from the slopes are:
@ 37+2Jmol’ K*, (IN) 30 £ 2 J mol™ K and (III) 26 +2 J mol™* K. Giving less weight

to (I) and using the difference between estimates (IT) and (III) as a measure of the systematic

wes] AS=37Imol'K’ "KL

\ i

E/mV vs AglAg'(D
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§ A
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Figure 6.9: Temperature dependence of the reversible potential for the
C1/A1 process. Reversible potentials estimated as: I) average of C1 and A1
peak potentials (@), II) extrapolation of the reduction peak Cl1 to the
baseline (@), and IIT) average of the extrapolation for the oxidation (A1)
and reduction (C1) peaks to the baseline (a).
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errors, it may be conservatively estimated that E° = 456 £+ 3 mV and

A o5°(I(ads)) =30 £ 6 J mol* K.

6.2.1.1. A, S°(Agi(ads)) and Double Layer.
A question that arises is whether the entropy change for reaction (3) (Ag(s) +
(V7 x VT)R19.1°-I(ads) — (3 x 3)-Agl(ads)) of 30 £ 6 J mol™ K" has a significant double
layer component, or is mainly due to changes of the surface structure. Two different
approaches are used to answer this question: estimation of the entropy change of the
reaction from the entropy of the individual components, and estimation of the entropy

change of the electrolyte from measurements of the double layer capacitance.

6.2.1.1.1. Entropy Change of the Surface Reaction.
The entropy change of the reaction (3) is:
AS® = 5°G 3y agitate) = S age) =S (/7 x v1IR19.1"iad) (&)

S° ages) i8 tabulated as 42.55 J mol™ K [6.8]. The other two terms in Eq. (5), 5°g..3) aqiass) 30
S° /1 x V119, 1adsy 4r€ unknown. In chapter 3 the crystallographic structure of the surface
compound (3 x 3)-Agl(ads) is calculated. It is determined that this structure resembles the
structure of bulk Agl. Therefore, we approximate S° , 3)agaa tO the entropy S°,g ) =
115.5 J mol™ K- [6.8]. We also approximate S, /n19.1"ads) 0 Sty = 41.63 J mol* K*!
[6.8], since the iodine in the Pt(111)-(V7 x V7)R19.1°-I(ads) surface structure follows and
adapts to the corrugation of the Pt surface.

Substituting in Eq. (5) gives:

AS°=115.50 J mol* K - 42.55 J mol* K! - 41.63 J mol" K =31.32 Jmol" K" (6)
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This entropy change is comparable to the entropy change calculated experimentally.
Therefore, a rough approximation of the entropy change indicates that the entropy change

of the reaction is effectively due to changes of the surface structure.

6.2.1.1.2. Entropy Change of the Electrolyte.

An estimate of the entropy change due to changes in the electrolyte in the double-
layer can be calculated from measurements of the differential capacitance of the double
layer, Cy. The double layer capacitance for Ag electrodeposition on Pt(111) covered with
iodine, Fig (6.10), was measured by Paul Saville at the University of Victoria. As explained
in chapter 2, it used single frequency A.C. voltammetry at 1 kHz, as well as A.C.
impedance, both techniques with a modulated potential of 0.033 mV rms oscillation
amplitude. Some of the values of C4 calculated with A.C. impedance are shown in Fig.
(6.10). These agree with the calculated C,, from single frequency A.C. voltammetry, which
confirms the validity of the technique for measuring double layer capacitance.

As seen in Fig. (6.10), C, decreases from 46 pF cm to 22 uF cm™ during the C1
peak in the voltammogram. At + 0.38 V versus AglAg" there is 2 minimum in Cg. This
potential might be assumed the potential of zero charge, E,,,., at which the charge density
on the metal surface, o™, is zero. However, the current that flows in this flat region of the
voltammogram is too large to correspond just to double layer charging. This implies that at
these potentials there is electrodeposition of silver and the surface and double layer structure
are changing. The minimum in capacitance can not therefore be reliably assigned to the
PZC. Two different estimations of E,,, for a Pt(111) surface have been proposed. Based on

in-situ infrared spectroscopic measurements [6.9] or “CO charge-displacement™ method
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Figure 6.10: Double layer capacitance obtained with (——) A.C. voltammetry, and
(@) A.C. impedance. Potential of zero charge, E,,, shown at the minimum of Cy. (—)
Cyclic voltammogram shown for comparison. Similar conditions as in Fig. (6.1).

[6.10] E,, is estimated at about + 0.1 V vs Ag|Ag’. On the other hand, E,,, is estimated at

about + 0.6 V vs Ag|/Ag* by measurements of the charge flowing during contact [6.11].

However, none will be correct for the present situation because adsorption affects the PZC.

Since + 0.1 V is furthest from the C1 peak, it will be used to get an upper limit for the

energy of the double layer.
From the plot in Fig. (6.10), and assuming E,.,= + 0.1 V, we calculate first the

energy component of the double layer, and then the free energy change. A comparison of

both quantities gives an estimate of the change of entropy due to the double layer.



79
6.2.1.1.2.1. Energy Change of the Double Layer.

The differential capacitance of the double layer is defined as:

Ca =%. @

Rearranging terms in this equation gives:
do™ =CydE t)
The energy of a capacitor is dU = E dQ, where Q is the charge of the capacitor.
Therefore, the energy of the double layer capacitance is:
dU =E dc™ ®
substituting Eq. (8) in Eq. (9) gives the energy stored by the double layer:
AU=[ C.EdE (10)
The energy of the double layer is then the integral of C, from Fig. (6.10) times the
potential. This is shown in Fig. (6.11), assuming E,,. =+ 0.1 V. According to Fig. (6.11),
the energy change of the double layer from a potential before to a potential after the C1 peak

in the voltammogram may be assigned conservatively as less than 1 pJ cm2.

6.2.1.1.2.2. Free Energy Change of the Double Layer.
The surface tension, ¥, is related to the potential according to the electrocapillary
equation:

dy=-S,dT —c" dE - ) Tdp, (11)

where S, is the excess surface entropy, p the chemical potential and I the surface excess or
concentration per unit area on the surface of the electrode. 6™ was defined in Eq. (8) in

terms of Cy4 as:
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Figure 6.11: Dependence of the energy of the
double layer with potential. Position of the C1 peak
in the voltammogram included.

o™= j; C,dE (12)
substituting in Eq. (11) yields, for constant temperature:
E
dy =_( L_ c,dz) dE - Y, T;dp, (13)
Therefore, the surface tension at constant p is obtained through double integration
of C4 with respect to the potential:

y=- ( | j':_ C,dE a) ) (14)

Since 7 is a measurement of the free energy per unit area, 4:
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-9,
combining Eq. (14) and Eq. (15) gives:
-6 =4l [[f 1
- o), m

Fig. (6.12) shows the free energy change of the double layer with potential calculated from
Eq. (16) assuming E,,. =+ 0.1 V. Since the absolute value of the free energy of the surface
at any potential is unknown, a value of G =0 is assigned arbitrarily for each case at the £,
considered. According to Fig. (6.12), the free energy change before and after the C1 peak
in the voltammogram changes no more than - 1 pJ cm™.

Therefore, the entropy change of the double layer is estimated as:

0- E,=+0.1VvsAgiAg® -
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Figure 6.12: Free energy change of the double layer with
potential assuming the zero at E,,. = 0. Position of the C1 peak in
the voltammogram included.
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Since the density of 1 atoms in a Pt(111)(3x3) structure is 8.32-10"° mol cm?, the entropy
change is conservatively AS ~ 7 J mol™ K. Therefore, it seems reasonable that an entropy
change A, S°(I(ads)) = 30 + 6 J mol™* K is due primarily to the actual changes of the
surface structure and not of the double layer.

This result agrees with previous calculations of the absolute entropy of the double
layer for Hg measured with the laser-induced temperature jump method [6.12)[6.13]. In
these experiments, Hg is immersed in solutions that do notproduce specific adsorption, NaF
or KF, so the interface is mainly composed of H,O molecules. A laser wavelength that
avoids photoemission is chosen so that the light of the pulses is absorbed in the metal,
causing an increase in temperature on the surface. Under constant charge of the electrode,
the increase in temperature produces a change in the electrode potential [6.14], and the shift
changes sign at potentials near the E,,,,. This is explained in terms of the reorientation of the
dipoles of the molecules of H,O at the interface. The excess entropy of the double layer can
then be obtained through a modification of the electrocapillary equation, Eq. (8). The
maximum entropy change deduced with this method due to the dipole orientation of the

molecules of H,O is less than 5 J mol™” K [6.12](6.15].

62.2. A,...G'(Agi(ads)) and A H'(Agi(ads)) for reaction Ag(s) + I(ads) —

Agl(ads).
The E° at 298.15 K obtained in the previous section may be multiplied by -F to give

the free energy change of reaction as - 44.0 £+ 0.3 kJ mol”, which corresponds with
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A,ee: G°(I(ads)) for reaction (2). Applying then the thermodynamic relation:

A e H°((ads)) = A, G°(i(ads)) + T A S°((ads)) (13)

gives A, A°(I(ads)) = -35 + 2 kJ mol™

6.3. Dependence on Temperature of the Second Deposition Peak of Ag on Pt(111)(v7
x VDRI19.1-L
The phase transition that takes place during the C2 peak is
(3 x 3)-Agl(ads) + Ag*(aq) + ¢ — (V3 x V3)R30°-Agl(ads) 19)
where the charge involved corresponds to the additional deposition of 0.4-0.5 ML Ag
[6.7][6.5].

As shown in Fig. (6.2), the most interesting change in the voltammograms is that,
unlike the C1 peak, C2 sharpens at higher temperatures. E, shifts to higher potentials,
although potential at the onset of the peak (225 mV vs AglAg®) is independent of
temperature. This suggests that it is a kinetically-controlled process. The activation energy
(E,) has to be higher than for the nearly-reversible C1 process (assuming similar pre-
exponential factors). If the peak maximum occurs at the same coverage independently of
temperature, the current density at the peak maximum, ji,, is proportional to the rate constant
for the process. Then the apparent activation energy E, may be calculated from the slope of
the Arrhenius plot log(j,) versus T*, Fig. (6.13), as ca.10 kJ mol™. This is only an apparent
activation energy, since the interfacial potential difference is not constant across the plot.

The insert in Fig. (6.2) shows that at lower temperatures the peak has a tail that

encloses appreciable charge. j, is constant from 5 to 15°C, but increases exponentially at

higher temperatures. The charge associated with this peak is independent of temperature,
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but the presence of a tail in the voltammogram at the lower temperatures, affects the
background subtraction and increases the uncertainty. Therefore, the assumption that the
peak maximum occurs at the same coverage, valid at high temperatures, is violated at lower

temperatures, which may explain the deviation from linearity of the Arrhenius plot at low

temperatures.
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Figure 6.13: Temperature dependence of the C2 peak height.
The line has a slope corresponding to an activation energy of 10
kJ mol (O points were excluded from the regression line).
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Chapter 7

Thermal Desorption of Iodine from Pt(111)(V7 x V7)R19.1°-L

7.1. Introduction.

One of the earliest techniques for the study of surfaces was thermal desorption
spectroscopy (TDS). Briefly, the crystal is heated up to a certain temperature with a linear
heating rate, usually in the range 1 - 20 K s'. This provides the adsorbed species with
enough thermal energy to desorb from the surface into the gas phase. Monitoring the
products of desorption with a mass spectrometer as a function of temperature gives insight
into the nature, structure and energy of the adsorbed species.

Data from thermal desorption experiments of iodine from Pt(111)(v7 x V7)R19.1°-1
under UHV conditions are needed to calculate the standard enthalpy change, A, A° (I(ads)),
the entropy change, A,..5° (I(ads)), and the Gibbs free energy change, A,.G° (I(ads)), for the
desorption in vacuum of iodine from Pt(111) at room temperature, Eq. (1).

I(ads, vac) ——> I(g) (¢
where I(ads,vac) refers to the Pt(111)}(V7 x V7)R19.1°-I structure exposed to UHV. For
simplicity, I(ads) is used in this chapter. As discussed in chapter 3, these thermodynamic
parameters complete the cycle for the calculation of the cohesive energy of Pt-Agl.

A series of thermal desorption experiments of iodine froma P(111)}(vV7xV7)R19.1°-
I structure were performed by Scott Furman at the University of Victoria [7.1]). Fig. (7.1)
shows the desorption spectra of iodine at heating rates from 3 to 15 K/s, starting from

saturation coverage in a Pt(111)(v7 x V7)R19.1°-I structure.
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Figure 7.1: Thermal desorption spectra of iodine from Pt(111)(v7 x v7)R19.1°-I at
different heating rates (3,5, 7 10 and 15K s™).

There are several distinctive features in the spectra in Fig. (7.1). A sharp peak at 525
- 550 K is followed by a broad peak centered at 850 K. The peaks give an indication of
different phase transformations during the desorption process, which can be observed with
LEED {7.1]. Thus, in the first desorption peak there is a change from the Pt(111)(V7 x
VTR19.1°- structure to a diffuse phase. At 570 K the structure becomes Pt(111)}(V3 x
v3)R30°-1, and at 670 K the pattern become diffuse again. Another conclusion from these
spectra is that iodine desorbing in the broad peak follows first order desorption kinetics
(7.1]. However, a thermodynamic study of these processes has not yet been performed.

In this chapter, the classical interpretation of the results of the TDS experiment is
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explained, together with some of its limitations, (section 7.2). In order to solve those
limitations, a model is developed for the desorption of iodine from Pt(111)(V7 xV7)R19.1°-I
(section 7.3). Based on this model, some of the changes observed in the thermal desorption
experiments in Fig. (7.1) are explained from a thermodynamic point of view. These include
calculations for the enthalpy and Gibbs free energy change of desorption at absolute zero,
A (I(ads),0 K) and A, .G (I(ads),0 K), (section 7.5). These parameters are then used in
a thermodynamic cycle for the calculation at room temperature of Ay H° (I(ads)), A..S°
(I(ads)) and A,.G° (I(ads)), (section 7.6). The absolute thermodynamic parameters of the

surface are obtained in the last section of this chapter, (section 7.7).

7.2. Classical Arrhenius analysis of the TDS.
According to the Arrhenius law, the rate constant of a reaction, &, is exponentially

related with the reciprocal of the absolute temperature as:

- _E )
k=Aex e 2
where 4 is the frequency factor and E, the activation energy. In a thermal desorption
experiment run at the high pumping speed limit, the rate of the reaction is proportional to
the partial pressure of desorbed species (P). Therefore:

_ _E

P=af(8)4 ar) A3)
where a is a proportionality constant which depends on the pumping system, and f{6) a
function that depends on coverage or surface concentration. According to Eq. (3), at each
iodine coverage, 6, a plot of InP versus 1/T gives a straight line with slope -E/R.

Fig. (7.1) shows a series of thermal desorption experiments of iodine from
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Pt(111)(V7 x VT)R19.1°-1 [7.1]. These spectra can be integrated and converted to coverage
versus temperature profiles. At 0.01 increments in coverage from 0.01 to 0.43, the rate and
temperature corresponding to those coverages were determined at each heating rate. This
allowed a series of graphs to be constructed for the determination of E, using Eq. (3). A
sample of those graphs is shown in Fig. (7.2). The different slopes indicate different
activation energies of desorption. The variation of the activation energy with coverage is
depicted in Fig. (7.3). Fig. (7.3) shows how the activation energy changes with coverage.
This change is due to the interaction between the iodine atoms adsorbed on the surface.

Therefore, E, obtained has contributions from the interactions between the adsorbed atoms.

1.6 ——r : : : :
0.255
12- -
0.8 4 -
7~~~
&
=
0.4- -
0.0- e
s
[
04 : : : . :
0.0012 0.0013 0.0014
/K

Figure 7.2: Arrhenius plot for the determination of E, for different iodine coverages.
Each line is labeled with the corresponding coverage.
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Figure 7.3: Activation energy for desorption of I from Pt(111) at each I coverage.

A limitation of this model is that experimentally, the thermal desorption of iodine

from Pt(111) takes place in a temperature range from 500 to 1000 K. Over this temperature

range the contribution of the vibrational energy of the adsorbed atoms in the activation

energy is changing. A new model of desorption is required to account for the effect of the

vibrations.



7.3. Model of Desorption.

Two main approaches have been proposed in order to reproduce thermal desorption
spectra: (i) assuming a transition-state, (if) not assuming a transition-state. The main
derivation assuming a transition-state is based on the kinetic lattice-gas approximation. It
accounts for vibrations and lateral interactions, adding a term for diffusion of the adsorbate
on the surface [7.2][7.3][7.4). Among approaches that not consider a transition-state there
are two main derivations: one is based on the co-existence of two different phases on the
surface and a 2D gas phase above. It uses irreversible thermodynamics, considering
vibrations according to the harmonic oscillator and lateral interactions described according
to either the “Bragg-Williams™ or quasichemical approximations {7.5]{7.6])[7.7](7.8]. The
second approach to describe TDS that does not assume a transition state is based on
statistical rate theory, and considers vibrations of the adsorbates according to double
harmonic oscillators [7.9][7.10].

As we will see below, we develop a model of desorption based on transition-state
theory. In our model the transition-state is allowed to occupy a site on the surface, and the
vibrations are treated according to the Debye and not the Einstein model of lattice
vibrations.

Our model assumes that the iodine atoms pass through a transition-state before
desorbing from the platinum surface, according to transition-state theory. Thus, the iodine
is at quasi-equilibrium with an activated complex (I*) before being desorbed, Eq. (4). This
quasi-equilibrium is described by the equilibrium constant K*.

I(ads)——E—‘—-‘ I'—I(g) @
The coverage of transition-state iodine, 8 4 » is assumed small compared with the iodine in
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the adsorbed state I(ads). The validity of this approximation is tested and discussed in the
following sections. The transition-state iodine does not move across the surface, and takes
up only one site, the one the adsorbed atom was in.

The rate of desorption is influenced by the interactions between the iodine atoms on
the surface. Only interactions between the iodine atoms in the adsorbed state are considered.
The adsorbed atoms are assumed not to interact with the iodine atoms in the transition state,
since each I* atom is assumed to be far above the site of the I(ads) from which it comes. In
as much as 0 , is small, the interactions between iodine atoms in the transition state are also
neglected. The energy of interaction between the adsorbed atoms is further assumed to be
independent of the vibrational energy of the adsorbed atoms, and is assumed to follow the
“Bragg-Williams” approximation. That is, the interactions are only strong enough to change
the energy of the possible configurations of the particles on the surface, but all
configurations are equally likely. In other words, the entropy is not affected, only the
energy.

Accordingly, there is a random distribution of the atoms on the surface. However,
the model of lattice vibrations considered in this chapter: Debye model, assumes island
distribution of the atoms adsorbed on the surface. This difficulty can be overcome with more
accurate models of lattice vibrations. However, they bring unmanageable mathematical
expressions that are difficult to treat. In the next sections we see how our model is still
reasonable, since the influence of the vibrations of the lattice are minimal over the range of
energies considered.

Our model assumes that the activated complex has similar energy and structure to

the final state iodine atoms, in accordance with Hammond’s postulate [7.11], Fig. (7.4).In
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Figure 7.4: Energy diagram for the desorption of iodine from a Pt
surface at constant coverage.

this case, the transition state iodine is defined at a position far enough from the surface that
the energy is negligibly different from the energy at » = ». Note that according to some
definitions of the transition state, there must be a maximum (with negative curvature) in the
reaction co-ordinate, which is not the case here. However, in other definitions, the transition
state is the maximum point on the minimum energy path, which would be at r = » here.
Nevertheless, the exact position of the transition-state is irrelevant in our calculations. In
spite of the energies being similar, the entropies of I* and I(g) are quite different due to
differences in translational freedom.

Since the system is composed of a great number of particles, an understanding of the

vibrational modes, as well as an evaluation of the rate parameters in the framework of



93

transition state theory requires the use of statistical thermodynamics.

7.4. Rate of Desorption of Iodine from Pt(111)(V7 x V7)RI19.1°-L
Once a model for desorption of iodine from Pt(111) has been developed, it is
possible to interpret the experimental TDS in Fig. (7.1). Iodine desorbing from the Pt(111)
follows first order desorption kinetics in the broad peak of the TDS [7.1]. The total rate of
desorption () is the product of the frequency for motion along the reaction co-ordinate, v,
(s, (perpendicular to the surface), multiplied by the surface concentration of
transition-state iodine, [yt
r=v,Ty=v 0, o)
I, isdefined as the coverage of transition-state,  , , multiplied by the surface concentration
of I at saturation, T’ max
The rate of the reaction is proportional to the partial pressure of desorbed species (P)
at the high pumping speed limit. Hence:
P=av,T_0, ©
where a is a proportionality constant which depends on the pumping system. In the next
sections, an analytical expression for 8, is found. This gives a functional form for the

pressure as a function of coverage and temperature (section 7.4.2):

G
a _ h) v
P exp(‘ 6:2; f”'[%+[n(|-exp(-x))]xdr] Q)

AE°(0K
exp(— -_R(T_)-) [ 0 exP(g Bud-))

where Oj, is the Debye temperature, defined in section 7.9.2.2. AE® (0 K) the standard
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apparent activation energy at 0 K and 0 coverage, v; the vibrational frequency of the
activated complex parallel to the surface and g an interaction parameter defined in section
7.4.1.2.. Eq. (7) is an improvement over the Arrhenius form. It suggests an appropriate plot
whose slope is related to some of the thermodynamic and energetic parameters for the

desorption of iodine.

7.4.1. Coverage of the Transition-state Iodine, 6 , .

An analytical expression for the coverage of transition state iodine is obtained in this
section. The procedure to calculate , is the following: an expression for the free energy of
the surface, 4, is deduced. The chemical potentials of I(ads) and I* are derived from the
expression for 4 previously calculated. Since I(ads) is at equilibrium with I*, their chemical

potentials are set equal, and the equation is solved for @ , .

7.4.1.1. Analytical Expression of the Free Energy of the Surface, 4.

From a statistical thermodynamic point of view, the free energy 4 is:

A=~ kTIn(Q,,)= - kTIn(W, g, 0u) ®)
where 0., is the overall partition function. In the Bragg-Williams approximation, O, can
be split into two components: configurational, W,g,, and thermal canonical partition

function, Q. These two factors are then calculated as follows.

7.4.1.1.1. Weight of the Configuration.
The weight of the configuration, W, g, is defined as the number of possible

configurational arrangements of the adsorbed particles on a surface, which mathematically
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can be expressed as:

M!
W"‘““N“,!N,. (M~ Ny =N, ) ©)

where M is the total number of sites on the surface, and »,,,and ~, are the number of
iodine atoms adsorbed on the surface and in its transition-state respectively. N, ,,and ¥, can
be defined in terms of their respective partial coverages, 0., and 0 ,:

Ny = MOy, N,=M8, (10)
Applying Stirling’s approximation (In x! = x In x - x) to Eq. (9), and substituting

Ny, and N, in term of their coverages yields:

10 g =~ M0ty 100 ) + 0,0 10(0,0) + (1- 01y - 8, )10{1- 0,y - 0,0)]  CAD)

7.4.1.1.2. Thermal Canonical Partition Function.

0, is the thermal canonical partition function. It is associated with the free energy
of the surface without the contribution from the configurational entropy. O, has
contributions from the different canonical partition functions, plus an energy term, U, or
mean energy of interaction, which describes the nearest neighbor interaction between the
adsorbed iodine. Thus:

Ou = 0o Ouy o ) a2

which in terms of the molecular partition functions, g, is:

Ou= (qlo )N'. (q“"))”m e‘P(;:j}.t') 13)

Analytical expressions for the molecular partition functions ¢, ,,, and g, are derived in the

appendix of this chapter. For convenience to the reader, they will not be substituted in the



following equations unless necessary.

In Eq. (13), both molecular partition functions are referred to the same energy scale.
In order to refer both molecular partition functions to their ground state energies as their
respective zero energy, the energy difference between the ground state of adsorbed iodine
and excited state (AE° (0 K) or standard apparent activation energy at 0 K and 0 coverage,

Fig. (7.4)), has to be included*:

Qa =(q")ﬂﬁ (‘1'(-4-))”“ °"P(M§Lmq] exp _:; ) a4

An expression for U, is still necessary in Eq. (14).

7.4.1.1.2.1. Mean Energy of Interaction, U,,.

For a triangular lattice, the energy of interaction may be derived as follows. The
probability of interaction between two nearest neighbors is the probability that a site is
occupied, times the probability that a close neighbor site is also occupied. Therefore, the
probability of interaction is 6%. As shown in Fig. (7.5), there are 3 lines of interactions per
atom in the unit cell of a triangular lattice. Accordingly, the mean number of interactions on
a surface is: 3xMx@ %, where M is the total number of sites. If each of the interactions
corresponds to an energy u (u <0 for attractions and > 0 for repulsions), the mean energy

of interactions is:

A

Throught this thesis, the standard state is defined as the standard state at the limit of full
coverage on the surface, being full coverage iodine on a Pt(111)(v'7 x V7)R19.1°-I structure.
This standard state is then denoted with the superscript (°) after the parameter considered.
However, in this chapter, the standard state is defined at the limit of zero coverage, where
there are no interactions of the iodine atoms adsorbed. It is then denoted with the

superscript (°).
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Figure 7.5: Triangular lattice showing the unit cell (shaded) and the three
possible lines of interactions per atom within the unit cell.

Un=3uMbi (15)

Substituting U, calculated into Eq. (14) for the thermal canonical partition function

yields:

= (‘I:')N* (‘Il(-s))yu "‘l{ e :5.‘(0 K)] ““P(-su Z?:m) (16)

In# in Eq.(11), and Q,, in Eq. (16) have now been estimated. Substituting them into
Eq. (8) for the absolute free energy of the surface, 4, and simplifying, gives:

: km[a,(,,,, 100 0y ) + 0,0 100, )+ (1- 0,00y - o,.)ln(l By - ol.)]

A more detail analysis of this expression as a function of temperature and coverage is done
in section 7.7.
Transforming »,,,and N, from Eq. (17) in terms of their partial coverages, Eq. (10),

and multiplying per Avogadro’s number, N,, to obtain 4 per mol:
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+ RZM[O,(_,, II(O.(...,) +0, |l(9.c) + (1‘ 0 v — 91')"(1' 810 - ol')]

7.4.1.2. Chemical Potentials of Adsorbed and Transition State Iodine.

18)

The activation free energy change for the desorption of iodine, A*G (I(ads)), is the
difference between the chemical potential of the transition and the adsorbed states:
A'G(I(ads))=fhy — Hyea) 19)
Since the iodine is at equilibrium with its transition-state, A*G (I(ads)) =0, Eq. (19)
becomes:

Hp = Hhes) (20)
The chemical potential of the adsorbed and transition state iodine is defined in terms

of the absolute free energy as:
04
My = (W] 1)
g V. T Ngs)
04
H) = (m] (22)

V,T.NI‘

We can change these partial derivatives according to Eq. (10) to functions of the partial

coverages. This gives:

Ny
i _(BA] _(BA 80,3] o4 O p 1(34] @3)
. - — Ad - - = | e—
W)y, \B0 NG, |38, AN, M),
V.T N
" _[6_4} _(_"’i_&-*_)] - _a_‘_a_M_ _L( 04 ) (24)

'f."‘

Substituting 4 from Eq. (18) into Eq. (23) and (24) yields:
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L AR [

Hyaay = = RTInG ) -~ AE°(0K) + 6uN, 0y, + RT[ln(o'(“))- ln(l- O es - ol')] @6)

Rearranging terms:
0, ]
= 45 + RTln| ———— 27
0 1ty
Pt = Hia + RT exp(g0,a ) 28)
1 - 0 Kads) - 0 l.
Where:

6
l‘; == RTInql,, l‘:.s) == RTlands) -AE°(0K) and g= 4

T @

Substituting Eq. (27) and (28) into Eq. (20) (s =/hu) yields:

0, 0
o+ zm.{———] = Mo+ RTII{(I—_%':‘—T)_Q—J exp(go.(..,)] (30)

Eq. (30) can not be solved analytically. We use the software package Maple VI to solve it
numerically for@ , under all reasonable conditions. As justified in section 7.7.1., it is found

that:
04 <<0;., ; therefore: 0, <<0, where §=0y, +0, (€2))
Applying Eq. (31) to the chemical potentials in Eq. (27) and (28) gives:

o= s+ BT ) 32)
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= o, +1mn( L ap(go,(,.,)] (33)

where the term 1-8 corresponds to the coverage of free sites on the surface.

Substituting Eq. (32) and (33) into Eq. (20):
8 ads)
Hat RT‘“( ) = fhoa + RT m(_"_L g 0 1t0) )] 34

and solving analytically Eq. (34) for the coverage of transition-state iodine, after substituting

H and f1, from Eq. (29):

qy AE*(0K)
(U -q—'(::e"p(' T] 0 exp(gal(-b)) (35)

7.4.2. Total Rate of Reaction for Desorption of I from Pt(111).
After substituting the coverage of transition state iodine from Eq. (35) into Eq. (6),

the total rate of the desorption reaction becomes:

_ G _AE°(0 K)]
P=av, T exp( RT | exp(ge ,M,) 36)

Substituting g;,,, and g, calculated in the appendix of this section in Eq. (36) gives:
(AL
h \4 .
2
ex p( 6T L‘"‘ e ln(l exp(— x))] x dr] @37
exp(_ AE°(0K)

RT ] [ou 0 exp(gel(d-))
where 0y, is defined as the Debye temperature, and v, as the vibrational frequency of the

transition state iodine parallel to the surface. Taking logarithms and rearranging terms in Eq.

(37) yields:
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m%- % g [§+ in{1 - exp(- x))]xdx=

,,,( (5]’Ll. e]_AE(o.oK) 9
o) v = RT

where AE(0,0 K) is the apparent activation energy of desorption per mol dependent on
coverage at 0 K, and is defined as the energy separation between the ground state energies
of I* and I(ads) at absolute zero at any coverage, Fig (7.4). That is:

AE(®,0K)= AE°(0K) - RT g0, (39)

According to Eq. (39), AE(0,0 K) can be obtained at different coverages with the plot:

6T (2=
In_I_ﬂ__ _6_20— ot [%.,, ln(l- exp(- x))] xdx. vs. T (40)

the slope of the line being -AE(8,0 K) / R at each coverage.

7.5. Standard Enthalpy and Gibbs Energy Change of Desorption at the Limit of Full
Coverage at 0 K, (A, A® (I(ads), 0 K) and A_,G’ (I(ads), 0 K)).

In a similar fashion as in section 7.2 for the classical interpretation of the TDS, the
integration of the experimental TDS allows a series of graphs to be drawn using Eq. (40).
These are shown in Fig. (7.6). The different slopes indicate a different AE(6,0 K). The
change of AE(0,0 K) with coverage is illustrated in Fig. (7.7).

As seen in Fig. (7.4), at each coverage AE(8,0 K) is the same as the internal energy
of desorption at the absolute zero A, U (I(ads), 0 K). At absolute zero, there is no entropy

component, and PV is negligibie; therefore:

AE(,0K) = A, U (I(ads), 0K) = A . .G (I(ads), 0K)

= 8. H ((s45),0K) “h
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Figure 7.6: Plot for the determination of AE(0,0 K) for different iodine
coverages. Each line is labeled with the corresponding coverage.

AE(8,0K) is equivalent to the standard enthalpy change of reaction at absolute zero,
with the standard state defined at the limit of zero coverage. The total standard enthalpy
change of desorption of a monolayer of iodine at absolute zero is the integral of the change
of AE(8,0 K) with coverage. This makes A, H° (I(ads), 0 K) =210+ 20 kJ mol™. The error

in A, f° (I(ads), 0 K) originates from the error bars in Fig. (7.7).

1.6. Ay (I(nds)), A,S" (I(ads)) and A,,G" (I(ads)).
In the previous section, different thermodynamic parameters for the desorption of

iodine from Pt(111) have been calculated. However, these values are referred to the absolute
zero. In this section the enthalpy, entropy and Gibbs free energy change of desorption are

calculated at room temperature. These parameters are part of the thermodynamic sequence
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Figure 7.7: Dependence of the apparent activation energy at the absolute
zero with coverage (). The activation energy from the classical
interpretation of the TDS, Fig. (7.3), is shown for comparison, (O).

in chapter 5 for the calculation of the thermodynamic parameters of the Pt(111)(3 x 3)-Agl
surface compound.
The thermodynamic cycle shown in Fig. (7.8) is used. According to this cycle:
A H°(I(ads)) = — (H(I(ads), 29815 K) — H(I(ads), 0 K))

+ A 4o H°(I(ads), 0 K) @2)
+(H(I(g), 29815 K) - H(I(g), 0 K))

Similar cycles apply for A,.S° (I(ads)) and A,G® (I(ads)), with relationships equivalent to
those in Eq. (42).

In the next three sections Ay (I(ads)), A.,S° (i(ads)) and A,,G° (I(ads)) are
calculated. To do so, the three terms on the right hand side of Eq. (42) are estimated
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AutT® (uds))
K(ads.vac) T=298.15K P I(g) T=298.15K
(i(ads), 298.15 K) - H (I(ads), 0 K) H((g) 298.15K)-H({). 0K)
I(ads,vac) T=0K S B 0K) -3 I(g) T=0K

Figure 7.8: Thermodynamic cycle used to calculate A AP (I(ads)).

independently.

7.6.1. Enthalpy Change of Desorption, A, H" (I(ads)).
Calculation of the three terms in the right hand side of Eq. (42) gives the enthalpy

change of desorption of iodine.

7.6.1.1. ( H(I(ads), 298.15 K) - H(I(ads), 0 K))
The adsorbed iodine is heated in this process. Since PV is negligible for a surface
process, the change in internal energy AU can be approximated to ( H(I(ads), 298.15K) -
H(I(ads), 0 K)). As seen in Eq. (43), the internal energy is related to the partition function

as:

AU = er(i":’—‘;{(ﬁ) (43)

where gy, is calculated in the appendix, Eq. (77). Therefore:
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(H(i(ads), 298.15 K) - H(i(ads), 0K ))
[
= RT? %{— %%z f [% +In(l—exp(- x))] x dx] @9

This equation is evaluated numerically for 7= 298.15 K, giving ( H(I(ads), 298.15 K) -

H(I(ads), 0 K )) =7.5 £ 0.1 kJ mol"'.

7.6.1.2. A H" (I(ads), 0 K)
By means of thermal desorption spectroscopy, this value has been estimated in

section 7.5 as Ag A" (I(ads), 0 K) =210 +£20 kJ mol ™.

7.6.1.3. (H(I(g), 298.15K) - H(1(g),0K))
This value is tabulated directly in the NBS tables [7.12], and has a value of 6.1974

+0.0004 kJ mol™.

7.6.1.4. Total Enthalpy Change of Desorption.
Ay H° (I(ads)) can then be calculated by substituting the three elements calculated

in sections 7.6.1.1, 7.6.1.2 and 7.6.1.3 in the right hand side of Eq. (42). This gives:

A, H°(I(ads)) = — 7.5+ 01 kJ mol '+ 210 + 20 kJ mol '+ 61974 +0.0004 kJ mol '

@s)
=209+20kJ mol ™"

7.6.2. Entropy Change of Desorption, A, S* (I(ads)).
As in the case of the enthalpy change of desorption, a similar thermodynamic cycle

to the one in Fig. (7.8) is used. Since the entropies at 0 K are zero, the cycle simplifies to:
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| A S°(I(ads)) = S(I(g), 29815 K) — S(K(ads), 29815K) (46)
The two terms on the right hand side of this equation are evaluated independently in the
‘ next sections.

7.6.2.1. S(I(g), 298.15 K).
The NBS tables [5.12] lists this entropy as 180.7914 +0.0004 J mol™* K™'.

7.6.2.2. S(I(ads), 298.15 K).
In terms of the partition function, the entropy change for this reaction is:

s =g#+klng =1¢T(2'1'aﬂrﬂ] +Ring,,, @

v

the entropy change becomes, after substituting the partition function from Eq. (77):

S(i(ads), 29815 K)=RT%(— ‘g [‘ [ +1In{l —exp(~ x))]xdx)

6Tt @48)
+ R( e ST [? [ - cxp(-x))]xdx)
taking 6, as 173 + 50 K, and evaluating numerically at 298.15 K gives:
S(i(ads), 29815K) =51+ 6J mol™* K (49)
7.6.2.3. Total Entropy Change of Desorption.
The entropy change of desorption is then, after substituting in Eq. (46):
A,.S° (I(ads)) =180.7914 £ 0.0004 J mol™* K'-51%+6 Jmol* K™ (50)

=130+6 Jmol' K™

7.6.3. Gibbs Energy Change of Desorption, A,,G" (I(ads)).
A, G (I(ads)) is calculated by means of the well known thermodynamic

relationship:
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AyG® ((@ds)) = A H" ((ads)) - T A S° (I(ads)) 6D

The enthalpy and entropy change of desorption have been calculated previously in sections
7.6.1 and 7.6.2. Therefore, substituting in Eq. (51) yields a Gibbs energy change of
desorption rate as follows:

A,G" (I(ads)) = 209 + 20 kJ mol™ — 29815 K x 130+ 6 kJ mol™ K™*
=170 +22 kJ mol™

(2)
7.7. Free Energy of the Surface, 4, Internal Energy of the Surface, U, and
Interpretation of AE(0,0 K).

The dependence of the different thermodynamic parameters with temperature and
iodine coverage are calculated in this section, as well as the real nature of AE(6,0 K). As
seen in Fig. (7.7), AE(0,0 K) decreases from AE® (0 K) =255 kJ mol™ at zero coverage, to
196 kJ mol™ at 6 = 0.3. At a coverage 0.33, AE(0,0 K) extrapolates to 190 kJ mol”.
Therefore, the energy difference due to the interactions between 6 =0 and 6 =0.33 is 255 -
190 = 65 kJ mol™. At a coverage 0.33, each iodine has three I-I bonds per unit cell.
Assuming that the maximum coverage on the surface is 0.33, three I-I bonds periodine atom
is the average number of bonds that are broken when all the I are desorbed from the surface.
However, TDS accounts for the total number of bonds that are broken during the desorption
process, not the average. Each iodine atom has six close neighbors in a triangular lattice at
0 = 0.33. When an iodine atom desorbs from the surface at this coverage, six bonds are
broken. Therefore, the energy associated with each of these bonds is 65 /6 kJ mol ™ =11kJ
mol™. Since AE(8,0 K) decreases at higher coverage, the interactions have to be repulsive,

which makes ¥ =+ 11 kJ mol™.
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At coverages higher than 0.33 the plot AE(0,0 K) versus 0 begins to fluctuate, Fig.

(7.7). This is because different sweep rates are probing different adsorption states and the
plots of Eq. (39) are not linear in this coverage range. Hence, the following calculations in
this section consider only the coverage range from 0 to 0.33. For the calculations, the
coverage is taken as one for full coverage, although referred to the platinum surface the
coverage is 0.33 ML. 6 = 0.33 ML corresponds with a surface structure Pt(111)(vV3 x

V3)R30°-1.

7.7.1. Numerical Solution of the Free Energy of the Surface, A.
An expression for the free energy of the surface was obtained in section 7.4 as:
A=- RT M8, Ing,,, ~ RT M0, Ing, - MO, AE*(0K)+3uMN, 8,

+ RTMD gy 10 ) 0,0 100 1)+ (1- 0y = 0,011~ 0,0 - 0u)]

As seen in Eq. (53), 4 is a function of ., and 8, . In previous sections the

(33)

approximation 0,,,,>> 6 , was used, Eq. (31). However, it is possible to obtain exact
numerical values of ., and 8, as a function of total coverage 8 without the use of the
previous assumption. This is done applying the following change of variables in Eq. (53):

The result of this change of variables is two equations for the free energy dependent on 0,
and 0., or 6, respectively. These free energies are denoted with the symbols A(g, 0 10 )
and A(9,0 o) )- Since there is always a minimum in the curve of free energy when changing
the partial coverages, the partial differential of the free energy at that point will be zero. The

partial coverages are then obtained from the numerical solution of the following partial
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differential equations:

(_I_M(B,B.)) =0, —> solution gives 0, (59)
20, or

(M) =0, —> solution gives 0, 6)
Oy Jor

Aftersolving numerically Eq. (55) and Eq. (56), the partial coverages of transition-state and
adsorbed iodine are obtained. The change of 8 , with temperature at different 8 is shown in
Fig. (7.9). As expected, the coverage of transition-state increases at higher 6 and higher

temperature. However,0 ,is particularly small, which confirms the validity of the

1.6x10™ <

1.2x10™ <

91¢ 8.0x10™

4.0x10™ -

0.0 <

Figure 7.9: Coverage of transition state iodine at different temperatures for several total
iodine coverages.



110

approximation in Eq (31); that is, 8., >> 0 ,, or 0 = Oy,
The exact values of 0, and 8, calculated can then be entered back into Eq. (53)
for A4, for variable values of T and 0. Fig. (7.10) shows the free energy of the surface as a
function of temperature for different coverages. The Gibbs, G, and Helmholtz, 4, free energy
are equal since the PV term is negligible. According to this figure, the absolute value of the
free energy increases at higher temperatures. This is due to the influence of the partition
function of I(ads), which has only a vibrational component. Therefore, the vibrations are
more important at higher temperature. As expected, this change is also more pronounced at

higher coverages, since the partition function gy, is multiplied by the coverage of the

adsorbed iodine.
0=0.03 0=0.16 6=0.29
Ak Lo § . Lo 1l o 1 4 ad o L a1 =2
0- - -100 - - -200 -
’20‘ "120‘ --m-
,g -\% )
1 > ﬁ o
2 U
A
-40 4 - -140 < A = -240 -
60 - - -160 - - -260 -
vy vt vty reo9.vivovry LN BN B S |
0 250 500 750 1000 0 250 S00 750 1000 0 250 500 750 1000
I/K T/K T/K

Figure 7.10: Change of free energy, 4, and internal energy, U, with temperature for
several iodine coverages.
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Itis also possible to represent the free energy as a function of coverage for different
temperatures, Fig (7.11). The free energy is an extensive property. Therefore, after
redefining the energy zero level, itis zero at the limit of zero coverage because there are no
adsorbates on the surface. At full coverage (0 =0.33 ML), and 0 K, the free energy is -221
kJ mol™. This is consistent with the fact that there are three bonds per iodine in each unit
cell, and the energy per bond is estimated as 11 kJ mol™. Therefore, at full coverage, the free
energy per mol of sites is the same as AE(8,0 K) minus the contribution of the interactions

per unit cell, which is three bonds per iodine atom; that is: -255 kJ mol™* +3x11 kJ mol™* =-

222 kJ mol™.
0 - l\. o
-50 - N
0K
_ -100- -
: -150 - : i
2 s
~. [ J : o
‘ '200 - / : §\= -
- 1000 K PN

250 - e ¢ -

'300 ] L | § M | § L4 [ | I

0.0 0.1 0.2 0.3
)

Figure 7.11: Dependence of the free energy 4 of adsorbed iodine with total iodine
coverage and temperature.
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7.7.2. Internal Energy of the Surface, U.

The intemal energy is equal to:

S |
U=-erl.h{(%) =T - RT M0, Ing,, — MO, ,AE°(OK) + 3u MN, 0%, (57)
&

The numerical solution of this equation gives the change of internal energy at different
temperatures, Fig. (7.10). In this figure, the free energy is also compared with the internal
energy. At absolute zero both quantities are the same, since the entropic contribution to the
free energy is zero. At higher temperatures, the entropic term increases, which results in a

larger difference between the internal and free energy.

7.7.3. AE (6,0 K).

It has been explained how the rate of a reaction in a thermal desorption experiment
is proportional to the change in partial pressure of iodine in the system. According to Eq.
(6), the rate of desorption of iodine is also proportional to the coverage of the
transition-state, which is calculated in Eq. (55). Therefore, AE(0,0 K) can be obtained
theoretically with a plot equivalent to the experimental case in section 7.5. After substituting
the change in partial pressure (P) with the transition-state coverage, Eq. (38) is linearized
by plotting:

lne—" 6T !#I:%-i» In(l- exp(- x))] xdx. vs. T (58)

T" " 6) %
where the slope of this plot should still be -AE(8,0 K) / R.
The change of AE(0,0 K) obtained is shown in Fig. (7.12), along with the

experimental values. The experimental and apparent activation energies appear in close
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Figure 7.12: Calculated apparent activation energy at the absolute zero. The
experimental data points are also included for comparison.

agreement, which confirms the validity of our model for the desorption of iodine.

7.8. TDS Simulations.

Simulations of experimental thermal desorption spectra are attempted in this section
to confirm the suitability of the model of desorption proposed. Fig. (7.13) shows the thermal
desorption spectra of iodine from Pt(111) for different iodine coverages. These spectra were
recorded by Scott Furman at the University of Victoria, [5.1].

Since the partial pressure of desorbed species is equal to the change of iodine

coverage with time, Eq. (37) becomes:
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Figure 7.13: Thermal desorption spectra of iodine from Pt(111) at different iodine
coverages. Heating rate: 6 K s*.

o w::;m)w<ge>
P=-a [’m T ap( 6T2 59
¢ to1- onf- 5 xa
where B=-a 5,:—1‘;':’25-

This differential equation was solved numerically using Gear’s method for stiff equations
as implemented in the Maple software package. The interaction parameter g has been

previously estimated as 65 kJ mol™, while AE°(0 K) is estimated as 255 kJ mol™. Therefore,
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the only parameters that need to be adjusted in Eq. (59) are B and the Debye temperature,
0p. The results of the simulation for values of B=3.2 x 10° K™ s™ and 6;, =200 K are shown
in Fig (7.14). This figure shows the good agreement between the simmiated and
experimental TDS at different iodine coverages.

The Debye temperature calculated in these simulations is 200 K. This temperature
is within the error of the 6, proposed in the appendix of 173 + 50 K. Therefore, no further

attempts to refine parameters calculated in previous chapters were undertaken.

:: ] . 3 ' 2

s 216=0.105 A

5 1

é 0.8

g 0.4-

3 1 o.0-

8

5

:’ 1.54 1 1.8-

]

é 1.0 4 1.2

% 05 { os!

g 0.0 1 0.04

£ 00 40 o 00 1000 1200 200 400 %0 860 1000 1200
Temperature / K Temperature K

Figure 7.14: (— ) Simulated and (— ) experimental thermal desorption spectra of
iodine from Pt(111) for different iodine coverages. Heating rate: 6 K s™.
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7.9. Appendix. Statistical Thermodynamics.
The molecular partition function, ¢, gives an indication of the distribution of

occupancy of the energy levels of a particle at a certain temperature. It is defined as:

q= Z e-‘%r (60)

where i indexes the molecular energy levels, and E; is the energy of the /* energy level. The
sum is taken over all the states: translational, rotational, vibrational and electronic.
Assuming the total energy is a sum of these individual contributions, Eq. (60) can be
rewritten as:

a=Y e x T x T e xT e =qTxq"xq"xq® D)
i i i

i

Each mode contributes independently to the overall molecular partition function.

Since the system considers only iodine atoms adsorbed on a surface, the overall
partition function does not have any rotational or translational components. The only
contribution to the partition function is then the electronic ¢* and vibrational partition
function ¢":

g=q"xq’ (62)

7.9.1. Partition Function of the Transition-state Iodine.
The difference between the ground state ?P,, and the 2P, state of atomic iodine is
8.2833-10® J [7.13]. At the absolute zero ¢© = 4, and at the highest temperature of the

experiment, 1000 K, 4€ is:
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q twok = ;e’d%’ =4+ 2-e'mﬁ%""‘ +..z4 (63)
However, it is unclear whether the spins in the transition-state iodine are unpaired,
since the activated complex can be assumed still bound to the platinum atoms. This would
make the degeneracy of the ground state, g;, equal to 1, and, therefore, ¢ = ¢". For
simplicity, we assume g; = 1, although a different value of g can be easily accommodated
in the equations with a corresponding change in v; without changing the results of the
simulations.
I(g) has only three translational degrees of freedom. Treating the Pt surface as rigid,
I* must also have a total of three degrees of freedom. These are all vibrational: one in the
direction of the reaction coordinate with a vibrational frequency v, and two degenerate
modes in directions parallel to the surface with a vibrational frequency v;. The vibrational
frequency of the degenerate modes of I* is low, and it is assumed to be at least 10 times
smaller than for I(ads). Therefore, it is reasonable to treat them in the harmonic
approximation.
In the harmonic approximation, the vibrational partition function for these degrees
of freedom are expressed as:
= ; !

A k)

Since the Pt-I* bond is so weak, v, << T The vibrational modes parallel to the surface can

(D)

be considered bending modes of the Pt-Pt-I* “molecule”. Therefore, v; < v, and the

approximation vy << kT is also valid. The vibrational partition function is then:

q.zzﬂ(i)z 65)
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Since the vibrational partition function is the overall molecular partition function of the

transition-state iodine, then:

w(D) )

7.9.2. Partition Function of the Adsorbed Iodine.

In the case of adsorbed iodine, ¢ =¢". The harmonic approximation can not be made
directly for individual adsorbed I atoms, since the iodine atoms are close packed and
interacting with each other. Instead, cooperative vibrations of the I(ads) lattice must be
considered. Quantum theories of lattice heat capacity explain vibrational motions in solids
(three dimensions). The two main theories developed to account for this effect are the
Einstein and Debye models. In this section, these two models are modified to explain lattice
vibrations of surfaces (two dimensions), and the dependence of the heat capacities with

temperature is used to assess the validity of each model.

7.9.2.1. Einstein Model.

In the Einstein model, each atom is a discrete oscillator with the vibrational energy
levels distributed evenly in energy, Avg being the separation between the levels. All the
particles on the surface vibrate independently with the same vibrational frequency, v, Fig.
(7.15.a). These three degenerate vibrational motions are explained according to the harmonic
oscillator model. The vibrational partition function for a three dimensional harmonic

oscillator is given by [7.14]:

)
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% % v

Figure 7.15: Density of vibrational modes at different frequencies
for: a) Einstein model, b) Debye model and c) Typical lattice.
6 is the Einstein characteristic temperature. It is defined as 6; = hvg/k, and gives an
indication of the stiffness of the lattice. The crystal is more rigid at higher Einstein
temperatures. ¢¥ can be approximated to the overall partition function ¢, Eq. (63), from

which the heat capacity, C,, can be derived:

(28U -2 |gp:2lmd"
C"-(ar)v"ar[m aT ]v ©8)

where Nis the total number of particles. After substituting ¢V for three dimensions from Eq.
(67) into Eq. (68), the heat capacity becomes:

_ane(®2)’ W('ETE) 69)
= T ‘

The change of the heat capacity with temperature is shown in Fig.(7.16), where there is a

poor agreement between the theory and the experimental.
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Figure 7.16: Dependence of the heat capacity with temperature for the different models
of lattice vibration.

7.9.2.2. Debye Model.

The Debye model is a modification of the Einstein model. In this model the

vibrations of the atoms are coupled. Therefore, the vibrations are treated as elastic waves

that travel through the crystal. The particles vibrate with a range of frequencies that varies

from 0 to a cutoff frequency, v, called the Debye frequency, Fig.(7.15.b), which relates to

the Debye temperature, 0, by 0, =h-vy/k. The Debye temperature is a parameter equivalent

to Og for the Einstein model. 0,, gives an indication of the stiffness of the lattice, being more

rigid at higher Debye temperatures. It is also described as the temperature corresponding to

the cutoff frequency of the vibrational modes of the Debye model, Fig. (7.15).
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According to this model, the vibrational partition function for a solid is [7.15]:

q' = exp:— f”%[% + "'(1' "“’(' %m ‘h) (70)

where the apparent molecular partition function is defined in terms of the canonical partition

function, 0, g = Q" for N particles. Av) is the frequency distribution function. It represents
the normal vibration spectrum of a solid, with its integral giving the total number of
vibrations in a frequency range. f{v) is defined for a three dimensional solid with N particles

and 3N vibrational modes as [7.14]:

PO LA 7

v

which makes the vibrational partition function in three dimensions:

oo - [l -l -H))]a)

approximating g5, to the overall molecular partition function, and substituting into Eq. (68)

gives the heat capacity of the solid. Analytically this is a much more complicated function
than in the case of the Einstein model. The behavior of C, with changing temperature is
shown in Fig. (7.16). The results predicted with this theory are in agreement with the
experiment, which justifies the use of the Debye model as a valid model for lattice
vibrations.

Since adsorbed iodine is a surface compound, the function fv) from the vibrational
partition function has to be defined for a two dimensional surface. For N surface atoms with
3N vibrational modes, (V) is defined as [7.15]:

£ =2 ™3)

v
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and after substituting in Eq. (70), the vibrational partition function of the surface becomes:

- “{-7“; [-}"F o1 - exp - :"—T))]m] 4

Itis assumed that the overall partition function for the iodine adsorbed on the surface

is then the vibrational partition function from the Debye model. Thus:
6 (vof hv ( ( hv))] ]
Tt "‘{ v: L [2/@ kT.

We can then change variables in this equation as follows:

hv h hv ;)
=— dx:—dv, =—2L=-0 7
=T kT E T (76)

This change of variables transforms the partition function into:

Pia = °"F{' % ? [12:"!' In(1 - exp(~ x))] xdc] an

where the only unknown parameter is the Debye temperature. 8, is now estimated.

7.9.2.1.1. Debye Temperature.
According to the Debye model, at moderate temperatures the mean-square
displacement of atoms during the vibrations, <u?>, is inversely proportional to the square

of the Debye temperature:

2
<ut>= :’;;:z) (78)

where m is the atomic mass. Assuming that the mean-square displacement of the iodine

atoms adsorbed is the same as the platinum atoms on the surface [7.16], then:

. 0%
a.,.«..,=‘f1'5;-°—-£ 9
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Since the desorption of iodine from Pt(111) is a surface process, it is necessary touse

the surface Debye temperature, instead of the bulk Debye temperature for a solid. The bulk
Debye temperature for platinum has been estimated as 234 + 10 K [7.17][7.18]. However,
there is no consensus about the surface Debye temperature for the Pt(111) face, as several
values have been reported. Calculations based on Low Energy Electron Diffraction
measurements predict a surface 6, of 111 + 10 K [5.17]; theoretical calculations based on
different oscillator models report 174 K [5.20]; and calculations based on atomic helium
scattering state a value of 145 K [7.19]. They all agree, however, that due to the asymmetry
of forces on the surface, the surface Debye temperature is estimated to be 40 to 80% of the
bulk Debye temperature [7.20][7.21]. Therefore, since the bulk Debye temperature is
estimated as 234 + 10 K, the surface 8, for Pt(111) is taken conservatively as 143 £+ 42 K.
Applying Eq. (79) then gives the surface 6, for iodine atoms adsorbed on Pt(111) as 8,=

173 +50K.

7.9.3. Vibrational Frequencies.

The surface Debye temperature for I(ads) is estimated as 173 + 50 K. According to
the Debye model, this corresponds with a vibrational frequency for I(ads) of v =120 + 35
cm. It isassumed that the vibrational energy of I* in the direction of the reaction coordinate
is 10 times lower than for I(ads), which makes v, =12 cm. The vibrational frequency in the
direction parallel to the surface is also unknown. However, according to the relationship

vy <v,, itis assigned conservatively a frequency of v; = 8 cm™.



Thallium Electrodeposition on Pt(111)(v7 x V7)R19.1°I.

8.1. Introduction

Chapter 8
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An understanding of the interaction of amionic species such as iodine on

electrodeposition processes might enable an enhancement of the electrocatalytic properties

of surfaces. In previous chapters silver adsorption on iodine covered Pt surfaces has been

studied. This chapter is the first step in adopting the methodology acquired during the study

of the Pt-Agl system to other systems such as Pt-TII.
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Figure 8.1: Cyclic voltammograms for the electrodeposition of thallium on Pt(111).

Sweep rate =20 mV s*. [T1'] = 1 mM, (— ) 0.1 M H,SO,, ( - ) 0.1 M HCIO,.
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The cyclic voltammograms for the electrodeposition of TI* on Pt(111) are shown in

Fig. (8.1), and agree with voltammograms previously reported [8.1][8.2][8.3] The
voltammogram for T1* deposition in H,SO, resembles the voltammogram for H* in sulfuric
acid solution, Fig (2.10), in the commonly named “butterfly peak” at + 0.532 V vs RHE'.
This resemblance has been exploited to acquire a further understanding of one of the
traditional problem in electrochemistry, the adsorption of hydrogen on platinum surfaces
[8.1]. As well, further research in the area of anion interactions such as HSO,— and ClO,~

on Pt has been accomplished using this system [8.2].

8.2. Cyclic Voltammetry for UPD on Thallium on Pt(111)(V7 x V7)R19.1°-1.

The voltammograms of thallium UPD on Pt(111)}(v'7 x V7)R19.1°1 in H,SO, and
HCIO, solution are shown in Figs. (8.2) and (8.3) respectively. The first sweep of the
voltammogram is similar in either H,SO, or HC10,, which shows that electrolyte plays very
little role. This sweep shows four cathodic peaks (C1...C4), Fig. (8.2.a and 8.3.a). Sweep-
hold experiments around these peaks do not show signs of a NGC mechanism. The peak
potentials are calculated by extrapolating to 0 mV s™ from data at different sweep rates. The
potentials of these peaks are + 0.408, 0.329, 0.176 and 0.080 V respectively. These peaks
are irreversible and disappear in the following cycles. After cycling for at least 30 minutes,
all the features of the first cycle of the voltammogram disappear. The new features
correspond to the cyclic voltammograms for the deposition of thallium on Pt(111) in the

absence of iodine, Fig. (6.1). Accordingly, the iodine desorbs from the surface during the

! In this chapter all potentials refer to the RHE.
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Figure 8.2: Cyclic voltammograms for T1 UPD on Pt(111)(V7 x V7)R19.1°I in H,SO,.
[T1*] = 1 mM. [H,SO,] = 0.1 M. Sweep rate =20 mV s™. a) 1*cycle, b) 2* cycle, c) 5*
cycle and d) 50* cycle.
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Figure 8.3: Cyclic voltammograms for T1 UPD on Pt(111)(V7 x V7)R19.1°-I in HCIO,.
[T1'] =1 mM. [HCIO,] = 0.1 M. Sweep rate =20 mV s™. a) 1% cycle, b) 2™ cycle, ¢) 5*

cycle and d) 50" cycle.



128
cycles of TLUPD on Pt(111)(V7 x V7)R19.1°-], giving a clean and ordered Pt(111) surface.
This surface does not suffer reconstruction during the electrodeposition.

In order to estimate how much thallium is deposited on the surface, it is necessary
to determine in what form the iodine is released from the surface, e.g. I, T1I, TII, . A sweep-
hold experiment is suitable for this estimation, Fig. (8.4). Starting from the Pt(111)(V7 x
V7)R19.1°-I at + 0.9 V, the potential is swept in the negative direction down to +0.05 V.
At this point, the potential is held for as long as it is required to completely remove the
iodine from the surface, namely, 3 minutes, Fig. (8.4.a). The following cycles after holding

the potential are then the UPD of thallium on bare Pt(111), Fig. (8.4.b).

2 1 g (1 Py | 5
’ Starting potenitial +0.9 V ajl
o.-‘/._, e ——— — —
§ cill€ ™ Hold potential at +0.05:V
< 404 * -
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Figure 8.4: Cyclic voltammogram for T1 UPD on Pt(111)(V7 x V7)R19.1°I in H,SO,.
[T1*] =1 mM. [H,SO,] = 0.1 M. Sweep rate =20 mV s™. a) Sweep-hold experiment for
the first sweep, b) Following cycles.
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Integration of the voltammogram in Fig. (8.4.a) gives the charge that passes through

the electrode during the UPD process. The charge is 270 uC cm?, including the charge that

passed during the time the potential was held at +0.05 V, and corrected for double layer

charging. The double-layer charging baseline Fig. (8.5), was obtained from impedance
measurements, as discussed in more detail in the next section.

After holding the potential at the end of the first cathodic sweep, the surface is free

of iodine. At this potential the thallium has a close-packed hexagonal structure [8.2][8.4].

04 .
AR
double-layer charging 1
o «20- C3 -
§
< J
3 o
™ 404 £ 200 -
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-60 - %% 04 08
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Figure 8.5: First cycle of the cyclic voltammogram for TL UPD on Pt(111)(V7 x V7)R19.1°-1

in H,SO,, together with the baseline for the double layer charging obtained with single

frequency A.C. voltammetry: 0.5 mV rms, 2000 Hz. Insert: Double layer capacitance for
the first sweep. [T1'] = 1 mM. [H,S0,] =0.1 M. Sweep rate =20 mV s™.
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The maximum coverage for a close-packed hexagonal phase of Tl corresponds to 0.66 ML,
in agreement with the Tl coverage measured with Surface X-ray Scattering (SXS) in H,SO,
at + 0.1 V [8.2]. Assuming that thallium and iodine desorb as TlI, the difference between
the total coverage for the thallium deposited, 270 uC cm? or 1.12 ML, and the coverage of
the remaining thallium at the end of the cycle, 0.66 ML, corresponds to how much thallium
came off the surface at the same time as the iodine desorption, i.e., the equivalent of 1.12 -
0.66 = 0.46 monolayers.
A (V7 x VT)R19.1°-I surface structure on Pt(111) corresponds with a coverage of
0.43 of a monolayer. This coverage matches the coverage of thallium desorbed from the
surface. Therefore, it is reasonable to assume that the same amount of iodine and thallium
come off the surface during the time the iodine desorbs. Whether the species released is Ti-I
or TI*, I- is still unknown.
In the following sections of this chapter, an attempt is made to explain some of the

features of the voltammogram, Fig. (8.2.a and 8.3.a), focusing primarily on the first

deposition peak.

8.2.1. A.C. Impedance and Integration Baselines.

The exact value of the integration charge of the voltammogram is critical in order
to assign different surface structures to the processes associated with each peak of the
voltammogram. Subtracting the charge associated with the charging of the double layer
from the total charge of the voltammogram gives the charge due only to the faradaic
process. The traditional way for obtaining the baseline is a linear extrapolation of the region

of potential where there is no faradaic process. However, a straight baseline in the
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voltammograms implies a constant double layer capacitance, despite the phase

transformations and changes on the surface. This seems unlikely; therefore, a calculation

of the double layer capacitance is required.

As explained in section 2.3.2, the change of C4 with potential was calculated by
means of either single frequency A.C. voltammetry, fitting the results to the equivalent
circuit:

—/MWW—]|— M

R, Ca

or multi-frequency A.C. voltammetry, and fitting the results to the equivalent circuit:

@

I_Crl
A
R,
Fig. (8.5) shows the C, obtained with single frequency A.C. voltammetry for the first sweep
of Tl electrodeposition on Pt(111)(V7 x V7)R19.1°-L. Some of the peaks of the C, seem to
track the main features of the cyclic voltammogram. This suggests a relationship between
C4 and the faradaic resistance, R;.
A relationship between C, and the faradaic current is contrary to the classical
interpretation of double layer capacitance, where C, is independent of any faradaic process

[8.5](8.6][8.7][8.8]. However, correlations of C, with the faradaic process have been

observed for other systems such as Pt oxidation [8.9][8.10], and hydrogen UPD on several
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Figure 8.6: Simple double layer
model.

Pt single crystals [8.11]. We suggest, therefore, that under certain conditions there is an
interdependence between C, and R, which plays a bigger role for the electrochemical
reaction than is commonly assumed. Further research is needed in this area to assert the true
nature, and for what type of processes this relationship is significant.

A certain dependence of the double layer capacitance with the rate of the faradaic
process, however, can be explained with the help of a simple model of the double layer.
Consider the interface as a layer of uncharged Tl and I adsorbed on the Pt surface, Fig. (8.6).
From Gauss’ law, the potential drop at the interface is:

6d, od 3
81(1.)"’ €, )

where o is the charge at the surface of the electrode and d; and d, are the distances of the

AV =

layers shown in Fig. (8.6). £,(I') and &, are the permittivities of the TI-I layer and electrolyte
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respectively. Since the structure of the TI-I layer changes during the different peaks in the
voltammogram, the permittivity in this layer can be assumed dependent on the surface
concentration of Tl and I on the surface (I).

The double layer capacitance is then:
de 1

TdavT 4 4 @
e e,

Ca

Therefore, a change in &,(I") due to adsorption of T1 on the surface brings a change of double
layer capacitance. It is possible that under certain conditions during an electrochemical
reaction, £,(I') changes in a certain way that makes C, track the peaks in the voltammogram.

Another important feature of the Cy4 shown in Fig. (8.5) are the high values of
capacitance in the potential region of the deposition peaks C1 to C4. Traditionally, it is
assumed that C, ranges from 10 to 40 pF cm. However, high values of C, have been also
previously reported for systems such as hydrogen UPD on Pt(111) in neutral solution [8.12],
or TLUPD on Ag(100) and Ag(110) [8.13].

The existence of fast processes that take place faster or at the same time scale as the
charging of the double layer could explain high apparent values of C,. However, the R,
calculated would have a contribution from the fast process, since the equivalent circuit used
for the fitting would not be the one shown in equation (1). This would make R, track the
different peaks of the voltammogram. Fig. (8.7) shows the same C,, from Fig. (8.5), together
with R,. One of the features of this figure is that R, does not track the voltammogram. On
the other hand, in this experiment R, varies from 7.1 to 7.5 Q cm? at different potentials,
which seems too small a change to explain the presence of a fast process. Therefore, that

factthat R, does not track the peaks of the voltammogram, and the small change of R, with
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Figure 8.7: C, and R, for the same conditions as in Fig. (8.5).

potential suggests that the measured C, is due only to the capacitance of the double layer.

8.3. Peak C1: First Cathodic Peak for the UPD of Tl on Pt(111)(v7 x V7)R19.1°L
Starting from a Pt(1 11)(v7 x V7)R19.1°-I structure, the cyclic voltammogram around
the first deposition peak at different sweep rates is shown in Fig. (8.8). The decrease of the
Cl1 peak is slower at higher sweep rates, which is the characteristic behavior of an
irreversible process. The disappearance of the C1 peak correlates with the appearance of
a new set of double peaks, C11 and C12, at + 0.608 and + 0.544 V respectively. These
potentials were calculated after extrapolating the peak potentials for several sweep rates to
0 mV s™, after the peaks C11 and C12 were fully developed, Fig. (8.9). These peaks, C1,
Cl11 and C12, do not show NGC mechanism, and are independent of the electrolyte, HCIO,

or H,SO,, which excludes any type of electrolyte effect.
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Figure 8.8: Successive cycles around peak C1 for TI UPD on
Pt(111)(V7 x V7)R19.1°- at two sweep rates. [TI'] = 1 mM. [H,SO,]
=0.1M.

75

J/pA cm®

-75 <
02 04 06 0.8 10
E/V vsRHE

Figure 8.9: Cyclic voltammogram for the peaks C11 and C12 for Tl
UPD on Pt(111)(V7 x V7)R19.1°-L. Sweep rates: 5, 10, 20, 50 and
100 mV s, [TI'] = 1 mM. [H,SO,]=0.1 M.
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Since the process under the peak C1 is irreversible, a sweep-hold experiment is
suitable to calculate the charge of the peak. The potential was swept from + 0.9 V down to
a potential immediately after the C1 deposition peak, and held at + 0.4 V for one minute,
before being swept back again, Fig. (8.10). Atthis point, the C1 peak has disappeared from
the voltammogram, and the new set of peaks C11 and C12 is fully developed. These two
peaks will be explained in the following sections.
The total charge that passes through the peak C1 after subtracting the double layer
charging is 51 pC cm. The charge that passes during the time the potential is held is 14 pC

cm’Z. The total charge is then 65 pC cm®. These charges may be explained with the help of
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Figure 8.10: a) Sweep-hold experiment for T1 UPD on Pt(111)(V7 x V7)R19.1°-I in
H,SO, around peak Cl1, b) Following cycles after holding potential.
[Tl‘.] =1 mM, [HzSO4] =0.1 M. Sweep rate =20 mV s.l.
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the cyclic voltammogram for the electrodeposition of Tl on Pt(111)(3x3)-1, Fig. (8.11),
similar to the voltammogram for Tl deposition in I~ solution [8.4]. As explained in chapter
4, the Pt(111)(3x3)-I structure forms spontaneously by dipping the Pt(111) surface into an
I" solution. As seen in Fig. (8.11), although the potentials are slightly different, + 0.399,
0.324, 0.160 and 0.086 V for the peaks C1, C2, C3 and C4 respectively, the main features
of the reduction sweep are similar to the first sweep of the voltammogram of Pt(111)(V7 x
V7)R19.1°I in TI* solution, Fig. (8.2.a). However, the voltammogram is reversible and
reproducible from cycle to cycle. This indicates that no iodine desorbs from the surface

during the electrodeposition of thallium on Pt(111)(3x3)-1.

40 - <
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Figure 8.11: Cyclic voltammogram for T1 UPD on Pt(111)(3 x 3)-I in H,SO,, together
with the baseline due to double layer charging obtained with A.C. voltammetry:
Modulated signal: 0.5 mV rms, 2000 Hz.
[T1*]= 1 mM, [H,SO,] = 0.1 M. Sweep rate =20 mV s™.
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The charge under the peak CI for the Pt(111)(vV7 x VT)R19.1°-I surface is 51 uC

cm?, while for the Pt(111)(3 x 3)-I it is 54 pC cm2. These charges cormrespond with 0.211

ML and 0.224 ML respectively. The coverage for two atoms in a (3 x 3) structure is 0.224

ML. We propose that the first deposition peak is the deposition of two thallium atoms per

unit cell in a (3 x 3) structure, independently of whether the iodine layer has a (V7 x

V7)R19.1° or (3 x 3) structure. This is consistent with the fact that TI-TI interactions are

more important than TI-I interaction. Whether the thallium deposits on top or undemeath
the iodine layer is still unknown.

In section 8.4, an explanation for the appearance of the new set of peaks is proposed,

as well as surface structures corresponding with the different regions of the voltammogram.

8.3.1. Cohesive Gibbs Energy Change of the Pt(111)-TI-I Structure Formed in
the First Deposition Peak C1.

For convenience, in this section the Pt(111)-(3 x 3)-I-Tl structure formed in the peak
C1 of the voltammogram is called as Pt(111)-TI-I. We can calculate a rough estimate of
some of the thermodynamic parameters of this structure applying the equivalent
thermodynamic sequence to thatin chapter 5. The thermodynamic sequence is shown in Fig.
(8.12).

The following equation for the calculation of the cohesive Gibbs energy change of

the Pt(111)-TI-1 is obtained applying the sequence in Fig. (8.12):
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Pt(111)-TH e T + Ig)
+ A

aq(bulk) 84" Iads))
I(ads,vac)
4G’ () AoiG* (TL(E) aq(;ulk)

4G (I(ads))
TlIZads) A QUES) Ti(s) + I(ads,aq)

Figure 8.12: Thermodynamic sequence corresponding with the cohesion of Pt(111)-TI-1.
The symbols are equivalent to the ones in Fig. (5.1).

A s G°(TI(ads)) = A ,G" (TID) - A, G" (T1i(ads)) + A ., G°(T(s))
+4,G°((ads)) + A ,G" (AgI(ads))

It was determined in chapter 5 for the Pt-Ag-I system that the Gibbs free energy
change of immersion is the same order of magnitude but of different sign to the Gibbs free

energy change of emersion, and each of them is small. According to this, we make the

approximation for Pt-TI-I:
A,G°(TN = - A _,G"(I(ads)) ©
The reaction for the C1 peak is:
(V7 x VT)R19.1°-I(ads) + TI*(aq) + ¢ — Pt-Tl-I(ads) ™

The measured reversible potential of C1 relative to an TI|TI* electrode in the same

solution is the cell potential for the reaction which is the sum of reaction (7) and the reaction
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Tl — TI' +¢; that is:

TI(s) + (V7 x VT)R19.1°-I(ads) — Pt-Ti-I(ads) ®)
which is the reaction that allows the calculation of A,,,G"(TlI(ads)) for the second stage of
the thermodynamic sequence in Fig. (8.12). Since all species are in their standard states, the
reversible potential of C1/A1 versus TITI" is E° for reaction (8). We use the following

conversion to refer this potential vs TI|T1* (1 mM in 0.1 M H,SO,) at room temperature:

Epen = Egopy, = Egor + %m%"—":-: - 04546V ©)
taking the activity coefficients of H" and T1" in 0.1 M H,SO, to be the same, and taking the
ratio of their molalities as the experimental value of 100.

As in the case of the Pt-Ag-I system, we assume that the best estimate of E° is the
extrapolation of the peak to the baseline. Accordingly, E° for reaction (8) is + 0.877 V.
Multiplying E° by -F gives the free energy change as A, ,G°(T1I(ads)) =- 84 £ 0.3 kI mol™.

A, G°(T1(s)) is tabulated as + 147.41 £ 0.04 J mol™ [8.14], and A, ,G°(I(ads)) was
calculated in chapter 7 as + 170 £+ 22 kJ mol™.

Substituting the Gibbs free energy changes previously calculated in the right hand

side of equation (5) gives A_,G°(TlI(ads)) =+ 401 £ 22 kJ mol™.

8.4. Set of Double Peaks Cl11 and C12.

Asexplained above, it is proposed that the first deposition peak C1 corresponds with
the deposition of a Tl adlayer in a (3 x 3) structure. This structure is stable when it matches
the structure of the iodine adlayer deposited on the Pt(111), explaining the reversibility of

the voltammogram for Tl deposition on Pt(111)(3 x 3)-I1. However, since there is a mismatch
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Figure 8.13: Cyclic voltammogram for Tl UPD on Pt(111)(V7 x V7)R19.1°-I in H,SO,
after holding potential for 1 minute after peak C1. Double layer charging and R, obtained
with A.C. voltammetry at different frequencies: 3Hz to 50 kHz, modulated signal 0.5
mV rms. [TI'] = 1 mM. [H,SO,] =0.1 M. Sweep rate =20 mV s,

between the (3 x 3) Tl adlayer and the(v7 x V7)R19.1° structure of the iodine, the T1-I layer
undergoes an slow irreversible process which changes its structure, changingall the features
of the voltammogram, Fig. (8.8). The new voltammogram can be divided in three distinct
regions, A, B and C, Fig. (8.13). Integration of the deposition peaks after subtraction of the
double layer charging gives a charge for the peak C11 of 11 pC cm?, and 8 pC cm™ for the
peak C12. The total cathodic charge for the C11 and C12 peaks is therefore 19 pC cm?,
equivalent to 0.08 monolayers. The narrowness and reversibility of the peaks C11 and C12

imply that these peaks are due to surface processes, and that regions A, B and C correspond
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Figure 8.14: Bode plot at different potentials of the voltammogram shown in Fig.
(8.13) for frequencies from 3 Hz to 50 kHz.

to well ordered surface adlayers.

Fig. (8.13) shows also the change of C, and R, with potential in the voltammogram.
As explained in the previous section, the small change of R, with potential in Fig. (8.13)
implies that there are no faster processes at the same time scale of the charging of the double
layer. We can make the Bode plot at different potentials to support this argument. Fig. (8.14)
shows the Bode plot at different potentials corresponding with the voltammogram in Fig.
(8.13). log (|Z] ) is constant at high frequencies. The constant value of log ( |Z| ) at high
frequencies is an indication that the only processes involved at this frequency range is the

double layer charging.
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8.4.1. Thallium Coverage.

It is possible to estimate the thallium coverage through the three peaks of the
voltammogram in Fig. (8.13) using Auger electron spectroscopy. A coverage of 0.66 ML
of Tl is obtained by cyclic voltammetry for T UPD on Pt(111) for a final potential of 0.1
V, Fig.(8.1), [8.1][8.2]. The thallium coverages calculated with AES were referenced to the
intensity of the T1 peak at 89 eV at the known coverage of 0.66 ML, Fig. (8.15.X). AES

does not show the presence of T1 on the surface in region A of the voltammogram, Fig.
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Figure 8.15: Auger spectra for the regions A, B and C of the voltammogram for Tl
deposition on Pt(111) covered with iodine after rearrangement of the Pt(111)(V7 x
VTR19.1° structure. X: calibration Auger spectra. Spectra shifted for clarity.
Beam current = 10pA.
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Figure 8.16: Thallium coverages obtained with: 0) AES and ®) integration of the cyclic
voltammogram for Tl UPD on Pt(111)(V7 x V7)R19.1°-I in H,SO, after holding potential
for 1 minute after peak Cl1 (also shown).

[H,SO,]=0.1 M, [TI*] = 1 mM. Sweep rate =20 mV s™*

(8.15.A). 11 uC cm? for the cathodic peak C11 is equivalent to 0.045 monolayers of
thallium in region B of the voltammogram. This agrees with the thallium coverage obtained
with Auger spectroscopy: 0.039 + 0.002, Fig. (8.15.B). The coverage obtained for region
C of the voltammogram by coulometric measurements is 0.08, while for Auger spectroscopy
is 0.087 + 0.002, Fig. (8.15.C). The results for the different estimates of the coverage of

thallium in the three regions of the voltammogram are shown in Fig. (8.16).

8.4.2. Iodine Coverage.

Thetotal charge under the cathodic peak Cl1 is 65 pC cm’. Therefore, the equivalent
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of 65 - 19 =46 uC cm? of Tl comes off the surface during the irreversible rearrangement
process. This charge corresponds to 0.19 monolayers of Tl desorbed, assuming one electron
per atom. Accepting that one iodine atom desorbs per thallium atom, the remaining iodine
coverage after the rearrangement process is 0.42 - 0.19 = 0.23 monolayers ( 0.42 being the
iodine coverage for the initial Pt(111)(v7 x V7)R19.1°-1).

The desorption of iodine from the surface can be further assessed by charge
measurements of iodine oxidation. This reaction corresponds to the five electron process:
Pt(111)-I + 3H,0 —» Pt(111) + IO, + 6H" + Se- (10)

The peak for iodine oxidation from the surface occurs at + 1.3 V under the conditions
studied. Oxidation of TI* to TI** in solution starts at +1.2 V. Therefore, due to the overlap
of the oxidation peaks, the oxidation of iodine has to be carried out in a different
electrochemical cell than the cell where the thallium is deposited. The electrode is
transferred after the deposition and rearrangement of the TI-I layer to a different
electrochemical cell with the same electrolyte but without TI*. The breaking of the
electrode-electrolyte meniscus from the solution which contains T1* is done at a potential
+0.9 V, which is a potential corresponding with region A of the voltammogram, Fig. (8.13),
where there is no Tl adsorbed on the surface. The immersion potential in the cell with no
TI* is also controlled at + 0.9 V, and immersion is followed by sweeping anodically in order
to oxidize all the iodine from the surface, Fig. (8.17). The potential is held for one minute
after the iodine oxidation peak to assure the complete oxidation of the iodine layer. The total
charge that passes during the iodine oxidation also contains the charge for the oxidation of
the bare platinum. Therefore, the total charge has to be corrected by subtraction of the

charge for the reduction of the platinum oxide.
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Figure 8.17: Iodine oxidation voltammograms, (— ) without deposition of T1, ( .- )
after Tl deposition. 20 mV s, [H,SO,] =0.1 M.

The oxidation charge for Pt(111)(V7 x v7)R19.1°-I without Tl deposition after
correction for the Pt oxidation is 520 pC cm. This charge corresponds to a five electron
process with 104 pC cm™ per electron, or 0.43 of a monolayer, as compared with 0.428 for
an ideal (V7 x V7)R19.1° surface structure. The agreement of these charges gives us
confidence in the validity of the experiment.

After deposition of Tl and development of the peaks C11 and C12, the oxidation
charge of iodine is 330 pC cm?, which corresponds to 66 uC cm™ per electron. This charge
is equivalent to 0.27 monolayers, as compared with 0.23 monolayers previously proposed

obtained by charge measurements of T1 deposition along the peaks C11 and C12. The two
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measurements are in good agreement, which indicates the desorption of one iodine atom per

thallium during the rearrangement process of the T1-I adlayer.

8.4.3. Surface Structures, LEED analysis.

An attempt to assign different surface structures to the three regions of the
voltammogram in Fig. (8.13) was made using the ultra-high vacuum techniques available
in our laboratory. As previously explained, the experiment involves transferring the crystal
from the high-pressure chamber to the main chamber of the UHV system after T1
electrodeposition and breaking of the crystal-electrolyte meniscus. Therefore, the first step
is the measurement of the open-circuit potential, in order to ensure that the surface structure
does not change during the transfer. Unfortunately, there is a gradual change of the open
potential, Fig. (8.18). This stabilizes at + 1.15 V, at a more negative potential than that
corresponding for the oxidation of I from the surface. It is worth noting how the open-circuit
potential changes gradually along the potential range, except at potentials corresponding
with the peaks C11 and C12 in the voltammogram, Fig. (8.18). At these potentials the open-
circuit potential is stable for a few seconds, and then changes again.

According to the change of the open-circuit potential, it is possible that the surface
structure rearranges after breaking the contact between the crystal and the solution. Care
was taken breaking the meniscus and transferring the crystal from the high-pressure
chamber to the analysis chamber after the electrochemical experiment. After the transfer,
AES did not detect traces of electrolyte on the surface. Therefore, the crystal is assumed to
be free of the double layer after the meniscus is broken. Since for emersion potentials

corresponding with each the three regions of the voltammogram the LEED diffraction



148

v |

04 06 08 10 12
E/V vsRHE

Figure 8.18: a and b) Open-circuit potential starting at two different potentials, together
with the cyclic voltammogram for T1 deposition on iodine modified Pt(111) surface. 20
mVs*, [H,SO,]=0.1 M, [TI'] =1 mM.
patterns are different and reproducibl€?, it is reasonable to assume that the different surface

structures do not change once the crystal has been removed from the solution.

However, we have to be careful when analyzing the surface structures obtained with
LEED. The transfer of the crystal until the LEED measurement took from 10 to 15 minutes.
Itis possible that during that time the original surface structures systematically evolved to

the ones detected by LEED. In-situ electrochemical surface techniques would be necessary

Three experiments were made to measure region C of the voltammogram with emersion
potentials at + 400, + 388 and + 385 mV, three experiments for region B with emersion
potentials at + 590, + 592 and + 575 mV, and two experiments for region C with emersion
potentials at + 815 and + 727 mV.
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in order to ascertain the nature of the surface structures in the different regions of the

voltammogram.

8.4.3.1. Region C: LEED Pattern and Surface Structure.

The region C of the voltammogram corresponds with more negative potentials than
the peak C12. At these potentials, the LEED pattern is as shown in Fig. (8.19). This LEED
pattern is interpreted as the diffraction pattern for a Pt(11 l)[: 2] -TII surface structure,
which is a rectangular superlattice on top of the hexagonal (111). The rectangular [; g] unit
cell is shown in Fig. (8.20).

The position of the Tl and I atoms on the Pt(111) surface is unknown unless a full
dynamical LEED analysis of the diffraction beams is undertaken. However, the LEED
pattern in Fig. (8.19) shows systematic absences, which enable us to propose a specific

surface structure. Systematic absences are absences of diffraction spots in the LEED pattern

Figure 8.19: LEED patterns at a) 35 and b) 70 eV of a platinum surface corresponding
with region C of the voltammogram.
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Figure 8.20: Pt(lll)[; ‘6’] unit
cell.

due to the existence of special symmetries in the unit cell.
Fig. (8.21.a) shows the LEED pattern calculated for the [; 2] unit cell on a (111)

substrate, using the computer pattern simulator LEEDpat 1.0 [8.15]. The real LEED pattern

Figure 8.21: Computer simulation of the LEED pattern fora ; : structure on a (111)
surface showing the three domains of the unit cell, a) for no symmetry of the
lattice, b) for p2gg symmetry of the lattice and the systematic absences (circles).
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shows systematic absences for the whole energy range in the hQ direction for h = 1n, 3n..,
and Ok for k = 1n, 3n..., for each of the three rotational domains, Fig. (8.21.b). These
absences imply a p2gg symmetry of the superlattice, Fig. (8.22). However, a p2gg symmetry
of the superlattice is incompatible with the p3m1 symmetry of the Pt(111) substrate. This
suggests that the systematic absences are instead real diffraction spots, although too faint
to be detected with our electron optics.

While the first platinum layer is compatible with p2gg symmetry of the superlattice,
the incompatibility arises for the differences between the first and second platinum layer.
It is reasonable to assume that the influence of the second Pt layer in the intensity of the
diffraction spots is smaller than the first Pt layer. Therefore, although the superlattice does
not have true p2gg symmetry, in this context it approximates that symmetry.

It was calculated in the previous section that in this region of the voltammogram the

a b

A three fold axes H -
0 two fold axes —0—:40

— mirror plane
- glide plane

Figure 8.22: a) Unit cell for Pt(111) with p3ml symmetry, b) unit cell with
p2gg symmetry.
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thallium coverage is 0.08 ML, and 0.23 ML for iodine. This accounts for three times more

iodine than thallium on the surface. Assuming one electron per thallium atom adsorbed, 0.08
ML is equivalent to 2 thallium atoms per Pt(11 l)[: 2] unit cell. A coverage of 0.23 ML
for iodine correlates then to 6 iodine atoms per Pt(111) [: z] unit cell. According to the
suggested symmetry of the unit cell, and the number of Tl and [ atoms in it, only one surface
structure appears reasonable, that of Fig. (8.23).

In this surface structure, the two thallium atoms per unit cell occupy 2-fold sites.
There are two types of iodine atoms: four of the iodine atoms per unit cell are adsorbed on
displaced atop sites, while the other two are in 2-fold sites. The position of the second

platinum layer relative to the first platinum layer is unknown.

Figure 8.23: Proposed structure for the Pt(111)) [: :] -TII structure.
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8.4.3.2. Region B: LEED Pattern and Surface Structure.

Region B in the voltammogram is at potentials between the C11 and C12 deposition
peaks. The LEED pattern of this region is shown in Fig. (8.24). This pattemn is a mixture of
(V7 x VT)R19.1° and (3 x V3)R30° structures, which correlates with patches of the two
surface structures on top of the platinum surface. The unit cells for these structures are
shown in Fig. (8.25).

Region A of the voltammogram has a low coverage Pt(111)(V7 x V7)R19.1°-I (see
below in the text). Therefore, it seems reasonable that the patches of the surface in this
region of the voltammogram with a (V7 x v7)R19.1° LEED pattern correspond to the same
surface structure. The (V3 x V3)R30° pattern correlates then with patches of Pt(111)(v3 x
vV3)R30°-TI on the crystal.

Figure 8.24: LEED pattern at 73 eV of a platinum surface
corresponding with region B of the voltammogram.



Figure 8.25: a) Pt(111)(vV7 x V7)R19.1° unit cell, b) P(111)(V3 x V3)R30".

8.4.3.3. Region A: LEED Pattern and Surface Structure.
This region of the voltammogram corresponds with potentials more anodic than the
C11 peak. Auger spectroscopy shows no thallium adsorbed on the surface, Fig. (8.15.A).
The LEED pattern corresponds with a Pt(111)(V7 x v7)R19.1° structure. The iodine
coverage was calculated in section 8.4.2. from subtraction of thallium charges to the initial
iodine coverage as 0.23 ML (1.6 iodine atoms per (V7 x V7)R19.1° unit cell}, and from
charges of iodine oxidation as 0.27 ML (1.9 iodine atoms per (v'7 x v7)R19.1° unit cell).
According to the iodine coverage, the LEED pattern can be explained as islands of
Pt(111)V7 x VT)R19.1°-I with a local iodine coverage of 0.43 ML, and bare patches of
Pt(111) on the rest of the surface. This explanation seems unlikely, since the voltammogram
would reflect two deposition peaks: one for T1 deposition on Pt(111)(v7 x V7)R19.1°I and
another one for T1 deposition on Pt(111).
_ A different explanation of the iodine coverage considers a Pt(11 V7 xVTRI19.1°-1

with two iodine atoms per unit cell. However, a Pt(111)(V7 x V7)R19.1°-I structure with two
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iodine atoms per unit cell has not been reported in the literature.

8.5. Peak C2: Second Cathodic Peak for the UPD of Tl on P¢(111)}(V7 x V7)R19.1°1.
Without holding the potential after the peak Cl1, the cyclic voltammogram for Tl

electrodeposition on Pt(111)(vV7 x V7)R19.1°-I has a second deposition peak at +0.328 V,

Fig. (8.26). The shape of this peak, excepting the cathodic shoulder, is similar to the first

deposition peak. The charges are similar as well, 52 pC cm? and 51 pC cm? for peaks C2

and C1 respectively.
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Figure 8.26: ( ... ) Cyclic voltammogram for Tl electrodeposition on Pt(111)(V7 x
vTR19.1°1, (—) after holding the potential at + 0.395 V, allowing the formation of
the peaks C11 and C12. [TI'] = 1 mM. [H,SO,] =0.1 M. Sweep rate =20 mV s™,
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The shape and charge of the C2 peak are also similar for electrodeposition of Tl on
Pt(111)3 x 3)-1, Fig. (8.11). In the latter case the peak potential is at + 0.324 V, and the
charge is 54 uC cm’2. Therefore, it seems reasonable to assume that the peak C2 corresponds
with the deposition of another two thallium atoms per (3 x 3) unit cell, on the previously
modified Pt(111)(V7 x V7)R19.1°-I with an adlayer of two thallium atoms per (3 x 3) unit
cell during the peak C1.

If this is the case, the deposition process corresponding with the peak C2 depends
on the state of the surface prior to the peak C2. Fig. (8.26) shows how the potential of the
peak C2 shifts anodically from + 0.329 to + 0.336 V, and the charge decreases from 52 to
42 uC cm®, when the surface has been allowed to rearrange and develop the peaks C11 and
C12. 42 uC cm™ for the C2 peak on the modified surface is equivalent to 0.17 ML. The
surface structure immediately before the peak C2is Pt(1 1 1)[‘; °|-2161. 0.17ML suggests
the deposition of another two TI atoms per [; zJ unit cell on the Pt(lll)[; :} -2Tl-61

surface structure.

8.5.1. Cathodic Shoulder of the Deposition Peak C2.

Fig. (8.27) shows the first four cycles of the voltammetry for Tl deposition on
Pt(111}V7 x V7)R19.1°I in H,SO,. During the first cycle the peak C1 disappears and the
peaks C11 and C12 are developed. In the following cycles the peak C2, its cathodic shoulder
and the peaks C11 and C12 decrease irreversibly, enhancing new features in the
voltammogram. These new features are different for HCIO, as electrolyte, Fig. (8.28). Thus,

the irreversible processes associated with the peak C2 are electrolyte dependent.
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Figure 8.27 Cyclic voltammograms for T1 UPD on Pt(111)(V7 x
/T)R19.1°1 in H,SO, sweeping back after peak C2. [TI*] = 1
mM. [H,SO,] =0.1 M. Sweep rate =20 mV s-1.
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Figure 8.28: Cyclic voltammogram for T1 UPD on Pt(111)}V7 x
vT)R19.1°-I in HCIO, sweeping back after peak C2. [TI'] =1
mM. [HC1O,] = 0.1 M. Sweep rate =20 mV s™.
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Itis more convenient to perform a sweep-hold experiment in order to study the final
steady-state voltammogram after the irreversible process in peak C2. Fig. (8.29) and (8.30)
show the cyclic voltammograms in both H,SO, and HCIO,, after holding the potential at
several potentials in the peak C2 and its cathodic shoulder.

In H,SO, solution, there is a new peak with its maximum at+0.637 V, together with
a set of peaks centered at +0.775 V. The latter peak is assigned to T UPD on bare Pt(111),
since the voltammogram on Pt(111), Fig. (8.1), shows a peak at the same potential.
Accordingly, either patches of the platinum surface are free from iodine, or the iodine
coverage is too low on the surface to alter the T1 deposition during the irreversible process
in peak C2.

Thallium deposition on Pt(111) in H,SO, has the so called “butterfly” peak at
+ 0.533 V, Fig. (8.1). This has been assigned to adsorption/desorption and long-range
interactions between bisulfate ions with Tl adatoms on Pt(111) [8.2][8.16]. At more negative
potentials than + 0.533 V the surface is covered with thallium. In the region between +
0.533 and + 0.775 V the surface is covered with a Tl-bisulfate adlayer. Due to the similar
shape of the peak at +0.533 V for T1 UPD on Pt(111) with the peak at + 0.637 V for Pt(111)
covered with iodine, Fig. (8.29), the latter peak is also assigned to bisulfate adsorption from
the electrolyte.

Quantification of the amount of iodine desorbed is questionable by electrochemical
methods, due to the overlapping of three different adsorption/desorption reactions: thallium,
iodine and bisulfate. Therefore, no attempt to interpret the charges was made.

The cyclic voltammogram in HCIO, solution for Tl deposition on Pt(111) has a peak

at + 0.642 V and a set of peaks centered at + 0.959 V, Fig. (8.1). These have been
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Figure 8.29: Cyclic voltammogram for TL UPD on Pt(111)}(V7 x
v7T)R19.1°1 in H,SO,. a) holding potential one minute at the beginning of
peak C2, b) holding potential for 1 minute in the cathodic shoulder of peak
C2 at several potentials.
 (— ) double layer charging. [T1'] =1 m}\d [H,SO,] = 0.1 M. Sweep rate
=20mVs™.

tentatively assigned to Tl deposition on Pt(111), [8.2]. For Tl deposition on Pt(111)}(V7 x

vT)R19.1°, after holding the potential at different points of the peak C2, a peak with the
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Figure 8.30: Cyclic voltammogram for T UPD on Pt(111)}(V7 x

v7)R19.1°-1 in HCIO,. a) holding potential one minute at the beginning of

peak C2, b) holding potential for 1 minute after peak C2.
[TT']=1 mM. [HCIO,] =0.1 M. Sweep rate =20 mV s™'.

160

maximum at + 0.696 V and a set of peaks centered at + 0.957 V develops, Fig. (8.30).

Comparing with T1 on bare Pt(111), these peaks correspond with TI UPD. As in the case of

H,SO, solution, this implies that either patches of bare platinum, or a low iodine coverage

remains on the surface during the T1 deposition process. This point can be depicted more
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clearly by continuing the voltammogram down to + 0 V, Fig. (8.31), which, as noted above,
produces desorption of iodine from cycle to cycle. The features of the voltammogram evolve
slowly from cycle to cycle until reaching the voltammogram for Tl electrodeposition on
Pt(111). This indicates that the peak at + 0.642 V in HCIO, indeed corresponds to T1

electrodeposition.

—' v

03 04 05 06 07 08 09
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Figure 8.31: 2* and following cycles for the voltammogram for T1 UPD on
Pt(111)}(V7 x V7)R19.1°-1 in HCIO,. [TI*] = 1 mM. [HCIO,] = 0.1 M. Sweep rate
=20mVs™.
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Chapter 9

Conclusion.

In this thesis we have investigated Ag and Tl-iodine adlayers on Pt single crystal
surfaces. We focussed the research primarily on the Pt-Ag-I system, and specifically on the
Pt(111)(3 x 3)-Agl surface structure. This surface compound is formed during the initial
stage of the UPD of Ag on Pt(111)(v7 x V7)R19.1°- after deposition of 4/9 monolayers of
Ag.

A crystallographic analysis is reported in chapter 3 using LEED in the tensor LEED
approach. The Pt(111)(3 x 3)-Agl structure approximates a two-layer slice of bulk Agl cut
parallel to its (111) plane, with the Ag UPD atoms in direct contact with the Pt(111) surface.
No significant corrugation is found for either the I layer or the Ag layer. This, together with
the fact that Ag deposition is not site specific with respect to Pt, implies that the Ag:I
interactions are more important than Pt:Ag.

A systematic study of the electrodeposition process for different orientations of the
Pt substrate is done in chapter 4. It is found that the initial deposition occurs on the terraces;
hence, the step sites are not the most reactive. The deposition around the steps is disordered,
while on the terraces it is ordered for terraces larger than the length of a Pt(111)(3 x 3)-Agl
unit cell. The minimum length of the terrace ensures that the Ag deposits with at least one
(3 x 3)-Agl local unit cell. This confirms that Ag-I interactions are more important than
Pt-Ag interactions.

A further understanding of the Pt(111)(3 x 3)-Agl structure is obtained in chapter

5 using a thermodynamic sequence to calculate some of its fundamental thermodynamic
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parameters. This sequence is completed in chapter 6 with study of the temperature
dependence of the electrodeposition process. The process is thermodynamically controlled,
which enables the caiculation of several of the thermodynamic parameters of the UPD
process.

One of the stages of the thermodynamic sequence involves the desorption of iodine
from the platinum surface. In chapter 7 we apply statistical thermodynamics to propose a
model of desorption. In this model the iodine goes through a transition state with similar
energy as the desorbed iodine, although the entropies are quite different. The model is tested

with the simulation of thermal desorption spectra.

With the thermodynamic sequence in chapter 5 the formation free energy and
enthalpy for the surface compound Pt(111)(3 x 3)Ag-I were calculated as:

A G°(Agl(ads) = -146 + 23 kJ mol.

Ay H'(Agl(ads)) = -139 + 22 kJ mol™.
and the cohesive free energy and enthalpy are:

AG°(Agl(ads) = +462 + 24 kJ mol”.

A H'(Agl(ads)) = +531 + 22 kJ mol™.

To gain insight into the nature of the bonding, we may consider the cohesive
enthalpy for Pt(111)(3 x 3)-AglI assuming a pure covalent bond between Ag and I, and a

metallic bond between Pt and Ag.

9.1. Energy of the Ag-1 bond in Pt(111)(3 x 3)-Agl.

The energy per Ag-I bond is estimated using thermochemical data from the NBS
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tables [9.1]. The experimental enthalpy change for the reaction representing homolytic
dissociation of the lattice is:

Agl(s) > Ag(®)+ (g) A_ H°(Agl(s))=+ 45323kJ mol™ ¢y
Since Agl has the zinc blende structure, each I atom bonds tetrahedrally to four Ag

atoms. The total energy per bond is therefore:

Ao (A1) =+ 22

=+11330kJ mol ™ ®

The bond energy for each of the Ag-I bonds in the Pt(111)(3 x 3)-Agl structure is
obtained applying the correlation between the bond order and bond energy [9.2]:

AH, = AH, n* €))
where AH, is the bond energy of Ag-I in the Pt(111)(3 x 3)-Agl structure, AH, the bond
energy of the Ag-I bond in bulk and p an empirical parameter that we approximate to 1. n
is the bond order of Agl in the Pt(111)(3 x 3)-Agl structure relative to Agl bulk, and was
estimated in chapter 3 as 1.46. According to Eq. (3), the total energy per bond is A_,A°(Ag-
I(s)) =+ 165.5 kJ mol™'.

As explained in chapter 3, there are four iodine atoms per Pt(111)(3 x 3)-Agl unit
cell, and each of them bonds to three silver atoms. The total energy of these twelve bonds
in the unit cell, Fig. (9.1), may be estimated as:

AH'(Ag-D=+1655x 12 = + 19850 kJ mol ™' @

9.2. Energy of the Pt-Ag bond in Pt(111)(3 x 3)-Agl.
The energy per Pt-Ag bond is calculated following Pauling’s approximation. This

approximation requires the energy for Pt-Pt and Ag-Ag bonds, which are obtained from the
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Figure 9.1: Pt(111)(3 x 3)-Agl structure showing the 12 Ag-I bonds per unit cell.

sublimation enthalpies:

Pi(s) » Pi(g) AH°(Pt)=+ 5653kJ mol™ )

Ag(s) » Ag(g) AH°(Ag)=+ 2845kJ mol™
The coordination number in the fcc crystal structure for Pt or Ag is twelve.
Therefore, there are six bonds per Pt or Ag in the unit cell of either structure. The energy

per Pt-Pt and Ag-Ag bond is therefore:

565
63 = + 942 kJ mol ™!
©®

2845
AH°(Ag) =+ g - +474l mol ™

AH (Pt)=+

The energy of the Pt-Ag bond is assumed to be the arithmetic mean of the bond
energies for Pt and Ag, with a correction for the difference of electronegativities, according

to the relation [9.3]:

AH°(PtAg) =%[AH°(Pt) + AH*(AR)]+ 96 (- xg) = + 825KJ mol”! W)



166
where x;, and x,, are the electronegativities of Pt and Ag (2.28 and 1.93 respectively).
Of the four Ag atoms per Pt(111)(3 x 3)-Agl unit cell, one is in a three fold site with
respect to Pt and three are in a displaced atop site, Fig. (9.2). The bond energy calculated
corresponds to energy of the Pt-Ag bond for Ag in a three fold position, with a bond length
of 2.82 A. As explained in chapter 3, this bond length is close to expectation from the sum
of metallic radii (2.83 A), and to the bond length for bulk Agl in the zinc blende structure
(2.81 A). Each of the other three Ag atoms in a displaced atop site are bonded to one Pt with
one Pt-Ag bond length of 2.48 A, and two other Pt-Ag bonds of length 3.11 A, Fig. (9.2).
We consider the 3-fold Pt-Ag bond of 2.82 A as normal, then the 2.48 A bonds are
compressed and the 3.11 A bonds are stretched.
We can calculate the bond energy of these two different types of Pt-Ag bonds
assuming the Morse approximation for the energy of a diatomic molecule as a function of
the interatomic distance. According to this approximation, the energy of the Pt-Ag molecule

is:

’ Silver
Q lodine

Figure 9.2: Pt(111)(3 x 3)-Agl structure showing the different Pt-Ag bonds per unit cell.
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ry 2
—(R-R) J57
AH=D, (1- e {wm , ®

where R is the Pt-Ag distance, R, the Pt-Ag equilibrium distance (2.82 A), and D, is the
energy of dissociation, calculated as 82.5 kJ mol™. kis the force constant of the bond. It can
be approximated as 125 N m™ with an empirical correlation for diatomic molecules that
combine atoms of the 4* and 5* rows of the periodic table[9.2][9.4].

According to Eq. (8), the bond energy of a Pt-Ag bond of 2.48 A is -11.4 kJ mol®,
and for a Pt-Ag bond length of 3.11 A is 64.9 kJ mol ™. The total energy per unit cell of the

Pt-Ag bonds is the sum of the energies of all the bonds:

AH®(Pt-Ag)=+825x 3+ 649x 6+ (- 114) x 3= + 602.7kJ mol ™ ©)

9.3. Total Cohesive Enthalpy of Pt(111)(3 x 3)-Agl.
The total cohesive energy of the unit cell is the sum of the Ag-I and Pt-Ag bond
enthalpies calculated in Eq. (5) and (10):
AH @t-Ag-I)_, =+ 19850 + 602.7 = + 2587.7 kJ mol (10)
Experimentally, A A° (Agl(ads)) obtained is per mole of iodine. Therefore, since
there are four iodine atoms per unit cell, the theoretical cohesive energy per mole of iodine
is:

25877
4

AH°(Pt-Ag-T)= = + 6469 kJ mol ™ (1)

where the contributions of the Pt-Ag and Ag-I bonds energies to AH® (Pt-Ag-I) are 23 and

77 % respectively.
Considering the simplicity of the model, there is a relative good agreement (< 20%)
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between the theoretical cohesive energy and the experimental A_ H° (Agl(ads)) of 531 +
22 kJ mol™, calculated in chapter 5 from the enthalpy change of reaction:

Agl(ads) - I(g) + Ag(g) 312

The four iodine atoms in a Pt(111)(3 x 3)-Agl unit cell are above the Ag layer in
well defined three fold positions. This directionality is caused by the predominantly
covalent Ag-I bond. The metallic character of the Pt-Ag accounts then for its non-
directionality, as seen for three of the Ag atoms per unit cell in ill-defined displaced atop
sites with respect to Pt. The different contributions of the Pt-Ag and Ag-I bonds to the total
cohesive energy (23 vs 77%) explain the greater importance of the Ag-I interactions over
the Pt-Ag interactions, as deduced in chapters 3 and 4.

The study of thallium electrodeposition on Pt(111)(V7 x V7)R19.1°I is still in the
first stages of completion. The study of this system is much more complicated than for Ag-I.
The reason is the irreversibility of the processes, and desorption of iodine during the
thallium deposition. An explanation for the processes that take place in the first
electrodeposition peak has been proposed. The thallium deposits initially with a (3 x 3)
structure on top of the Pt(111) surface covered with iodine, regardless of the structure of the
iodine adlayer. It is estimated that the cohesive Gibbs energy change of this surface
compound is 401 + 22 kJ mol™. This surface compound undergoes an irreversible phase
change to 2 Pt(lll)[; ‘6’] TII structure, involving the desorption of Tl and I. Further
analysis of this surface structure, including the temperature dependence of the
electrodeposition process, is needed. This will enable the calculation of the parameters that
determine the stability of the different surface compounds, as well as the reasons of the

desorption of I during the electrodeposition process.
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