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Suipecvison Dr. D A . Hatiington.

ABSTRACT

TheelectrodepositioaofAgaiulTloaPtsmgleciystalsurfiicescovœdwitlLiodme 

has been investigated, Reusing on the study o f the electrodeposited P t(lllX 3 x 3)-Ag[ 

structure. These crystals weteprepared under atmospheric or ultra high-vacuumconditioiis. 

Multiple techniques were used for characterization: traditional electrochemical methods, 

A.C. inqiedance, LEED, Auger spectroscopy, thermal desorption spectroscopy and contact 

angle measurements.

The surface compound P t(lllX 3 x 3)-AgI is formed during the first 

electrodeposition peak of Ag* on PXl 1IX'̂ ^ x /7)R19.1°-I. The crystallographic structure 

o f this compound was determinedusing tensor LEED analysis. Using stepped single crystals 

with ( 1 1 1 ) terraces, it was found that there is a correlation between the charge o f 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 1 0  A. The long-range order is associated with 

the directional nature of the Ag-I bonds.

Cohesive and formation thermodynamic parameters of the Pt(i 11X3 x 3>AgI are 

calculated using a thermodynamic sequence. Two o f the steps: electrodeposition of Ag on 

Pt(l 11X^7 X /7)R 19.r-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 o f the Ag-I bond.

A study of Tl electrodeposition on Pt(l 11X^7 x /7)R19.1°-I was also undertaken. 

Some of the features o f the voltammogram are related to specific surfoce structures.
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= 1 mM. [HCIOJ = 0.1 M. Sweep rate = 20 mV s ', a) 1" cycle, b) 2“* ttycle, c) 5* 
cycle and d) 50* cycle.

Figure 8.4: Cyclic voltammogram for Tl UPD on Pt(l 11X^7 x >/7)R19.1“-I in H2 SO4 . [Tl*] 
= 1 mM. [H2 SO4 ] = 0.1 M. Sweep rate=20 mV s ', a) Sweep-hold experiment for 
the first sweep, b) Following (^cles.

Figure 8.5: Cyclic voltammogram for Tl UPD on Pt(l 11X^7 x /7)R19.1“-I in H2 SO4 , 
together with the baseline for the double layer charging obtained with A C. 
voltammetry: Modulated signal: 0.5 mV rms, 2000 Hz. Insert: Double layer 
capacitance for the first sweep. [Tl*] = 1 mM. [1 ^ 8 0 4 ] = 0.1 M. Sweep rate = 20 
mV s '.

Figure 8 .6 : Simple double layer model.
Figure 8.7: Q, and R, for the same conditions as in Fig. (8.5).
Figure 8 .8 : Successive cycles around peak C l for Tl UPD onPXlUX'^7 x 

/7)R 19.r-I at two sweep rates. [Tl*] = 1 mM. IH2 SO4 ] = 0.1 M.
Figure 8.9: Ctyclic voltammogram for the peaks C l 1 and C12 for Tl UPD on Pt(l 11X^7 x 

/7)R19.l“-I. Sweep rates: 5,10,20.50 and 100 mVs '. [Tl*] = 1 mM. [H2 SO4 ] =0.1 
M.

Figure 8.10: a) Sweep-hold experiment for Tl UPD on Pt(l 11X^7 x /7)R19.1°-I in H2 SO4  

around peak C l, b) Following ̂ c le s  after holding potential. Double layer obtained 
with AC. voltammetry at different fiequencies: 10 Hz to 200kHz, modulated signal 
0.5 mV rms. [Tl*] = 1 mM. [H2 SO4 ] = 0.1 M. Sweep rate = 20 mV s '.

Figure 8.11: (tycltc voltammogram for Tl UPD on PXl 1IX 3 x 3)-I in H2 SO4 , together with 
the baseline due to double layer charging obtained with A.C. voltammetry: 
Modulated signal: 0.5 mV rms, 2000 Hz. [Tl*] = 1 mM. [H2 SO4 ] = 0.1 M. Sweep 
rate=20 mV s '.

Figure 8.12: Thermodynamic sequence corresponding with the cohesion o f PXl 11)-T1-I. 
The symbols are equivalent to the ones in Fig. (5.1).
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Figure 8,13: Cyclic voltammogram for Tl UPD oaPt(l 11X^7 x>/7)R19.I“-I ÛLH2 SO4  after 
holding potential for 1 minute afterpeakCl. Double layer charging andRs obtained 
with A.C. voltammetry atdi£ferentfiequencies: 3 Hz to 50 kHz, modulatedsignal03 
mV rms. [IT ] = 1 mM. [HijSOJ =0.1 M, [TT] =  1 mM. Sweep rate=20 mV s '.

Figure 8.14: Bode plot at different potentials ofthe voltammogram shown m Fig. (8.13) for 
fiequencies fit)m3 Hzto 50 kHz.

Figure 8.15: Auger spectra for the regions A, B and C o f the voltammogram for Tl 
deposition on Pt(l 11) covered with iodine after rearrangement o f the Pt(l 1 x
/7)R19.T-I structure. X: calibration Auger spectra for 0.66 monolayers o f Tl on 
P t(lll). Beamcurrent= lOpA.

Figure 8.16: Thallium coverages obtained with: o) AES and ■) integration o f the (yclic 
voltammogram for Tl UPD on Pt(l 11X^7 x /7)R19.T-I in H2 SO4  after holding 
potential for 1 minute after peak Cl (also shown). (H2 SO4 ] =0.1 M, [IT] = 1 mM. 
Sweep rate=20 mV s '

Figure 8.17: Iodine oxidation voltammograms, ( ---- ) without deposition of Tl, ( ------ )
after Tl deposition and development o f cafoodic peaks 011 and 012 oxidize. 20 mV 
s ' , p i 2 SO4 ] = 0 .1 M.

Figure 8.18: a  and b) Open potential starting at two different potentials, together with the 
«yclic voltammogram for Tl deposition on iodine modified Pt(l 11) surface. 20 mV 
s ',  PI2 SO4 ] = 0.1 M, [HT = 1 mM.

Figure 8.19: LEED patterns at a) 35 andb) 70 eV of a platinum surfoce corresponding with 
region O o f the voltammogram.

Figure 8.20: Pt(l 11)^^ unit cell.

Figure 8.21: Computer simulation of the LEED pattern for a ^ ° structure on a (111) 
surface showing the three domains of the unit cell, a) fotmo special symmetry o f the 
lattice, b) for p2 gg symmetry o f the lattice and the systematic absences (circles).

Figure 8.22: a) Unit cell for Pt(l 11) withpSml symmetry, b) unit cell withp2gg symmetry.
f4 01Figure 8.23: Proposed structure for the Pt(l 11))  ̂  ̂ -Til structure.

Figure 824: LEED pattern at 73 eV of a platinum su ^ ce  corresponding with region B o f 
the voltammogram.

Figure 8.25: a) Pt(l 11X^7 x /7)R19.T unit ceU, b) Pt(l 11X^3 x /3)R30".
Figure 6.26: ( ----- ) Cyclic voltammogram for Tl electrodeposition on P t(ll 1X /̂7 x

v^7)R19.T-I, ( -----) after holding the potential at+0.395 V, allowing the formation
of the peaks C ll andC12. [IT] = 1 mM. IH2 SO4 ] =0.1 M. Sweep rate=20 mV s '.

Figure 8.27: Cyclic voltammograms for Tl UPD on Pt(l 11X^7 x /7)R19.1o-I in 1 ^ 8 0 4  

sweeping back after peak C2. [Tl*] = 1 mM. [H2 SO4 ] =0.1 M. Sweep rate=20 mV 
s '.

Figure 8.28: Cyclic voltammogram for Tl UPD on Pt(lllX '^7 x /7)R19.T-I in HCIO4 
sweeping back after peak C2. [Tl*] = 1 mM. [HCIO4]=0.1 M. Sweep rate=20 mV 
s '.

Figure 829: Cyclic voltammogram for Tl UPD on Pt(l 11X^7 x /7)R19.T-I in H2 SO4 . a) 
holding potential one minute at the beginning o f peak C2, b) holding potential for
1 minute in the cathodic shoulder of peak C2 at several potentials. ( ------) double
layer charging. [Tl*] = 1 mM. (H2 SO4 ] = 0.1 M. Sweep rate=20 mV s '.
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Figure 8.30; Cyclic voltammogram for Tl UPD ou Pt(l 11)(/7 x /7)R19.1"-I m HCIO4. a) 
holding potential one minute at the begmnmg o f peak 0 2 , b) holding potential for 
1 minute after peak 02. [Tl*] = I mM, [HOIOJ =0.1 M. Sweep rate=20 mV s*‘. 

Figure 8.31:2"* and following cycles for the voltammogram for Tl UPD on Pt(l 11X^7 x 
>/7)R19.1"-I inH 0 1 0 4 . [TT] = 1 mM. [HOIO4] = 0.1 M. Sweep rate=20 m V s‘.

Figure 9.1: Pt(l 11X3 x3)-Agl structure showing the 12 Ag-I bonds per unit cell.
Figure 9.2: PXl 11X3 x 3>AgI structure showing the different Pt-Ag bonds per unit cell.
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Chapter 1 

Introdoction.

There has beea traditionally a  great interest in surAce electrochemistry for its 

technological significance, such as in energy ̂ ^lications, catalysis and corrosion. Many o f 

the processes involved in those applications, e g., underpotential electrodeposition (UPD) 

reactions, growthofultra-thin films, catalytic reactions, involve submonolayerormonolayer 

amounts of adsorbates on surâces. These monolayers are structurally and energetically 

strongly influenced by co-adsorbed anions, andespecially halides suchas chloride, bromide 

and iodide. However, the role o f the specific surface interactions of these anions in the 

electrodepositionprocess is still not fully understood. Since the electrode potential is afiee- 

eneigy scale, electrochemistry readily gives the thermodynamic stabili^ of surAce 

compounds, and a careful comparison o f 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 o f 

the properties oftwo selected metal-halide surface compounds. The goal is the development 

o f a methodology for the calculation of the different thermodynamic parameters. In 

particular, the cohesive and formation energies o f electrodeposited metal-halide surface 

compounds are sought

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

In-situ Surfiice X-ray Scattering (SXS) of Tl-Cl, Brand I on Au(l 11) and Pb-Br on Au(l 11)



2

[1.1][1^][13], ÛL-situ Scanning Tunneling Microscopy (STM) for the Cu-Cl system on 

Au(l 10) [1.4] and Au(100) [1.5] orX>iay AbsorptionSpectroscopy PCAS) ofCu-Cl, Brand 

Io n P t(lll) [1.6], suggestan ionic natureofthe electrodeposited metal-halide bond. For Ag 

electrodeposition on polycrystalline Pt covered with iodme, it was determined ly  changes 

in the oxidation potential o f iodine with coverage that the deposition o f 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, Agi adsorbed on P t(lll)  was the first electrodeposited structure on 

single crystals studied by ultra-high vacuum techniques. Early studies o f this system used 

the iodine layer as a way o f protecting the surfoce fiom contaminants during transfer fiom 

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 Ag lifts the iodine adlayer and deposits in direct contact with the Pt surface. 

At the same time, interesting surface structures are formed.

Studies o f 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 o f a pre-existing monolayer o f iodine 

modifies the electrodeposition process o f Ag on P t The electrodeposition o f Ag on 

I-covered Pt(l 11) has been studied previously by Hubbard and co-workers using ex-situ 

surface-analytical methods [1.16][1.17][1.18][1.19][120] and by Itaya [1.21] using STM. 

The kinetics o f this ^stem  have also been studied in our laboratory [1.9].

Among the different Pt-Ag-I structures, we are interested in this thesis primarily in



the study o f the surface compound Pt(l 11X3 x 3)-Agl. This surAce conqwund is produced 

by underpotential electrodeposition o f Ag* onto a P t(lll)  surface pre-coveted by a 

monolayer o f I atoms, in the Pl(l 11X^7 x /7 )R 19 .r-I structure [U2][1.23][I^4]> UPD 

refers to the electrochemical deposition o f a  submonolayer of a metal on a  surface o f a 

different metal, at a  potential more positive than the equilibrium potential. In other words, 

the deposition o f an atom on the substrate metal is favored over the bulk deposition o f the 

same atom. The cyclic voltammogram is shown in Fig. (1.1), [1.24]. The point X  in this

A3

100-

Al

50-

A2

C2

-50-

0.40.3 0.50.0 0.1

Figure 1.1: Cyclic voltanunogram for Ag deposition on 
Pt(l 11X^7 X /7)R19.1“-I. [Ag*] = 1 mM, sweep rate 5 mV s '.
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figure denotes the beginning o f the deposition o f bulk Ag, and corresponds to the 

equilibrium potential Ag|AgT under these conditions. Any silver that is deposited on the 

surface at a potential more positive than point X corresponds to the UPD o f  Ag.

The first reduction peak at +- 0.448 V. vs. AgjAg* is production o f the (3 x 3)-AgI 

structure via a nucleation-growth-collision mechanism ^G C ) [1.9], according to the 

reaction:

I(ads,aq) +  Ag^(aq) +  e" Agl(ads) (1)

where I(ads,aq) refers to the P t(lllX '/7  x /7)R19.1M, and Agl(ads) refers to the 

P t(lllX 3 X 3)-AgI structure immersed in electrolyte. The UPD peak C2 in the 

voltammogram corresponds to the electrodeposition of additional amounts o f AgT to 

produce the PXlllX'^^ x/3)R30°-AgI surface structure. The peak C3 corresponds with the 

deposition o f a second monolayer o f Ag [1.25]. The processes under the three cathodic 

peaks in the voltammogram are reversed on the positive-going sweep, with the same surfece 

structures removed during the equivalent anodic peaks.

We calculate in chapter 3 the crystallographic structure with the exact position of 

the atoms ofthe surface [1.26]. The Pt(l 11X3 x 3)-AgI structure is described as amonolayer 

o f Ag atoms lying between a monolayer o f iodine atoms and the first Pt layer. It can be 

represented as a slice of bulk crystalline Agi in the zinc-blende structure, sitting on the Pt 

surface and contracted laterally by 10%, Fig. (1.2). A more detailed analysis ofthis structure 

is given in chapter 3.

It is interesting to study the influence o f the underlying Pt surface on the 

electrodeposition process, in the context o f the known structure o f the PX111X3 x3)-AgI 

surface con^und. Cluster 4 conçares dre electrochemical response of different stepped



Figure 1.2: Surface structure for the Pt(l 11)(3 x 3)-AgI surfoce structure.

Pt single crystals. However, this study mostly provides qualitative infonnation about the 

surfoce compound. In order to obtain thermodynamic parameters for Pt( 111 )(3 x 3)-AgI, 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 Dif&action (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 fiom 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
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bonding for tfiePt-I system, which, is studied in chapter 7.

In chapter 8  we attempt to the methodology developed in previous chapters

to the PW lrl systeuL hi contrast to the Ag-I bond, which is suggested to be covalent, the 

Tl-I bond is suggested to be of ionic nature. The conq»rative study o f these two ^sterns 

gives an m ^rtan t glin^se into the luiture o f bonding in UPD systems.



Chapter 2 

Experimental

2.1. Introdaction.

Iodine-covered Pt single crystal surfaces were used as the starting points for two 

types o f experiments; ( 1 ) experiments in which the cleaning, deposition of an iodine layer, 

and analysis o f the surfoce after the experiment are performed under Ultra-High Vacuum 

(UHV) conditions (section 22), and (2) electrochemical experiments in which all the steps 

for the cleaning o f the surface and d ^ s itio n  o f iodine are performed at atmospheric 

pressure (section 2.4).

Electrochemical experiments involving the use o f UHV technology are a great 

challenge experimentally for many reasons. The crystal has to be transferred 6 om 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 thenpunqied 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 surfiice is extremely clean and well ordered. 

Therefore, care was taken to minimize the contamination o f the surfiice, especially by 

compounds such as carbon, during all the stages o f 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 

thepresenceofwater molecules finmthe solution adsorbing on the chamber surfeces. 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 sinface 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.



2J. UHV System.

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

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

Desorption Spectroscopy (TDS) and measurements of work function changes [2.1]. The 

basics ofthe 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 transforof 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. After the 

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

cell introduced for the electrochemical measurement.

60 I/s TP
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5101/s TP

■ H W I t l M I H I

y MAIN 
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t r r
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Electron \) View Port 
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Figure 2.2: UHV system at the University of Victoria.
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Figure 2 J :  X-ray iaue diffiactioa pattern for a) Pt(IOO), b) Pt(111) andc) Pt(110).

The platinum crystal used for the UHV experiments was cut with a diamond- 

wafering saw &om a single-crystal boule (1 cm diameter) grown by Metal Oxides and 

Crystals Ltd. (99.999%). After cutting, the surtece was polished with successive grades of 

diamond paste ̂ euhler Ltd.), and oriented within 0.5 ° of the selected plane by X-ray Laue 

backdifhaction. Crystals with three different orientations, (111), (110) and (100), were cut 

and polished, although during the course of this thesis only Pt(l 11) 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 diffiaction pattern for the three types of surfaces.

A standard ion-bombardment and aimealing 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 

imtil the pressure recovered to 9x10'“’ 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 1 minute. The temperature was monitored with a K-
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type thennocouple spot welded to the back o f the crystal, connected to a custoownade 

ten^eratuie control unit The crystal was then cooled to roomtenqierature. Atthis pomtthe 

pressure was 5xl(T"mban LEED and AES were used to ensure the cleanliness and order 

ofthe surface.

The iodme was deposited on the surface by passing400 pA through an iodine doser 

based on a solid-state electrochemical cell using Ag$Rb^ 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 o f 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

-300-

-600-

50 100 150 200 250
Time/s

F%ure 2.4: Work function change during deposition o f I onto Pt(l 11).
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untilthece was no further woikfimctioachange>

This point is known to correspond to the formation o f the saturated Pt(lllX>^7 x 

>/7)R19.1**-I surface structure, with a coverage of 0.43 ML. The LEED pattern and Auger 

^ectra were monitored again at the end o f deposition to ensure the quality and cleanliness 

ofthePt(l 1 lXv^7x/7)R19.r-I structure. Thesiufacethenpresents aLEEDpattemofgood 

quality. However, the crystal was then heated to 400 K at 2 K s ' and let cool to room 

temperature to make the dif&action spots o f the LEED pattern even sharper, ensuring the 

highest quality surface stmcture.

After preparing the Pt(l 11X^7 x /7)R 19.r-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 ̂ o d e l 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 P t(lil)  Prepared under UHV 

Conditions.

Before the experiment, all glassware was cleaned with hot chromic acid and rinsed 

with 18 MD cm MilliporeQ Water, wn^ped in alununum foil and left overnight in an oven. 

Immediately before the experiment, all glassware was rinsed with fiesh electrotyte. These 

solutions were made with the reagents HCIO* O^DH, 60%, AnalaR), H2 SO4  (Seastar 

Suprapure, 98%), AgClO* (Alfa AESAR 99.9%) or TljCOj (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), thece is a  counter and a reference electrode in the 

electrochemical cell. The counter electrode is a platmum mesh cleaned with chromic acid 

prior to the experiment Two different types ofreference electrode were used d^ending on 

the type o f experiment A 1 cm silver wire was used as the reference electrode for the 

experiments involving the electrodepositionofAg. The referenceelectrode is then Ag|Ag^ 

(1 mM in 0.1 M HCIO4 ), and gives the potential vs the potential for electrodeposition o f 

bulk silver. This electrode was cleaned with HNO3  and then chromic acid prior to the 

experiment For the rest ofthe experiments a hydrogen charged 1 cm long, 0.5 mm diameter 

Pd wire was used as a reference electrode. The Pd was charged with hydrogen by {fly ing  

a reduction current o f 5 mA for 10 minutes in a 0.5 M H2 SO4  solution. The fiom the 

solution is reduced to H, which is absorbed into the electrode. The reference electrode was 

then H^d)/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 o f electrolyte on the surfiice were 

removed by flushing with argon and sucking with the different glass tubes. Fig. (2.1). The 

electrochemical chamber was punqted out using a molecular sieve sorption punqi 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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pecfonned. The pressure during these measurements was never above 5x10^ mbar. The 

cleanliness o f the transfer was checked with AES for the presence o f impurities on the 

surface.

As an example ofthe cleanliness ofthe transfer experiment. Fig. (2 J) shows the 

qrclic voltanunogram o f P t(lll)  in H2 SO4 , which is a system especially sensitive to the 

presence of inqiurities and surfece 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 nuin chamber shows no carbon contamination within the detection 

limit o f the instrument
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F%ure 2.5: Cyclic voltammogram of Pt(l 11) in 0.5 M H^SO .̂ Sweep rate 50 mV s '.
Initial and final potential=0.1 V.
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2 J  Meaaaremcnts of the Contact Angle.

Measiuements of contact angle weie perfoimed for suifoces prepared either under 

UHV conditions or in the laboratory ambient pressure. Pt(l 11)0/7 x /?)R19.1M sangles 

pr^ared under UHV conditions were brought to atmospheric pressure in the high pressure 

chamber o f the UHV under high-purity argon. A droplet o f electrolyte (~1 pL) was put on 

the surfoce with the help o f an external micro^rmge attached to one o f the glass tubes o f 

the electrochemical cell. The droplet was then photogn^hed with a Nfinolta SLR camera 

with a 55 mm macro lens attached ^ficro-Nikkor), the same one used to photograph the 

LEED patterns. The angle was estimated fiom digitized and expanded images. The shqie 

of a droplet o f electrolyte on the surfoce shows the slight hydrophilicity of the 

P t(lllX '/7  X /7 )R 19 .r i. The large uncertainty in this result arises fiom the difficulty of 

photographing the surface in the center o f our vacuum system. However, the necessity for 

a contamination-fiee measurement precludes a measurement in the laboratory ambient 

atmosphere.

Surfoces preparedunderambientpressure were used formeasurements ofthe contact 

angle ofthe Pt(l 11%3 x 3)-AgI structure. Thecrystalpreparationand iodine deposition were 

done as described in sections 2.4.2. The Pt(l 11X3 x 3)-AgI 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 voltanunogram shown in Fig. (1.1). 

After holding the potential a t+0.4 V  vs A^Ag% the meniscus was broken and the crystal 

turned facing ip . A droplet of electrolyte (~lpL) was put on die surface and photographed 

with the camera described above.
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2 3 . Electrochemiod Intrnmentatioii and Special Technique*: A.C. Impedance.

23.1. Potentiostats.

Five potentiostats were builtduring the courseofthis thesis in coUaboratioiL with Dr. 

Tom. Fyies (UVic). The building process included all the stages o f research, development, 

building and final testing.

Thebasic layout ofthe potentiostat is shown in Fig. (2.6). h i order to minimize noise 

finm wires going back and forth fiom the firont panel, all the switches of the layout are 

driven by relays installed directly on thecircuit board. The main operational amplifier(OPl 

inFig. (2.6)), is helped with the booster (0P2) to obtain a maximum current o f300 mA. The 

current through the working electrode is determined with the instrumentation anqilifier 

(OP4) by measurements of the potential drop through an internal or external resistor, R. The 

current can be filtered with the selection o f c^acitors C of different values in parallel with 

the measuring resistor. The voltage o f the reference electrode is measured with a voltage 

follower (0P3). A feature of this potentiostat is that the working electrode is at true ground.

Gain100 k
y  ino— #V -

100 k
y  m#—#V-

OPÎOPÎ

33 k lout
100 k

PP3V out»

Figure 2.6: Layout for the custom-made potentiostat
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Thù avoids fluctuations of its potential during very 6 st experiments such as potential step 

ocperiments. In designs using current (bllower with the working electrode atvùctual ground, 

the wofkmg electrode is not at ground during the time the amplifier takes to stabilize, 

usuallyafewmicroseconds.Afleracatefulseiectionofthe continents ofthe potentiostats, 

some o f the ic iflca tio n s are displayed in table (2 .1 ).

Table 2.1: Specifications of the Custom-Made Potentiostats

Power Amplifier

Compliance Voltage 15 V

Max. Current
Without Booster 10 mA

With Booster 300 mA

Control Loop Speed (theoretical) 2.8V/ps

Rise time for potential step

1 kl2 Resistive Load < Ips

- Experimental (fiom 0 to 

0.5V.VS JIHE step in 0.5M 

H2 SO4 ,0.lcm ^Pt 

electrode)

- 90% rise time: 2 ps 

- time to stabilize: 4 ps

C urrent Measurements

7 Ranges: Decades 1000,100,10, ImA/V, 200,100, lOpA/Voruser

(R. in Fig. (2.6)) supplied external resistor

6  Ranges o f Filter

Capacitors ( C in Fig. 0.068,0.15,1.5,2.2,4.7,6.6pF

(2 .6 ))

3 Gain Ranges 

(Gain in Fig. (2.6))
x l, xlO, xlOO
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Voltage follower accuracty ±0.1mV(fc0.1%)

Nominal accuraty^ iO.1%

Voltage input m^edance 1 0 0  kQ

IR  Compensation Positive Feedback

23J2. A.C. Vohammetry.

The technique A C. voltammetiy was used in this thesis for the calculation o f the 

double layer ciqiacitance, Q,, for different surface structures in solution. One ofthe main 

differences between and a real capacitor, however, is the dependence o f Q , on the 

potential across the mtecface. Nevertheless, the separation of charges between the surface 

o f the electrode and the solution is typified by the value o f at that potential.

The simplest A.C. voltammetiy technique is single fiequentty A.C. voltammetry. For 

this impedance technique, a small modulated signal (an^litude fiom 0.5 to 0.033 mV rms 

and 1 or 2 kHz fiequencty) was superimposed on the applied voltage for ̂ c lic  voltammetry. 

At the time scale o f a few kHz, the only electrochemical process that responds is charging 

o f the double layer. Therefore, the equivalent circuit o f the cell can be represented as;

(1)->a/\/\a-
Rs

4 1 -
c .

where ü , is the solution resistance. The impedance of this circuit for a fiequency m is:

1
iffl CL

(2)

Therefore, the imaginary partofthe impedance obtained with single-fiequenqrA.C.
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voltammetiy is iaveisely piopoitioiialto The hnaginaiy andiealpaits ofthe admittance

(mveise o f the in^edance), were measured Iqr means of two lock-in an^lifîers (Peddn 

Elmer 7265), which use an intemal oscillator with the same fiequen^ as the modulated 

signal applied to the electrode. One o f  the lock-in amplifiers measured the modulated 

current, Ç lock-in amplifier), while the other measured the modulated ouput voltage, ^  

lock-in amplifier). Fig. (2.7). This second lock-in was used to correct for the error fi>r the 

phase shift due to the non-ideal repense o f the potentiostatic control loop.

A  better estimate for Q  was obtained by means o f multi-fiequenry A.C. 

voltammetry [2.5][2.6]. This technique was pp lied  for measurements o f Q , in C hpter 8 ,

10 Q ÎI lock-in amplifier
To potentiostat

Reference signal

E lock-in amplifier

F l^ re  2.7: Basic circuit for A.C. measurement.
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for thallhim depositioa oa P t( lll)  covered with, iodme. The A.C, voltammogram was 

repeatedfordifibrentmodulatioafiequencies, ranging from3 Hz to 200kHz. The data fiom 

these voltammograms were then combined together in order to obtain the firequen^ 

response at eachpotentiai. The classical A.C. plots, i.e., Bode plot and Nyquist plots. Fig. 

(2 .8 ), are obtained, andthen fitted usm ga linear least-squares A  method with the use ofthe 

electrochemical software "Zview 2.3". For the case o f T1 deposition on P t(lllX ^7  x 

/7)R 19.r-I, Fig. (2.8), the results fitted the equivalent circuit:

Q i

(3)— 'vwv— rM— -
R,

where fg^isthe faradaic resistance. The value of Q , is directly obtained during the fitting 

process.

The last A.C. technique used in this thesis fi)r the case o f silver electrodeposition on 

P t(lll)  covered with iodine is the classical measurement o f A.C. impedance. In this 

technique the electrode is held at a constant D.C. potential. The fiequency o f a 

si^rinqiosed modulated signal o f a similar ançlitude as in A.C. voltammetry was swept 

between 4 Hz and 2 kHz. The double layer ctqiacitance was then obtained after combining 

the real and imaginary parts of the modulated o u ^ t  current at each potential as in A.C. 

voltammetry.
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CM

N

0 2 3 51 4
log ( ûequency /Hz)

480

360-

2 4 0 -

w  1 2 0 -

100 Hz 
100 kHẑ

50
Re(Z/ncin  )

Figure 2.8: a) Bode plot and b) Nyquist plot obtained with multi-ûequeniy A.C. 
voltammetry for Tl deposition on Pt(l 11)^7 x >/7)RI9.1M at dififerent potentials. Note 

the (üfiferent axes scales ofthe Nyquist plot to emphasize the phase angle.
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2é4. Ekctrochemirtry o f Platinam Single Crystab Covered with Iodine Prepared by 

Fbune Annealing.

In thb section, all the stages o f the sur&ce preparation are perfoimed at ambient 

pressure, withouttheuseofUHV equqimentTwodififerenttypesofpIatinumsinglectystals 

were used in this woric: platinum single crystal beads and D-sh^ied discs.

2.4.1. Platinum Single Crystal Beads.

Unless otherwise specified, the working electrodes for the electrodeposition o f Ag 

were oriented single crystals beads prepared and treated following Clavilier’s method 

[2.7][2.8]. The area ofthese electrodes varied fiom 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 TC. The 

reference electrode was RHE at the same ten^rature. A Pt counter electrode was used. 

Solutions were 0.1M perchloric acid ̂ e rc k  Supr^ur) and 1 mM AgClO* (Aldrich), made 

up in Milli-Q water.

After heating the crystal with a flame for 1 min, the P t(l 11X^7 x /7)R19.1° iodine 

monolayer was prepared by cooling the hot crystal in iodine vapor. The iodine crystals were 

warmed up at the bottom o fa  test tube and let cool fi>r ten minutes before the deposition. 

Ten seconds after the Pt(l 11) crystal was removed fiom 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 surfice was considered unacceptable if  the voltammograms 

were not identical to those previously published [2.9], or if  the first and second (tycle peak 

heights were different by more than 10%. This surface was the starting point fi>r the
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tençeiature-dependeiice measmements.

For the stiufy  ̂ofthe stepped surfaces, the cleaasur&ces were aimealed and cooled 

m Ar/Hj, wfaichisknownto give well-defined steppedsurâces [2.10][2.I1]. The iodine was 

then deposited by immersing the clean surface in I mM KI solution at open-chcuit 

Exposure to iodine vapour was not used for the study o f die stepped surûces since it leads 

to surface reconstruction [2.12]. InthecaseofPt(l 11), iodide immersionisknownby LEED 

[2.13] and STM [2.9] to give a monolayer o f iodine atoms with a (3 x 3) structure. On 

stepped sur&ces 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 

caimotbe the correct unit mesh on stepped surAces.

It is useful to conqiare the measured potentials the potential for electrodeposition 

ofbulk silver. Voltammograms for Ag electrodeposition are reported vs Ag | Ag^ (1 mM in 

0.1 M HCIO4 ), although for some sets o f experiments th ^  were measured vs RHE. The 

conversion used the calculated différence between these two reference electrodes, which 

follows from the Nemst equation and the proportionality^ between the entropy of reaction 

and (8E/a7)f:

>.(29835K) +

^ I n  ^ 29835 K) -  (T -  29835K) (4)

= 0.6809 V - (1386mVK-*Xr- 29835BQ

The numerical values were obtained using data foom the NBS tables [2.14], taking 

the activity coefihcients o f ET and Ag  ̂in 0.1 M HClO.to bethesame, and taking the ratio 

o f their molalities as the experimental value o f 100. The zero of the AgjAg* reference
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Figure 2.9: Experimental (□) and theoretical (•••••) potential o f the Ag|Ag* 
reference electrode as a function of ten^rature.

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. P t( lll)  D-shaped Single Crystals.

A P t( lll)  single crystal disc was used for the electrodeposition of Tl at normal 

pressure. The disc (1 cm diameter, 1 mm thickness) was obtained foom the same single­

crystal stub as for the Pt single crystals for the use in the UHV systenu It was cut in two 

through the diameter before polishing, giving two D-shaped like Pt(l 11) single crystals. A 

Pt wire (1 nun diameter) qx)t 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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F%mre 2.10: Cyclic voltanunogram of Pt(l 11) single crystal disc in HgSO* 02  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 inH^SO* is shown in Fig. (2.10), which shows the 

good quality o f the crystals for this type o f experiment.

2.5. Low Energy Electron Diffraction ̂ EED).

The electron optics in our UHV system is a  Retarding Field Analyzer (RFA) 

supplied by Omicron Vakuun^hysik. 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 o f this arudyzer is a set of three energy selection grids with a
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NGccochfuuiel Plate (MCP). Behind the MCP there is a phosphorescent screen which makes 

the difiOaction patterns visible. Between the third grid and the MCP there is a  fimge-field 

plate. This plate corrects thepath ofthe electrons to ensure a linear relationship between the 

radul distance ofthe electrons entering the grids, and die electrons seen on the screen. This 

is due to the difference in s h i^  between the grids O^emispherical) and the MCP (flat), and 

results in con^ression of the image by a âctor o f two. The electron gun is located in the 

center o f the optics. This uses a lanthanum hexaboride single-crystal filament Afier being 

heated at 1700 Kby using a filament current o f ~1.I A, the gun can produce beam currents 

flmmO.Ol to 30 pA at energies up to 3500 eV. This makes it ideal for its use in either LEED 

or AES'.

LEED can be considered the equivalentofX-ray crystallogr^hy intwo dimensions. 

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

their wavelength, X, as;

(5)

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

order o f interatomic spacings in solids. These electrons can then difhact as if the lattice 

were a  diffiaction grating. Since at this range of energies the electrons only penetrate two 

or three layers into the solid, the study ofthe diffiacted beams provides only information 

on the surface region. A study o f the position o f the diffiacted beams gives information 

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

' The tensor-LEED experiments described in chapter 3 were done with a Varian electron 
optics ̂ FA ) provided by Dr. Keith Mitchell (University o f British Columbia).
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o f energy, the exact position of the atoms o f the outer layers o f the surface may be 

determined by Tensor-LEED calculations. This technique will be explained in more detail 

inchiq>ter3.

A sinq^lewxy to understand LEED is that, with the incident electron beam normal 

to the surface, a LEED photognqih is a  "picture" ofthe rec^rocal lattice. I f  the incident 

electron beam is not perpendicular to the surface, the "picture" o f the reciprocal lattice 

içpears distorted. It is called a reciprocal lattice because the distance between diffiaction 

spots is proportional to I/o, where a  is the distance ofthe atoms in real space. If  the unit cell 

of the surface is defined by the vectors a, and <%, the unit cell in reciprocal space is defined 

with another two vectors o ', and o \  such as:

a,- a*i = 1 
*2 =  0a, • a (6)

This transformationpreserves the sametypeofsymmetry between real and reciprocal space. 

As an exanq»le. Fig. (2.11) shows the real lattice and LEED pattern for a Pt(l 11) surface, 

both with hexagonal symmetry.

Figure 2.11: a) Ball model o fa  P t( lll)  surface, b) LEED pattern o f Pt(l 11). Beam 
energy 70 eV. 0.02 pAbemn current
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2,6* Auger Electnm Spectroscopy (AES).

With the same set o f electroa optics used in our laboratory for LEED, it is possible 

to perform AES experhnents with a different set o f control electronics. The results are, 

however, very different While LEED provides information about the surface structure o f 

the crystal, AES provides information about the con^sition o f the elements present in the 

near-surface region, h i Auger spectroscopy the electron yield is detected as the current 

impinging on the fixmt ofthe MCP, i.e. the gain ofthe MCP is not used in this experiment 

The basic process for the production o f Auger electrons is shown in Fig. (2.12). A 

high-energy electron ionizes an atom by ejection o f a core-level electron. A  beam energy 

o f 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 

beamcurrent o f 10 pA. The v acan t is filled by another electron fiom a higher energy level. 

The excess energy can be released by either the production of photons (X-rays) or an Auger 

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

Auger electronEjected electron
X-ray

Incident electron

Ionization Wmit

Or

F%ure 2.12: Process for the production of Auger electrons.
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According to Fig. (2.12), the basic equation for the kmetic energy o f the Auger 

electron, is;

(7)

where the energy o f the Auger electron is characterûtic o f the material.

However, due to the low yield o f Auger electrons conqtared with the total number 

o f scattered electrons, ashnple detectionsystem is not practical. The sensitivity is increased 

by modulating the energy of the selector grids witha sityerimposed sinusoidal wave, lOVpp 

and 4.7 kHz. The modulation of the voltage o f the retarding grids produces a modulation of 

the detected current at the collector, /(£). /(£) is proportional to the total number of 

electrons passing through the grids; therefore:

10-

- 10 -

<  - 20 -

-40
100 200

Energy/eV
300 400

Figure 2.13: Auger spectrum of Pt(l 11) normalized to 10 pA ion current
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/(E )c c

r\E)< cN {E) (8)
/ • ’®  oc N ^iE )

/ ’ (£) and/"(E) c o tre ^ n d  to the first and second derivative with respect to the energy. 

T h ^  are measured with the help o f a lock-in an^Iifier, using the modulation fiequen^ as 

a reference. Traditionally the Auger spectra is displayed in the derivative form, N  '(E), 

which is proportional to 7"(Q. 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 for a clean 

P t(IIl) surface.
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Chapter 3 

Surface Structure of Pt(lllK3 x 3)-AgI.

3.1. Ihtiodaction.

The surface co n ^u n d  Pt(lIIX3 x 3)-AgI was first characterized by Hubbard

[3.1][3.2][3 J ] . He proposed a structure ou the basis o f the size and shape o f the unit cell 

measured by LEED, the surface atomic compositionmeasuredby AES, and by analogy with 

the structure o f solid Agi. The structure has a  repeating unit mesh (2-D unit cell) with sides 

832.5 pm, three times the Pt-Pt distance o f277.5 pm [3.4]. He noted that the proposed Ag 

and I layers o f the structure were isostructural with (111) layers in solid Agi, and that it 

could be represented as a slice ofbulk crystalline Agi with the zmc-blende structure sitting 

on the Pt surface, expanded laterally by 5%. The structure was co n ^sed  o f a monolayer 

o f Ag atoms lying between a  monolayerof iodine atoms and the first Pt layer. The Ag atoms 

were arbitrarily assigned to atop and two-fold bridge sites on the P t However, the positions 

o f the atoms within the unit cell were not directly determined fiom LEED because a full 

intensity analysis was not performed.

3J2. Tensor LEED Analysis.

The surfoce technique tensor LEED is equivalent to X-ray crystallography in two 

dimensions. The variation o f the intensity of the diffiacted beams as a  function of the 

electron energy is compared with that calculated for different proposed surface structures. 

These structures are chosen by atrial-and-error reproach, making sure that th ^ c o rre ^ n d  

with the symmetry defined by the dififiaction pattern. The agreement is maximized by the



32

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, 

atensorLEED analysis Ar the electrodeposited Pt( 111)(3 x3)-AgI structure [3.5], together 

with the vapor deposited P t(lll)(/7  x /7)R19.1°-I, Pt(lllX3 x 3)-I and Pt(l 11X^3 x 

\/3)R30°-I structures [3.6]. The LEED patterns for the Pt(l 11X3 x 3)-AgI as well as for the 

Pt(l 11)(/7 X >/7)R19.1“-I are shown in Fig. (3.1). The experiments were done at UVic with 

an electron optics (REA) providedby 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(l 11)(3 x 

3)-AgI structure. Measurements of the dif&acted beam intensities were made at a 

temperature between 298 and 302 K, and under a pressure around 4x10*’ mbar. Intensity- 

versus-energy (I^)) 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(l 11)(/7 x v'7)R19.1M and b) Pt(l 11X3
X 3)-AgI structures.
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thataclosei^toxim atioato nonnal mcidence is attained. I(Q  curves were measured with 

p ro p rié té  beam averaging normaiizatioa and smoothing o f the ^nunetrically-reiated 

beams

The most relevant for this thesis is the Pt(l 11X3 x 3)-AgI structure. For the analysis 

o f the Pt(l 11X3 X 3)-AgI structure, thirteen independent beams were used: (01), (10), (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(lllX 3 x 3)- 

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

B

Figure 3.2: LEED pattern (150 eV) for the Pt(l 1 lX3x3)-AgI structure, with foe beam 
notation used for foe tensor LEED measurements. (The image has been altered with foe 

computer to show all foe diffiaction beams).
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Figure 3 3 :1(E) curves measured for thirteen diffiacted beams (dashed lines) for normal
incidence 6 om the Pt(l 1 l)-(3x3)-AgI surface and compared wiffi those calculated (solid 

lines) for the favored geometry according to the tensor LEED analysis.

Given the complexity ofthe preparation process, six sets o f l^ )  curves were measured from 

independently pr^ared surfaces, but data from a single set of measurements were used in 

the subsequent structural analysis. The experimratal and calculated 1(E) curves used for the 

final analysis are shown in Fig. (3.3). The reliability index or R-foctor, introduced by 

Pendry [3.11] was used in order to conqrare quantitatively the experimental with the 

calculated I ^ )  curves. For each diffiaction beam;
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where L=  is the hnaginary part ofthe inner poWnhal of

the ‘*mufiQnrtin” ^proxiniation, used in the calculations to describe the potential of the 

surface. is a  weighted average o f all the factors accordmg to their energy ranges.

The estimated value for the curves in Fig. (33) was 0396. Other structures

gave values between 0.484 and 0.843. üp :£ 0 3  is considered very good agreement 

between otperimentaland calculated 1(B) curves. The structure is most likelyto be incorrect 

f o r ^  a: 0.5 [3.12].

3 3 . P t(lll)(3  X 3 )-)^  Surface Structure.

With the tensor LEED technique, the crystallographic structure with the exact 

position of the atoms o f the P t(l 11X3 x 3)>AgI surface structure was obtained. The results 

o f these experiments confirmed the proposed structure by Hubbard, except for the location 

o f the Ag atoms relative to the P t substrate. The structure could be represented as a slice of 

bulk Agi 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(l 11) substrate. The atomic structure for the P t(lllX '/7  x v^7)R19.r-I as well as for the 

P t(lllX 3 X 3)-AgI are shown in Fig. (3.4). The model proposed in this work for the 

P t(ll lX3x3)-AgI surface has two inequivalent types o f iodine atoms, and that is also the 

case for silver atoms. Fig. (3.4.b). The I atoms are located in sites ofthree-fold coordination 

created by the close-packed layer o f Ag atoms bonded to the P t(lll)  sutfiice, with an
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Figure 3.4: Surface structure for a) Pt(l 11)(/7 x \/7)R19.r-I and b) Pt(l 11)(3 x 3)-AgI.

average Ag-I bond distance of 2.67 A. This distance is shorter than the Ag-I bond length in 

bulk Agi 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 Agi in the Pt(Il 1)(3 x 3)-AgI structure can be estimated according to the Brown- 

Altermatt method, which, using Agi bulk to parametrize a Pauling-type bond length - bond 

order relation, is [3.14]:

r  = r„ - 0.84 A logio (s) (2 )

where r, is the length of a single bond and s the bond order. The bond order for Agi in the 

Pt(l 11)(3 X 3)-AgI structure is estimated as 1.46 relative to Agi 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 unkcelU one occupies a. three-fold site o aP t(lll), withaPt-Ag bond length 

o f 2.82 A This bond length is close to expectation from the sum o f metallic radii (2.83 A) 

[3.15]. The other three Ag atoms are displaced by 0.85 A off atop sites on the P t(lll)  

surface. Each o f them bonds to two Pt atoms with a bond length o f 3.11 A> and to one Pt 

atom with a bond length o f 2.48 A, much shorter than the sum o f metallic radii.

It is interesting to notice that the Ag k^er is 2.34 A above the surface Pt layer, and 

the I l^ e r  is 1.17 A above the Ag layer, with no significant corrugation o f either layer. On 

the other hand, the IlayerforthePt(llIX^7x>/7)R19.1M  structure has 0.5 A corrugation. 

Fig. (3.4.a). The absence o f corrugation in the Pt(l 1 lX3x3)-AgI structure is suggestive that 

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

Silver Electrodepositîon on Pt Single Crystals Covered with Iodine.

4.1. Introdnctloii.

It is mteresting to see how the crystaUogcaphyoftheundedyingPt surface alters the 

structure and reactivity of electrodeposition processes. This chapter is a systematic study 

o f the influence o f the step density on the electrodeposition o f Ag onto Pt covered with 

iodine. Aside 6 om P t(lll), LEED, AES and (tyclic voltanunetry have been reported 

previously only for die iodine covered Pt(322) = 6(111) x (111) and Pt(IOO) [4.1][4.2] 

surfaces. The ̂ c lic  voltanunetry on iodine covered Pt(110) has also been reported [43]. 

In this chapter, the electrodeposition o f Ag on various iodine-covered Pt stepped surfaces 

is systematically investigated. Most o f this has been previously published [4.4]

4.2. Dependence of Ag Deposition on Surface Crystallography o f Surfaces Prepared 

by Immersion in Iodide Solutions.

Fig. (4.1) shows the voltammograms for Ag deposition on the three low-index planes 

ofPt, covered with iodinepreparedby immersion in iodide solution. As explained in section

2.4.1., this procedure is known to give for P t(Ill) a  monolayer o f iodine with a (3 x 3) 

structure. For other surfiices with low stqi densities it gives structures which are locally (3 

X 3), which we will refer to as x3)”.

The first point to note is that the peak widths are wider fean for deposition on the 

P t(ll 1X^7 X /7 )R 19.r-I surface ̂ ig . (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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fiom. The C l and A1 peaks on die Pt(100) and P t( lll)  suifiices are tentatively 

assigned to deposition on the re^ective types o f terraces, with the site onthe ( 1 1 1 ) terrace 

being more stable (C l/A l peaks at more positive potentials). The second reduction peak 

(C2) is best defined on the (111) surfice, is ill-defined on the (110) surface and is absent for

P t(lll)
Pt(110)
PKIOO)

AI ill

2 0 -

AI 100

10 -

A2

C l
- 10 -

III

- 20 -

0 1
1 0 0

!‘ î 03

-30
0 .4 0.50.2

E / V w s  AglAg
0 .30.0 0.1

Figure 4.1: Cyclic voltammograms fiir Ag UPD on the low-index surfaces o f Pt 
after immersion in KI solution. The first and second ̂ c les for the (110) platinum 

surfaces are indicated. [Ag^ = 1 mM, sweq* rate 5 mV/s. T -  298 K.
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the (100) sui&ce. The third deposition peak (C3) , previously assigned to a second 

monolayer of A& is most pronounced for the ( 1 1 1 ) surfoce, less pronounced for the ( 1 0 0 ) 

surface and diminished and ill-defined for the (110) surfoce. For Stepped surfoces, 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 o f this peak was not 

attempted.

4.2.1. First C^cle Behavior.

After immersion at +  0.60 V, the potential was first scanned to more negative 

potentials. Except for the (111) and (100) surfoces, thfo first negative-going scan on the 

stepped surfaces had larger charges than subsequent positive- ornegative-going scans (e.g. 

Pt(l 10), Fig. (4.1)). After the first qrcle, the behavior was reproducible fiom (ycle to (ycle, 

and anodic and cathodic charges were equal. Thedifference 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 artifocts are 

unlikely. One possibility is the reduction o f Ag* to give Ag at step sites. However, our 

second-^cle voltammograms for the 6(111) x (111) surface agree with Hubbard’s 

voltammograms (first or subsequent (tycles) [4.5], which began with well-characterized 

iodine layers demonstrably free o f silver. Therefore it is unlikely that any silver is present 

on the surfoce at the beginning o f our second cycle, particularly since the amount o f 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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F%ure 4.2; Difference in reduction charges (Ad) between 
the first and second cycle as a function o f step density ( 1 /n). 

(■) =«(111) x(lOO) sur&ces, and (O) = «(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-circuitpotential immersionused 

here, but would not form in the controUed-potential immersion used by Hubbard [4.6], 

which likely explains the differences in first cycle behaviors. Possible reactions are the 

reduction o f iodine atoms or 1 % 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/H2  atmosphere. This procedure is known to give well- 

defined stepped surfaces. Therefore, the only possible source of oxygen contamination
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would be oxygen dissolved ÛL the Kl solutîoiL ItisdifiScultexpetùnentaily to identify the 

weakly-adsoibed species, and so the issue o f their identity remains unresolved.

4.2 Stepped Platinum Surfaces.

The C l peaks were higher and better-defined on the second cycle than on the &st, 

with the first- and second-i^cle differences larger for surfaces withhigher 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 pC cmr\ which agrees with the 

corresponding charge measured by Hubbard [4.5] for the 6(111) x (111) surface. Therefore, 

the following discussion o f trends ^ l i e s  to the second-cycle behavior.

4J22.1, Terraces with 100 Steps.

Surfaces studied: n (l 11) x (100) forn= « ,2 1 ,14,9,6,4,3,2, i.e, (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 Qt= number o f 

atoms across the terrace) and the steps are (100) o f monoatomic height As the step density 

increases, the C l peak broadens, decreases inhei^tandmoves to more negative potentials. 

The A1 peak behaves similarly, but the shift to more negative potentials is less pronounced. 

These peaks are barely distinguishable fiom the baseline for surfiices with terrace widths o f 

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 C l and C3, and between peaks A1 and A3 

increases. This baseline current is largely Fatadaic in nature, since the estimated double­
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layer charging cunent is negligible oa this scale.

A22.2. Terraces with 110 Steps.

Suffices studied: n ( lll)  x (110) fo r« = « , 19,13 ,6 ,5 ,4 ,3 ,2 ,0 , i.e, (111), (10,10, 

9), (7 ,7 ,6 ), (7,7,5), (3,3,2), (5 ,5 ,3 ), (2 ,2,1), (3,3,1), (1,1,0).

Despite the difference in the type o f step, similar trends are seen in this series. Fig. 

(4.3 b) as when the steps are (100). The C l 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 withfewerthan 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 C l 

peak decreases qipears in the baseline current Indeed, the first- and second-^cle behaviors 

for ( 1 1 1 ) terraces are almost identical, whether the steps are o f the ( 1 1 0 ) or ( 1 0 0 ) type.

4.2J23. Terraces with 111 Steps.

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

(5,1,1), (3,1,1).

As in the other series, the C l and A1 peaks decrease in height as the step density 

increases, and for terrace widths o f less than seven atoms, the voltammogram is close to that 

previously described for the most open surfiice, namely Pt(l 10). However, the C l 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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Figure 43: Surface models and cyclic voltammograms for Ag UPD on different Pt 
surfaces after immersion in KI solution, [Ag*] = ImM, sweep rate S mV/s. T=298 K: a) 

n(l II) X(100); b) n (ill)  x(110) and c) n(IOO) x (III). (Whiteatoms are shown to
clarify the type of step).
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4.2J. Stractnre - Voltammctry Peak Correlatfons for Stepped Flatinom 

Surfaces.

Immersion o f P t(Ill)  into iodide solution is known to give the Pt(IllX 3 x 3)-I 

structure [4.6]. The stmcture formed in the C l peak onthe iodide-immersed surfoce has not 

been characterized, but the C l peakon thePt(11 lX /7 x /7)R19. IM  surfoce formed by gas- 

phase dosing o flj is known to produce P t(ll 1X3 x 3)-AgI, with IrPt and Ag:Pt ratios o f 4:9 

[4.7]. It is reasonable to assume that the C l peak on the iodide-immersed surfoce produces 

the same structure. In support o f this, the C l peaks on the two surfoces occur at very similar 

potentials. In this thesis it is found that the C l peak potentials on the (3 x 3)-I and 

(/7  X /7)R19.1M surfaces differed by 15 mV; a différence o f ca. 25 mV is evident from 

examining the figures in Hubbard’s work. This small difference may reflect small 

differences in the stability o f the two iodine structures, but is unlikely to be due to very 

different Ag deposition structures.

For Pt(100), dosing with gas-phase 1% produces Pt(100X/2 x 2\/2)R45M, and this 

surface is stable in aqueous solution at open circuit The C l peak on this surface produces 

a  Pt(100X'/2 X /2)R45"-AgI structure with IrPt = AgrPt =  2:4 [4.1]. Unforturudely, for 

iodide-immersed PXlOO) neither the iodine structure nor the C l deposition structure have 

been characterized. Since there appears to be no significant difference in the potentials o f 

the C l and C3 peaks on our iodide-immersed surfoces from those on the l2 -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.

TheCl peaks are therefore assigned to production o f ordered structures on the (111)
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and ( 1 0 0 ) terraces, and the difference iaC lm  andCIioopeakpotentialsis areflectionofthe 

different Gibbs* energies o f these structures. The decrease of the C l and A1 peaks as the 

terrace widths decrease cordirms that these peaks are associated with terraces. Moreover, 

the almost identical behavior for surfaces with ( 1 1 1 ) terraces and steps o f ( 1 0 0 ) or ( 1 1 0 ) 

type. Figs. (4.3 a) and (4.3.b), confirms that C l is not due to step adsorptiorL 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 feet 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 termces. This is in agreement 

with the tensor LEED measurements in cluster 3, which show that the Ag-I angles seem to 

be determining the structure.

The corresponding systematic study o f Ag deposition on Pt stepped surfaces in the 

absence of iodine has not been done. Systematic studies have been carried out fi>r 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 onmetal systems without strongly coadsorbedatoms. 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 dqwsition:
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A) The disappearance o f the C l and A I peaks correlates with the increasmg step 

density  ̂and suggests that the disordering introduced by the steps alters the Gibbs en e r^  

change o f 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 SK atoms. This suggests that these structures require a long-range order over at least 

10 Af which is about the size o f one (3 x 3)-AgI unit mesh on the terrace. Whether the 

change in energetics is due to the sensitrvi^ o f the initial iodine layer or the product Agi or 

both to the presence ofsteps 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 derWaals

1 2 S

100

(1 1 Q)

50

Cn 1) tenaoe widdi igions)

t  '  t  ‘

step

F%ure 4.4: Charge density for the C l peak for P t(lll) and stepped surfaces as a 
function o f the (111) terrace width (u) fon □ )n (lll)  x(lOO) and A) n ( lll)  x(llO )

surfaces.
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radius. Eveaacross step edges, the iodmepositions arecloseto thosepredicted fiom singly 

k^mg down a close-packed layer o f iodine atoms over the step edge. That is, q ^ if ic  Pt-I 

interactions seem less inqportant than iodine packing considerations, and this leads to a 

spectrum o f types o f surâce bonding across a step edge, probably of similar energies. This 

region o f rather ill-defined sites may persist as a disordered region in the Agi phase after 

deposition, since iodine packmg considerations probably stillpbty a role (iodine being larger 

than silver). If we assume this disordered region retends a  fixed distance fiom a step edge 

in either direction, then its size may be estimated fiom the area o f the Cl peak. Fig, (4.4) 

shows the charge for the C l peak for surfiices with steps o f (100) and (110) type as a 

function o f the (111) terrace width. If  the charge for the C l peak is related to "(3x3)” 

ordered regions on the terrace, the difference in C l charge between a stepped surface and 

the clean (111) is a measurement o f the percentage o f surfiice that is lost to the "(3x3)” 

region due to the disordering influence of the steps. The slope o f the linear regions in Fig. 

(4.4) allows us to calculate that the disordered region is 2 -214 atoms per (100) step, and 114 

- 2 atoms per (110) step. As explained above, for surfaces with small terrace widths the 

qiproximation breaks down, and the disordered region is larger than this estimate, (see e g. 

the points for n = 6  on Fig. (4.4)).

Ç) As the step density increases and the C l peak diminishes, the silver deposition 

voltammograms approach the Pt(110) voltammogram. Furthermore, the Pt(110) 

voltammogram is very similar to the voltammogram on a P t(l 11) surface which has been 

disorderedby electrochemical cyclingpriorto iodine adsorption[4.11]. The voltammograms 

become more featureless, and there is no obvious correlation o f voltanunetry features with 

types o f s t^ s . Moreover, the charge for silver deposition between the C3 peak and the
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positive potential limit remains approxùnately constant a t245 pC cm*̂  for ail the surfoces 

studied. Therefore, it seems that the same amount o f silver can be deposited, but that the 

deposition is disordered in a region around the steps. This suggests that Agrl stoichiometry 

is more inqwrtant than AgrPt, 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 fiat despite the different types o f coordination o f the Ag atoms within 

the unit cell.
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Chapter 5

Thermo^namic Calculations of Agi adsorbed on P t(lll).

5.1. fatrodnction.

la  this cluster, we combine data fiom several types o f experiments to find the 

cohesive and formation energies for the surface compound Agl(ads) which can be 

electrochemical^ deposited on a P t( lll)  surfiice. The cohesive and formation reactions 

co rre^ n d  respectively to:

Agl(ads)^ l(gH A g(^ (1)

Ag(8 )+Xl2 (sH  Agl(ads) (2)

Agl(ads) refers to the Pt(l 11X3 x3)-AgI structure in vacuum, and includes Ag-I as well as 

Pt-Ag bonding.

Most o f the thermodynamic parameters o f the surface conqxrund Agl(ads) formed 

in the electrochemical process above are still unknown. Therefore, with primary data fiom 

our laboratory, support data fiom thermodynamic tables and some thermodynamic 

sequences we will deduce the nature o f the bonding in Agl(ads). Two steps o f 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 o f the surface compound 

Agl(ads). All quantities calculated are per mole o f iodine.



51

5 X  Cohesive Enthalpy and GIbhs Energy Change of P t(lllX 3 x 3)-AgI.

The cohesive e n th a ^  and fiee enorgy for Agi when it is adsorbed as Pt(IllX 3 x 

3) -Agi are defined as the changes in these quantities in the reaction (3). As we will see in 

cluster?, in principle itwouldbepossible to study this reaction through ID S experiments.

O o o
ÔO I  (3)

V I
PK111X3 x 3 ) - A g I A g ( g )  + 1(g) + PKIU)

However, for P t( lll)  [5.1], Pt(6 ( I lI )  x (111)) [5.2] and Pt(IOO) [5.3], the thermal

desorption of iodine overlies with the thermal desorption o f silver. The study of this system 

is then limited by the lack ofan accurate model o f 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(l 11X3 X 3)-AgI, or Agi, is disassembled in successive stages to finally obtain silver and 

iodine atoms in the gas phase. After immersion o f the Agl structure into the electrolyte, the 

silver is removed fiom Agl(ads) to give solid Ag and P t(lllX '/7  x /7)R 19.r-I. The 

sublimation stage changes the silver fiom solid to gas phase. The other two stages are 

related to the iodine. First, the emersion of the Pt(l 1 l y / y  x v^7)R19.1°-l structure from the 

solution to vacuum; and second, the desorption in vacuum of the iodine fiom the surfiice. 

According to this thermodynamic sequence, we can deduce the set o f equations:
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Pt(lllX3x3)-AgI
+

aq(bulk)

A„kG-(AgI(.dB))
»

A.^(AgI(md,))

eo o 
o«o
:4o

O O
oO I

Ag(g)

Agl(ads)
&^(Agr(md,))

-A^(AgI(»dB))

I
^Gr(Ag(s)) 

A ^(A g(i))
I(ads,vac)

+
aq(bulk)

+ I
Ag(s)

A«G*(I(ad«)) 
|A ^ a (« b ))

+ I(ads,aq)

I
Figure 5.1: Thennodynamic sequence corresponding with the cohesion o f Agl(ads). 
I(ads,vac) refers to the Pt(lllXv^7 x >/7)R19.1M structure in vacuum, as distinct fiom 
I(ads,aq), which refers to the same structure in contact with an electrolyte solution of 0.1 M 
HCIO4 + 1 mM AgClQ*. (Agi) refers to Gibbs energy o f immersion o f P t(lll)(3  x
3)-AgI in vacuum, and (Agl(ads)) refers to Gibbs energy o f cohesion o f A ^(a^ ).
ÂrrtG" (Agl(ads)) is the Gibbs energy o f reaction Ag(s) + I(ads,aq) Agl(ads),
(Ag(s)) is the Gibbs energy o f sublimation of silver, (T(ads)) is the Gibbs energy of
emersionofI(ads,aq), andA*,G°(l(ads) is theGibbs energy o f desorption ofI(ads,vac). The 
notation is equivalent for the enthalpy changes o f the different reactions.

i^C ?(A gI(ads)) = A^G»(AgD -  A ^<y(A gI(ads))+ A ̂ G “(Ag(s))
+  A„G*a(a«is)) +A*,C?-a(ads)) (4)

A^fr(AgI(ads)) = A ̂ H“(AgD -  A „H"(AgI(ads))+ A ̂ Ar(Ag(s))
+ A_Ar(I(ads))+ A y^W ads)) (5)
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Ihthe following sections wecalculatemdepeiideiitlytiiefounmtabulatedtemis on the right- 

hand sides o f equations (4) and(5), which sum to give the cohesive enfoalpy and fiee energy 

forPt(lllX 3 X 3 )-Agi structure.

5.2.1. Immersion of Pt(lllK 3 x 3 )-AgI into the Electrolyte.

The initial stage of the thermodynamic sequence is the immersion o f the Agi 

structure fiom the vacuum into the electrolyte:

A gi + aq(bulk) -> Agl(ads) -  A^G"(AgI), -  A j„/I“(AgI) (6 )

aq(bulk) is the electrolyte in the bulk form, as conqiated with aq(gas), which is the 

electrolyte with its surfoce in contact with an atmosphere saturated of electrolyte . hi 

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.

5.2.11. Calculation of the Gibbs Energy Change of Immersion, A^(?

(Agi).

The creation of new smfoce in a solid or liquid can be represented as the cleav%e 

the sutfiice, followed by the rearrangement o f the surface atoms to their new equilibrium 

positions. The two processes occur at the same time in a liquid, being the surface tension, 

y, the work required to create a unit area o f surfoce, j1 :

(7)
r /
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Since the reairangement o f the atoms on a solid surâce is a  slow process, y is not 

a quantity directly applicable in the case o f solids. In other words, it is possible to create 

new area in a solid by stretching the distances o f the atoms o f the surface. The work 

required to form the surface is called surûce stress, T [5.4]:

{fi)T = r + ^ lT 7 | (8 )

In the case of liquids, the stretching term (dy/dl)r^ = 0, which is why r = y. h i our

experiments, the surAce is adsorbate-coveted, no reconstruction o f Pt atoms is observed in 

tensor-LEED, and we assume any lateral deformation o f the silver and iodine atoms by the 

solution is small, i.e. we take t= 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)-i Agl(ads) (9)

aq(bulk) -> aq(gas) ( 1 0 )

According with this equation, the fiee energy change per unit area o f equations (9) 

and ( 1 0 ) in terms o f the surface tension is respectively:

_ yAglgM (11)

A r„G "= y"^  ( 1 2 )

Adding both free energies gives the total Gibbs free energy change o f immersion:

Aj„G“(AgI) = _ y (13)

Measurements o f the contact angle a  ofthe electrolyte with P t(lllX 3 x  3)-AgI 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 surfece 

tension of the electrolyte is related to the difference between the surface tension ofPt( 111)(3 

X 3)-AgI in vacuum and in solution. This is shown in equation (14);

y'Wm.yAgW = (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 fiom 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. 1 0  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°(AgI) = - y '^ c o s a  (15)

Measurements of the contact angle of a ca. 1 pL droplet of electrolyte gave a = 73 

i  5°. Accordingly, the Pt(l 11)(3 x 3)-AgI structure is slightly hydrophilic (contact angle 

> 90®). That is, the Gibbs energy change A,„<7’(AgI) for immersion of this structure fiom

Y

Figure 5.2: Contact angle and components of surfece tension for a drop of electrolyte (1 
mM AgClO*, 0.1 M HCIOJ on a Pt(l 11)(3 x 3)-AgI surface.
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vacuum to electrolyte is endeigonic. This is because the introduction o f the surâce breaks 

the structure o f the bulk electrolyte. The contact angle for 1^0 and electrolyte on a 

Pt(l 11X3 x3)-AgI surface were also the same within the experimental error.

The surface tension o f the electrolyte is unknown. Hence, we {proximate 

to which has been measured as 72.60 ±  0.01 mJ m*̂  [5.6]. Substituting a  and

in equation (15) gives a value o f Gibbs en er^  change per unit area as -21 ± 7  mJ 

m'^ The number o f moles ofAgI on a Pt(l 11X3 x3)-AgI structure per unit area is 1.010 

xlO*’ mol m :\and therefore the molar Gibbs energy change is (Agi) =-2.1 ±0.7 kJ

m ol'.

S.2.1.2. Calculation of the Enthalpy Change of Immersion, (Agi).

According to equation (16), the entropy change is proportional to the change of 

surface tension with temperature:

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

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

(17)

Thus:

Afa^(AgI) = cosa + r (18)

As seen in the next section, measurements of the contact angle forPt(l 11X^7 x/7)R19.1"-I 

between 290 and 310 K suggest that it does not change within the experimental error.
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Assuming simüarbefaaviorforthePt(lllX3 x3)>AgIstnictuie, thetennY'*^(dcosa/'d7)i» 

in equation (18) is less than 0.01 mJ K'* n f \  The temperatuie-dependence of the surface 

tension at room température is known [5J], =  -0.153 ±  0.005 mJ Kr‘ m'^

Therefore, equation (18) yields (Agi)=-0.09 ±  0.02 m l K '' m'^ and per mol o f Agi

this is (Agi) = - 9.5 ± 2  J K'̂  mol'*.

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

energy and the entropy o f emersion as (Agi)= -4 .9  ±  1.3 kJ mol*'.

5.2^. Electrochemical Adsorption of Ag* onto P t(lllX ^7 x /7)R19.1*-L

This conqionentof the themKxfynamic sequence is the desorption of the silver from 

the Agl(ads) structure into silver metal;

Agl(ads) -y Ag(s)+ I(ads,aq) -A ^ G “(AgI(ads)), -A „^"(A gI(ads)) (19)

Inchapter6 , we calculate electrochemically the change in Gibbs energy and then the change 

in enthalpy o f reaction. This is done through a temperature dependence study o f the 

reversible potential of the C l/A l peak in the voltammogram. The thermodynamic 

parameters calculated are:

A ,^G “ (Agl(ads)) = -44 .0 1 0.3 kJ mol*.

A , ^  (Agl(ads)) = - 35.5 ±  0.3 kJ mol*

5.2 J . Sublimation of Ag(s).

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

A g(s)-^A g(^ -A,^G-(Ag(s)), A_M^(Ag(s)) (20)
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According to the NBS tables [5.7], these parameters are;

(Ag(s)) = +  245.6 ±  0.04 kJ m ol'.

(Ag(s)) = + 284.6 ±  0.04 kJ m ol'

Emersion of Iodine in nP t(lllX ^7  x /7)R19.1*-1 Structure from Solution 

into Vacuum.

Once the silver has been disassembled fiom the Agl(ads) structure, the next reaction 

is the removal or emersion o f the solution fiom the I(ads,aq) structure.

I(ads,aq)-^ I(ads,vac)+aq(bulk) A^C7“(Ag(s)), A^fl^“(Ag(s)) (21)

^ p ly in g  the same methodology as for the calculation of (Agi) and A^Cr° (Agi), in

the next sections we calculate first the Gibbs energy change o f  emersion, and then the 

enthalpy change.

5.2.4.I. Calculation of the Gibbs Energy Change of Emersion,

a(*ds)).

As in the case of immersion of Pt(l 11X3 x 3)>AgI, reaction (21) is divided into two 

reactions:

I(ads,aq)^ I(ads,vac)+aq(jgas) (2 2 )

aq(gas)-> aq(bulk) (23)

The fiee energy change per unit area of equations (22) and (23) in terms o f the 

surface tension is respectively:

A =  y • « “  +  y -  y (24)
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A ^ G '= - y " ^  (25)

Adding both free energy changes gives the total Gibbs free energy change of emersion:

A„G“a(ads))= -  y (26)

According to Fig. (5.3), the relationship between the different components of the surface 

tension is:

y -  y = y cosa (27)

which yields after substituting into equation (26):

A„,G®(I(ads)) =y™^cosa (28)

Measurements of the contact angle of a ca. 1 (iL droplet of electrolyte gave a  = 55 

± 5°. This angle corresponds to a hydrophilic sur6 ce, although a slight hydrophobicity of 

the Pt(l 1 !)(/? X >/7)RI9.I°-I structure had been deduced indirectly previously [5.8]. The 

contact angle does not change within the experimental error in the temperature range 

between 290 and 310 K. The contact angle for HjO and electrolyte on a P t(lll)(/7  x 

/7)R19.1M surface were also the same within the experimental error. As in the case of

immersion of the Pt(l 11)(3 x 3)-AgI structure, we approximate y to y

K idM jq

Figure 5 J :  Contact angle and components o f surface tension for a drop of H2 O on a
Pt(l 11)(/7 X /7)R19.1'-I surface.
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Substituting a  and y***^ ùi equation (28) gives a value o f Gibbs energy change per unit 

area as 41 ± 5  mJ n f \  The area per mole ofI(ads) o n a P t(lll)(/7  x /7)R19.1M structure 

is 9.743x10^ mol m :\ and therefore the molarGibbs energy change is AoBG”Q(ads)) = 4 ^  

±0.5 kJ mol'*.

5j .4 j .  Calculation o f the Enthalpy ChamgeofEmerslom,A_H"^(*ds)).

Accordmg to the relationsh^ between AS° and AG” in equation (16), the standard 

entropy o f emersion per unit area is:

A_g"(I(ads)) = - ^

Therefore,

4 „ S " ( I ( a d s ) ) = - [ ^ ï^ j  c o s a - r " " ‘“ [ ^ ^ ]  (30)

As explained in the previous section, measurements of the contact angle at 290,300 and 

3 1 0  K suggest that it does not change within the experimental error, making the term 

(dcoso/d7)i> in equation (30) less than 0.01 mJ K*‘ m’̂  Since Oy***^/87)p is known, 

equation (30) yields A^gf (I(ads)) =  0.09 ±  0.02 mJ K'* n f \ and per mol o f iodine this is 

A .^  (I(ads)) = 9.2 ±  2 J K ' m ol'.

The enthalpy change of emersion a t298.15 K is obtained from the Gibbs energy and 

the entropy of emersion, (T(ads)) = 6.9 ± 0.6 kJ m ol'.

5.2.5. Desorption in Vacnnm of Iodine from Pt(lliX ^7 x i/7)R19.r-I.

The desorption in vacuum o f iodine from Pt(l 11) corresponds to the reaction:
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I(ads,vac)-> 1(g) A*,G»a(ads)), A * /ra (a d s ))  (31)

Inclu^ter?, thermaldesocptioa«cpemnents of iodmeuiuferUHV conditions, togetherwith 

the development o f a model o f desorption allow calculation o f (l(ads)) and

Q(ads)), The parameters obtained are;

A*,G“ (l(ads)) = 170 ±  22 kJ m ol'.

Ajetfl" (I(ads))=209 ± 20 kJ m ol'

5.2.6. Cohesive Enthalpy and GIbhs Energy C haise  o f F t(lllX 3 x 3)-AgL

In the previous sections we have calculated all the terms in Eq, (4) and Eq. (S) for 

the cohesive enthalpy and Gibbs energy change o f P t(lllX 3 x 3)-Agl. The question that 

remains is whether or not the structure I(ads,aq) obtained 6 om the electrochemical 

«tperiments isthesameasthel(ads,aq) fiomthe 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(l 11X^7 X \/7)R19.r-l in solution has similar characteristics in both experiments.

Once all the terms in the right hand side o f equations (4) and (5) have been 

calculated, we substitute them and obtain the total cohesive enthalpy and free energy for Agi 

adsorbed on PXl 1 1 ):
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A^Gf^(AgI(ads))=-2J±0.7 + 44±034- 2456±ft04 + 4 2 ± 0 5 +  170±22
= + 462±24kJm or‘

A ^Æ *(A gI(ads))=-45t U  + 35±03+ 284.6±O04+ 6 9 ± a 6  + 209±20
= + 53l±22kJm ol-‘

5 J .  Formatfon Enthalpy and Gibbs Energy of AgE(ads).

The fonnatica enthalpy and Gibbs energy o f Agi (ads) are defined as the enthalpy 

and Gibbs energy o f formation o f Agl(ads) from its pure elements in their reference states 

i.e., for the reaction:

I
Ag I

V/

P t(lll) + Ag(s) + 141,1s)
A/P(AgI)

■»
A,fP(AgI)

(34)

Pt(lIl)-(3x3)-AgI

The previous method o f constructing a thermodynamic sequence is then followed 

(see Fig. (5.4)). According to this figure:

A,G*(AgI(ads))= ArCraOg))+ A^G^aCg))
+  A^(T(I(ads)) + A^(T(Agr(ads)) +  A„G“(AgD

(35)

A ,Æ*(Ag[(ads)) =  A f jy ( I ( g ) ) + A ^ ( I ( ^ )
+A^A»(I(ads)) + A ^/r(A gI(ads)) + A^fTCAgO

(36)

Except for Af C7*Q(g)) and AflFQÇg)) (standard formation fiee energy change and enfiialpy
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A g(s) +  '/JsCsD ------------------------(AglCa*))--------------------^  ^

1
% ) A«.G*(AgI») = - Ai„G*(AgI)

A.,P*(Kg))=-A*.G*a(g))

I(ad s,vac)

'(!(«&)) = . A^G'dCad.))I I ' " '
A g (s)+  I ( a d s ^  ------------------------------- (A gl(«*))-------------- ^ A g li(ad s)

Figure 5.4: Thermodynamic cycle cociespoiidmg with the formation o f Pt(l 11X3 x 3)-
Agl.

change of 1(g)), all o f 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];

AfG“d(g)) = +70.250 ±  4.10-‘ kJ m ol', Affl“d(g)) = +106.838 + 4 10^ U  m ol' (37)

Af G°(AgI(ads)) and AffT(AgI(ads)) are obtained by substituting back all the terms 

in the right hand side o f equations (35) and (36):
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A,C?(AgI(ads))=70250±4-10-^ -  170±22- 42± 0 5 - 4 4 ± 0 J+  2.1±0.7
= -146±23kJmor'

Af/^"(AgI(ads)) = 106g38±4 10"* -  209 ± 2 0 - 69±0j6 - 35± 03 + 45±  13
= -139±22kJm ol~‘
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Chapter 6

Silver Electrodeposition on Pt(lllK^7 x >/7)R19.1M.

6.1. Imtmducdom.

lathis chapter, the UPD o f silver oaP t(l 11X^7 x /7 )ItI9 .IM  and its temperature 

d^ndence ace studied. Much of this has been publidied [6.1], and this chapter is largely 

excerpted fiom there. As shown in ciuq;tter 1, starting fiom a Pt(l 11X^7 x /7)R 19.r-I 

surfiice structure witb the iodine depositedfioml2 (g) gives the tyclic voltammogram shown 

in Fig. (6.1), similar voltammogram as Fig. (1.1). The voltammogram shows three UPD 

peaks, of which Cl and C2 will be o f most interest 

The reaction for the Cl peak is:

(/7  X /7)R19.r-I(ads) + Ag+(aq) + e* -» (3 x 3)-AgI(ads) (1)

where the surface befi>re the peak is fully covered with I(ads) in the ( /7  x /7)R 19.r-I 

structure and the surface after the peak is fully covered by (3 x 3)-AgI [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 o f 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 o f the amount (coverage), and so the standard state 

will be taken to be the fully-coveted ordered surfiu:ephase. As the reaction proceeds, islands 

of I(ads) are replaced by islands of Agl(ads), rather than the Ag being randomly dqiosited 

across the surface, as would occur for Langmuir isotherm kinetics. Experimental support 

fi)r an island-growth model comes fixim LEED [6.4][6 J], where the qxits for both species
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ate observed ca  emersion before the process is completed, and fix>m the kinetics for this 

peak, which follow a Nucleation-Growth-Collision^GQ ^lam Q model [6 .6 ].

As we will see below, the potential o f the foot o f the C l and A1 peaks is

A3

100-

A l

50- -sa
0.3 0.4

0 2

-50-

- 100 -

0.0 0.2 0.3
Æ/Vvs Ag/Ag

0.1 0.4 0.5

Figure 6.1: Cyclic voltammogram for Ag deposition on Pt(lllX '^7 x >/7)R19.1M.
[Ag*] =  1 mM, sweep rate 5 mV s '. Insert: ( ----- ) Steady-state voltammogram

reversing the potential a t+ 0 V , ( ----- ) 1" ̂ c le  of the voltammogram starting at
+ 0 5  V and reversing a t+ 0 J5  V.
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mdependent o f the sweep rate; which indicates diat the reaction under these peaks is 

reversible. The hysteresis associated with the A l/C l is assumed to correspond to an 

unknown nucléation overpotential [6 .6 ], and not to the history o f sweeping voltage to 

potentials close to the onset o f bulk Ag deposftion. This is depicted in the insert o f Fig.

(6 .1 ), which shows the similarity between the steady-state voltammogram and the 1 * cycle 

o f the voltammogram reversing the potential between the C l and C2 peaks.

As the reaction under the peak 01 is reversible, the ten^erature dependence o f this 

peak enables the calculation o f the different thermodynamic parameters for the reaction:

Ag(s) + I(ads) -*■ Agl(ads) (2)

where I(ads) refers to P t(lllX '/7  x >/7)R19.1“-I, and Agl(ads) to (3 x 3)-AgI. The 

parameters determined are A„,ct^(AgI(ads)), âi„^(A0.(ads)) and A ^ (7°(AgI(ads)). 

(standard enthalpy, entropy and Gibbs fiee energy changes for this reaction). These are used 

in the thermodynamic sequence in chapter S fi)r the calculation of the cohesive and 

formation energies for the Pt(l 11X3 x 3)-AgI surface compound.

Additionally, a limited study of the temperature dependence for the process 

associated with the peak 02 in Fig. (6.1) is made in section 6.3. This peak corresponds to 

the additional deposition o f 0.4 - 0.5 ML Ag. The surfiice phase transition that takes place 

is from a fully-covered (3 x 3)-AgI structure before the peak, to a (v̂ 3 x /3)R30"-AgI 

structure after the peak [6.7].

6.2. Dependence on Temperature of the First Deposition Peak of Ag on Pt(lllX ^7 x 

✓7)R19.1M.

The measured reversible potential of 01/A l relative to an Ag|Ag^ electrode in the



68

same solutioa is the cell potential for the reaction which is the sum o f reaction ( 1 ) and the 

reaction Ag -» Ag^+e'; thatis:

Ag(s) + (/7  X /7)R19.1M(ads) (3 x 3>AgI(ads) (3)

which is the reaction we are interested in for the thermodynamic sequence in cluster S. 

Since all species are intheirstaiulardstates, the reversible potential o f C l/A l versus Ag|Ag^ 

is for reaction (3), and the standard entropy of this reaction can be obtained finm;

A^"(Ag«als))=f[^J (4)

where F  is the Faraday constant. Therefore, the variation of the reversible potmitial for

SO-

§
0 -

-50-

-100

E/VvsAg/Ag*

Figure 6.2: Temperature dependence for the voltammograms of Ag UPD 
on Pt(l 1 lX /7  X /7)R19.1"-I at 5,30 and 50T. Insert 02 peak at 5*0. 

[Ag*] =  ImM, sweep rate 5 mV/s.
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reacdoa (3) with temperature enables the calculation o f the standard entropy o f reaction, 

A ^(A g I(ad s)).

6.2.1. Reversible Potential and reaction Ag(s) +  I(ads) -»

Agl(ads).

A series o f voltammogcams were run at 5°C intervals fiom 5°C to 50°C, with at least 

three runs ateachtenqierature. Fig. (6.2). The values reported for the peak parameters are 

the averages o f replicate runs. The peak potentials o f the C l and A1 peaks shift linearly to 

more positive potentials as the temperature increases. Fig. ( 6  J ) , but the separation between 

these two peaks is 27 ± 3  mV independent o f temperature. If  this shift is interpreted in

490

485

480

475

470

435

430
270 280 300

Temperature/K
310 320 330290

F ^ n re d J ; Temperature dependence of peak 
potentials for the first reduction (C l) and oxidation 

(A l) peaks of Ag UPD on Pt(l 11X^7 x /7)R19.1“-I.
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thefmodynamic terms, it indicates that the (3 x 3) Ag-I structure becomes more stable 

relative to bulk silver as the temperature increases.

Over the ten^rature range studied, theCI and AI peak heights (/p and widths (W|/2 > 

fiill width at halfheight) show some variation. Some of this is due to variatioa in the degree 

ofsurAce order, but itis anticipatedthat an increase hr width associated with poorer surface

-60

-80-

-140

r/K

175

150-

100-

75-

270 280 290 300 310 320 330 340
T/K

Figure 6.4: D ^ndence o f the peak current (jfp), width (w,/}) 
and charge density (o) with temperature for the peak C l for 

Ag UPD o n P t(lllX /7  X /7)R 19.IM .
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order will be compensated by a decrease in height so that the area should vary less with 

surface quality. Plots oîj^ versus T, Wyi versus T, and peak area. Fig .(6,4), estimated from 

the triangle formula <r = j^ ia  vs T showed no significant variation o f these quantities with 

temperature— the slopes o f the regression lines were not significantly dififerent fiom zero 

at the 95% confidence level. As «cpected, the areas showed less fluctuations than eitherthe 

peak currents or widths,

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

1000

800

600

400

200

10 mV s
- 200-

•400-

-600
100 mVs

-800-

-1000
0.60.0 0.4

Figure 6.5: Cyclic voltammograms for Ag UPD on Pt(l 11X^7 x 
/7)R19.1®-1 at dififerent sweep rates, T = 15“C, [Ag*] = ImM, 

sweep rate 5 mV/s,
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V /  m V S

F ^ r e  6.6: Change o f peak potential of Cl peak with sweep rate at 
different températures.

5 mV s ' to 100 mV s ', Fig. (6.5). At each temperature, the C l and A l peak potential Æ, 

changed linearly with sweep rate, and the slopes ofthe£pV5^vplots were 50 ms independent 

o f temperature. Fig. (6 .6 ). The C l peak current varied as a power law in sweep ra te ,^= 

Fig. (6.7), in agreement with earlier work [6.14], and furthermore the exponent was 

independent o f tenqierature.

The independence of the versus v slopes, the/p 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 1/7). 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 C l and A l peaks, and several 

estimates. Fig. (6 .8 ), o f the reversible potential were made:
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Figure 6.7: Dependence of log (fp) with log (v) with temperature.

0) The average o f the A l and C l peak potentials, under the assumption that the 

overpotentials at the maxima for the C l and A l peaks are the same.

(n) Extrapolation o f the current o f the reduction peak to the baseline, under the 

assumption that the reduction process begins at the reversible potential, 

(m ) Average between the extrapolation o f the reduction and oxidation peaks to the 

baseline, under the assumption that the processes are initiated at well- 

defined nucléation overpotentials, and that these nucléation overpotentials 

are equal for the C l andAl processes.

The result of these three estimates is shown in Fig. (6.9).

Estimate (I) involves the potential o f the A l process at the peak maximiun. The 

position and shiqte o f the A l peak were found to be very dependent on the cleanliness and
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A l 50

•60•SO•60

0j50.50.5

Figure 6 .8 : Cyclic voltammogram for Ag UPD on Pt(l 11)^/7 x /7)R19.1“-I showing the 
different estimates o f the reversible potential.

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

also involves the shape o f the A l peak, whose initial potential was not always well defined, 

so that some reaction may already have occurred by the estimated AI nucléation potential, 

especially at low temperatures. Indeed, some voltammograms showed that the 01 and Al 

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

nucléation oveipotential. Therefore, the best estimation is the ex tr^lationofthe reduction
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peak to the baseline (method 0 0  hi Fig, (6 .8 )), This estimate is unconqilicatedby the issues 

o fth eA l peakslu^ , A t25°Cthe£° for reaction (2) fiom the three estimates a r e ^  462 

mV, (D) 455,5 mV and QH) 457.5 mV, The A,eyS"([(ads)) calculated finmthe slopes are: 

0 ) 3 7 i2  Jm ol'K :', (H) 30± 2 Jm o l' K* and (m )26 ± 2 Jm o l' K ‘. Giving less weight 

to 0 ) and using the difierence between estimates 0 %) and on ) as a measure ofthe^stem atic
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F ^ r e  6.9: Temperature dependence of the reversible potential for the 
C l/A l process. Reversible potentials estimated as: I) average o f C l and A l 

peak potentials (■), D) extrapolation of the reduction peak C l to the 
baseline (#), and ID) average o f the extn^lation for the oxidation (A l) 

and reduction (C l) peaks to the baseline ( a ) .
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errors, it may be conservatively estimated that £ ” =  456 ±  3 mV and 

A ,^ (I(ad s)) = 30 ±  6  J  mol ' K  '.

6.2.11. A„^(A gI(ads)) and Double Layer.

A question that arises is whether the entropy change for reaction (3) (Ag(s) + 

(/7  X /7)R19.r-I(ads) -» (3 x  3>Agl(ads)) o f 30 ± 6 J mol ' K*' has a significant double 

layer component, or is mainly due to changes o f the surface structure. Two dififerent 

approaches are used to answer this question: estimation o f the entropy change o f the 

reaction from the entropy o f the individual components, and estimation o f the entropy 

change o f the electrolyte from measurements o f the double layer c«q»citance.

6.2.1.11. Entropy Change o f the Surface Reaction.

The entropy change of the reaction (3) is:

d<S“ =  5 ° p  x3^AgI(a<b) ■ Ag(,) -  ^ ( /7 x /7 ) I U 9  r .|(« l,)  ( 5 )

is tabulated as 42.55 J mol'' K*' [6 .8 ]. The other two terms in Eq. (5), f p x i M g i c * )

X /TjRisa'-Kidi)» are unknown. In chapter 3 the crystallographic structure of the surûce 

c o n fo n d  (3 x 3)-AgI(ads) is calculated. It is determined that this structure resembles the 

structure o f bulk Agi. Therefore, we t^roxhnate h) the entropy 5°ack̂ )  =

115.5 J m ol' K ' [6 .8 ]. We also tqiproximate f ( / 7 x/wi9 .i".i(w,) h) fpKWk)=41.63 J m ol' K*' 

[6 .8 ], since the iodine in the Pt(l 11)-(/7 x /7)RI9.1M(ads) surface structure follows and 

adapts to the corrugation of the Pt surface.

Substituting in Eq. (5) gives:

= 115.50 J mol ' K ' - 42.55 J mol ' K ' - 41.63 J mol*' K*' =31.32 J mol ' K ' (6 )
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This entropy^changeis compatableto theentropjrchangecalculatedexperimentally. 

Therefore, a rough q^toxiination o f the entropy change indicates that the entropy change 

ofthe reaction is effectively due to changes of the surfoce structure.

6 .2 .I.U . Entropy Change o f the Electrolyte.

An estim ate  o f the entropy change due to changes in the electrolyte in the double- 

layer can be calculated fiom measurements o f the differential oqiacitance o f the double 

layer, C^. The double layer capacitance for Ag electrodeposition on Pt(l 11) covered with 

iodine. Fig (6 .10), was measured by Paul Saville at the Universi^ ofVictoria. As explained 

in cluster 2, it used single fiequenty AC. voltammetry at 1 kHz, as well as AC. 

inq^edance, both techniques with a modulated potential o f 0.033 mV rms oscillation 

amplitude. Some of the values o f calculated with A C. impedance are shown in Fig.

(6.10). These agree with the calculated fiom single fi^quemy A C . voltammetry, which 

confirms the validity o f the technique for measuring double layer c^acitance.

As seen in Fig. (6.10), Q , decreases fiom 46 pF cm'̂  to 22 pF cm*̂  during the Cl 

peak in the voltammogram. At + 0.38 V versus Ag|Ag^ there is a minimum in Q ,. This 

potential might be assumed the potential of zero charge, at which the charge density 

on the metal surface, o^, is zero. However, the current that flows in this fiat region of the 

voltammogram is too large to correspond just to double layer charging. This implies that at 

thesepotentials 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 o f£1» for a Pt(l 11) surface have been proposed. Based on 

in-situ infiared ^ectroscopic measurements [6.9] or **CO charge-displacement” method
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Figure 6.10; Double layer capacitance obtained with ( ------- ) Â.C. voltammetiy, and
(■) A.C. impedance. Potential o f zero charge, shown at the minimum of C^. (------)

Cyclic voltammogram shown for conqtarison. Similar conditions as in Fig. (6.1).

[6.10] Epg. is estimated at about + 0.1 V vs AgjAgt On the other hand, 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 C l 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 o f the double layer, and then the free energy change. A comparison of 

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



79

6J.1.1X 1. Energy Change o f the Double Layer.

The dififecential cqncitance o f the double layer is defined as;

Reanangmg tenns in this equation gives:

db“ =Cj|aE (8)

The energy o f a capacitor is dU  = E  dQ, where g  is the charge o f the cqiacitor. 

Therefore, the energy of the double layer c^acitance is:

dU=Eda** (9)

substituting Eq. (8 ) in Eq. (9) gives the energy stored by the double layer:

AC/ = f  C^EdE (10)

The energy o f the double layer is then the integral o f fiom Fig. (6.10) times the 

potential. This is shown in Fig. (6.11), assuming £p„ = + 0.1 V. According to Fig. (6.11), 

the energy change of the double h^er fiomapotential before to a potential after the 0 1  peak 

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

6.2.I.I.2.2. Free Energy Change of the Double Layer.

The surface tension, y, is related to the potential according to the electrociq>Ulary 

equation:

dy =—S .d r —a** dE—̂ .Tsdiij ( 1 1 )
i

where S, is the excess surface entropy, p the chemical potential and F the surface excess or 

concentration per unit area on the surface o f the electrode, o** was defined in Eq. (8 ) in 

terms of as:
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E * + a i  VvsA^Ag

2-

0 -

• 1  -

0.0- 0.2 oa

F ^ r e  5.11: Dependence o f the energy o f the 
double layer with potential. Position o f the C l peak 

in the voltammogram included.

substituting in Eq. (11) yields, for constant ten^rature:

(12)

(13)

Therefore, the surface tension at constant p is obtained through double integration 

o f Cg with respect to the potential:

(14)

Since y is a measurement o f the free energy per unit area. A:
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(15)
r.p

combining Eq, (14) and Eq. (IS) gives;

(16)

Fig. (6.12) shows the free energy change o f the double layer with potential calculated from 

Eq. (16) assuming E |gc-+0.1 V. Since the absolute value ofthefiree energy o f the suiface 

at any potential is unknown, a  value o f G = 0  is assigned arbitrarily for each case at the E'pg. 

considered. According to Fig. (6 .12), the free energy change before and after the C l peak 

in the voltammogram changes no more than - 1  pJ c n r\

Therefore, the entropy change o f the double layer is estimated as:

e  VvsAglAfl'0 -

- 1 -

-3 *

•4 -

0.3 0.50.0 0.1-0.1

F ^ r e  6.12: Free energy change of the double layer with 
potential assuming the zero a tE p ,= 0 . Position o f the C l peak in 

the voltammogram included.
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(17)

Smce the density o f I atoms in a Pt(lllX 3x3) structure is 8  mol cmr\ the entropy

change is conservatively mol*' K*'. Therefore, it seems reasonable that an entropy

change A„,y!S"(l(ads)) = 30 ±  6  J  mol*' K.*' is due prhnarily to the actual changes o f the 

surface structure and not o f the double layer.

This result agrees with previous calculations o f the absolute entropy o f the double 

layer for Hg measured with the laser-induced temperature jim ç method [6.12][6.13]. In 

these experiments, Hg is immersed in solutions that do notproduce specificadsorption, NaF 

or KF, so the interface is mainly co n ^sed  o f HjO molecules. A laser wavelength that 

avoids photoemission is chosen so that the light o f the pulses is absorbed in the metal, 

causing an increase in temperature on the surfoce. Under constant charge o f the electrode, 

the increase in temperature produces a  change in the electrode potential [6.14], and the shift 

changes sign at potentials near the This is explained in terms o f the reorientation o f the

dipoles o f the molecules ofHgO 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 o f the 

molecules ofH^O is less than 5 J m ol' K*' [6.12][6.1S].

6J.2 . AMM^(AgI(ads)) and d„Mtff(Agl(ads)) for reaction AgCa) + I(ads) -*■ 

Agl(ads).

Thefi" a t298.15 K obtained in the previous section may be multiplied by to give

the fiee energy change of reaction as - 44.0 ±  0.3 U  mol*', which corresponds with
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A.^CT’CKads)) for reaction (2). Applying then the thermodynamic relation:

A ^ ^ "a(ad s)) = A ^G * 0 (ads))+ T A ^ 'W a d s)) (18)

gives Ap f ^ dfads))=-35 ±  2 kJ mol'*

6 3 , Dependence on Temperature of the Second Deposition Peak o f Ag on Ft(lllK ^7 

x^7)R19.r-L

The phase transition that takes place during the C2 peak is

(3 X 3)-AgI(ads)+ Ag*(aq) + e* -► (/3  x /3)R30"-AgI(ads) (19)

where the charge involved corresponds to the additional deposition o f 0.4-0.S ML Ag 

[6.7][6J].

As shown in Fig. (6.2), the most interesting change in the voltammograms is that, 

unlike the C l peak, C2 sharpens at higher temperatures. shifts to higher potentials, 

although potential at the onset of the peak (225 mV vj Ag|Ag*) is independent of 

temperature. This suggests that it is akinetically-controlled process. The activation energy 

(EJ has to be higher than for the nearly-reversible 0 1  process (assuming similar pre­

exponential factors). I f  the peak maximum occurs at the same coverage independently of 

temperature, the current density  ̂at the peak maximum,/,, is proportional to the rate constant 

for the process. Then the {parent activation energy may be calculated fiom the slope of 

the Arriienhis plot log(/p) versus T \  Fig. (6.13), a sa tlO k l m ol'. This is only an apparent 

activation energy, since the interfacial potential difference is not constant across the plot 

The insert in Fig. (62) shows that at lower tençeratures the peak has a tail that 

encloses appreciable charge, y, is constant from 5 to 15'*C, but increases exponentially at 

higher temperatures. The charge associated with this peak is independent o f tençerature.
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but the presence o f a tail in the voltamniogiam 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 atlower 

temperatures, which nuiy explain the deviation fiom linearity o f the Arrhenius plot at low 

temperatures.

1.6 -

1.5-

1.3-O

1.2 -

3.4x10-* 3.6x10*

r ' / K '

3.0x10

Figure 6.13; Temperature dependence of the C2 peak height 
The line has a slope corresponding to an activation energy o f 10 

kJ mol ' (□ points were excluded from the regression line).
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Chapter 7

Thermal Desorption of Iodine from Pt(lllK^7 x v̂ 7)R19.1*-I.

7.1. IntroductioD.

One o f the earliest techniques for the study o f surfrces was thermal desorption 

spectroscopy (TDS). Briefly, the crystal is heated up to a  certain ten^erature with a linear 

heating rate, usually in the range 1 - 20 K s T h i s  provides the adsorbed species with 

enough thermal energy to desorb fiom the surfrce into the gas phase. Monitoring the 

products o f desorption with a mass spectrometer as a  function o f tençerature gives insight 

into the nature, structure and energy of the adsorbed species.

Data from thermal desorption experiments o f iodine fiom Pt(l 1 x  / 7)R19.1M

under UHV conditions are needed to calculate the standardenthalpy change, (l(ads)), 

the entropy change, (I(ads)), and the Gibbs free energy change, AfaCT* ̂ (ads)), for the 

desorption in vacuum o f iodine fix)m Pt(l 11) at room temperature, Eq. (1).

I(ads, vac) -------> 1 (g) ( 1 )

where I(ads,vac) refers to the Pt(lllX '^7 x /7)R 19.r-I structure exposed to UHV. For 

simplicity, I(ads) is used in this chapter. As discussed in chu ter 3, these thermodynamic 

parameters complete the (tycle for the calculation o f the cohesive energy o f Pt-Agl.

A series of thermal desorptionexperiments o f iodine fromaPt(l 11)(/7 x /7 )R 19 .r- 

I structure were performed by Scott Furman at the University o f Victoria [7.1]. Fig. (7.1) 

shows the desorption spectra o f iodine at heating rates finm 3 to 15 K/s, starting fiom 

saturation coverage in a Pt(l 11X^7 x /7)R 19.r-I structure.
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F ^ r e  7.1: Thermal desorption spectra o f iodine fiom Pt(l 11X^7 x /7)R19.T*-I at 
different heating rates (3 ,5 ,710  and 15 K 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 P t(ll 1X /̂7 x 

/7)R19.1M structure to a diffiise phase. At 570 K. the structure becomes Pt(lllX '^3 x 

v'3)R30“-I, 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 o f 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, amodel is developedfbrthedesoiptionof iodinefiomPt(l 11X^7 x/7)R 19.r-I 

(section 7.3). Based on this model, some o f the changes observed in the thermal desorption 

experiments inFig. (7.1) areexplamedftomathermodynamicpointofview. These include 

calculations for the enthalpy and Gibbs fiee en er^  change o f desorption at absolute zero, 

(l(ads),0 K) and (l(ads),0 K), (section 7.5). These parameters are then used in

a thermodynamic <^cle for the calculation at room temperature o f (I(ads)), A*,S" 

(I(ads)) and (I(ads)), (section 7.6). The absolute thermodynamic parameters of the 

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

7.2. Classical Arrhenius analysis of the TDS.

According to the Arrhenius law, the rate constant o f a reaction, k, is exponentially 

related with the reciprocal o f the absolute tenqierature as:

where A is the ûequenry factor and the activation energy. In a thermal desorption 

experiment run at the high punning speed limit, the rate o f the reaction is proportional to 

the partial pressure o f desorbed species (P). Therefore:

P = a /(6 )4 e x p (-^ ] (3)

where a  is a proportionality constant which depends on the pumping system, andy(8 ) & 

function that depends on coverage or surface concentration. According to Eq. (3), at each 

iodine coverage, 6 , a plot o f InP versus I/rgives a straight line with slope -EJR.

Fig. (7.1) shows a series of thermal desorption experiments o f iodine fiom
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Pt(l 1 VjK^l X /7)R 19.r-I [7.1]. These spectra caa be integrated and converted to coverage 

versus ten^rature profiles. At 0.01 increments in coverage fiom 0.01 to 0.43, the rate and 

temperature correpondmg to those coverages were determined a t each heating rate. This 

allowed a series of graphs to be constructed for the determination oîE^ using Eq. (3). A  

sample o f those gnphs is shown in Fig. (7.2). The different slopes indicate different 

activation energies o f desoption. The variation o f 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 surfitce. 

Thetefete, obtained has contributions fiom the interactions between the adsorbed atoms.

1.6
0.1550.105

0.8 -

0 .4 -

0.0 -

-0.4
0.00140.00130.0012

Figure 7.2: Arrhenius plot for the determination ofE, for different iodine coverages. 
Each line is labeled with the cotteponding coverage.
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Figure 7J ;  Activation e n e r^  for desorption of I fiom Pt(l 11) at each I coverage.

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

6 om Pt(ll 1) takes place inatemperature range fiom500 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 o f desorption is required to account for the effect o f the 

vibrations.
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7J> Modd of Desorption.

Twomam approaches have been proposed hi oiderto reproduce thermal desoiption 

spectra: @ assuming a transitioa-state, (ii) not assuming a transition-state. The main 

derivation assuming a transition-state is based on the kinetic lattice-gas approxunation. It 

accounts for vibrations and lateral interactions, adding a term for dififosion o f the adsorbate 

on the surface [72][7.3][7.4]. Among approaches that not consider a transition-state there 

are two main derivations: one is based on the co-existence o f 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 foe “Bragg-WUliams” or quasichemical approximations [7 J][7.6][7.7][7.8]. The 

second qiproach to describe TDS that does not assume a transition state is based on 

statistical rate theory, and considers vibrations of foe adsorbates according to double 

harmonic oscillators [7.9][7.10].

As we will see below, we develop a model o f desorption based on transition-state 

theory. In our model foe transition-state is allowed to occupy a site on foe surface, and foe 

vibrations are treated according to foe Debye and not foe Einstein model o f lattice 

vibrations.

Our model assumes that foe iodine atoms pass through a transition-state before 

desorbing fiom the platinum surface, according to transition-state theory. Thus, foe iodine 

is at quasi-equilibrium with an activated corr^lex (I*) before being desorbed, Eq. (4). This 

quasi-equilibrium is described by foe equilibrium constant A*.

I(ads)= £^ I* 1(g) (4)

The coverage of transition-state iodine, 0 ^ , is assumed snudl compared with foe iodine in
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the adsoibed state I(ads). The validity ofthisq^roxim atioa is tested and discussed m the 

following sections. The transitioa-state iodine does not move across the surface, and takes 

up only one site, die one the adsorbed atom was in.

The rate ofdesorption is influenced by the interactions between the iodine atoms on 

the surface. Only interactions between the iodineatoms 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) 6 om which it comes. In 

as much as 8 is small, the interactions between iodine atoms in the transition state are also 

neglected. The energy o f interaction between the adsorbed atoms is further assumed to be 

independent o f the vibrational energy o f the adsorbed atoms, and is assumed to follow the 

*^ragg-Williams” approximation. That is, the interactions are only strong enough to change 

the energy of the possible configurations o f 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 ofthe atoms adsorbed on the surfoce. This difficulty can be overcome with more 

accurate models o f lattice vibrations. However, they bring unmanageable mathematical 

expressions that are difBcult to treat In the next sections we see how our model is still 

reasonable, since the influence of the vibrations o f 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 o f iodine 6 om 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 r  =  <». Note that according to some 

defmitionsofthe 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 o f the transition-state is irrelevant in our calculations. In 

spite o f the energies being similar, the entropies o f I* and 1 (g) are quite different due to 

differences in translational freedom.

Since the system is conqiosedof agreatnumberofparticles, anunderstanding o f the 

vibrational modes, as well as an evaluation of the rate parameters in the framework o f
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transition, state theory requires the use of statistical thermodynamics,

7.4. Rate of Desorption of Iodine from P tflllxY ? x /7)R19.r>L

Once a model for desorption of iodine fiom P t(lII) has been developed, it is 

possible to interpret the experimental TDS in Fig. (7.1). Iodine desorbing fiom the Pt(l 11) 

follows first order desorption kinetics in the broad peak o f the TDS [7.1]. The total rate of 

desorption (r) is the product o f the fiequency for motion along the reaction co-ordinate,

(s '), ^perpendicular to the surface), multiplied by the surface concentration of 

transition-state iodine, f,, :

r=  (5)

r,, is defined as the coverage o f transition-state, 8  ̂ , multipliedby the surface concentration 

o f I* at saturation,

The rate of the reaction is proportional to the partial pressure o f desorbed species (P) 

at the high punning speed limit. Hence:

(6)

where a  is a proportionality constant which depends on the punqiing system. In the next 

sections, an analytical expression for 8 ,# is found. This gives a fimctional form for the 

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

P = a
f - V —V,:

exp(- ^  J ^ [ f  + In(l- exp{- x))j xdcj (7)

•e * p (-  0 e x p (g 8 n ^ ,)

where Go is the Debye temperature, defined in section 1.9.22. (0 K) the standard
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apparent activation energy at 0 K  and 0 coverage, v , the vibrational fiequency o f the 

activated complex parallel to the surface and an interaction parameter defined in section 

7.4.1J2.. Eq. (7) 6  aa  improvement over the Arrhenius form. It suggests aniqipropriate plot 

whose slope is related to some o f the thermodynamic and energetic parameters for the 

desorption o f iodine.

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

An analytical expression for the coverage oftransition state iodine is obtained in this 

sectiotL The procedure to calculate 6  ̂  is the following: an expression for the free energy of 

the surface, A, is deduced. The chemical potentials o f I(ads) and are derived firom the 

«[pression for A previously calculated. Since I(ads) is at equilibrium with I*, their chemical 

potentials are set equal, and the equation is solved for 6 ^ .

7.4.11. Analytical Expression of the Free Energy of the Surface, A.

From a statistical thermodynamic point o f view, the fiee energy A is:

A = -  k r in ( e ^ )  = -  k r in ( fF ^  Q ,) (8 )

where is the overall partition function. In the Bragg-Williams approximation, can

be split into two con^onents: configurational, and thermal canonical partition

fonction, These two factors are then calculated as follows.

7.4.1.11. Weight of the Configuration.

The weight of the configuration, is defined as the number o f possible

configurational arrangements o f the adsorbed particles on a surfiice, which mathematically



95

can be expressed as;

ffr -

where Af is the total number o f sites on the surface, and JV|(^;and^, are the number o f 

iodine atoms adsorbed onthesurface and inits transition-staterespectively. ^(^,andAf^ can 

be defined in terms o f their respective partial coverages, and 6 ^ :

ATj, = (19)

Applying Stirling’s approximation (In x! = x In x - x) to Eq. (9), and substituting 

f̂ci*) =nd^, in term o f their coverages yields:

i « » u = -  j>^[»w, ( i -  • «  -  »,.W > - »«-. -  • - ) ]  ( " )

7.4.I.U . Thermal Canonical Partition Function.

is the thermal canonical partition function. It is associated with the fiee energy 

o f the surface without the contribution fiom the configurational entropy. has 

contributions fiom the different canonical partition functions, plus an energy term, or 

mean e n e ^  o f interaction, which describes the nearest neighbor interaction between the 

adsorbed iodine. Thus:

a , = e ; . e u « i ( ^ )  ( m

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

Analytical expressions for the molecular partition functions and are derived in the 

«grpendix of this chapter. For convenience to the reader, th ^  will not be substituted in the
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following equations unless necessary.

InEq. (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 o f adsorbed iodine 

and excited state (A£^ (0 K) or standard apparent activation energy a t 0 K and 0 coverage. 

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

& ""I

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

7A i.l.2 .1 . Mean Energy of Interaction, 17 .̂

For a triangular lattice, the energy of interaction may be derived as fellows. 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 o f interactions per 

atom in the unit cell o f a triangular lattice. Accordingly, the mean number of interactions on 

a surface is: 3 x3 ^ 6  where Af is the total number of sites. I f  each o f fee interactions 

corresponds to an energy u (u < 0  for attractions and v > 0  for repulsions), fee mean energy 

o f interactions is:

Throught this thesis, fee standard state is defined as the standard state at fee limit o f full 
coverage on fee surface, being full coverage iodineonaPt(l 11X̂ 7̂ x /7)R19.1°-I structure. 
This standard state is then denoted with the superscript (°) after the parameter considered. 
However, in this chapter, fee standard state is defined at the limit o f zero coverage, where 
there are no interactions of fee iodine atoms adsorbed. It is then denoted with fee 
superscript (»).
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Figure 7.5: Triangular lattice showing the unit cell (shade(0 and the three
possible lines o f interactions per atom withia the unit cell.

C/i. = 3» A/e (15)

Substituting U-  ̂calculated into Eq. (14) for the thermal canonical partition fonction

yields:

-3u A/ej^^i
kT (16)

InlTin Eq.(l 1), and in Eq. (16) have now been estimated. Substituting them into

Eq. (8 ) for the absolute fiee energy o f the surfoce. A, and simplifying, gives:

A = — kTN^d In î» -  k T “ ^(i*)4^“(0 K) + 3u A/Ô -,̂ ]

+ A7A/[e,(,j„ In(e,{,*))+ 0,, fo(@,*) + (l-8i(w,) “ 8|{.d.) ~ ®,«)]

A more detail analysis o f this expression as a fimction o f temperature and coverage is done

in section 7.7.

Transforming A/,(.̂ andAr,, fiemEq. (17) in terms oftheirpartial coverages, Eq. (10), 

and multiplying per Avogadro’s number, to obtain A per mol:
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—B T In9 i(^) ~ ~ A/0|(^)AJ5*(OK)+ 3v

+- ^ î™ [ ® l ( i d i )  *” (® K id i)) -‘- ®i» +  " ® l * ) * “ (^ ~ ® K id i)  -  ® ,» ) ]

(18)

7.41.2. Chemical Potentials of Adsorbed and Transition State Iodine.

The activation fiee e n e r^  change for the desoiption o f iodine, A*G (I(ads)), is the 

difference between the chemical potential o f the transition and the adsorbed states;

d^C(I(ads))=;^, (19)

Since the iodine is at equilibrium with its transition-state, A*G (I(ads))= 0, Eq. (19) 

becomes:

My* =/V«fc) (̂ ®)

The chemical potential o f the adsorbed and transition state iodine is defined in terms 

o f the absolute fiee energy as:

ÔA

A(w,) =
BA

(21)

(22)
V ) rx.tr̂

We can change these partial derivatives according to Eq. (10) to fimctions o f the partial 

coverages. This gives:

(  b a ' dA a».l
v38,. ' y.r,ir^ a®,» 3AT,.

I
M

BA (23)

/%•*) -
y.T̂ .

f  BA 38,^,
v30((aii) 3®iw) M

BA (24)
rxw-

Substituting A fiom Eq. (18) into Eq. (23) and (24) yields:
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(25)RT\siq^ + i?2 ^ In(l- 0 ,(^, -  6 ^)J

/ 4 (a*) ~ ~ ~ A^*(0 K) + 6 % f I n ^ l — ~ ®i*)] (^ ^

Reairangmg tenns:

Aw) ~ Ao«b) ■*■
Wm) exp(gÔK«h))

(27)

(28)

Where:

6uN.
Ai* = -  AU) = -  -  A^*(0 K) and g  = (29)

Substituting Eq. (27) and (28) into Eq. (20) (A* =A(w,)) yields:

(30)

Eq. (30) can not be solved analytically. We use the software package Maple VI to solve it 

numerically forO ̂  under all reasonable conditions. As justified in section 7.7.1., it is found 

that:

0 ^ «  8 i(rf.) ; therefore: 0 ,̂ «  0 , where 0  = 0 ^^, + 0 #̂

^p ly in g  Eq. (31) to the chemical potentials in Eq. (27) and (28) gives:

(31)

A* “ A* ^ (32)
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Aw) -  Ac**) + j _ Q  **p(?®Kii*))]

where the term 1 - 0  corresponds to the coverage o f free sites on the surface.

Substituting Eq. (32) and (33) into Eq. (20);

+ « r h ( ^ « p ( g «  ̂ ) ]  (34)

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

and/ii(^)fiomEq.(29):

®,. = (35)

7.4.2. Total Rate of Reaction for Desorption of I from P t(lll).

After substituting the coverage o f transition state iodine from Eq. (35) into Eq. (6 ), 

the total rate o f the desorption reaction t)ecomes:

® e x p ( g 0 (36) 

Substituting and calculated in the appendix o f this section in Eq. (36) gives:

P = tt

( t r y  1  

I A J V,'

4 '  ^  ^ (37)

' exp[- — r _  8  exp(g0 ,(^,) 

where 8 ^ is defined as the Debye temperature, and V| as the vibrational frequency o f the 

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

(37) yields:



^  **p("

■"(“ ( f )  ^ '■ - ®
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(38)
A£(e.OK)

BT

where A£(6,0 K) is the apparent activation energy o f desorption per mol dependent on 

coverage at 0  K, and is defined as the energy separation between the ground state energies 

o f 1* and I(ads) at absolute zero at any coverage, Fig (7.4). That is:

A ^ (9 ,0  K) = A E "(0 K) -  ^  Tg^  (39)

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

[f ln (l-ex p (- jf))jxdx. vs. r '  (40)

the slope of the line being -Â£(0 , 0  K )/Æ at each coverage.

I S .  Standard Enthalpy and Gibbs Energy Change of Desorption a t the Limit o f Full 

Coverage at 0 K, (A */T  (l(ads), 0 iQ  and A*.C ̂ (ads), 0 K ».

In a similar fiishion as in section 7.2 for the classical interpretation of the TDS, the 

integration of the experimental TDS allows a series o f 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 A£(0,0 K) is the same as the internal energy 

o f desorption at the absolute zero (I(ads), 0 K). At absolute zero, there is no entropy

component, an d fF is negligible; therefore:

AF(e,0 K) = A*.£Aa(ads),0 K) = A*.G(I(ads). 0 K)
= A*^(I(ads),OK)  ̂ ^
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Figure 7.6: Plot for the detemiinatioa o f A£(0,0 K) for different iodine 
coverages. Each line is labeled with the corresponding coverage.

AE(B,0 K) is equivalent to the standard enthalpy change of reaction at absolute zero, 

with the standard state defined at the limit o f zero coverage. The total standard enthalpy 

change of desorption of a monolayer of iodine at absolute zero is the integral o f the change 

o f AE(6,0 K) with coverage. This makes (I(ads), 0K ) = 210 ± 20 kJ mol '. The error

in 9(ads), 0 K) originates fiom the error bars in Fig. (7.7).

7.6. (l(nds)); 9(>ds)> and 9(nds)).

In the previous section, different thermodynamic parameters for the desorption of 

iodine fix>mPt(l 11) have been calculated. However, these values are referred to die absolute 

zero, hi this section the enthalpy, entropy and Gibbs fiee energy change of desorption are 

calculated at room ten^erature. These parameters are part of the thermodynamic sequence
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140-
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Figure 7.7; Dependence o f the apparent activation energy at the absolute 
zero with coverage (■). The activation energy fiom the classical 

interpretation of the TDS, Fig. (7.3), is shown for conqrarison, (O).

in chapters for the calculation ofthe thermodynamic parameters o f the P t(ll 1X3 x3)-AgI 

surface compound.

The thermodynamic cycle shown in Fig. (7.8) is used. According to this cycle:

d * ,^ “(I(ads)) = -  (^(I(ads), 29815 K) -  ̂ (I(ads), 0 K))

+ A * .^“a(ads),OK) (42)

+ (iT(I(g), 29815 K) -  .ff(l(g), 0 K))

Similar (ycles apply for Q(ads)) and AygC ̂ (ads)), with relationships equivalent to 

those inEq. (42).

in the next three sections ([(ads)), A*,5 ° Q(ads)) and Ayg(? ^(ads)) are 

calculated. To do so, the three terms on the right hand side of Eq. (42) are estimated
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A^(K«fc))
I#Lvmc) r=298.l5 K >  %) r=29«.l5K

298.15 IQ - ir  OCadB), 0 K) IJTOCA 298.15 K) -HÇftX 0 K)

A«JETO(«iiXOK)
I(ada»VK) r=0 K »  1(g) r=OK

Figure 7.8: Thermodynamic cycle used to calculate ^(ads)). 

independently.

7.6.1. Enthalpy Change o f Desorption, \ J ^  (I(ads)>.

Calculation o f the three terms in the right hand side o f Eq. (42) gives the enthalpy 

change of desorption o f iodine.

76.1.1. (g (I(ads), 298.15 K)-A(I(mds), 0 K »

The adsorbed iodine is heated in this process. Since P V  is negligible for a surface 

process, the change in internal energy AU  can be approximated to (  A(I(ads), 298.15 K) - 

£T(I(ads), OK)). As seen in Eq. (43), the internal energy is related to the partition function 

as:

AU = (43)

where is calculated in the ^ipendix, Eq. (77). Therefore:
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(H(I(ads). 298.15K) - H(I(ads), OK))

(44)

This equatioa is evaluated numerically for T = 298.15 K, giving ( fT(I(ads), 298.15 K) - 

fl(I(ads), 0 K )) = 7.5 ±0.1 kJ m ol'.

1.6.12. A d jr aC«<ls)> 0 K)

By means of theimal desorption spectroscopy. Oris value has been estimated in 

section 7.5 as (I(ads), 0 K) = 210 ±  20 kJ m ol'.

1.6.12. (ira(g)> 298.15 K) - OK ))

This value is tabulated directly in the NBS tables [7.12], and has a value o f 6.1974 

±  0.0004 kJ m ol'.

7.6.14. Total Enthalpy Change of Desorption.

(I(ads)) can then be calculated by substituting the three elements calculated 

in sections 7.6.1.1,7.6.1.2 and 7.6.13 in the right hand side of Eq. (42). This gives: 

A * ,^“aCads)) = -7 3 ± 0 1 k J  m or'+ 210± 20kJ m ol'+61974 ±0.G 004kJm ol'
(45)

= 209 ±20kJm ol '

7.6.2. Entropy Change of Desorption, ([(ads)).

As in the case of the enthalpy change of desorption, a similar thermodynamic (ycle 

to the one in Fig. (7.8) is used. Since the entropies atO Kare zero, the ̂ c le  simplifies to:
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A ^(I(= ds))= -S(I(gX 298J5 K) -  f(I(adsX 298J5 K) (46)

The two terms on the right hand side of this equation are evaluated independently in the 

next sections.

7.6.2.I. .̂ a(S)* 298.15 K).

The MBS tables [5.12] lists this entropy as 180.7914 ±  0.0004 Jmol*^ K ''.

76.2.2.5a(ads), 298.15 K).

In terms o f the partition function, the entropy change for this reaction is;

y = - K̂ l ng= ( 4 7 )

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

5(KadsX298J5K) = / t r J :^ -^ [^ |^ |+ ta ( l - c x p ( -x ) ) jx d r j

taking 6 q as 173 ±  50 K, and evaluating nmnerically at 298.15 K. gives:

Sa(adsX298J5K) = 51±6Jm ol-' K:' (49)

7 6.2.3. Total Entropy Change of Desorption.

The entropy change of desorption is then, after substituting in Eq. (46):

(48)

A*^"(I(ads)) = 180.7914± 0.0004 Jmof* K * '-5 1 ± 6  Jmol * K ‘ 
=130 ±6 Jm or' K ‘

(50)

7.6J. Gibbs Energy Change of Desorption, A*,C  ̂ (ads)X

AjgC? ^(ads)) is calculated by means of the well known thmmodynamic 

relationship:
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A *.< T (r(ads))= A *^(l(ads))-rA *^‘’(l(ads)) (51)

The enthalpy and entropy change o f 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° (l(ads)) = 209 ± 20 kJ mol ' -2 9 8 1 5 K x l3 0 ± 6 k J mol * K *
(52)

= 170±22kJm ol‘‘

7.7. Free Energy of the Surface, A , Internal Energy of the Surface  ̂ U, and 

Interpretation of AE(0,0 IQ.

The dependence o f the different thermodynamic parameters with temperature and 

iodine coverage are calculated in this section, as well as the real nature o f A£(6,0 K). As 

seen in Fig. (7.7), AE(0,0 K) decreases foom AE=(0 K) = 255 kJ mol ' at zero coverage, to 

196 kJ mol ' at 6  = 0.3. At a coverage 033, A£(0,O K) extrapolates to 190 kJ mol '. 

Therefore, the energy difference due to the interactions between 6 = 0  and 6= 033 is 255 - 

190 = 65 kJ mol '. At a coverage 033, each iodine has three I-I bonds per unit cell. 

Assuming that the maximum coverage on the surfoce is 0.33, three I-I bonds per iodine atom 

is the average number ofbonds that are broken when all the I are desorbed from the surface. 

However, TDS accounts for the total number ofbonds that are broken during the desorption 

process, not the average. Each iodine atom has six close neighbors in a triangular lattice at 

6  = 0.33. When an iodme atom desorbs fiom the surface at this coverage, six bonds are 

brokeiL Therefore, the energy associated with each of these bonds is 65 / 6  kJ m ol' = 11 kJ 

mol '. Since AE(0,O K) decreases at higher coverage, the interactions have to be repulsive, 

which makes u = + 1 1  kJ mol '.
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At coverages higher thaa 0.33 the plot Â£(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 o f 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 surflrce the 

coverage is 0J3  ML. 0 = 0J3  ML corresponds with a surface structure P t(lll)^ 3  x 

/3)R30“-I.

7.7.1. Numerical Solution of the Free Energy of the Surface, A .

An expression for the flee energy o f the surface was obtained in section 7.4 as:

As seen hr Eq. (S3), yf is a function of 9,^^, and 8 ,$. In previous sections the 

approximation 0 ^ was used, Eq. (31). However, it is possible to obtain exact

numerical values of 0 ^^^ and 0 ,, as a  function of total coverage 0  without the use of the 

previous assumption. This is done applying the following change o f variables in Eq. (53):

8 = or 0j* = 0 — 0 ( 5 4 )

The result o f this change of variables is two equations for the flee energy dependent on 0, 

and 0 |(^j or 0,, respectively. These flee energies are denoted with the symbols A(o,o^^ ) 

and A(o, 0  ). Since there is always aminimum in the curve o f flee energy when changing

the partial coverages, the partial differential o f the free energy at that point will be zero. The 

partial coverages are then obtained flem  the numerical solution o f the following partial
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dififeiential equations;

solution gives 8 ^. 0 .
I  3 « -  K t

= 0 , -----► solution gives Ok̂ ,

(55)

(56)
K"h) '0 .T

After solving numerically Eq. (55) and Eq. (56), the partial coverages oftransitioa-state and 

adsorbed iodine are obtained. The change of 8 *̂ with temperature at different 0 is shown in 

Fig. (7.9). As expected, the coverage of transition-state increases at higher 0 and higher 

tenqierature. However,6 ,, is particularly small, which confirms the validity o f the

6 = 0 .3

8=1

8 .0 x1 0 ”
8  8  : 0.030.0.

625375 500
T/K

0 = 0 .15
0.0

6 =  0 .03

1000500 800400 700

T/K
900600

F%ure 7.9: Coverage of transition state iodine at different temperatures for several total
iodine coverages.
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i^ioxim atioa in Eq (31); that is, 6  »  @^*,or 8  »

The exact values o f and 8 ,$ calculated can then be entered back into Eq. (53) 

foe A, for variable values o f Tand 8 . Fig. (7.18) shows the free energy o f the surface as a 

fimctionoftemperature for different coverages. The Gibbs, G, and Helmholtz,^, fieeenergy 

are equal since the P F  term is negligible. According to this figure, the absolute value o f the 

fiee energy increases at higher temperatures. This is due to the influence o f the partition 

fimction o f I(ads), which has only a vibrational component Therefore, the vibrations are 

more inçortant at higher tenqierature. As expected, this change is also more pronounced at 

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

adsorbed iodine.

0 = 8.83 6  = 8.16 0 = 0.29

1
a

-40-

-60- - -160 -

0 250 500 7S0 1000

T /K
0 250 500 750 1000 

T /K
0 250 500 750 1000

T /K

F ^ r e  7.10: Change of free energy, X, and internal energy, with temperature for
several iodine coverages.
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It is also possible to represent the fiee energy as a. fimction o f coverage fi>r dififerent 

temperatures. Fig (7,11). The fiee energy is an extensive property. Therefore, after 

redefinmg the energy zero level, it is zero at the limit of zero coverage because there are no 

adsorbates on the surface. At full coverage (0=0.33 ML), andO K, the fiee energy is -221 

kJ mol '. This is consistent with the 6 ct that there are three bonds per iodine in each unit 

cell, and the energy per bond is estimated as 11 kJ m ol'. Therefi>re, a t fiill coverage, the free 

energy per mol o f sites is the same as A£(6,0 K) minus the contribution of the interactions 

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

2 2 2  kJ mol'.

-50  -

OK
-100 -

-1 5 0 -

- 200 -

1000 K
-250  -

-300
0.0 0 .30.1 0.2

Figure 7.11: Dependence of the free energy X of adsorbed iodine with total iodine
coverage and temperature.
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7.7J. Internal Energy of the Surface Ü,

The internal e n e i^  is equal to:

cr= - RTM^^ -  A/e,^,A^*(OK) + iuM N ^e (57)

The numerical solution o f this equation gives the change o f 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 entropie contribution to the 

fiee energy is zero. At higher temperatures, the entropie term increases, which results in a 

larger difference between the internal and fiee energy.

7.7J . AE(0,0 K).

It has been explained how the rate o f a reaction in a thermal desorption experiment 

is proportional to the change in partial pressure o f iodine in the system. According to Eq. 

(6 ), the rate of desorption o f iodine is also proportional to the coverage o f the 

transition-state, which is calculated in Eq. (55). Therefore, AE(8,0 K) can be obtained 

theoretically with aplotequivalentto the experimental case in section 7.5. Afier substituting 

the change in partial pressure (P) with the transition-state coverage, Eq. (38) is linearized 

by plotting:

^  / /  [ f  + -  exp(- x))j X A . vs. r ' (58)

where the slope of this plot should still be -Â£(6,0 K) /  R.

The change o f A£(6,0 K) obtained is shown in Fig. (7.12), along with the 

experimental values. The experimental and qiparent 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 conqiarisoiL

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

7.8. TDS Simulations.

Simulations o f experimental thermal desorption spectra are attenqited in this section 

to confirm the suitabilityof the model ofdesorptionproposed. Fig. (7.13) shows the thermal 

desoiption spectra of iodine 6 omPt(l 11) fordififerentiodine coverages. These spectra were 

recorded by Scott Furman at the University of Victoria, [5.1].

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

coverage with time, Eq. (37) becomes:
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Figure 7.13: Thermal desorption spectra o f iodine from Pt(l 11) at different iodine
coverages. Heating rate: 6  K s '.

/*= - a  r„„—= B (59)

r
where 8 = - a A vg

This differential equation was solved numerically using Gear’s method for stiff equations 

as implemented in the Maple software padcage. The interaction parameter g  has been 

previously estimated as 65 kJ mol ', while AE"(0 K) is estimated as 255 U  mol '. Therefore,
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the only parameters that need to be adjusted mEq. (59) a ie ^  and the Debye ten^erature, 

6 |). The results o f the simuiatioa for values o f^ =3.2 x 10  ̂K.*̂  s ' and Op=200 K are showu 

m Fig. (7.14). This figure shows the good agreement between the simulated and 

experimental TDS at different iodine coverages.

The Debye tenqierature calculated in these simulations is 200 K. This temperature 

is within the error o f the 6 [> proposed in the appendix o f 173 ±  50 K. Therefore, no further 

attempts to refine parameters calculated in previous ch^ters were undertaken.

6 =  0 .1056 = 0 .054
M

0.8
0.5

0.4

0.0
0.0

6 = 0.2746 = 0.177 1.8

1.0

^  0.5 0.8

0.0 0.0

Temperature/KTemperature/K

F%ure 7.14: ( —  ) Simulated and ( — ) experimental thermal desorption spectra of
iodine from Pt(l 11) for deferent iodine coverages. Heating rate: 6  K s'*.
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7.9. Appendii. Statistical Thermodymamk*.

The molecular pattitioa (unction, g, gives an indication o f the distribution o f 

occupancy o f the energy levels o f a particle at a  certain temperature. It is defined as;

q = ^ e  ^  (60)i
where i  indexes the molecular energy levels, and E-̂  is the energy o f the ̂  energy level. The 

sum is taken over all the states: translational, rotational, vibrational and electronic. 

Assuming the total energy is a sum o f these individual contributions, Eq. (60) can be 

rewritten as:

q = Y à  ^  X ^  X ^  X 5 ]  = q ^  x q ^ x q ^  x q ^  (6 1 )i i i i
Each mode contributes independently to the overall molecular partition (Unction.

Since the system considers only iodine atoms adsorbed on a sur&ce, the overall 

partition (Unction does not have any rotational or translational con^nents. The only 

contribution to the partition (Unction is then the electronic and vibrational partition 

(Unction g'̂ :

g  =  g® X g ^ ' (6 2 )

7.9.1. Partition Function of the Tmnsition-stnte Iodine.

The difference between the ground state ̂ 3 / 2  ̂ nd̂  the state of atomic iodine is 

8.2833*10'̂  J [7.13]. At the absolute zero g^ = 4, and at the highest tenqierature o f the 

experiment, 1000 K, ^  is:
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= + (63)
I

However, it is unclear \iiiether the spins iu the transitton-state iodme are uiqpaited, 

since the activated conçlex caa be assumed still bound to the platinum atoms. This would 

make the degeneracy o f the ground state, equal to 1, and, therefore, q -  For 

simplicity, we assume gE= 1 , although a different value ofg^ can be easily accommodated 

in the equations with a corresponding change in v, without changing the results o f the 

sünulations.

1(g) has only three translational degrees o f feeedom. Treating the Pt surfoce as rigid, 

I* must also have a total of three degrees o f feeedom. These are all vibrational: one in the 

direction o f the reaction coordinate with a vibrational fiequency v ,̂ and two degenerate 

modes in directions parallel to the surface with a vibrational fiequency v ,. The vibrational 

frequency of the degenerate modes o f I* is low, and it is assumed to beat least 1 0  times 

smaller than for l(ads). Therefore, it is reasonable to treat them in the harmonic 

{q>proximation.

In the harmonic approximation, the vibrational partition function for these degrees 

o f freedom are expressed as:

 r-ET T -T  7— ^  ( « )

SincethePt-I*bondis SO weak, The vibrational modes parallel to the surface can

be considered bending modes o f the Pt-Pt-1* **molecule”. Therefore, v, < v^ and the 

iqtproximation Av, «  kT  is also valid. The vibratiomd partition function is then:

(65)



118

Since the vibrational partition fimction is the overall molecular partition fimction of the 

transition-state iodine, then:

7.9 J . Partition Function of the Adsorbed Iodine.

In the case o f adsorbed iodine, q = The harmonic approximation can not be made 

directly fi)r individual adsorbed I atoms, since the iodine atoms are close packed and 

interacting with each other. Instead, cooperative vibrations o f the I(ads) lattice must be 

considered. Quantum theories o f lattice heat ctqtacity 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 o f the heat opacities with 

temperature is used to assess the validity  ̂o f 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, hv^ being the separation between the levels. All the 

particles on the surfiice vibrate independently with the same vibrational fiequenry, Vg, Fig. 

(7. lS.a). These three degenerate vibrational motions are explained according to the harmonic 

oscillator model. The vibrational partition fimction for a three dimensional harmonic 

oscillator is given by [7.14]:

k - 3

9'" = ( l-e x p (-^ ] ]  (67)
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dn
dv

V

Figure 7.15: Density o f vibrational modes at different fiequencies 
fon a) Einstein model, b) Debye model andc) Typical lattice.

Og is the Einstein characteristic tenqierature. It is defined as 6 ^ = and gives an 

indication of the slififeess of the lattice. The crystal is more rigid at higher Einstein 

temperatures, can be approximated to the overall partition fimction g, Eq. (63), fiom 

which the heat capacity, Q , can be derived:

(68)

where Â is the total number of particles. Afier substituting ̂  for three dimensions fiom Eq. 

(67) into Eq. (6 8 ), the heat capacity becomes:

(69)

The change o f 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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F ^ r e  7.15: Dependence of the heat capacity with temperature for the different models
o f lattice vibration.

1.92.1. Debye Model.

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

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

that travel through the crystal. The particles vibrate with a range o f fiequencies that varies 

fiom 0 to a cutoff fiequen(ty, Vg, called the Debye frequency, Fig.(7.l5.b), which relates to 

theDdtyeten^erature, Oo, by = h'\Jk. The Debye temperature is aparameterequivalent 

to Og for the Einstein model. 6 ^ gives an indication of the stiffeess o f the lattice, being more 

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

the cutoff frequency of the vibrational modes of the Debye model. Fig. (7. IS).
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According to this model, the vibrational partition function for a solid is [7.15];

d) (70)

where the apparent molecuiarpartitionfiinctioais defined in terms ofthe canonicalpartition 

function, A  g = for ATparticles.)(v) is the fiequen^ distribution function. It represents 

the normal vibration spectrum o f a solid, with its integral giving the total number of 

vibrations in a fiequency range.Xv) is defined for athiee dimensional solid withi\Tparticles 

and 3iVvibrational modes as [7.14]:

( " )

which makes the vibrational partition function in three dimensions:

3̂D (72)

approximatingg^D^ to the overall molecular partition function, and substituting into Eq. (6 8 ) 

gives the heat capacity o f the solid. Analytically this is a much more complicated function 

than in the case of the Einstein model. The behavior o f 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 conqwund, the fbnctionXv) fiom the vibrational 

partition function has to be defined for a two dimensional surfiice. ForATsurfoce atoms with 

vibrational modes,/(v) is defined as [7.15]:

/(») = ̂  (73)
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and after substituting iaEq. (70), the vibrational partition function ofthesuiftice becomes:

°  4" 4 ' -  & )]] '

It is assumed that the ovecallpartition function ft>r the iodine adsorbed on the surface 

is then the vibrational partition function ftom the Debye model. Thus:

V dv (75)

We can then change variables in this equation as follows:

X  =
h \ (76)

This change of variables transforms the partition function into:

?.(«•.) = exp(- ^  In(l- exp(- x))] x d x

where the only unknown parameter is the Debye temperature, 6 ^ is now estimated.

(77)

7 9.2.1.1. Debye Temperature.

According to the Debye model, at moderate temperatures the mean-square 

displacement of atoms during the vibrations, <t/^>, is inversely proportional to the square 

o f the Debye temperature:

<u >= 3h^T (78)

udiere m is the atomic mass. Assuming that the mean-square displacement o f the iodine 

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

0, _ l ^ n  * ®D. Pt (79)
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Smcethe desoiptioa of iodine finmPt(l 11) is asuifaceptocess, it is necessaiy to use 

the surface Debye temperature, instead ofthebulkDebyetenqieratureforasoiid. 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 ten^erature for the P t( lll)  foce, as several 

values have been reported. Calculations based on Low Energy Electron Diffiaction 

measurements predict a surface 8 g o f 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 o f 145 K [7.19]. T h ^  all agree, however, that due to the asymmetry 

o f 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 Oq for Pt(l 11) is taken conservatively as 143 ±  42 K. 

Applying Eq. (79) then gives the surface 6 q for iodine atoms adsorbed on P t(lll) as 6 d= 

173 ±50 K.

7.9 J .  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 is assumed that the vibrational energy ofl* in the direction ofthe reaction coordinate 

is 10 times lower than for I(ads), which makes v̂  ̂=  12 cm*'. The vibrational frequent in the 

direction parallel to the surface is also unknown. However, according to the relationship 

V| < v ,̂ it is assigned conservatively a frequency ofv , = 8  cm*'.
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Chapters

Thallium Electrodeposition on P t(lllX ^ 7  t V7)R19.1"-I.

8.1. Introdiietion

An understanding o f the interaction of anionic species such as iodine on 

electrodeposition processes might enable an enhancement o f the electrocatalytic properties 

o f 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 

o f the Pt-AgI system to other systems such as Pt-TU.

100
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Fteare 8.1; Cyclic voltammograms for the electrodeposition o f thallium on Pt(l 11). 
Sweep rate = 20 mV s '. \Jl*] = 1 mM, ( — ) 0.1 M H2 SO4 , (  ~~~ ) 0.1 M HCIO4 .
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The qrclic voltammograins for theelecticKfepositioa ofTI* oa Pt(l 11) are shown in 

Fig. (8.1), and agree with voltanunograms previously reported [8.1][8.2][8.3]. The 

voltammogram for Tl* depositiw in HySO* resembles the voltammogram for H* in sulforic 

acid solution. Fig (2.10), in the conunonly named "butterfly peal^’ a t+ 0  J3 2  V  vs RHE'. 

This resemblance has been exploited to acquire a further understanding o f one o f the 

traditional problem in electrochemistry, the adsorption o f hydrogen on platinum surfaces 

[8.1]. As well, further research in the area of anion interactions such as HSO*" and CIO*" 

on Pt has been accon^lished using this system [8.2].

8.2. CycUc Voltammetry for UPD on Thallium on Pt(lllK ^7 x /7)R19.1*-L

The voltammograms o f thallium UPD on Pt(l 11X^7 x >/7)R19.1M in H2 SO4  and 

HCIO4  solution are shown in Figs. (82) and (83) respectively. The first sweep o f the 

voltammogram is similar in either H^SQ* orHClO^, which shows that electrolyte plays very 

little role. This sweep shows four cathodic peaks (C1...C4), Fig. (82.aand 83 .a). Sweep- 

hold experiments around these peaks do not show signs o f a NGC mechanism. The peak 

potentials are calculated by extrapolating to 0 mV s ' from dataat 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 ̂ cling  for at least 30 minutes, 

all the features of the first <^cle o f the voltammogram disq>pear. The new features 

correspond to the cyclic voltanunograms forthe deposition of thallium on P t(l 11) in the 

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

' In this chuter all potentials refer to the RHE.
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Figure 8.2: Cyclic voltammograms for TI UPD oa Pt(l 11X ^7  x \/7)R19.r-I in H2 SO4 .
[Tl*] = 1 mM. IH2 SO4 ] = 0.1 M. Sweep rate = 20 mV s ', a) 1“ cycle, b) 2“* (^cle, c) 5‘

<7 cle and d) SO"* cycle.



127

60
a

30-

/
Initiai Potential

-30

C2

•60
0.0 02 0.4 OjB 02 1.00.0 02 0.4 0.6 0.8 1.0

60

30

<
=L

-30-

-60
0.0 0.2 0.4 0.6 0.8 1.00.0 0 2  0.4 0.6 0.8 1.0

E /V v s R H E E / V v s R H E

F%ure 8 J : Cyclic voltanunogtams for TI UPD on Pt(l 11X^7 x /7)R19.1“-I in HCIO4.
[TP] = 1 mM. IHCIO4] = 0.1 M. Sweep rate = 20 mV s ', a) 1** cycle, b) 2“* <qrcle, c) 5"*

(ycle and d) 50"* cycle.



128

(ycles ofTlUPD oaPt(lllX'«^7x/7)R19.1"-I, ghring a cleaa and orderedPt(Ill) surâce. 

This surface does not sufifer reconstruction durmg the electrodeposition.

In order to estimate how nnich thallium is deposited on the surface, it is necessary 

to determme in what form the iodine is released fiom the surâce, e.g .l2 ,TlI, TU; Asweep- 

hold «(périment is suitable for this estimation. Fig. (8.4). Starting fix>m the Pt(l 11X^7 x 

/7)R19.1"-I at + 0.9 V, the potential is swept in foe negative direction down to + 0.05 V. 

At this point, foe potential is held for as long as it is required to con^letely remove the 

iodine fiom the surface, namely, 3 minutes, Fig. (8.4.a). The following «qrcles afier holding 

foe potential are then foe UPD ofthaIlium onbarePt(lll), Fig. (8.4.b).
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time/ s
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F%ure 8.4: Cyclic voltammogram for TI UPD on Pt(l 11X^7 x >/7)R19.1“-I in H2 SO4 .
[TP] = 1 mM. [H2 SO4 ] = 0.1 M. Sweep rate=20 mV s ', a) Sweep-bold experiment for

foe first sweep, b) Following t^cles.
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IntegcatîonofthevoltaniinograiiiinFig.(8.4.a) gives thecfaargethatpasses th rou^  

the electrode during the UPD process. The charge is 270 pCcro:^, 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 ia more detail in the next section.

After holding the potential at the end o f the first cathodic sweep, the surface is fiee 

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

0 -

d o u b le - ia y e r  C h arg in g  '
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3  200

02  Cl 100

-60- 0.8 ■
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0.0 1.00.2 0.4 0.6

E/VvsRH E
0.8

Figure 8.5; First^cleofthe cyclic voltammogramforTl UPD onPt(l 1 l)(/7 x /7 )R 1 9 .r-I 
m H2 SO4 , together with the baseline for the double layer charging obtained with single 
fiequenqr A.C. voltammetry: 0.5 mV rms, 2000 Hz. Insert: Double layer capacitance for 

the first sweep. [Tl*] = 1 mM. [H2 SO4 ] = 0 . 1  M. Sweep rate=20 mV s '.
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The maximum coverage for a close-packed hexagonal phase ofTI corresponds to 0.66 ML, 

in agreement with the XL coverage measured widr Sur&ce X-ray Scattering (SXS) in I^SO^ 

at 4-0.1 V [8.2]. Assummg that thallium and iodine desorb as TU, the difiference between 

the total coverage for the thallium deposited, 270 pCcmT^or 1.12 ML, and the coverage of 

the remaining thallium a t 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 o f 1 . 1 2  - 

0.66 = 0.46 monolayers.

A (V7 X /7)RJ9.1“-I surface structure on P t(l 11) corresponds with a coverage of 

0.43 of a monolayer. This coverage matches the coverage o f thallium desorbed from the 

surface. Therefore, it is reasonable to assume that the same amount o f iodine and thallium 

come off the surface during the time the iodine desorbs. Whether the species released is Tl-I 

orTT, I~ is still unknowtL

In the following sections of this chapter, an attempt is made to explain some o f the 

features of the voltammogram. Fig. (82.a and 8.3.a), focusing primarily on the first 

deposition peak.

8.2.1. A.C. Impedance and Integration Baselines.

The mcact value o f the integration charge o f the voltammogram is critical in order 

to assign different surfirce structures to the processes associated with each peak o f the 

voltammogranL Subtracting the charge associated with the charging of the double layer 

from the total charge o f 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 foradaic process. However, a straight baseline in the
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voltammograms implies a constant double layer «^lacitance, despite the phase 

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

o f the double layer capacitance is required.

As explained in section 2.3.2, the change o f with potential was calculated by 

means o f either single hequenty A.C. voltammetry, fitting the results to the equivalent 

circuit;

 VW\A II—  (1 )

Rs Qi

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

—W V — I I —
K. L v w y

(2 )

Fig. (8.5) shows the Q , obtained with single ficquency A.C. voltanunetry for the first sweep 

o f I I  electrodeposition on Pt(l 11)(/7 x /7)R19 .r-I . Some of the peaks o f the Q  seem to 

track the maiu features of the t^clic voltammogram. This suggests a relationship between 

Q i and the faradaic resistance, R{.

A relationship between Q , and the faradaic current is contrary to the classical 

interpretation o f double layer capacitance, where Q , is independent o f aay faradaic process 

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

observed for other systems such as Pt oxidation [8.9][8.10], and hydrogeu UPD on several
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Electrolyte

F ^ r e  8 .6 ; Simple double layer 
model.

Pt single crystals [8.11]. We suggest, therefore, that under certain conditions there is an 

interdependence between Q  and Rf, 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 o f processes this relationshÿ is significant.

A certain dependence of the double layer capacitance with the rate of the faradaic 

process, however, can be explained with the help o f a sinqile model of the double layer. 

Consider the interface as a layer ofuncharged Tlandl adsorbed on the Ptsur&ce, Fig. (8 .6 ). 

From Gauss’ law, the potential drop at the inter6 ce is:

(3)

where a  is the charge at the surface of the electrode and di and ̂  are the distances of the 

layers shown in Fig. (8 .6 ). e,(T) and 6 2  are the permittivities o f the Tl-I layer and electrolyte
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respectively. Since the structure oftheTl-IIayer changes during the different peaks ia the 

voltanunogram, the permittivity m this layer can be assumed dependent on the surface 

concentration ofTI and I on the surfece (T)- 

The double layer capacitance is then:

C - J l —  i___

e,(T) e.

Therefore, a change in 6(0^) due to adsorption ofTl on the surfoce brings a change of double 

layer capacitance. It is possible that under certain conditions during an electrochemical 

reaction, e,(r) changes inacertain way that makes Q i track thepeaks in the voltammogram.

Another important feature of the Q , shown in Fig. (8.5) are the high values of 

capacitance in the potential region o f the deposition peaks C l to C4. Traditionally, it is 

assumed that Q , ranges 6 om 10 to 40 pF cm \  However, high values of Q , have been also 

previously reported forsystems suchas hydrogen UPD onPt(ll I) in neutral solution [8.12], 

or Tl UPD on Ag(lOO) and Ag(l 10) [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 Q,. However, the R, 

calculated would have a contribution from the fost process, since the equivalent circuit used 

for the fitting would not be the one shown in equation (I). This would make R, track the 

dififerentpeaks ofthe voltammogram. Fig. (8.7) shows the same Q, fromFig. ( 8  J ) , together 

w ithü,. One of the features of this figure is that ü , does not track the voltammogram. On 

the other hand, in this experiment R, varies from 7.1 to 7.5 A cm  ̂at different potentials, 

which seems too small a change to explain the presence of a fast process. Therefore, that 

fact that Ü, does not track the peaks o f the voltammogram, and the small change o f R, with
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Figure 8.7; and/f, for the same conditions as in Fig. ( 8  J ) . 

potential suggests that the measured Q, is due only to the capacitance o f the double layer.

S3. Peak Cl: First Cathodic Peak for the UPD ofTI on Pt(lilX ^7 x /7)R19.1*-I.

Starting from a Pt(l 11)('̂ 7 x /7)R19. r  i  structure, the cyclic voltanunogram around 

the first deposition peak at dififerent sweep rates is shown in Fig. (8 .8 ). The decrease o f the 

C l peak is slower at higher sweep rates, which is the characteristic behavior o f an 

irreversible process. The disappearance ofthe C l peak correlates with the appearance of 

a new set of double peaks. O il and C12, at + 0.608 and + 0.544 V respectively. These 

potentials were calculated afier extrapolating the peak potentials for several sweep rates to 

0 mV s '\ afier the peaks C l 1 and C12 were fiiUy developed. Fig. (8.9). These peaks. C l, 

C l 1 and 012, do not show NGC mechanism, and are independent o f the electrolyte, HCIO4  

or H2 SO4 , which excludes any type of electrolyte effect
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Figure 8.9: Cyclic voltammogram for the peaks O il and 012 for Tl 
UPD on P t(lllX /7  X v'7)R19.r-I. Sweep rates: 5 ,10,20,50 and 

100 mV s '. [HT = 1 mM. [H2 SO4 ] = 0.1 M.



136

Since the process under the peak C l is irreversible, a  sweep-hoid experiment is 

suitable to calculate the charge o f the peak. The potential was swept fix>m+0.9 V down to 

a potential munediately after the C l deposition peak, and held a t+0.4 V for one minute, 

before bemg swept back again. Fig. (8.10). At this point, die C l peak has disappeared fiom 

the voltammogram, and the new set o f peaks Cl 1 and C12 is fully developed. These two 

peaks will be explained in the following sections.

The total charge that passes through the peak C l after subtracting the double layer 

chargmgisSl pCcm'^ The charge that passes during the time the potential is held is 14 pC 

cm^. The total charge is then 65 pC cmT  ̂These charges may be explained with the help of
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Figure 8.10: a) Sweep-hold experiment for Tl UPD on Pt(l 11)(/7 x /7)R 19.r-l in 
l^SO^ around peak C l, b) Following lycles after holding potential.

[Tl*] = 1 mM, IH2 SO4 ] =0.1 M. Sweep rate=20 mV s '.
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the cyclic voltammogram for the electrodeposition o f Tl on Pt(lllX3x3)-I> Fig (8 .1 1 ), 

similar to the voltammogram for Tl deposition in I-solution [8.4]. As explained in chapter 

4, the Pt(l 1 lX3x3)-I structure forms spontaneously by dipping the Pt(l 11) surface into an 

I solution. As seen in Fig. (8.11), although the potentials are slightly different + 0399, 

0324,0.160 and 0.086 V for the peaks C l, C2, C3 and C4 respectively, the main features 

o f the reduction sweep are similar to the first sweep o f the voltammogram o f P t(l 11X^7 x 

/7)R 19.r-I in TT solution. Fig. (83.a). However, the voltammogram is reversible and 

reproducible from lycle to <^cle. This indicates that no iodine desorbs from the surface 

during the electrodeposition o f thallium on Pt(l 1 lX3x3)-I.

40-

Double hyer r chaiging2 0 -

C3
- 2 0  -

C2 !C1C4
-40 T TT T TT T

0 . 0 0.2 0.4
jE/VvsRHE

0 . 6 0 . 8

Figure 8.11: Cyclic voltammogram for Tl UPD on Pt(l 11X3 x 3)-I in H2 SO4 , together 
with the baseline due to double layer charging obtained with A.C. voltammetry: 

Modulated signal: 03 mV rms, 2000 Hz.
[IT] = 1 mM, % S O J=0.1 M. Sweep rate=20 mV s '.
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The charge under the peak Cl forthe Ft(lllX '^7 x /7)R19.1M surface is 51 pC 

cm: ,̂ while for the Pt(l 11X3 x 3)1 it is 54 pC cm'^ These charges correspond with 0211 

ML and 0224 ML respectively. The coverage for two atoms ina(3 x 3) structure is 0224 

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

unit cell in a (3 x 3) structure, independently o f whether the iodine layer has a (>/7 x 

/7)Ri9.1° or (3 x 3) structure. This is consistent with the fact that Tl-Tl interactions are 

more inqiortant than Tl-I interaction. Whether the thallium deposits on top or underneath 

the iodine layer is still unknown.

Insection8.4, an mcplanationforthe appearance ofthe new set ofpeaks is proposed, 

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

8.3.1. Cohesive Gibbs Energy Change ofthe Pt(lll)-Tl>I Structure Formed in 

the First Deposition Peak C l.

For convenience, in this section the P t(lll)-(3  x3)-I-Tl structure Armed in the peak 

C l o f the voltammogram is called as Pt(l 11)-T1-I. We can calculate a rough estimate of 

some o f the thermodynamic parameters o f this structure applying the equivalent 

thermodynamic sequence to that in chapter 5. The thermodynamic sequence is shown in Fig. 

( 8 .1 2 ).

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

the Pt(l 11)-T1-1 is obtained f ly in g  the sequence in Fig. (8.12):
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P I (1 1 1 > T 1 - I
+

aq(bulk)

ĉofcG* cni(ads)) Kg)

I(ads,vac) 
Aw,iG' cn ( 8 )) +

aq(bulk)

Ae.(7(I(ads))

T l l ( a d s )  — cni(«d3 )) ^ ^ 1 ( 3 )  +  I ( a d s ,a q )

Figure 8.12: Thermodynamic sequence corresponding with the cohesion of Pt(111)-T1-L 
The symbols are equivalent to the ones in Fig. (5.1).

A^G»Cni(ads» =A^G'Cni) -  A ^ G “Cni(ads)) + A ^G “(Tl(s)) 
+ A„CÎ“(I(ads» + A*,G“(AgI(ads)) (5)

It was determined in chapter 5 for the Pt-Ag-I system that the Gibbs firee energy 

change o f immersion is the same order of magnitude but o f dififerent sign to the Gibbs free 

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

approximation for Pt-Tl-I:

A h.G"Crn) « -  A„G“a(ads)) (6)

The reaction for the Cl peak is:

(/7  X /7)R19.r-I(ads) + Tl+(aq) + e ' -* Pt-Tl-I(ads) (7)

The measured reversible potential o f Cl relative to an T1|T1* 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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T1-»TI*+e";thatis:

Tl(s) + (/7  X v'7)R19.IM(ads) -» Pt-TI-I(ads) (8 )

which is the reactioa that allows the calculation o f A^G*(TlI(ads)) forthe second stage of 

the thennodynamic sequence in Fig. (8.12). Since all species are in their standard states, the 

reversible potential o f C l/A l versus T1|T1̂  is for reaction (8 ). We use the following 

conversion to refer this potential vs TljTT (1 mM in 0.1 M H2 SO4 ) at room temperature:

taking the activity coefiScients o f IF' and Tl^ in 0.1 M H2 SO4  to be the same, and taking the 

ratio of their molalities as the experimental value of 1 0 0 .

As in the case o f the Pt-Ag-I system, we assume that the best estimate of is the 

extrapolation o f the peak to the baseline. Accordmgly, E“ for reaction (8 ) is + 0.877 V n^. 

Multiplying £ “ by -F gives the free energy change as A,^(7"(TlI(ads))= - 84 ±  0.3 kJ mol '.

A,jrfC7“(Tl(s)) is tabulated as +147.41 ±  0.04 J mol ' [8.14], and A*,Cr"(I(ads)) was 

calculated in chapter 7 as +170 ±  22 kJ mol''.

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

side of equation (5) gives A^(?(TlI(ads)) = + 401 ± 22 kJ m ol'.

8.4. Set of Double Peaks C ll and C12.

As explained above, it is proposed that the first deposition peak C1 corresponds with 

the deposition o f a Tl adlayer in a (3 x 3) structure. This structure is stable when it matches 

the structure o f the iodine adlayer deposited on the Pt(l 11), explaining the reversibility of 

the voltanunogram for Tl depositionon Pt(l 11X3 x 3)-I. However, since there is a mismatch
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F ^ r e  8.13: Cyclic voltammogram for Tl UPD on Pt(l 11)(/7 x  /7)R 19.r-I in H2 SO4  

after holding.potentiaI for 1 minute after peak C l. Double layer charging and/i, obtained 
with A C. voltammetry at different fiiequencies: 3Hz to 50 kHz, modulated signal 0.5 

mV rms. [TP] = 1 mM. [HjSOJ = 0.1 M. Sweep rate = 20 mV s '.

between the (3 x 3) Tl adlayer and the(/7 x >/7)R19.1“ structure o f the iodine, the Tl-I layer 

undergoes an slow irreversible process which changes its structure, changing all the features 

o f 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 o f the 

double layer charging gives a charge for the peak C ll o f 11 pC cmr\ and 8  pC cm^ for the 

peak C12. The total cathodic charge for the C ll and C12 peaks is therefore 19 pC cmT̂ , 

equivalent to 0.08 monolayers. The narrowness and reversibility o f thepeaks Cl 1 and C12 

imply that these peaks are due to surface processes, and that regions A, B and C correspond
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F%ure 8.14; Bode plot at different potentials o f the voltammogram shown in Fig. 
(8.13) for fiequencies from 3 Hz to SO kHz.

to well ordered surface adlayers.

Fig. (8.13) shows also the change of Q , a n d w i t h  potential in the voltammogram. 

As explained in the previous section, the small change of R, with potential in Fig. (8.13) 

inches thatthere are no faster processes at the same time scale ofthe charging ofthe double 

layer. We can make theBodeplotat 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 o f 0.66 ML 

of Tl is obtained by cyclic voltammetry for Tl UPD o n P t(lll) for a  final potential ofO.l 

V, Fig. (8.1), [8.1][8.2]. The thallium coverages calculated with AES were referenced to the 

intensity o f the Tl peak at 89 eV at the known coverage o f 0.66 ML, Fig. (8.15 JQ. AES 

does not show the presence of Tl on the surface in region A o f the voltammogram. Fig.

I—<

■60 -

Z  -120-

1601 2 0  

Energy /eV

Figure 8.15; Auger spectra for the regions A, B and C o f the voltammogram for Tl 
deposition on Pt(l 11) covered with iodine afier rearrangement o f the Pt(l 11X^7 x 

/7)R 19.r-I structure. X: calibration Auger spectra. Spectra shifted for cUuity.
Beam current = lOpA.
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Figure 8.16; Thallhun coverages obtained with: o) AES and ■) integration of the (yclic 
voltanunogram for Tl UPD on Pt(l 1 IX'̂ 7 x >/7)RI9.I“-I in HgSO* after holding potential

for I minute after peak Cl (also shown).
IH2 SO4 ] = 0.1 M, [TIT = 1 mM. Sweep rate=20 mV s*‘

(8.15A ). 11 pC cm^ for the cathodic peak C ll 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. (8.153). The coverage obtained for region 

Cofthe voltammogramby coulometric measurements is 0.08, while for Auger spectroscopy 

is 0.087 ±  0.002, Fig. (8.15.Q. The results for the different estimates of the coverage o f 

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

8.4.2. Iodine Coverage.

The total charge underthe cathodic peak Cl is 65 pCcm'^ Therefore, the equivalent



145

o f65- 19 =46 pC cnT  ̂of Tl comes ofiTthe surface during the irreversible rearrangement 

process. This charge corresponds to 0.19 monolayersofTl desorbed, assuming one electron 

per atom. Acceptmg that one iodine atom desorbs per tfiallmm atom, the remaining iodine 

coverage afierthe rearrangement process is 0.42 - 0.19=023 monolayers ( 0.42 being the 

iodine coverage for the initial Pt(l 1 lX^/7 x /7)R19.l“-l).

The desorption of iodine fiom the surface can be further assessed by charge 

measurements of iodine oxidation. This reaction corresponds to the five electron process;

Pt(l I l)-I + BHjO Pt(l 11) + 1 0 /+ 6 i r  + 5e- (10)

The peak fi>r iodine oxidation fiom the surface occurs at + 1.3 V under the conditions 

studied. Oxidation ofTl* to Tl^ in solution starts at +12 V. Therefore, due to the overlap 

o f the oxidation peaks, the oxidation o f 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 Tl-I layer to a different 

electrochemical cell with the same electrolyte but without T it The breaking o f the 

electrode-electrolyte meniscus fiom the solution which contains Tl* is done at a  potential 

+0.9 V, which is apotential 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 

Tl* is also controlled a t+0.9 V, and inunersionis followed by sweeping anodically in order 

to oxidize all the iodine fiom the surface. Fig. (8.17). The potential is held for one minute 

after the iodine oxidationpeak to assure the complete oxidation ofthe 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 o f the 

charge for the reduction of the platinum oxide.
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Figure 8.17; Iodine oxidation voltammograms, ( ---- ) without deposition ofTI, ( ------ )
after Tl deposition. 20 mV s'*, (HjSOJ = 0.1 hi.

The oxidation charge for Pt(l 11X^7 x /7)R19.1*-1 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 o f a monolayer, as compared with 0.428 for 

an ideal (/7  x \/7)R19.1** surface structure. The agreement o f these charges gives us 

confidence in the validity  ̂o f the experiment

After deposition o f Tl and development o f the peaks C l 1 and 012, the oxidation 

charge of iodine is 330 pC cm^, which corresponds to 6 6  pC cm^ per electron. This charge 

is equivalent to 0.27 monolayers, as compared with 0.23 monolayers previously proposed 

obtained by charge measurements o f Tl deposition along the peaks C l 1 and C12. The two
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measurements are in good agreement which mdicates the desoiption o f one iodine atom per 

thallhim during the rearrangement process o f  the Tl-I adlayer.

8.4 J . Surface Structures, LEED anatysb.

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 transfeiring the crystal 

fiom the high-pressure chamber to the main chamber of the UHV system after Tl 

electrodeposition and breaking o f the crystal-electrolyte meniscus. Therefore, the first step 

is the measurement ofthe open-circuit potential, in order to ensure that the surface structure 

does not change during the transfer. Unfortunately, there is a gradual change o f the open 

potential. Fig. (8.18). This stabilizes at + 1.15 V, at a  more negative potential than that 

corresponding forthe oxidation o fl 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 C l 1 and 012 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 afier breaking the contact between the crystal and the solution. Care 

was taken breaking the meniscus and transferring the crystal fix>m the high-pressure 

chamber to the analysis chamber afier the electrochemical experiment Afier the transfer, 

AES did not detect traces of electrolyte on the surface. Therefore, the crystal is assumed to 

be free of the double layer afier the meniscus is broken. Since for emersion potentials 

corresponding with each the three regions o f the voltammogram the LEED diffraction
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Figure 8.18; a and b) Open-ciicuit potential starting at two different potentials, together 
with the (^clic voltammogram for Tl deposition on iodine modified Pt(l 11) surface. 20

mV s ', [H2 SO4 ] = 0.1 M, [TIT = 1 mM.

patterns are different and reproducible^ it is reasonable to assume that the different surface 

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

However, we have to be careful when analyzing the surface structures obtained with 

LEED. The transfer o f the crystal until the LEED measurement took fiom 10 to 15 minutes. 

It is possible diat during that time the original surface structures systematically evolved to 

the ones detected by LEED. Ih-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 a t+590, + 592 and+575 mV, and two experiments for region C with emersion 
potentials a t+815 and+727 mV.
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in O lder to  asce rta in  th e  n a tu re  of the  su râ ce  s tru ctu re s in th e  d iffe ie n t reg ions of th e  

vo ltanunogram .

8.4 J . l .  Region C: LEED Pattern and Surface Structure.

The region C of the voltanunogram corresponds with more negative potentials than 

the peak CI2. At these potentials, the LEED pattern is as shown in Fig. (8.19). This LEED 

pattern is interpreted as the difhaction pattern for a Pt(111)|̂  ̂ -TU surface structure, 

which is a rectangular superlattice on top of thehexagonal (III). The rectangular^^ unit 

cell is shown in Fig. (8.20).

The position of the Tl and 1 atoms on the Pt(l 11) surface is unknown unless a full 

dynamical LEED analysis of the difhaction 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 dififiaction 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 die voltanunogram.



150

Figure8.20: P t(Ill ) [ 3  ®] unit 
cell.

due to the existence o f special symmetries in the unit cell.

Fig. (8.21.a) shows the LEED pattern calculated for the unit cell on a (111)

substrate, usingthecomputerpattemsimulatorLŒDpat 1.0 [8.15]. The real LEED pattern

b
• I *  * .  * * H * '* :o: - 9 ': •

♦ ■ * 0  ♦ # i

?•  ̂ Po " " ” "O
'•  , *  ' • O O , 0 “  A .  ^

^

*. -'o: :o*'
# # # « % # # $

♦ * »» x-\

F ^ r e  8.21; Computer simulation ofthe LEED pattern for a  ̂ ^ structure on a (111) 
surface showing the three domains o f the unit cell, a) for no^pecial symmetry of the 

lattice, b) for p2 gg symmetry o f the lattice and the systematic absences (circles).
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shows systematic absences forthe whole energy range in the hO direction fo rh=  In, 3i l ., 

and Ok for k =  In, 3n..., for each o f the three rotational domains. Fig. (821.b). These 

absences in9 lyap 2 gg symmetry ofthe superlattice. Fig. (822). However, ap2ggsymmetry 

ofthe supedattice is inconçatible with the p3ml symmetry ofthe P t( lll)  substrate. This 

suggests that the systematic absences are instead real diffiaction spots, although too foint 

to be detected with our electron optics.

While the first platinum layer is conqiatible withp2gg symmetry ofthe superlattice, 

the incompatibflity arises forthe difforences between the first and second platinum layer. 

It is reasonable to assume that the influence o f the second Pt layer in the intensity o f the 

diffiaction spots is smaller than the first Pt layer. Therefore, although the superiattice does 

not have true p2 gg tymmetry, in this contract it approximates that symmetry.

It was calculated in the previous section that in this region o f the voltammogram the

A three fold axes
0 two fold axes
— minor plane
— glide plane

I

0
!■■■■

Figure 8.22: a) Unit cell for Pt(l 11) with p3ml symmetry, b) unit cell with
piggtymmetry.
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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(l 11)^  ̂ unit cell. A coverage of 0.23 ML 

for iodine correlates then to 6  iodine atoms per Pt(l 1 l)ĵ  ̂ unit cell. According to the 

suggested synunetry ofthe unit cell, and the number of Tl and I 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.

Iodine

Thallium

Figure 8.23: Proposed structure for the Pt(l 11)) -TU structure.
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S,43J2. R ^km  B: LEED Pattern and Snrfiice Structure.

RegionB in the voltammogram is at potentials between the Cl 1 and 012 deposition 

peaks. The LEED pattern o f this region is diown in Fig. (8.24). This pattern is a mixture o f 

(V? X /7)R19.1‘ and Q/3 x /3)R30° structures, which correlates with patches o f the two 

surfiice stmctuies on top o f the platinum surface. The unit cells for these structures are 

shown in Fig. (8.25).

Region A o f the voltammogram has a low coverage Pt(l 11X^7 x /7)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 ( /? x  /7)R19.1" LEED pattern correspond to the same 

surface structure. The (/3  x /3)R30° pattern correlates then with patches of Pt(l 11X^3 x 

/ 3)R30°>TU on the crystal.

Figure 8.24: LEED pattern at 73 eV ofaplatimimsurfoce 
corre^nding with region B o f the voltammogram.
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b

Figure SJ2S: a) P t(llIX '/7  x /7)R19.1" unit ceU, b) PtCIIlXv'S x /3)R30".

S ,4 3 3 . R ^hm  A: LEED Pattern and Surface Structure.

This region o f the voitanunogram corresponds with potentials more anodic than the 

C ll peak. Auger spectroscopy shows no thallium adsorbed on the surface. Fig. (8.15 A). 

The LEED pattern cotreqionds with a P t(ll 1X /̂7 x /7)R 19.r structure. The iodine 

coverage was calculated in section 8.4.2. firom subtraction of thallium charges to the initial 

iodine coverage as 0.23 ML (1.6 iodine atoms per (/7  x /7)R 19.r unit cell), and from 

charges of iodine oxidation as 0.27 ML (1.9 iodine atoms per (/7  x /7 )R 1 9 .r tmit cell).

According to the iodine coverage, the LEED pattern can be explained as islands of 

Pt(l 1 1 X1 / 7  X /7 )R 19 .r-I with a local iodine coverage o f 0.43 ML, and bare patches of 

Pt(l 11 ) on the rest o f the surface. This explanation seems unlikely, since die voitanunogram 

would reflect two deposition peaks: one for Tl deposition on PXl 11)(/7  x /7 )R 19 .r-l and 

another one for Tl deposition on Pt(l 11).

A different mcplanation of the iodine coverage considers a Pt(l 11X^7 x /7)R 19.r-I 

with two iodine atoms per unit cell. However, a  Pt(l 1 lyQ /l x >/7)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 Cathodk Peak for the DPD ofTl on P t(lllK ^7 x /7)R19.1*-L

Without holding the potential after the peak C l, the cyclic voitanunogram for XI 

electrodeposition on Pt(l 1 IXv̂ 7 x /7)R i9.1M  has a second deposition peak a t+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'̂  forpeaks C2 

and Cl respectively.

50-
•20

a.
25- •40

0.30 0.36

C3-25-

-50- C1

0.80.0 0.2 0.6

Figure 8.26: ( ----- ) Cyclic voitanunogram for Tl electrodeposition on Pt(l 11)^7 x
v^7)Ri9.1°-I, ( — ) after holding the potential a t+0.395 V, allowing the formation of 

the peaks C ll andC12. [Tl*] = 1 mM. [H^SOJ =0.1 M. Sweep rate=20 mV s '.
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The s h ^  and charge of the C2 peak are also similar for electrodeposition of Tl on 

Pt(l 11X3 X 3H* Fig. (8.11). In the latter case the peak potential is a t+ 0J24 V, and the 

charge is 54 pC cm‘̂  Therefore, it seems reasonable to assume that diepeakCZ corresponds 

with the d ^ s itio n  o f another two thallium atoms per (3 x 3) unit cell, on the previously 

modified Pt(l 1 x /7)R 19.r-I with an adlayer o f  two thallium atoms per (3 x 3) unit 

cell during the peak C l.

I f  this is the case, the deposition process corresponding with the peak C2 depends 

on the state o f the surface prior to the peak C2. Fig. (8.26) shows how the potential o f the 

peak C2 shifts anodically finm + 0.329 to + 0.336 V, and the charge decreases ftom 52 to 

42 pC cm:̂ , when the surftice has been allowed to rearrange and develop the peaks C ll and 

C12.42 pC cm'̂  for the C2 peak on the modified surface is equivalent to 0.17 ML. The 

surface structure immediately before thepeakC2 is Pt(l 11)^^ -2T1-61.0.17 ML suggests

the deposition o f another two Tl atoms per 

surface stmcture.

4 0
3 6 unit cell on the Pt(lll)|^^ °]-2Tl-6I

8.5.1. Cathodic Shoulder of the Deposition Peak C2.

Fig. (8.27) shows the first four cycles o f the voltammetry for Tl deposition on 

P t(ll 1X /̂7 X /7)R19.1M in H2 SO4 . During the first (^cle the peak Cl disappears and the 

peaks C ll and C12 are developed. In the following rycles the peak C2, its cathodic shoulder 

and the peaks C ll and C12 decrease irreversibly, enhancing new features in the 

voitanunogram. These new features are different for HCIO4 as electrolyte. Fig. (8.28). Thus, 

the irreversible processes associated with the peak C2 are electrolyte dependent
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G2

o:e

F%gre 8.27 Cyclic voltammograms forT IU PD oaPt(lllX ^7 x 
'/7)R19.r-I in H2 SO4  sweeping back after peak C2. [TT] = I 

mM. [H2 SO4 ] = 0.1 M. Sweep rate=20 mV s-1.

•60
oa 1 004

F ^ r e  8.28: Cyclic voitanunogram for Tl UPD on P t(lllX /7  x 
/7)R 19.r-I in HCIO4  swe^ing back after peak C2. [TT] = 1 

mM. [HCIO4 ] = 0.1 M. Sweep rate = 20 mV s '.
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It is mote coavenientto perform a sweep-held experiment m order to stuctythe final 

steady-state voitanunogram after the irreversible process in peak C2. Fig. (8.29) and (8.30) 

show the (yclic voltammograms in both H2 SO4  and HCIO4 , after holding the potential at 

several potentials in the peak C2 and its cathodic shoulder.

In H2 SO4  solution, there is a new peak with its maximum at+0.637V, together with 

a set of peaks centered a t+0.775 V. The latter peak is assigned to Tl UPD on bare Pt(l 11), 

since the voitanunogram on P t(lll) , Fig. (8.1), shows a peak at the same potential. 

Accordingly, either patches o f the platinum surface are fiee firom iodine, or the iodine 

coverage is too low on the surface to alter the Tl deposition during the irreversible process 

in peak C2 .

Thallium deposition on P t( lll)  in H2 SO4  has the so called “butterfly” peak at 

+ 0.533 V, Fig. (8.1). This has been assigned to adsorption/desorption and long-range 

interactions betweenbisulfate ions withTladatoms onPt(ll 1) [8JZ][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 a t+0 J33 V for Tl UPD on Pt(l 11 ) with the peak at+0.637V for Pt(l 11) 

covered with iodine. Fig. (8.29), the latter peak is also assigned to bisulfate adsorption from 

the electrolyte.

Quantification of the amount o f iodine desorbed is questionable by electrochemical 

methods, due to the overlapping ofthreedififerentadsorption/desorption reactions: thallium, 

iodine and bisulfate. Therefore, no attendit to interpret the charges was made.

The ryclic voitanunogram in HCIO4  solution for Tl deposition on Pt(l 11) 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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F%ure 8.29; Cyclic voltammogram for Tl UPD oa Pt(l 1 lX /7 x 
/7)R 19.r-I in H2 SO4 . a) holding potential one minute at the beginning of 

pesJcC2, b) holding potential for 1 minute in the cathodic shoulder of peak
C2 at several potentials.

( ----- ) double layer charging. [TT] = I mM. [E^SOJ = O.l M. Sweep rate
= 20m V s‘.

tentatively assigned to Tl deposition on Pt(l 11), [82]. For Tl deposition on Pt(l 11X^7 x 

/7)R 19.r-l, after holding the potential at different points o f the peak C2, a peak with the



20 -
hold potential

following sweeps
- 20 -

1*̂  sweep

0.2 0.4 0.6 0.8 1.0

20-

hold potential

following sweeps
- 20 -

l “ sweep

0.2 0.4 0.8 1.0

Figure 8 J0 ; Cyclic voltammogram for Tl UPD on Pt(l IIX'^7 x 
v''7)R19.1M in HCIO*. a) holding potential one minute at the beginning o f

Figure 8 JO: Cyclic voltammogram for Tl UPD on
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peakC2, b) holding potential for I minute after peak C2.
[Tl*] = 1 mM. (HCIOJ=0.1 M. Sweep ra te=20 mV s'*.

maximum at + 0.696 V and a set o f peaks centered at +- 0.957 V develops. Fig. (8.30). 

Comparing with Tl on bare Pt(l 11), these peaks correspond with Tl UPD. As in the case of 

l^SO^ solution, this inches that either patches of bare platinum, or a low iodine coverage 

remains on the surface during the Tl deposition process. This point can be depicted more
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clearly by contümmg the voitanunogram dowa to+0V , Fig. (8.31), which, as noted above, 

produces desorption o f iodine fiomcycle to cycle. The features o f the voitanunogramevolve 

slowly feom ̂ c le  to cycle until reaching the voitanunogram fer Tl electrodeposition on 

P t(lll). This indicates that the peak at + 0.642 V in HCIO4  indeed corresponds to Tl 

electrodeposition.

40-
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0.4 0.90.3 0.5 0.6 0.7
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0.8

F ^ r e  8  J l :  2*̂  and following cycles for the voitanunogram for Tl UPD on 
Pt(lllX ^7 X >/7)R19.1*-l inHC 1 0 4 . [T1+] =  1 mM. [HCIO4] = 0.1 M. Sweep rate

= 20m V s'.
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Chapter 9 

Conclusion.

la  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(lllX 3 X 3)-Agl surface structure. This surface con^und  is formed during the initial 

stage of the UPD o f Ag on Pt(l 1 x /7)R19.1"-I after deposition o f 4/9 monolayers o f 

Ag.

A crystallogrs^hic analysis is reported in chapter 3 using LEED in the tensor LEED 

approach. The Pt(l 11X3 x 3)-AgI structure approximates a two-layer slice of bulk Agi cut 

parallel to its (111) plane, with the Ag UPD atoms in direct contact with the Pt(l 11) 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 PtrAg.

A systematic study of the electrodeposition process for different orientations o f 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 o f a Pt(l 11X3 x 3)-AgI 

unit cell. The minimum length of the terrace ensures that the Ag deposits with at least one 

(3 X 3)-AgI local unit cell. This confirms that Ag-I interactions are more inçortant than 

Pt-Ag interactions.

A further understanding of the P t(lllX 3 x 3)-AgI 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 cluster 6  with stwfy o f the ten^cature 

dependenceof the electrodepositionprocess. Theprocess is thermodynamically controlled, 

which enables the calculation o f several of the thermodynamic parameters o f the UPD 

process.

One ofthe stages o f the thermodynamic sequence involves the desorption o f iodine 

fiom the platinum surface, hi chapter 7 we ̂ l y  statistical thermodynamics to propose a 

model o f 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 o f thermal desorption spectra.

With the thermodynamic sequence in chapter 5 the formation free energy and 

enthalpy for the surface confound Pt(l 11X3 x 3)Ag-I were calculated as;

A(h,(?(AgI(ads) = -146 ±23 kJ mol'.

Aft,fl“(AgI(ads)) = -139 ±  22 kJ mol', 

and the cohesive free energy and enthalpy are:

A^G“(AgI(ads) = +462 ±  24 kJ m ol'.

Ac^(A gI(ads)) = +531 ±  22 kJ mol'.

To gain insight into the nature of the bonding, we may consider the cohesive 

enthalpy for Pt(lllX 3 x 3)-AgI assuming a pure covalent bond between Ag and I, and a 

metallic bond between Pt and Ag.

9.1. Energy of the Ag-I bond in Pt(lllX 3 x 3)-AgI.

The energy per Ag-I bond is estimated using thermochemical data from the NBS
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tables [9.1]. The experùnental enthalpy change for the reaction representing hemolytic 

dissociation of the lattice is:

A g l(s)^  A g(g)+I(g) A^Æ “(A gI(s))=+45323 kJ m ol-' (1)

Since Agi has the zinc blende structure, each I atom bonds tetrahedcally to four Ag 

atoms. The total energy per bond is therefore:

A„*iT(Ag-I(s))=+^ ^ =  + 11330 kJmor' (2)

The bond energy for each o f the Ag-I bonds in the Pt(l 11X3 x 3)-AgI structure is 

obtained qiplying the correlation between the bond order and bond energy [92]:

Afl. (3)

where is the bond energy o f Ag-I in the Pt(lllX 3 x 3)-Agl structure, AA  ̂the bond

energy o f the Ag-I bond in bulk and p  an empirical parameter that we approximate to 1. fi

is the bond order of Agi in the Pt(l 11X3 x 3)-AgI structure relative to Agi bulk, and was 

estimated in chapter 3 as 1.46. According to Eq. (3), the total ener^  per bond is An&A°(Ag- 

I(s ))= + 165.5 kJ mol*.

As explained in chuter 3, there are four iodine atoms per PXl 11X3 x 3)-AgI unit 

cell, and each of them bonds to three silver atoms. The total energy o f these twelve bonds 

in the unit cell. Fig. (9.1), may be estimated as:

AH“(Ag-I) = +1655 X 12 = + 1985.0 kJ mol '  (4)

9.2. Energy of the Pt-Ag bond In PX111X3 x 3)-AgI.

The energy per Pt-Ag bond is calculated following Pauling’s approximation. This 

^roxim ation  requires the energy for Pt-Pt and Ag-Ag bonds, which are obtained fiom the
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Figure 9.1; Pt(l 11)(3 x 3)-AgI structure showing the 12 Ag-I bonds per unit cell.

sublimation enthalpies:

Pt(s) -> Pt(g) A i/“(Pt) = + 5653 kJ mol '
Ag(s) Ag(g) A ^“(Ag) = + 2845 kJ mol"'

The coordination number in the fee 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:

(5)

A ^ (P t)=+  = + 942 kJ mol"'o
2845

Ayï®(Ag) =+  —- — = + 47.4 kJ mol"' o
(6)

The energy of the Pt-Ag bond is assumed to be the arithmetic mean o f the bond 

energies for Pt and Ag, with a correction for the difference of electronegativities, according 

to the relation [9.3]:

A/r(PtA g)=^[A /r(Pt) + A^°(Ag)]+ 96(xp, -  = + 825kJ mol"' (7)
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where Xpt andxA, are the electronegativities of Pt and Ag (2^8 and 1.93 respectively).

Of the four Ag atoms perPt(l 11X3 x 3)>AgI 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 foom the sum 

of metallic radii (2.83 A), and to the bond length for bulk Agi 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 nohnal, 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;

2.82 A

Platinum

Silver

Iodine

Figure 9.2: Pt(l 11)(3 x 3)-AgI structure showing the different Pt-Ag bonds per unit cell.
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(8)

where R  is the Pt-Ag distance, the Pt-Ag equilibrium distance (2.82 A)> and D, is the

energy of dissociation, calculated as 82.5 kJ m ol', ikis the force constant o f the bond. It can 

be ^roxim ated as 125 N m*' with an enqiirical 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 o f a  Pt-Ag bond of 2.48 A is -11.4 kJ m ol', 

and for a Pt-Ag bond length o f 3.11 A is 64.9 kJm ol'. The total energy per unit cell o f the 

Pt-Ag bonds is the sum o f the energies of all the bonds;

A^“(Pt-A g)=+825x3 + 64.9 x 6 + ( -  11.4)x 3= + 602.7kJ mol"' (9 )

9 J . Total Cohesive Enthalpy of F t(lllK 3 x 3 > ^ I .

The total cohesive e n e r^  of the unit cell is the sum o f the Ag-I and Pt-Ag bond 

entha^ies calculated in Eq. (5) and (10):

Afl*(Pt-Ag-I)„„ = + 1985D + 602.7 = + 2587.7 kJ mol'  (10)

Experimentally, (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
A«’(Pt-Ag-D=—^ = + 6469 W mol' (11)

where the contributions o f the Pt-Ag and Ag-I bonds energies to Aff* (Pt-Ag-I) are 23 and 

77 % respectively.

Considering the simplicity  ̂of the model, there is a relative good agreement(< 20%)



168

between the theoretical cohesive en er^  and the erperhnental (Agl(ads)) o f 531 ±

22 kJ m ol', calculated in chapter 5 fiom. the enthalpy change o f reaction:

Agl(ads) -► 1(g) +  Ag(g) (12)

The four iodine atoms in a Pt(l 11X3 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 o f the Pt-Ag accounts then fi>r its non­

directionality, as seen for three o f the Ag atoms per unit cell in ill-defined displaced atop 

sites with respect to Pt. The different contributions ofthe 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(l 11X̂ 7̂ x /7)R19.1°-I is still in the 

first stages of conq>letion. The study of this tystem is much more conqglicated than for Ag-I. 

The reason is the irreversibility of the processes, and desorption o f 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 o fth eP t(lll) surface covered with iodine, regardless o f the structure of the 

iodine adlayer. It is estimated that the cohesive Gibbs energy change of this surface 

compound is 401 ±22 k l mol ". This surface compound undergoes an irreversible phase 

change to a P t(lll)^^ ^j-TlI structure, involving the desorption o f Tl and I. Further 

analysis of this surfece structure, including the temperature dependence o f the 

electrodeposition process, is needed. This will enable the calculation of the parameters that 

determine the stability of the different surfitce compounds, as well as the reasons of the 

desorption of I during the electrodeposition process.
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