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ABSTRACT

Digital Deposition of Ultrathin Pd Films on Well-Defined Pt(111)
Electrodes via Surface-Limited Redox Replacement Reaction:
An Electron Spectroscopy-Electrochemistry Study. (December 2010)
Mohammad Akhtar Hossain, B.S., M.S.; University of Dhaka
M.S., Lamar University

Chair of Advisory Committee: Dr. Manuel P. Soriaga

In this study, ultrathin (submonolayer to eight-monolayer) Pd films were
deposited one layer at a time on well-defined Pt(111) surfaces via a process known as
surface-limited redox replacement reaction (SLR?). In this digital-deposition method,
one monolayer of a nonnoble metal (Cu) is deposited on a noble metal (Pt) by
underpotential deposition (UPD). When the UPD adlayer is exposed to cations of less
reactive metals (Pd*"), it is oxidatively stripped and reductively displaced by the more
inert metal. The positive difference between the equilibrium potential of the noble metal
in contact with its solvated cations and the equilibrium potential of the UPD adlayer is
the driving force behind SLR®. The Pd films were characterized by Auger electron
spectroscopy (AES), low-energy electron diffraction (LEED), and electrochemistry. The
LEED patterns indicated (1x1) surface structure of the deposited films. No residual Cu
was detected by AES in the Pd films. The Pd ultrathin films on Pt(111) showed Hypp

adsorption/desorption peaks which are not observed in bulk Pd. These peaks were



v

observed even at 8 monolayer thick films. The interfacial structure and electrochemical
properties of SLR*-prepared films were compared with those prepared by controlled-
potential deposition (CPD). There is a linear correlation between Cu deposition charge
(i.e., Pd deposition charge) and I-catalyzed Pd dissolution charge. Electrochemical and
LEED results suggest that SLR® prepared films are smooth (if not slightly smoother)
compared to those prepared by CPD. SLR® thus appears to be capable of preparing
atomically smooth ultrathin films on Pt(111) surfaces without any additional thermal or

electrochemical annealing.
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1. INTRODUCTION

There is a continuing scientific and technological interest in precious or noble
metals due to their unique physical and chemical properties [1-6]. They show
outstanding resistance to corrosion, optimal catalytic activity, and high catalytic
selectivity [3,6-10]. Noble metals are used in a wide variety of applications, such as
industrial catalysis, electrocatalysis, batteries, corrosion protection, and in electronics
industry [2,11]. As electrocatalysts, noble metals have been utilized in a variety of ways,
such as bulk electrodes, thin films, bimetallic systems, nano-structures [12], and
supported nano-clusters or particles.

Historically, most of the electrochemical studies on noble metals have been
carried out with polycrystalline electrodes. The characterization of such electrodes is,
however, difficult due to the presence of a variety of small domains with different crystal
facets and edges that are exposed to the electrolyte [13]. The different crystalline facets
show different properties (e.g., potential of zero charge [13] or work function [14-18])
and reactivity [19-23]. Consequently, the electrochemical behavior observed at
polycrystalline electrodes corresponds to an average or mixture of that for the crystal
planes and sites present [13]. On the other hand, well-defined or single crystal

surfaces are more reproducible compared to polycrystalline, alloy, or co-deposited

This dissertation follows the style of the Journal of Electroanalytical Chemistry.



systems [24]. The motivation to gain an atomic and molecular level understanding of the
processes that take place at solid-liquid interface has led to a plethora of studies with

single-crystal electrodes having clean and well-ordered surfaces [13,25-27].

1.1 Ultrathin noble metal films on well-defined surfaces

Ultrathin transition and noble metal films on single crystals have attained
considerable interest for more than a few decades due to their exceptional catalytic,
electrocatalytic, electronic, and magnetic properties [28-31]. Thin films that have
thicknesses varying from one atomic layer up to ten monolayers are generally referred to
as ultrathin films [30]. Among these thin films, the noble metals deposited on noble-
metal substrates are of fundamental interest because the resulting bimetallic systems
blend the electrocatalytic properties of the individual metals concerned. A few key
concepts have been suggested [32] to account for the higher activity of bimetallic
catalysts: (a) each individual component in a bimetallic system may promote different
elementary reaction steps (theory of “bi-functional mechanism” [33]), (b) electronic
effects resulting from the interaction of the two metals involved [34], and (c) specific
arrangements of surface atoms which act as active sites [35]. Since the deposition of
noble metals onto noble metals is irreversible, they are stable in solution in a wide range
of potentials in terms of both surface composition and adlayer ordering [36]. As a result,
ultrathin noble metal films shows exceptional chemical properties that are not displayed

by their bulk counterparts [28,30,37,38]. For instance, the bulk gold surfaces are inert



towards dissociative adsorption of hydrogen due to a high-energy activation barrier [39].
Epitaxially grown ultrathin films of Au on Ir [40] surfaces, however, show dissociative
adsorption of hydrogen, which has been confirmed by temperature programmed
desorption (TPD) and nuclear reaction analysis (NRA) [37,38]. The chemical reactivity
of the supported noble metal films has been suggested to depend on the electronic and
geometric structures of the surface (such as lattice constant, crystallographic orientation,
and morphologies) [37]. It has been shown that the d-band center of a metal surface
plays a significant role in its chemical reactivity. The d-band center can be defined as the
weighted average of the projections of the total metal density of states onto d-orbitals
centered on each atom in the respective surface layers [41]. According to Hammer and
Norskov [39,42], as the d-band moves downward away from the Fermi level (£f), the
energy of the highest occupied electronic state at 0 K, the surface tends to be less active.
It has been found that the center of the filled d-band for bulk Au lies far below the Ef in
such as way that the antibonding state formed between the o, state of H, and the d states
of Au is placed below Ef in the transition state. Therefore, the activation barrier for
hydrogen dissociation on ultrathin Au films deposited on Ir surface would be higher and
would not cause the dissociation of hydrogen molecules. The experimental results, on
the other hand, clearly indicated dissociative chemisorption of hydrogen on
pseudomorphic monolayer of Au on Ir{l111} surfaces [37]. This deviation from the
expected behavior projected by the theory [39,42] has been suggested to have resulted
due to local surface features (e.g., defects, steps or kinks, or those emanating from strain

effects), rather than an extended nature of the surface electron.



As a second example, the dissociation of methane takes place on surfaces of
either Ni or Ru, the later being the more active of the two [31]. When a pseudomorphic
layer of Ni is grown on Ru, however, the reactivity of the ultrathin overlayer surpasses
that of any of the individual components. The lattice constant of Ru is larger than that of
Ni. Because of the lattice mismatch, the pseudomorphic Ni films on Ru are expected to
be under strains. Ruban and coworkers [43] have demonstrated that when a small metal
atom is placed into the lattice of a larger one, either as an impurity or overlayer, the
neighbors are farther apart and the d-band width at the atom becomes smaller than at the
surface of the elemental atom. This in turn causes an upward shift of the d-band center in
order to preserve the same d-band filling locally. As a result, Ni overlayer on Ru is more
active than pure nickel. This finding is in agreement with the prediction made by density
functional theory (DFT) calculations [42]. Similar catalytic enhancement has also been
reported for the dissociation of methane on Co overlayer deposited on Cu although Cu is
unreactive towards the dissociation reaction at temperatures below 600 K [31].

In addition to gas phase reactions, noble metal ultrathin films have been utilized
as electrocatalysts for a number of reactions, such as oxygen reduction reaction (ORR)
[44-46], hydrogen oxidation [44,47], carbon monoxide electrooxidation [48,49],
methanol oxidation [50], and ethanol electrooxidation [51,52].

It has been found that noble metal (such as Pt and Pd) monolayer deposited on to
a second noble metal surface (such as Pd(111), Ir(111), Ru(0001), and Au(111)) shows
enhanced electrocatalytic activity towards ORR. For instance, when a monolayer of Pt is

deposited on carbon-supported Pd nanoparticles it shows 5 to 8 times higher Pt mass-



specific activity [53,54] than that of a commercial carbon-supported Pt electrocatalyst
[45]. In addition, Pt monolayer modified Pd(111) electrodes or Pd nanoparticles enhance
the kinetics of ORR significantly compared to either Pt(111) surfaces or Pt
nanoparticles.

Chrzanowski and Wieckowski [50] have studied the effect of the modification of
low index Pt single crystals by controlled amounts of electrodeposited Ru on methanol
oxidation. It has been reported that Pt(111) surfaces covered by 0.2 monolayer of Ru
showed an order magnitude higher electrocatalytic activity towards methanol oxidation
compared to commercial Pt/Ru catalysts [50].

Hazzazai and coworkers [51] have studied the electrooxidation of ethanol on
Au/Pd{hkl} electrodes in alkaline media and found that submonolayer (0.5 — 0.6 ML)
Au-covered electrodes displayed higher activity than that of Pt pure electrodes. In a
differential electrochemical mass spectrometry (DEMS) investigation, Fujiwara et al.
[52] observed a synergistic effect of Ru and Pt on the electrode surface for
electrooxidation of ethanol. The optimum composition of the bi-metallic electrodes was
found to vary between Pty ¢7Rug 33 (at 5 °C) and Pty gsRug 15 (at temperatures 25 — 40 °C)
to ensure the total oxidation of ethanol [52].

The aforementioned studies clearly demonstrate the catalytic and electrocatalytic
applications of noble metal ultrathin films. It a nutshell, it may not be an overstatement
that noble metals are indeed the driving force behind the industrial production of
commodities that supports our modern life style. Nonetheless, the supply of noble

metals, such as Pt and Ru, is limited. In order to increase efficiency and long-term



stability while reducing costs, the quest continues for new materials that may be
alternative to current Pt-based catalysts and electrocatalysts. In this effort, there have
been many studies to delineate the unique and elegant properties of the ultrathin noble
metal adlayers, including Pd films, supported on noble metal substrates [28,29,37,38,55-

58].

1.2 Pd films on platinum

Pd films on noble metal surfaces have drawn a lot of attention due to their unique
properties [28,59-62] and catalytic activities for a number of reactions, such as oxidation
of small molecules (methanol, formic acid, carbon monoxide, etc.) and ORR [46,63]. Pd
ultrathin films on various noble metals such as Pt [21,40,64,65], Au [61,63,66-70], Ir,
Ru, and Rh have been investigated [46,60]. Among these bimetallic systems, the Pd-Pt
pair shows distinctive properties. For example, they have identical lattice parameters,
similar atomic radii, comparable lattice energy but different cohesive energy [71].
Moreover, Pd has lower surface energy than that of Pt. Consequently, favorable
deposition of Pd on Pt with minimal lattice strain is expected [72]. Therefore, this
system has been extensively studied [40,55,64,73-88] due to prospects of catalysis
enhancement [75].

Early studies of Pd films on Pt surfaces were aimed to investigate the influence
of the underlying polycrystalline substrate on the electrosorption properties of the Pd

thin films [89]. In a seminal work, Attard and Bannister [90] studied the electrochemical



properties of spontaneously deposited Pd films on Pt(111) electrodes. The voltammetric
features of the Pt surface modified by irreversibly adsorbed submonolayer and
monolayer Pd showed reversible hydrogen adsorption/desorption peaks which were not
observed for bulk Pd electrodes. Following this discovery, Clavilier and coworkers [65]
observed a second hydrogen adsorption peak at a slightly more positive potential than
that of the first one. Since then, Pd films have been deposited on various Pt single crystal
substrates such as Pt(111) [21,65,74,90], Pt(100) [21,91,92], Pt(110) [21,92], and
Pt(001) [81]. Among them, Pd films on Pt(111) [36,40,55,64,75,77,78,80,93-97] have
been widely studied as a model system to investigate well-defined adlayers.

One of the major advantages of Pd ultrathin films is that they do not suffer from
the limitation of perturbations due to hydrogen absorption which is known to interfere
with the characterization of bulk Pd electrodes [97-102]. It has been reported that the
hydrogen absorption on Pd ultrathin films are kinetically hindered [63,97]. Secondly, Pd
ultrathin films show superior electrocatalytic activity compared to bulk Pd. For example,
Baldauf and Kolb [103] have found that when a 2-3 monolayer (ML) pseudomorphic Pd
films on Pt(hkl) show much higher electrocatalytic activity towards formic acid
oxidation as compared to those grown on Au(/kl) or even for bulk Pd(%kl) electrodes.
These Pd films also showed high tolerance against poisoning by CO adsorption [103].

A key thermodynamic parameter in the characterization of an electrochemical
interface is the potential of zero charge (PZC) which can be defined as the potential at
which the surface charge is zero [36]. Frumkin and Petrii [104] have further

distinguished PZCs as potential of zero total charge (PZTC) and potential of zero free



charge (PZFC). PZTC is available thermodynamically parameter whereas PZFC is the
relevant magnitude for microscopic models, equivalent to PZC determined for mercury
and coinage metals (Au, Ag, Cu) [105]. Both of these are structure sensitive properties.
PZFC of a metal in contact with the electrolyte is related to the work function of the
metal in vacuum and affects all aspects of electrocatalysis and electron transfer [59]. It
has been reported that there is a 90 mV shift of PZFC for a pseudomorphic Pd
monolayer on Pt(111) as compared to bulk Pd(111) electrodes [59]. This dramatic
change in PZFC may have been brought about by the alteration of the electronic
properties of the Pd adlayers by platinum substrate [59].

The structure and interfacial properties of ultrathin Pd films (up to 4 ML) on
Pt(111) has been studied by electron spectroscopy and electrochemistry [106]. The Pd
coverage was determined by I,4s-catalyzed dissolution of the Pd films. At coverages < 2
ML, the I adlayer displayed either a Pt(111)-(Ix])Pd-(3x3)-I or a mixed (3x3) and
(N3x\3) LEED patterns. At Pd coverages > 2 ML, the LEED pattern indicated Pt(111)-
(Ix1)Pd-(N3xV3)-I structure for the chemisorbed iodine layer, which is identical for I-
coated bulk Pd(111). This is an indication of thin film-to-bulk transition if chemisorbed
iodine is used as a surface-sensitive probe. It was found that Br,gs-catalyzed dissolution
led to digital etching (i.e., dissolution of one layer at a time) of the Pd films
electrodeposited on Pt(111) surfaces while bulk Br caused complete dissolution in a
single step. In case of Br,gs-catalyzed dissolution of Pd in bromide free solution, Br gets

desorbed with the oxidation of Pd to Pd*"(,y). In the presence of bulk Br’, however, Pd



dissolution proceeds unabated due to the formation of PdBrs* (), which is a water-
soluble complex.

Arenz et al. [107] have studied the adsorption and kinetics of CO on well-
characterized Pd films on Pt(111) in alkaline solution by Fourier transform infrared
spectroscopy (FTIR). No coupling between Pt-CO,y and Pd-CO,y molecules was
observed for Pt(111)-xPd electrodes as shown by FTIR spectra. This indicates that CO
catalysis on Pt and Pd surface sites occurs independently. In other words, the Pt(111)-
xPd electrode does not behave like a pseudo metal electrode. On the other hand, Pd
monolayer modified Pt(111) displayed CO absorption peak which was characteristic of
CO molecules adsorbed on the bridge sites on Pd surfaces. The oxidation of CO on Pd
modified Pt(111) surface was considerably slower as compared to Pt(111). It has been
reported that the CO oxidation is dependent upon the coverage as well as the strength of
the OH adsorption on the metal surface. The hydroxyl group is strongly adsorbed on the
highly oxophilic Pd atoms and thus might be responsible for the slower CO oxidation
kinetics. The same research group also studied the effect of specific adsorption of anions
such as chloride, a trace impurity in perchloric acid, on the electrochemical behavior of
ultrathin Pd films on Pt(111) [108]. The adsorbed chloride anions have been found to
interact strongly with Pd and compete with the underpotential deposition of hydrogen
(Hupp) and hydroxyl adsorption (OH,g).

Hoyer, Kibler and Kolb [95] investigated the Pd electrodeposition on Pt(111) by
cyclic voltammetry and in sifu scanning tunneling microscopy (STM). PdCl, and PdSO4

were used as precursors for Pd deposition. The starting point for both cases is the
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formation of pseudomorphic Pd monolayer. The Pd deposition has been found to be
influenced by the anions present. In the chloride containing solution, a Pd monolayer is
formed at underpotential. On the other hand, the Pd deposition is kinetically hindered in
chloride-free solution to such an extent that the deposition peak is shifted negative of the
equilibrium potential. A layer-by-layer growth is observed for Pd bulk deposition in
chloride containing solution. When Pd is deposited from chloride free solution, however,
the film growth continues in 3D fashion after the first monolayer. For the former films,
voltammetric peaks associated with Hypp are observed up to four monolayers whereas
for the later they are observed even for films equivalent of ten monolayers.

Recently, Duncan and Lasia [97] have studied the electrochemical behavior of Pd
films on Pt(111) having coverage from 1 to 20 ML by cyclic voltammetry and
impedance spectroscopy. They have observed that the hydrogen adsorption/desorption
on Pd deposits on Pt(111) is more reversible as compared to those on Au(111). The
thermodynamics and kinetics of hydrogen adsorption are strongly influenced by the
metal support at all Pd coverages under study. It was observed that the charge transfer
resistance of 1 ML Pd was smaller than that of the thicker films (2 — 20 ML) supported
on Pt(111), which is contrary to the observation made on Pd films deposited on Au(111).
This may imply that the hydrogen adsorption on monolayer Pd is much faster compared

to thicker films supported on Pt(111).
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1.3 Electrodeposition of ultrathin films

In order to tailor the properties of a metal surface, foreign adatoms or molecules
are deposited onto the surface either in a ultra-high vacuum (UHV) system (by
molecular beam epitaxy (MBE), physical or chemical vapor deposition) or in an
electrochemical environment (either by electroless or spontaneous deposition, or by
electrodeposition) [24,109]. Evaporative methodologies (thermal or vacuum) usually
involve the following steps [110]: (a) generation of vapor by boiling or subliming a
source material, (b) the transfer of vapor from the source to the sample substrate, and (c)
the condensation of vapor to a solid film on the substrate. The deposition methodologies
involving UHV are deceptively simple in principle. The implementation, however,
requires a great deal of knowledge and expertise of a wide variety of fields, such as
vacuum technology, materials science, and electrical and mechanical engineering. In
addition, thorough understanding of elements of thermodynamics, kinetic theory of
gases, surface mobility, and condensation phenomena are needed. A few practical issues
to be considered are: (a) source-container interaction, (b) high cost of UHV system
installation and maintenance, (c) precise control of the substrate movement, (d)
geometric consideration, and (e) need for process monitoring and control. Another
disadvantage of UHV based thin film deposition methodologies is that often time the
deposited films are annealed at high temperatures which may lead to diffusion of the
adatoms to the substrate subsurface or alloy formation [48]. The deposited films,

however, are not annealed if alloy formation or surface segregation is to be prevented.
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Therefore, the modification of surfaces by electrochemical means is highly attractive
because of their simplicity, reliability, and low cost. Electrodeposition is of considerable
interest not only in fundamental studies but also in many industrial applications such as
in catalysis, corrosion prevention, electronics, and sensors [109]. Electrodeposition
offers a great deal of flexibility to control the structure of the deposited adlayer by
careful manipulation of several parameters, such as potential/current, electrolyte, metal
ion concentration, nature of the additive or surfactant, and the structure of the substrate.
By varying the applied deposition potential, a thermodynamically unfavorable
deposition process can be turned into a thermodynamically favorable one with relative
ease. There are, however, a few issues that complicate this simplistic approach.
Sometimes, the noble metal deposition might be kinetically hindered even though it is
thermodynamically favorable [24]. The presence of complexing agents or ligands, such
as halides, in solution affects the thermodynamics and kinetics of the electrodeposition
of the desired metal. The existence of any lattice mismatch between the admetal and the
substrate and any possibility of a chemical reaction between the two warrant further
deliberation. The quantification of the electrodeposited substance can be achieved
readily by measuring the faradaic charge during electrodeposition. This type of
calculation, however, could lead to errors if the efficiency of the faradaic process is less
than 100%. In such cases, an alternative method (such as spectroscopic or gravimetric)
needs to be employed. The electrodeposited metal films sometimes lack uniform
coverage and smoothness when the admetal starts to nucleate at steps, kinks, or other

defect sites [24].
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1.4 Digital deposition via surface-limited redox replacement reactions

Thin film growth modes are usually divided into three types, such as Frank-van
der Merwe or layer-by-layer (2D) growth, Volmer-Webber or 3D-cluster growth, and
Stranski-Krastanov (SK) mode where a transition from 2D to 3D growth is observed
[111,112]. A multilayer variant of Frank-van der Merwe mode is known as step-flow
which takes place at an appropriate step density and deposition flux. In 2D growth mode
(either monolayer or multilayer), the adlayer follows the substrate structure, i.e.,
epitaxial. These are depicted in Fig. 1. The growth of uniform epitaxial ultrathin and thin
films is one of the main goals of electrochemistry due to their continuity and distinctive
properties, such as reduced ohmic resistivity and electromigration [112]. Although the
bulk electrodeposition is reasonably well-understood, the preparation and control of
atomically flat ultrathin films still remain as a big challenge and may pose as a
significant drawback to many industrial and technologically important fields, such as
nano-structure synthesis, electrocatalysis, magnetic materials, and formation of ultra-
large scale integrated circuits (ULSI), where uniform coverage is highly desired [113].
The aforementioned limitations that are commonly encountered in electrodeposition can,
however, be circumvented by several ways: (a) electroless deposition (spontaneous or
forced electrodeposition) or (b) by employing underpotential deposition (UPD) of a

sacrificial nonnoble metal [24].



Frank-Van der Merwe: laver-by-laver

Volmer-Webber: island

@ Substrate

14

Stranski-Krastanov: layer-island

Step-tlow

Electrodeposit

Fig. 1. A schematic illustration of thin-film growth modes.
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UPD is a phenomenon where an atomic layer of one metal deposits onto another,
at a potential positive of that required to deposit on itself [114]. It is observed when the
bonding (or the affinity) of an adsorbate, A, to a substrate, S, is stronger than that of A to
A [115]. Underpotential deposition has been extensively studied for more than 50 years
[116-120]. UPD produces well-ordered atomic layers on well-ordered metal substrates.
The monolayer deposition of metal ions in UPD, however, is greatly influenced by
anion-specific adsorption [121].

It should be underscored that UPD is a common phenomenon that takes place in
cathodic as well as anodic processes [122]. For instance, UPD of oxygen occurs at
potential well-negative of the reversible potential of oxygen in anodic evolution
[115,122,123].

UPD can be described by underpotential shift (AUp), a concept first introduced
by Kolb and coworkers [117,118]. The underpotential shift is defined as the difference in
the UPD peak potential when a metal (e.g. Cu) is oxidatively stripped from a foreign
metal (e.g., Pd) and the peak potential of electrodissolution of the atom (Cu) from its
own bulk. This can be explained further by considering the thermodynamic conditions

AG; < 0and |AG;| > |AGj;| for the following processes [115]:

AGy

A+M < M—A (1)
AGyy

A+A <= A—-A (2)

leading to a shift of the equilibrium potential E}; (corresponding to eq. (2)) into higher

values (corresponding to eq. (1)):
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AU, = E; — Ej, (3)

Strong correlations exist between the underpotential shift and the difference in
the thermodynamic and physical quantities such as chemical potential, electronegativity
[115], work function, and binding energy of the adsorbate metal and substrate [122].
Kolb and colleagues [117,118] observed a linear correlation between underpotential shift
and the differences in work function in their studies of 20 metal pairs. Mathematically, it
can be represented by the following equation:

AUp = 0.54¢ 4)
Here, A¢ is the difference in work function of the metals involved. In a theoretical study,
Trasatti [124] obtained the following relationship between underpotential shift and
difference in work function assuming that the bonding character between substrate and
adsorbate is completely ionic when the adsorbate coverage is approximated to zero:

AUp =744 5)
Later, the underpotential shift was redefined by Leiva [119] as the difference of the
equilibrium potential of the adsorbate/substrate system, at a given adsorbate coverage,
measured with respect to an electrode of the adsorbate bulk metal M, both in equilibrium
with the same solution containing dissolved ions of the type M**. The modified
definition of underpotential shift has been denoted as Ag,,,(®) since it is dependent upon
the coverage. Sanchez and Leiva also predicated a linear relationship between the
underpotential shift and difference in binding energy between atoms in the pure

adsorbate metal, A, and that energy between adsorbed atom of A and substrate, S [125].
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Spontaneous deposition of Pd on Pt(111) produces only submonolayer films [90].
UPD of noble metals such as Au and Pt is not feasible due to their slow kinetics [113].
Examples of atomic level study on epitaxial growth of noble metals beyond monolayer
thicknesses are rare. Attempts to form atomic layer epitaxy of noble metals leads to the
formation of aggregates and clusters rather than epitaxial films due to high cohesive
energy of the noble metals [113,126,127].

Sieradzki and coworkers have developed electrodeposition protocols known as
defect-mediated growth (DMG) [128] and surfactant-mediated growth (SMG) [129],
which showed very promising results to produce smooth and epitaxial growth of noble
metal films. In DMG, the desired metal (e.g., Ag) is codeposited with a reversibly
deposited mediator metal (such as Pb>" or Cu*"). By cycling of the appropriate
electrochemical potentials, the mediator is periodically deposited and removed from the
surface. Consequently, defects are produced on the surface and serve as nucleation sites
for island growth. Each cycle produces new nuclei on the surface which is added to the
existing islands left behind in previous cycles. Eventually, a monolayer is complete
when the growing 2D islands merge together. On the other hand, SMG involves the
predeposition of a submonolayer of a surfactant metal such as Pb*". The surfactant layer
floats on the top of the depositing metal owing to fast interlayer diffusion and thus aids
the 2D growth of the desired metal. By and large, the defects or surfactants either
increase the nucleation density on the surface and/or decrease the edge barrier for the
interlayer diffusion of adatoms, which favors the flat layer-by-layer growth [130]. These

methods have been successfully used to produce metal deposits of considerable
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thickness (up to 100 ML) [112,131]. Examples include Ag/Au(111) [128,129],
Ag/Ag(111) [128], and Cu/Au(111) [131]. These protocols, however, suffer from a few
limitations and inconveniences. Both of these techniques are tunable over a number of
parameters such as metal ion concentrations, scan rate, potential excursion limits, and
submonolayer coverage that are mutually dependent and thus are hard to balance. In
addition, the control of thickness via measurements of charge is difficult due to
interferences from side reactions and double-layer charging. The double-layer charging
currents, particularly in DMG, are sometimes comparable to or even higher than the
deposition current levels. Lastly, although very small, the possibility of incorporation of
a mediator into the metal deposit cannot be ruled out completely [112].

Finally, Brankovic, Wang, and Adzic [132] introduced a novel method to carry
out atomic layer deposition of noble metal films onto noble metal surfaces via a process
called surface-limited redox replacement reaction (SLR3). This method is also referred to
as galvanic displacement [45,133,134]. SLR® or galvanic displacement exploits the
unique property of UPD to form uniform and well-defined adlayers for growing noble
metal ultrathin films or adlayers. In this approach, a sacrificial less noble metal (e.g., Pb
or Cu) is first deposited on a noble metal (such as Au) by UPD. Subsequently, ions of
more noble metal (e.g., Pt*" or Pd*") spontaneously oxidize the sacrificial adlayer and get
themselves reduced and deposited on to the substrate at open circuit potential (OCP).
The “building block” reaction cycle may be repeated multiple times to produce ultrathin
films of desired thickness. The positive potential difference between the equilibrium

potential of the noble metal in contact with its solvated ions and the equilibrium



19

potential of the sacrificial or mediator admetal is the driving force of the spontaneous
deposition of noble metals in SLR® ([132] and references therein). One important
criterion of the sacrificial or mediator adlayer is that it has to be reactive compared to the
noble metal substrate [128,132]. A noteworthy feature of the SLR® method is that the
metal deposition is a surface controlled reaction where the total amount of deposited
metals is governed by the stoichiometry of the redox reaction. Hence, the reproducibility
of the substrate morphology is ensured.

As an illustration of the capability and versatility of SLR?, Brankovic and co-
workers [132] deposited three different noble metals (Pt, Pd, and Ag) on Au(111)
electrodes by using Cuypp as the sacrificial template. Due to the difference in valencies
of the metal cations involved, the removal of Cu adlayer by the noble metal ions resulted
in submonolayer Pt, a monolayer Pd, and two monolayers of Ag. STM images revealed
that the noble metal adlayers did not show any preferential deposition along the step
edges of the Au(111) substrate [132].

In SLR®, one atomic layer of a noble metal is deposited at a time. Hence, it may
be termed as digital deposition which is the opposite of digital etching which is the
removal one atomic layer at a time [135-137]. In essence, SLR’ is the electrochemical
equivalent of atomic layer epitaxy (ALE) [113,138].

In the last few years, there have been a number of studies
[112,113,126,128,129,132,138-156] to prepare uniform and atomically smooth ultrathin
noble metal films (e.g., Pt [44,113,132,141,144], Pd [157], Ag [128,132], Ru [151], Hg

[153], and Au [158]), with thicknesses varying from a few monolayers to hundreds of
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monolayers, for a wide variety of combinations of the substrates (e.g., polycrystalline
[159] and Au(111) [132,143-146], Au nanoparticles [44,149], Cu(111) [140], Ag(111)
[140], Pd(111) [160,161], and Ru/Si(100) [162]) and sacrificial templates (e.g., Pb
[112,126,128,144,146,151,152], Cu [113,126,144,156], Ag [141], T1 [112], Cd [153],
Co [157], and Ni [159,163]).

Stickney et al. [113] have studied Pt nanofilm deposition on I-coated Au(111) via
redox replacement of Cu. A single replacement of Cu with Pt*" cations results in the
formation of incomplete monolayer of Pt although no preferential adsorption at step
edges were observed. This finding is in agreement with that of Brankovic and coworkers
[132]. The use of 1,4 as a surfactant facilitated the formation of uniform films.

Mrozek and collaborators [126] have investigated Pt and Pd ultrathin films
deposited onto roughened Au via redox replacement of Cu or Pb monolayer. In that
study, CO and ethylene were used as probes to investigate the uniformity of the films by
surface enhanced Raman spectroscopy (SERS). It has been found that a single
replacement of Cu adlayer by Pt(II) cations produced remarkably uniform (i.e., pinhole-
free) film which is confirmed by the absence of characteristic SERS features owing to
ethylene adsorption on Au.

Huang and coworkers [141] have demonstrated that nanostructured Pt films
prepared by SLR® have enhanced catalytic activity towards oxygen reduction.

Sasaki et al. [44] also have observed higher catalytic activity for submonolayer of
Pt electrodeposited on Ru and Au nanoparticles and Au(111) via redox replacement of

Cu UPD layer. The prepared bimetallic electrocatalyst showed 3-4 times higher activity
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towards hydrogen oxidation as compared to the commercially available catalysts.
Vukmirovic et al. also reported significantly large catalytic activity of Pt monolayer
deposited on Pd(111) via galvanic displacement of UPD Cu [160].

Thambidurai and colleagues [150] have employed an automated flow system to
grow Cu nanofilms on Au(111) via 500 cycles of galvanic displacement of Pb. The
replacement efficiency was calculated to be 93%. The replacement efficiency (RE) [145]

can be expressed as:

[(total Cu Q)— (initial Cu UPD Q)] % 100 (6)
Y Pb UPD Q

% RE =
The causes for an efficiency less than 100% have been speculated to be due to side
reactions such as ORR [150]. The morphology of 200 cycle Cu films was investigated
by SEM and optical microscope. The resulting Cu films obtained by galvanic
displacement of Pb deposited at -440 mV were uniform and in registry with the Au(111)
substrate, whereas those obtained for Pb deposited at -448 mV were rough [150].
Electron microprobe analysis did not detect any Pd in the Cu films. Similarly, when Ru
ultrathin films deposited on Au via SLR® no indication of 3D growth mode was observed
[151]. Vasilic and Dimitrov [112] have successfully deposited 35 ML Ag on Au(111)
via SLR? using Pb sacrificial adlayer. The resulting films were investigated by cyclic
voltammetry and scanning tunneling microscopy (STM). A flat and uniform morphology
was maintained throughout the whole deposition cycles. X-ray photoelectron
spectroscopy (XPS) did not detect any residual Pb in the deposited films.

SLR® or galvanic displacement has been successfully employed to produce

monolayer electrocatalysts. Adzic and coworkers have synthesized monolayer Pt ORR
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electrocatalyst shells on Pd [133], Pd;Co [164], PdPb, PdFe, PdPt [165], Pd,Co/C [166],
AuNijsFe [167], and PdCo/C [168] cores via galvanic displacement of a UPD adlayer of
a sacrificial metal. It has been found that the Pty placed on Pd and Pd alloys having
core-shell structures have approximately 4 to 5 times higher mass activity towards ORR
compared to those of massive state-of-the-art Pt catalysts [166].

Recently, Sasaki et al. [133] have reported a scale-up synthesis methodology
based on galvanic displacement of Cuypp to produce gram-quantities of Pt monolayer
electrocatalysts that are well suited for real fuel cell tests/operations. These
electrocatalysts have been characterized by angle annular dark field (HAADF) scanning
electron transmission microscopy (STEM), energy-dispersive X-ray spectrometry
(EDS), electron energy-loss spectroscopy (EELS), and in situ extended X-ray absorption
fine structure (EXAF). The Pty shell on Pd core show considerably higher
electrocatalytic activity for ORR than that of DOE target by 2015.

Another remarkable significance of galvanic displacement method is its ability to
deposit epitaxial metal films even for systems with large lattice mismatch such
Cu/Au(111), which has a lattice mismatch of 11% [131]. Epitaxial growth of metal films
on such systems by conventional electrodeposition method is not possible.

Our research group has been interested in the interfacial structure and properties
of ultrathin Pd films on platinum surfaces, particularly Pt(111), due to possible
emergence of properties which are otherwise nonexistent in the pure state of each
individual element [96,169,170]. Previously in our laboratory, submonolayer to 8 ML Pd

films were electrodeposited via controlled potential deposition (CPD) and potential
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sweep deposition (PSD) [171]. To the best of our knowledge, there is no study yet of Pd
ultrathin films deposited on Pt surfaces via SLR®. Of particular interest is the probable
appearance of unique properties of ultrathin Pd films on Pt(111) surfaces produced via
SLR® which are not displayed by films prepared by other methods such as vapor

deposition or controlled-potential deposition.

1.5 Objective

The objective of this study is to compare the interfacial structure and
electrochemistry of ultrathin Pd films prepared by surface-limited redox replacement
reaction and controlled potential deposition (CPD) [171] on well-defined Pt(111)

electrodes.
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2. EXPERIMENTAL

2.1 Integration of UHV-EC techniques in the investigation of interfacial properties of

ultrathin metal films

There has been a longstanding interest in the solid-liquid interface [26,172-175]
due to its critical role in various phenomena such as corrosion [176-187], adsorption,
electrodeposition, electrocatalysis, and biomolecular recognition [188,189].
Conventional electrochemical techniques, such as cyclic voltammetry (CV),
amperometry, chronocoulometry, impedance, transient measurements or capacitance
measurements have been employed routinely to study the aforementioned processes. The
electrochemical methodologies offer a few attractive advantages [173,190]:

(a) electrochemical techniques are well-suited to study and manipulation of

surface redox processes,

(b) surfaces can be easily modified by simple immersion into electrolyte solution

at controlled potentials,

(c) the chemical reactivity of the surface can be altered easily by tuning the

solvent, supporting electrolyte, potential and pH,

(d) adsorbed layers and metal films prepared on electrodes in solution are

generally more ordered and closer to equilibrium than those prepared in

vacuum conditions,
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(e) corrosive, unstable or non-volatile reagents can be handled with relative ease
compared with ultra-high vacuum (UHV) based methodologies,

(f) the presence of solvent and electrolytes can render the electrode surface
passive enough to minimize the catalytic fragmentation of the starting
materials,

(g) electrochemical methods are very sensitive to changes in surface composition
and structure.

Although these in situ techniques are invaluable, they are based on the
determination of the macroscopic properties (e.g., current, capacitance or impedance)
[173,191]. It is, however, highly desirable to gain atomic- and molecular-level
information on the properties of the interface between an electrode surface and an
electrolyte solution [25,27]. Consequently, fundamental studies of the interfaces that
involve solid electrodes require the use of surfaces with uniform composition and
structure (i.e., single-crystal surfaces). Moreover, it is essential to gain insight on the
detailed structural and compositional analysis of the important intermediates, and
subsequently to indentify and quantify reaction product distributions [25].

Over the past four decades, there have been revolutionary advances in modern
surface spectroscopic techniques that led to the understanding of various atomic- and
molecular-level structural, dynamical (e.g., energy transfer between incident and product
molecules, mobility of the adsorbed species along surfaces during catalytic reactions),
compositional, and thermodynamic properties (e.g., adsorbate coverage dependent heats

of adsorption, adsorbate induced surface ordering, and surface segregation) of the
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surface [192]. In the current study, electron spectroscopic techniques (Auger electron
spectroscopy (AES) and low-energy electron diffraction (LEED)) and electrochemical
(cyclic voltammetry (CV) and coulometry) methods have been utilized to investigate the
interfacial properties and electrochemical reactivity of ultrathin Pd films on Pt(111)

surfaces.

2.2 Electron spectroscopic techniques

The electron spectroscopic techniques utilized in this study involves the use of a
beam of electrons as the surface sensitive probes. At low kinetic energies (10 — 150 eV),
the mean free path of the electrons in a solid is in the order of 4 to 20 A, as shown in
Fig. 2 [25]. These electrons penetrate only the top few layers of a solid sample and are
highly surface sensitive. Therefore, electron spectroscopic techniques that employ low
energy electrons as probes and signals are the most suitable to investigate the surface

properties of a solid [193].

2.3 AES

Auger electron spectroscopy is the most widely used surface analysis technique,
highly sensitive (capable of detection even when the coverage is less than a monolayer),

and suitable to study the composition of solid and liquid surfaces. An energetic beam of
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electrons, photons or ion bombardment may cause AES transitions. The Auger process is
depicted in Fig. 3. When an energetic beam of electrons having kinetic energies between
1 to 5 keV impinges upon a material, the electrons that have binding energies less than
the incident beam, may be ejected from the inner atomic level leaving behind a “hole,”
and thus a single ionized excited atom is created. The electron vacancy or hole can then
be filled again by deexcitation of electrons from other energy states. The energy released
by this electron transition can still be transferred to another electron either in the same
atom or of a different atom via electrostatic interaction. If the binding energy of this
third electron is less than the energy transferred to it in the previous step, it will be
ejected into the vacuum, and a doubly charged ion is formed. The last electron that is
ejected due to the deexcitation process is called an Auger electron. The energy of an
Auger electron is a function of the energy level separations in the atom. Since at least
three electrons are involved in the generation of Auger electrons H and He cannot be
detected by AES. The kinetic energy of the Auger electron, E4, can be expressed as
Ey = Ex — EL, — E,, —eDgp (7

where Eg, E; and E}  are the electron binding energies at the respective electronic levels,
e is the electronic charge, and ®gp is the work function of the spectrometer. The kinetic
energies of the Auger electrons are independent of that of the incident beam and are
characteristic of their parent atoms only. Since the Auger signal from the specimen
under study is continuously superimposed on a large background of secondary electrons,
which are produced from the inelastic scattering of the incident electron beam, the

signal-to-noise ratio can be improved by collecting the spectrum in the derivative mode.
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Fig. 3. Auger electron process. (a) A core level electron is ejected. (b) Electron decays to
fill the vacancy. (c) An Auger electron is released with a kinetic energy is related to the

relative energies of K, L and Ly energy levels.
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In this mode, the sensitivity of AES is increased significantly (less than 0.1% of a
monolayer). AES can be used for quantitative elemental analysis. The measured signal
is, however, is influenced by the inelastic mean free path, the atomic concentration, and
the atomic concentration distribution. The mole fraction of an adsorbate, x4, in a binary

system can be obtained from AES data based on the following equation [194]:

1
/s,

XA= Ti7 g,
A/SA"' B/SB

®)

where, I, and I are the intensities of the peaks related to the adsorbate and substrate,
respectively, and S, and S are the corresponding relative sensitivity factors. When more
than two components are present the denominator must be replaced by the sum over all
components. If the spectrum is recorded in the differentiated mode the peak-to-peak
distance is used instead of peak intensities.

A set of Perkin Elmer AES systems (Perkin Elmer, Eden Prairie, MN), which
included PE 10-155 Cylindrical-Auger Electron Optics, PE 11-500A Auger Control
System, PE 20-075 Electron Multiplier Supply, PE 11-010 Electron Gun Control, and
EG&G model 5101 Lock-In-Amplifier (Princeton Applied Research), was used for the
surface elemental analysis of the single-crystal electrode.

The AES optics consists of a cylindrical mirror analyzer (CMA) for electron
energy discrimination, a coaxial normal-incidence electron gun, and a variable gain
electron multiplier detector. In order to record an AES spectrum in the derivative mode,
a small AC voltage having a frequency about 12 kHz and an amplitude of 0 to 10 V is

superimposed with the DC voltage that is applied to the outer cylinder of the CMA
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(Fig. 4). This AC signal is then decoupled from the high electron multiplier voltage and
detected by a lock-in-amplifier. The CMA has an energy resolution of 0.6%. The
resolution capability of CMA determines the width of the bandpass window of the
detected electrons. The bandpass was scanned at 4 eV/s. Typical electron gun voltage
employed was 1.5 kV. The beam current was adjusted to 1 pA above the background.

The low beam current was used to minimize any electron beam induced surface damage.

2.4 LEED

Low-energy electron diffraction is one of the most widely used techniques used
in surface science studies of single crystals. It is a highly surface-sensitive technique and
can provide information regarding the long range order of periodic surface structures. It
can provide valuable information even on partially disordered surfaces and where a
complete and elaborate structural analysis is not carried out. In this study, LEED data
were acquired with a PE 15-120 LEED Optics and PE 11-020 LEED Electronics system

(Perkin-Elmer, Eden Prairie, MN).
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Fig. 5 shows a schematic diagram of the LEED optics system. The optics consists
of an electron gun and a display system. The electron gun provides a monoenergetic
electron beam of 10 to 150 eV kinetic energy to the sample surface. The display system
is composed of a four-grid retarding field analyzer (RFA) and a concentric phosphor-
coated collector screen. The RFA allows only elastically diffracted electrons to be
detected at the collector screen. The first grid (G1) is grounded to act as a shield between
the negatively biased second (G2) and third grids (G3). These grids block out
inelastically  diffracted electrons. The elastically diffracted electrons pass through
another shielding grid (G4) and are accelerated by a large potential (2 — 5 kV) onto a
phosphor-coated collector screen.

LEED, like any other diffraction methods, depends on the use of the elastic
scattering of monochromatic beams of incident electrons (or other particles). When a
low-energy monochromatic beam of electron is directed at the sample surface the
incident beam is scattered off a one dimensional array of metal ion cores, and the
scattered beams can interfere constructively or destructively. The elastically diffracted
electron beams pass through RFA and produces a pattern of the bright spots on a
phosphor-coated screen. The pattern shown by the spots varies with the periodicity of

the surface lattice and can offer information about interfacial structure of the sample.
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The diffraction pattern is related to the atomic distance of the sample surface according
to the following equation:
sin(0) = nA/a 9)

where 0 is the angle between the surface normal and the diffracted electron, n is the
number of diffracted electron beams, A is the wavelength of the diffracted electron, and a
is the atomic spacing of the solid. This equation shows that the spacing of the diffraction
spots is inversely related to the spacing of the atoms in the surface lattice. Consequently,
the LEED pattern is in reciprocal space with respect to the surface lattice and need to be
converted to real space to obtain geometrical information about the unit cell. The real

space lattice can be reconstructed from the LEED pattern using the following vector

relationships:
- > o
a*—_bxz
_a) *b x_; (10)
-, > >
b =_zxa
aebxz (i

—

T . . > >
where a* and b are denoted as the reciprocal unit cell vectors, a and b the real space

unit cell vectors, and 7 is the surface normal.

At first, the crystal-surface unit mesh was assigned by visual inspection of the
diffraction spots. Subsequently, the LEED patterns were compared with those obtained
from calculations [195]. In this study, Wood’s notation [196] was used to describe the
structural information derived from the LEED patterns. The images were recorded with a

digital camera (Canon PowerShot S410). The camera was used in the manual
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programming mode and the following settings were used to photograph the LEED
pattern unless indicated otherwise: ISO = 50, exposure = 15 s. The beam current was

typically limited to 2 pA above the background.

2.5 Electrochemistry

Electrochemical experiments were carried out using a CV-27 Voltammograph
(Bioanalytical Systems, West Lafayette, IN). In this conventional three-electrode
potentiostat, the potential was applied between a working electrode and a reference
electrode, and the resulting current flowed through an auxiliary electrode (a piece of Pt
wire). A Ag/AgCl (1 mM NaCl) electrode was used as the reference electrode. The
current or charge (the integration of current) was recorded using an analogue to digital
data acquisition device (DI-158 UP, DATAQ Instruments) interfaced with a PC via a

USB port.

2.6 Voltammetry

In voltammetry, a widely used conventional electrochemical technique, current is
recorded as a function of applied potential. During linear sweep voltammetry (LSV), the
electrode potential is changed from an initial (E;) to a final value (Ey) at a constant rate
where E; # E¢ whereas in cyclic voltammetry (CV), the applied potential is scanned from

E; to Er and then returned to E; at the same rate.
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2.7 Coulometry

In coulometry, the potential is stepped from one value, at which no faradaic
process takes place, to another at which a faradaic process occurs and the electrolytic
charge associated with an electron transfer is measured over a predetermined time. This
technique is useful to determine the surface packing density (I, nmol/cm?) for an
adsorbed electroactive species using Faraday’s law:

Q- Q»=nFAT (12)

where Q is total charge of the electrochemical process, Qyp is the background charge
obtained in the absence of adsorbate, F is Faraday's constant, A is the area of the

electrode, and n is the number of electrons involved in the reaction.

2.8 UHV-EC system

The UHV-EC system employed in this investigation was based on a commercial all
stainless steel UHV chamber (Perkin-Elmer, Eden Prairie, MN). A photograph of the
instrument is shown in Fig. 6. The main chamber of this system consists of three major
compartments: (i) an electrochemistry (EC) chamber, (ii) a gate-valve (MDC Vacuum
Products, Hayward, CA) isolable surface analysis chamber, and (iii) a poppet valve-
isolable ion pump well. The single-crystal electrode was transferred by means of an X-

Y-Z manipulator (Varian, Lexington, MA) mounted on a linear positioning table
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(LinTech, Los Angeles, CA). This design allowed sample transfer and manipulation
under a controlled environment.

The EC chamber has a gate-valve (MDC Vacuum Products) isolable
electrochemical cell port through which an electrochemical cell assembly can be
inserted. The surface analysis chamber used for the preparation and analysis of the
sample electrode is equipped with the modules for LEED, AES, and temperature-
programmed desorption-mass spectrometry (TPD-MS) instrumentation (UTI 100c, UTTI).
Two variable leak valves (Varian, Lexington, MA) allowed the introduction of ultra-high
purity gases. A custom-built ion gun was used for Ar'-sputtering to clean the electrode
surfaces. With the use of a XYZ manipulator the electrode could be placed in front of
each instrument for characterization. Initial pumping of the chamber from ambient

pressure down to 107 torr was achieved by liquid nitrogen-cooled sorption pumps. A
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Fig. 6. Photograph of UHV-EC system.
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turbomolecular pump (Balzers TPU 060, Hudson, NH) was used to lower the pressure
down to 107 torr. The final pumping stage consisted of using an ion pump (Perkin-Elmer
TNBX Series 1000, Eden Prairie, MN) and a cryogenically cooled titanium sublimation
pump. The UHV-EC system was periodically baked at 150 — 200 °C for up to 99 hours
to maintain a base pressure of 10” torr. Mass spectra were also recorded periodically to
check the residual gases in the UHV system.

A single-crystal Pt(111) disc electrode (99.999% purity, 7.5 mm (diameter) and
1.0 mm (thickness), Aremco Products, Ossining, NY) was used for UHV-EC
experiments. The disc electrode was oriented to within £0.5° of the (111) plane and
metallurgically polished to a mirror finish. Two pieces of Pt wires of 0.5 mm thickness
(99.99% purity, Aldrich) were spot-welded to the edges of the disc to provide electrical
contact and mechanical support. Two Pt-10% Rh/Pt thermocouple wires (Omega
Engineering, Stanford, CT) were spot-welded to the top edge of the disc for temperature
monitoring and feedback control of a crystal temperature controller (Omega
Engineering). The calculated geometric electrode area of the electrode was 1.1192 cm’.

Electrochemistry experiments in the UHV-EC system were performed using a
custom-built two-compartment glass cell, a Ag/AgCl (1 mM NaCl) reference electrode
(also custom built), and a Pt-wire counter electrode. In order to minimize CI
contamination of the working electrode a low concentration of CI in the reference

electrode was used. Fig. 7 shows a photograph of EC experiment setup.
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2.9 Experimental protocols

All solutions were prepared using 18.2 Q Millipore water (Millipore Systems,
Houston, TX). This water delivery system consists of a prefilter, two ion exchangers, a
trap to remove trace organics, a UV lamp to get rid of any microbes, and a 0.2 micron
particulate filter. All glassware was cleaned using hot chromic acid (3% K,Cr,O;
dissolved in 10 M H,S0O,). The following high-purity reagents were used to prepare all
solutions: fuming H,SO4 (Aldrich, Milwaukee, WI), PdSO4 (Aldrich), Nal (Curtin
Matheson Scientific, Houston, TX), NaCl (Johnson Mathey), CuSO4 (Aldrich), and
K;Cr,0O7 (EM Science, Gibbstown, NJ). High purity gases, specifically nitrogen
(99.999% purity, BOTCO, Bryan, TX), argon (BOTCO), and oxygen (BOTCO) were
used in the experiments. Prior to any EC experiment, the all solutions were purged with
high purity nitrogen for at least 20 minutes.

A typical set of experiments were carried out in the following way: at first the
crystal was cleaned by Ar" sputtering for 20 - 30 min (P, = 2.2 x 10" torr, beam current
=10 pA). Following Ar' sputtering, all the filaments of the optics and ion gauges were
degassed in UHV. Then the crystal was heated in O, (PO, = 3.0 x 10 torr) at 650 °C for
5 minutes. Once the crystal was cooled down to 300 °C, the system was pumped down
by using a turbo pump to about 10 torr. The thermal oxidation was carried out a few
more times (PO, = 3.0 x 10 torr, 650 °C, for 5 min 2 cycles; PO, = 3.0 x 10 torr, 750
°C, for 3 min, 3 cycles). During Ar" sputtering and thermal oxidation in oxygen the ion

pump was de-energized. At the last step, the crystal was flash annealed to 800 °C under
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ultra-high vacuum (UHV) while operating the liquid nitrogen cooled titanium
sublimation pump. The AES and LEED filaments were also degassed during this last
step. The cleanliness and surface order was checked by AES and LEED, respectively.
Ar' sputtering, thermal annealing in oxygen, and thermal annealing in UHV cycles were
continued until the desired cleanliness and order were achieved and verified by AES and
LEED.

In this study, digital deposition of Pd ultrathin films on Pt(111) electrode was
carried out via surface-limited redox replacement reaction using Cuypp adlayer as a
sacrificial template. The UPD of Cu on a number of noble metal substrates such as Au,
Pt, Ru, and Pd has been studied extensively as a model system. It is fortuitous that Cu
show distinctive UPD features for both Pt and Pd surfaces. Hence, Cu was chosen as a
sacrificial template to deposit atomic layers of Pd films on Pt(111) via surface-limited
redox replacement reaction. Fig. 8 describes pictorially the process of deposition of Pd
adlayers on Pt(111), one layer at a time, i.e., digitally, via SLR® (after Brankovic et al.
[132]). The steps involved are:

1. Deposition of Cu on Pt(111) via UPD according to the reaction
Cu*"(aq) + 26 > Cuyy) (13)

2. Emersion and rinsing of the Cu/Pt(111) with pure electrolyte (typically 5
times) at UPD potential (ca. -0.054 V).

3. The Cu-modified electrode is then immersed in 0.5 mM PdSO4 in 100

mM sulfuric acid at OCP for 3 min following the procedure of Brankovic
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Fig. 8. Schematic representation of surface limited-redox replacement reaction.
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et al. [132]. Potential control is removed just before the immersion of the
Cu-coated electrode into the Pd*" containing solution to avoid direct
electrodeposition of Pd. At this step, Pd*" cations oxidize the Cu ad-atoms
and are themselves get reduced and deposited on the Pt(111) surface. This
process is irreversible.
4. The Pd/Pt(111) electrode is rinsed with pure electrolyte solution at OCP
(5 times). This is the end of 1 SLR® cycle.
Pd* @) + Cugy) > Pdgy + Cu”'(ag) (14)
5. Deposition of Cu on Pd/Pt(111) electrode via UPD.
6. Emersion and rinsing of Cu/Pd/Pt(111) with blank (5 times) at UPD
potential.
7. Replacement of Cu from Cu/Pd/Pt(111) by Pd*" cations in 0.5 PdSOy in
100 mM sulfuric acid at OCP.
8. Rinsing of Pd modified Pt(111) with blank at OCP. This is the end of 2
cycle of SLR®.
Following the above steps, 2 ML Pd is now deposited on the Pt(111) electrode via two
cycles of SLR’. These steps can be repeated to prepare Pd films of desired thickness.

The interfacial structure and electrochemical properties of thus prepared films
were then compared to those of the electrodeposited films, more specifically, Pd
ultrathin films prepared by potentiostep or controlled-potential deposition. The
methodology of the preparation of the electrodeposited films have been described

elsewhere [96,171]. Table 1 lists the experiments to be performed and the criteria for
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comparing the Pd films prepared by SLR® and controlled-potential deposition (hereon,
referred to as CPD) [171]. The LEED spot intensities for SLR® and CPD Pd films were

compared by analyzing the digital images by Origin Pro 8.5 software (Origin Lab).



Table 1

Experiments to be performed.
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Method ®Op4q CV (Hupp) AES LEED L,4s-Cat Stripping
CPD 0.5 ° ° ° 0.5mV/s
SLR’ 0.5 o o o 2 mV/s
CPD 1 ° ° ° 0.5mV/s
SLR’ 1 3 o o 0.5 mV/s
CPD 2 ° ° ° 0.5mV/s
SLR* 2 ° ° ° 2mV/s
CPD 4 ° ° ° 0.5mV/s
SLR’ 4 o o o 0.5mV/s
CPD 8 ° ° ° 0.5 mV/s
SLR’ 8 3 o o 0.5 mV/s
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3. RESULTS AND DISCUSSION

In this study submonolayer to eight monolayers Pd films were electrodeposited
on Pt(111) electrodes via galvanic displacement of Cu UPD layer. The interfacial
structure and electrochemical properties were investigated by electron spectroscopic
(AES and LEED) and EC techniques. The AES and (1x1) LEED pattern for a clean and
well-ordered Pt(111) electrode are shown in Figs. 9 and 10, respectively.

For electrochemistry experiments, the first step was to record the cyclic
voltammogram of Pt(111) in blank or pure electrolyte (100 mM H,SO,). The potential
scan was always started from OCP towards the negative potential unless mentioned
otherwise. Fig. 11 shows the CV of a clean and well-ordered Pt(111) electrode in
sulfuric acid solution. The sharp “butterfly” peaks at -0.052 V are good indications of
large ordered domains of (111) surfaces which are essentially defect free [40,197]. These
are due to desorption/adsorption of bisulfate anions for cathodic and anodic sweep,
respectively [40,78]. The broad peaks between -0.45 and -0.22 V are considered to be
due to hydrogen adsorption/desorption not accompanied by concurrent
adsorption/desorption of anion [72]. These voltammetric features are consistent with
those found in the literature [40,65,197,198]. Fig. 12 shows the steady-stead
voltammogram of the Pt(111) in sulfuric acid when the potential was scanned between
1.00 V and -0.542 V at 10 mV/s. At steady-state, the peak at -0.412 V and -0.260 V

matched those reported by Hubbard et al. for a parallelopiped Pt(111) electrode [199].
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Fig. 9. The AES spectrum of a clean Pt(111) electrode. Beam energy = 1.5 keV, Ip = 1

HA.



Fig. 10. LEED pattern of a clean Pt(111) electrode. Beam energy = 62 eV, Ip =2 pA.
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Fig. 11. A cyclic voltammogram of a clean and well-ordered Pt(111) electrode.
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12. Steady-state cyclic voltammogram of Pt(111) (after 20 cycles).
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This is another indication of well-ordered Pt(111) surfaces employed in the current
study.

A CV of Pt(111) in 1 mM CuSOy4 in 100 mM H,SOy is shown in Fig. 13. As
expected [40,200-202], a doublet of Cuypp adsorption/desorption peaks were observed
for Pt(111). The shape of the Cu UPD peaks on Pt(111) has been found to be dependent
upon the concentration of sulfuric acid and true crystallographic orientation [197]. As
the concentration of sulfuric acid increases the UPD peaks become broader. In fact, the
UPD desorption peaks merges together in 0.5 M H,SO4 [197]. It is worth mentioning
that the under potential adsorption/desorption of Cu do not alter the surface structure of
Pt(111) [197]. Cu UPD on Pt(111) is also known to depend on the anions present
[40,201]. In pure sulfuric acid, the initial adsorption of Cu on Pt(111) produces a mixed,
nearly coplanar, honeycomb structure of Cu/sulfate. Cu coverage accounts for about %
ML while the rest is occupied by sulfate anions [203]. It has also been reported that the
Cuypp peak potentials depend on the scan rate. At higher scan rates, the cathodic and
anodic peaks shift in the negative and positive directions, respectively. This implies that
the Cuypp on Pt(111) in sulfuric acid is a slow process [114].

Fig. 14 displays the AES spectrum of the Cu-coated Pt(111) surface, when the
electrode was emersed at -0.054 V (Fig. 13). Peaks at 105, 920, and 940 eV indicate the
presence of Cu on the Pt surface (Fig. 14). These peaks are non-existent for clean Pt
surfaces (Fig. 9). It should be noted that the electrodes were rinsed with 100 mM H,SO4
acid instead of 0.1 mM electrolyte solution at the end of the EC experiments.

Consequently, the electrode surfaces would have an emersed layer of electrolyte [25].
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Fig. 14. AES spectrum of Cu-coated Pt(111).
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Fig. 15 shows the LEED pattern for the Cuypp-covered Pt(111) electrode. The
LEED pattern indicates Pt(111)-(V3xV3)R30°Cu adlayer structure. STM results also
indicated the same honeycomb structure [197]. Ogasawara et al. [204] and Markovic et
al. [205] also observed (V3xV3)R30° LEED patterns for Cuypp/Pt(111) in H,SO, and
HF, respectively. In situ STM studies [197,206] also indicated (V3xV3)R30° structure
for the first Cuypp adlayer on Pt(111). Exactly same structures were reported for the first
UPD of Cu on Au(111) in sulfuric acid ([206] and references therein). Based on these
observations it is logical to infer that the widely spaced (V3xV3)R30° structure is due to
the presence of anions, such as CI’, SO42' or HSO,4 [204,206]. Bisulfate ions are known
to form a (N3xV3)R30° structure on Pt(111) prior to underpotential deposition of Cu. At
the first UPD peak, the bisulfate ions are converted to sulfate ions as Cu is continuously
adsorbed onto Pt(111) surface. At the second UPD peak, Cu adsorption proceeds via

replacement with sulfate ions on Pt surfaces. Cu monolayer is completed at the end of
. 2 1
the second UPD peak and the sulfate ions form a ( 1 2) structure on the (1x1) Cu layer

[207]. It has been found that adsorption of bisulfate on Cu hinders further underpotential
deposition. Excursion to more negative potentials changes the bisulfate to sulfate on Cu
[204].

Unfortunately, the presence of sulfate or bisulfate on the Cu UPD cannot be fully
ascertained by AES due to the overlapping of S peak with that for Pt. The AES spectrum
of Cuypp/Pt(111), however, shows a peak at around 503 eV which is associated with

oxygen. This oxygen might be due to the presence of sulfate or bisulfate adsorbed on Cu.



Fig. 15. LEED pattern of Cuypp on Pt(111). Beam energy = 50 eV, Ip =1 pA.

57



58

Following the completion of 1% SLR? cycle, a CV of Pd-modified Pt(111)
electrode was recorded in pure electrolyte solution (Fig. 16). A pair of sharp peaks is
observed at ca. -0.271 V. These peaks are associated with Hypp along with anion
desorption/adsorption on the Pd monolayer deposited on Pt(111) [72,95]. No peak was
observed in the Cu UPD region which indicates the absence of any residual Cu. This was
further verified by AES and LEED. The AES spectrum of the Pd-modified electrode did
not show the peaks associated with Cu rather 3 new peaks were observed which are the
unique characteristics of Pd (Fig. 17). The LEED pattern also indicates a (1x1) structure
which is consistent for pseudomorphic adlayer of Pd on Pt(111) Pt(111) (Fig. 18). These
results imply that indeed there is complete exchange of Cu by Pd*" cations and no
residual Cu is present in the SLR*-prepared Pd film.

The Pd coverage of the deposited films can be calculated by (a) measuring the
deposition charge of Cu or by (b) measuring the charge of I,4-catalyzed anodic
dissolution of Pd using Faraday’s law. The Pd coverage, ®pq, can be defined as,

n ML when ®Opg=n (15)
where Opq = I'pq/ I'prand I'pg = packing density of Pd, I'p; = packing density of Pt

The reactions involved are Cu deposition by UPD (eq. 13) and I,4s-catalyzed
dissolution of Pd (eq. 16).

Pt(111)-Pd -I(ags) = Pd2+(aq) + Pt(111)-Iags) + 2¢” (Pd dissolution) (16)
The calculated charge for 1 ML Cu is given by,

Q1 mLcu = nFADLpy111)=537.6 nC (17)
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Fig. 16. CV of Pd/Pt(111) (after completion of 1** SLR® cycle) in pure electrolyte.
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Fig. 17. AES of Pd/Pt(111) after completion of the 1 SLR® cycle.



Fig. 18. LEED pattern of SLR*-prepared Pd/Pt(111). Beam energy = 63 eV, Ip = 1pA.
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Hence, the Cu deposition or I 4s-catalyzed Pd dissolution charge of 537.6 nC will
be used to define 1 ML coverage. In other words,

QnMLpd =1 % 537.6 uC (18)

It has been shown that when a monolayer of iodine is adsorbed on Pd, it can
quantitatively and selectively remove the Pd top layers [135-137,208-216]. This
methodology has been successfully used to determine the coverage of Pd films deposited
on Pt and Au substrates [106,171,217]. Iodine was adsorbed from 1 mM Nal in 100 mM
sulfuric acid at OCP for 3 minutes.

Fig. 19 shows the AES spectrum for I-coated Pd/Pt(111) electrode. In addition to
Pt and Pd peaks, two new peaks at around 511 and 520 eV indicate the presence of the
iodine adlayer. The iodine AES peaks are small compared to Pd peaks due to smaller
AES relative sensitivity factors for iodine as compared to those of Pd. The relative
sensitivity factors for Pt, Cu, Pd, and I are 0.025, 0.225, 0.800, and 0.325, respectively
[218] Fig. 20 displays the I g-catalyzed anodic stripping of SLR*-prepared 1 ML Pd film
on Pt(111) in iodide free 100 mM sulfuric acid. Based on previous studies, the peaks at
0.58 and 0.84 V are assigned to Pd dissolution and iodine to iodate oxidation,
respectively [212,215]. In all cases, the scan was started from OCP to positive potential
during I,4s-catalyzed dissolution of Pd films. The Pd dissolution charge was determined
by integrating the area of the Pd dissolution peak. When I-catalyzed stripping of Pd was
complete, iodine was readsorbed on the electrode surface from fresh solution of 1 mM
Nal and a second I,4s-catalyzed stripping was carried out. The second scan was used as

the background to determine the charge due to Pd dissolution. Indeed, a linear
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Fig. 19. AES of I/Pd/Pt(111) electrode.
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64



65

correlation was found between the Cu deposition charge and I.4-catalyzed Pd
dissolution charge (Fig. 21).

The AES spectrum and LEED pattern of I-coated Pt(111) electrode are shown in
Fig. 22 and 23, respectively. The AES spectrum displays two peaks due to iodine adlayer
on Pt surface. The LEED pattern is indicative of Pt(111)-(1x1)-(N7x\7)R19.1°-I
adlattice structure. The same iodine adlayer structure was observed by Felter et al. [219]
and Wasberg et al. [220].

In order to establish a standard procedure, it was deemed necessary to investigate
the UPD of Cu on Pd film on Pt(111). Cu is expected to show a single UPD on Pd
[200,203,221]. The CV of Pd modified Pt(111) electrode did not show any peak between
0.10 and -0.05 V which implies that the Pt(111) electrode surface is already fully
covered and there is no bare Pt sites (Fig. 24). The peak around -0.07 V is due to Cu
UPD on Pd film. Again, this finding is consistent with the observations reported in the
literature [40,200]. Reappearance of peaks at 105, 920, and 940 eV in the AES spectrum
indicates that Cu UPD indeed took place on SLR® prepared Pd film on Pt(111) (Fig. 25).
The Cu UPD layer on ML Pd film showed (1x1) LEED pattern which is in agreement

with literature findings (Fig. 26) [221].
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Fig. 22. AES spectrum of I/Pt(111) electrode.



Fig. 23. LEED pattern of I/Pt(111). Beam energy = 60 eV, Ip = 2 pA.
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Fig. 24. CV of Pd/Pt(111) in CuSO4 in 100 mM H,SOy4, r =2 mV/s.
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Fig. 25. AES spectrum of Cu/Pd/Pt(111) electrode.



Fig. 26. LEED pattern of Cu/Pd/Pt(111) electrode. Beam energy = 62 eV, Ip =2 pA.
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For the sake of simplicity and reproducibility, the Cu UPD was carried out by
potential step, from OCP to predetermined values where the UPD takes place (typically
-0.054 V for clean Pt surface and -0.100 V for Pd-covered Pt electrode), for 3 minutes
and the coulometric charge was measured. The appropriate UPD potential was chosen
based on the CV of Pt or Pd/Pt(111) in 1 mM CuSOg4 in 100 mM H,SOy solution. Before
each Cu UPD cycle, a blank coulogram was recorded in Cu®" free 100 mM H,SO,
solution. All other procedures remained the same as described before.

In the current work, submonolayer to eight-monolayer Pd films were deposited
on Pt(111) surfaces via SLR® using Cu as a sacrificial UPD layer. A linear correlation
was observed between the cumulative Cu coverage and number of SLR® cycles
performed (Fig. 27); each cycle produces ca. 0.8 ML Cu film. Hence, 0.8 ML Pd is
expected to be obtained per cycle of galvanic displacement of Cu. One possible reason
for this can be that some Cu was lost during the emersion and immersion steps between
solutions. It has also been suggested that oxygen reduction and hydrogen evolution
reactions are competitors for galvanic displacement of UPD adlayer with noble metal
ions [222].

In the following sections, the electrochemical properties and interfacial structures
of the Pd films deposited by two methods (galvanic displacement and controlled-
potential deposition) will be compared by evaluating the differences and similarities in -
cyclic voltammograms, AES spectra, LEED patterns, and linear sweep voltammograms
for I4s-catalyzed dissolution of Pd films. The results will be presented for a given Pd

coverage at a time.
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Fig. 28, 29, and 30 show the CVs, AES spectrum, and LEED patterns,
respectively, for 0.5 ML Pd films. The cyclic voltammograms show two sharp peaks at -
0.271 V. They are due to H adsorption/desorption on the Pd films on the terrace sites.

The SLR® films show only one peak. On the other hand, CPD film begins to
show Hypp peaks at -0.229 V. There are, however, controversies regarding the origin of
the second peak. Ross and coworkers [72,78] argued that this peak is due to H
adsorption/desorption combined with anion desorption/adsorption from the step sites
while other authors, such as Clavilier [21], Lasia [97], and Kolb [95], assigned it to Hypp
from the terrace sites from subsequent layers of Pd films on Pt(111). It seems more
plausible that the second peak is due to Hypp from the step sites since it is not possible to
grow subsequent terraces without formation of steps. If both the peaks were originated
from Hypp adsorption/desorption from the terrace sites the reason for their appearances
at different potentials was not explained. Therefore, in the current study the second peak
(at more positive potential) has been attributed to the hydrogen UPD from the step sites.
Both of Hypp peaks form terrace and step sites on Pd/Pt(111) in sulfuric acid have been
reported to be dependent upon the scan rate. This might imply that the Hypp process is
kinetically controlled [97]. Moreover, the area under the Hypp desorption peak (i.e.,
charge) in cyclic voltammograms for SLR? films is smaller compared to that for CPD
films. It may be an indication of the formation of more uniform and smoother films via

SLR’. Both films display large Pd peaks at 330 eV in the AES spectra (Fig. 29). The
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Fig. 28. CV of 0.5 ML Pd film on Pt(111) in 100 mM sulfuric acid, r =2 mV/s.



76

== SLR3
ﬂ " ...... CPD
=: “
£
=
2~
al
Z
<
=
2]
N
=
E
s
Z :-: -
i pd
0 100 200 300 400 500
Kinetic Energy /eV

Fig. 29. AES spectra of 0.5 ML Pd films on Pt(111).

600



71

Fig. 30. LEED patterns for 0.5 ML Pd films on Pt(111). Beam energy 62 eV, Ip =2 pA.
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characteristic Pt peaks (e.g., at 64, 94, and 237 eV) are still visible. These tend to suggest
that the Pt surface is not completely covered. The LEED patterns indicate (1x1) surface
structures for both films (Fig. 30). Based on AES and LEED data alone, however, it is
not possible to provide any definitive description regarding the surface structural
changes of the films prepared by these two methods. Further structural information could
have been derived by spot-intensity-vs.-beam-energy analysis. Such facility, however, is
currently unavailable in our laboratory. Nevertheless, an effort was made to evaluate the
intensities of the spots diffracted by the Pd films by analyzing the digital images of the

LEED patterns. The findings will be presented in a separate section.

3.20p; =1 ML

For monolayer Pd films on Pt(111), the H adsorption/desorption peaks at terrace
sites increased. They are sharper and larger for CPD films compared to SLR® films (Fig.
31). The Hypp peaks at step sites are virtually non-existent for SLR® films (Fig. 31). The
AES spectra (Fig. 32) show similar features for both films. The AES peaks (e.g., at 94
and 237 eV) due to Pt are not as clear as those for 0.5 ML films. On the other hand, the
Pd peak at 330 eV increased compared to Pt peak (e.g., 237 eV). The absence of

characteristic Cu peak (at 105 eV) indicates complete exchange of Cu with Pd in SLR’.
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Both CPD and SLR® Pd films show (1x1) LEED patterns (Fig. 33). The spots are sharper
for the latter. The I,4s-catalyzed stripping of Pd films, however, looks somewhat different
for SLR® and CPD films (Fig. 34). The L-catalyzed Pd dissolution peak at ca. 0.55 V
for SLR® film is not as well-defined as that for CPD film. The area under the Pd
dissolution peak (i.e., dissolution charge) is the same for both films though. For clarity,
the iodine to iodide oxidation peak for CPD films in the anodic stripping was not

displayed. In any case, this peak is expected to be same for both films and independent

of the Pd coverage since this is a surface-limited reaction.

Fig. 33. LEED patterns observed for 1 ML Pd film on Pt(111).
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3.30p; =2 ML

For 2 ML Pd films, the Hypp peaks are sharper compared to those for the SLR?
films. CPD films show a small peak at a little higher positive potential which have been
assigned to Hypp adsorption/desorption peaks at the step sites. SLR® film barely
indicates the existence of this peak (Fig. 35). The AES spectra (Fig. 36) and LEED
patterns (Fig. 37) for both films look similar. Again for SLR® films, there was no
indication of Cu in the AES spectrum. The EC results tend to indicate that the films

prepared via SLR® are more uniform and smoother.

3.40p; =4 ML

The CVs for 4 ML Pd films in the of Hypp region are dramatically different (Fig.
38). For CPD films the Hypp peak areas at step sites are higher than those at the terrace
sites. This indicates that the films produced by SLR? are relatively smoother than those
of made via CPD. The AES spectra (Fig. 39), LEED patterns (Fig. 40), and I,4s-catalyzed
dissolution voltammetric waves (Fig. 41) for both Pd films are almost identical. The
AES Pt features are masked by the Pd features. The peaks due to Cu are also absent in
the AES spectrum for SLR? films (Fig. 39). LEED patterns indicate (1x1) structure for
both films (Fig. 40). The I g-catalyzed stripping of Pd for SLR® films show a small peak

at ca. 0.66 V. This feature, however, is not resolved for the CPD film (Fig. 41).
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Fig. 37. LEED patterns for 2 ML Pd films deposited on Pt(111), Beam energy = 62 eV,

Ip=2 pA.
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Fig. 39. AES spectra for 4 ML Pd films deposited on Pt(111).
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Fig. 40. LEED patterns for 4 ML Pd films deposited on Pt(111).
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3.5 @pd =8 ML

For 8 ML thick-films, the Hypp profiles are similar (Fig. 42) for both kinds of
films. The presence of hydrogen adsorption/desorption peaks in CVs arising from the
step sites indicate that the films are relatively rougher for both methods at this coverage.
It is noteworthy that even at this high coverage, the AES spectrum for SLR? films did
not show any signal associated with Cu (Fig. 43). Both films show (1x1) LEED patterns
(Fig. 44). The I 4s-catalyzed dissolution of the films shows identical behavior (Fig. 45).
Fig. 46 shows the g-catalyzed anodic stripping of SLR® films at a higher scan rate (2
mV/s). This shows similar Pd dissolution features as observed for a scan rate of 0.5
mV/s. It was found that only one scan is enough to strip Pd films from Pt surface
quantitatively. Fig. 47 shows the anodic stripping profile in iodide free 100 mM sulfuric
acid where iodine was readsorbed following the anodic dissolution of 8 ML Pd films
prepared by SLR’. The voltammogram is flat at potential regions where Pd to Pd*"
oxidation takes place and only the peak due to iodine to iodate oxidation observed. This
indicates that the Pd films are completely removed by I,4-catalyzed stripping. Fig. 48
shows the AES spectrum following 2 cycles of Ig-catalyzed stripping of 8 ML SL* Pd
films. The AES peaks associated with Pt also reemerged. It barely shows a hint of one of
the three Pd AES peaks. Compared to the big Pd peaks in Fig. 43, the amount of Pd is
insignificant given the higher AES relative sensitivity factor of Pd (Spq = 0.8). The

surface structure of the electrode following the I,4s-catalyzed anodic dissolution of Pd
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Fig. 43. AES spectra for 8 ML Pd films deposited on Pt(111).
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Fig. 44. LEED patterns for 8 ML Pd films deposited on Pt(111). Beam energy = 62 eV,

Ip=2 pA.
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films is dependent on the emersion potential and history. Typically, the surface is
disordered following the stripping of Pd films as Pt surface is also oxidized at these
potentials. If the electrode is emersed and rinsed at OCP, the surface order is restored as
can be seen in Fig. 49. This (1x1) LEED pattern was obtained when the electrode was
emersed and allowed to equilibrate at OCP following I-catalyzed removal of ca. 3.2 ML

(after 4 cycles of SLR?) Pd films.

3.6 Trends

Analysis of the data collected for both SLR® and CPD films demonstrates a few
trends. According to electron spectroscopic observations, both films showed similar
properties and indicated the formation of ordered ultrathin films. The digital images of
the LEED patterns were analyzed by Origin Pro 8.5 software. Fig. 50 represents the 3D
colormap surface of the digital image of the LEED pattern for a clean Pt(111) electrode.
The brightest spot was selected for detailed analysis. The same spot was utilized for all
LEED images to evaluate the pixel intensity profiles. A typical line trace analysis of the
LEED spot is displayed in Fig. 51. The blue trace at the top of Fig. 51 shows the pixel
intensity profile along the horizontal line passing through the selected spot while the red
trace on the right side represents that along the vertical line. The horizontal line profile

was used to compare the LEED images for various Pd films.
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Fig. 49. LEED pattern of Pt(111) following the I ¢-catalyzed stripping of SLR*-prepared
ca. 3.2 ML Pd. After the stripping, the electrode was rinsed with blank at OCP. (Beam

energy = 62 eV, Ip =2 pA).
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Fig. 50. 3D colormap surface of the image of the LEED pattern for clean Pt(111)

electrode. The arrow indicates the spot chosen for pixel intensity analysis.
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Fig. 52 displays the normalized pixel intensities from the analysis of LEED spots
at various Pd coverages. The intensities were normalized with respect to intensities from
clean Pt(111) LEED patterns for SLR® and CPD Pd film studies. Fig. 53 refers to the
full-width at half maximum of the line trace analysis of the LEED spot. The variation in
spot diameters with Pd film thickness is given in Fig. 54. For both films, the LEED spots
get a little dimmer with increasing coverage but they were still sharp indicating long
range surface order of the resulting films. It should be underscored, however, that the
LEED spot analysis performed here is for qualitative evaluations only. Electrochemical
methods, on the other hand, reveal some details and minor differences. First of all, both
films maintain ultrathin properties even at 8 ML coverage and show unique
voltammetric signatures in the hydrogen UPD region. Such behavior is non-existent for
bulk Pd surfaces.

Figs. 55 and 56 show the variation of Hypp desorption charge with Pd coverage
for CPD and SLR® films, respectively. The Hypp desorption charge was measured by
integrating the area under the desorption peak in the cyclic voltammograms (in 100 mM
H,SO4 at 2 mV/s) as illustrated by Hoyer et al. [95]. Initially, both films show an
increase of Hypp desorption charge from terrace sites with increase in Pd coverage. Then
at a coverage of ca. 4 ML, the Hypp desorption charge decreases with further increase in
Pd coverage whereas the Hupp charge from steps sites or terrace sites on multilayer Pd
films starts to increase at a coverage of 4 ML. The total Hypp desorption charge also

starts to decline after 2 ML.



7.00E+04
—4—SLR3
.--.. CPD
6.00E+04
5.00E+04
. B
g B
k=Y K
S 4.00E+04 {:
= :
) :
= :
- -
T 3.00E+04 | :
5 -l
g :
5 :
z A
2.00E+04 | .. .
e n
1.00E+04 +
R '-........
®00ccccccccccccccccne . ..
0.00E+H00 i e
0 1 2 3 4 5 6 7 8
0, /ML

Fig. 52. Comparison of pixel intensities from the LEED spot analysis for Pd films at

various coverages.

104



105

................................... a
3
8
z ,
z
=
15 +
et SLR3
10 - <-4+ CPD
5_
0 e e S B B B S E—
0 1 2 3 4 5 6 7 8 9

Fig. 53. FWHM of LEED spot line trace analysis profiles for Pd films.



106

40

3
£
]
g -
£ 20 ¢
=S -
=]
2
=3
n
15 -
e==fe==SLR3
10 4 cexs+ CPD
5_
0
0 1 2 3 4 5 6 7 8 9

Fig. 54. Variation of LEED spot diameter with Pd coverage.



107

290
240 -+ . CPD
| - ea» e \
....... ’ \\\
\
~
~
R \\
b 8
190 + \\ e @+ Terrace
[ \
\\ == Step

Fig. 55. Effect of Pd coverage on Hypp desorption charge for CPD films.



108

125
I a
10 | 20 SS( SLR?
- w.. .. \\
[] '.. \\
i " A\\ o+<®-- Terrace
% 1 : s —— Step
“ S
' o =<A= Total
' 2 N
il ] " S
80 i ' ’.. \\
[] '.. \\
] . N
- ] ., N
65 + 'l ~
I . N
2 ] o o
< ' ... A
7 s i
@ P
35 1
20 |
"o
5 .
0 1 2 3 4 5 6 7 8
Opy

Fig. 56. Effect of Pd coverage on Hypp desorption charge for SLR? Pd films



109

Fig. 57 displays the % terrace Hypp desorption charge for both films. For
coverages up to 2 ML, terrace sites account for more than 90% of the total charge for
CPD films. The SLR? films on the other hand show Hypp desorption charge exclusively
from terrace sites. This indicates that SLR’ films are slightly more uniform and
smoother. Earlier, the increase in contribution to Hypp charge from step sites were
interpreted as indication of rougher film growth specially at higher coverages [171].

Fig. 58 demonstrates the variation of full-width at half maximum (FWHM) of the
HUPD desorption peaks with increasing Pd film coverage. The FWHM goes through a
maximum at 1 ML, then decreases up to 4 ML, and then slowly increases up to 8 ML for
terrace sites for both films. The increase in FWHM between 4 to 8 ML is more
pronounced for steps sites in both films. Ideally, the decrease in FWHM of Hypp peak
would imply the formation of smoother and uniform films [64]. In the present case,
however, this rationale might not be applicable since two competing processes
(hydrogen adsorption and absorption) take place concurrently as the Pd film thickness
increases.

Attard and Bannister [90] have observed only the HUPD originating from terrace
sites on spontaneously deposited Pd films on Pt(111). In a separate study [64], they also
investigated the electrochemical properties of the Pd films on Pt(111) prepared under
UHV. In agreement with their earlier findings, only Hypp from terrace sites are observed
for Pd coverages below one monolayer. For thicker films, a second Hypp peak (at more
positive potential) was obtained. At Pd coverage of 4 ML, the Hypp peak due to terrace

sites disappears and the onset of bulk diffusion of hydrogen is implied by the irreversible
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peak starting at 0 V (vs. Pd/H), which is closely associated with bulk Pd. Clavilier [65]
also observed the second Hypp peak for Pd films synthesized by forced deposition
exceeding the coverage of 1 ML. Ross and coworkers have also reported similar
observations for electrodeposited Pd films on Pt(111). At @pq > 2 ML, the step Hypp
peak is the dominant feature in the cyclic voltammogram, which led them to suggest
much greater number of step sites compared to terrace sites [78]. The decrease of terrace
hydrogen adsorption/desorption peak, however, might have been caused by hydrogen
absorption.

According to Kolb and colleagues [95], the Hypp peak potentials for
electrodeposited Pd films on Pt(111) is independent of deposition solution while their
shape and charges are. For 3 ML Pd films, the terrace peak is much smaller in chloride
containing solution compared to Hypp peak from step sites whereas it is absent when the
coverage increases to 5 ML. In sulfate anion containing solution, the step peak is almost
as large as the terrace peak. Upon increase of Pd coverage further, the step becomes
predominant. It takes, however, 10 ML of Pd for complete disappearance of terrace Hypp
peak in sulfate ion containing solution. One important point of this study is that both
Hyupp peaks decrease in size and become sharper with increasing Pd coverage
irrespective of the anions present. We have also observed similar trend for both SLR’
and CPD Pd films. Our findings are also in agreement with those reported by Duncan et
al. [97].

In addition, in situ STM images reported by Kolb and coworkers [95] indicate

that smoother Pd films are deposited from [PACL]* containing solution as compared to
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those for sulfate containing solution. In the presence of chloride ions, up to 2 ML smooth
Pd films grows except for a few holes. After completion of 2 ML, the third layer starts to
grow in the same way. The fourth layer, however, begins to grow before completion of
the third layer. Thus as the Pd film thickness increases, the number of defects is slightly
increases which results in a relatively flat surface having a fractal-like shape. On the
other hand, in chloride free sulfate containing solution Pd forms small 3D clusters which
are one to four layers high instead of monoatomic high islands. The clusters
preferentially nucleate at the defect sites (e.g., steps).

A recent IRAS and TDS on SiO; supported Pt nanoparticles study [223]
investigated the development of terrace and step sites with the increase of particle size.
The IRAS spectra show characteristic peaks high-wave number and low-wave number
peaks due to CO at terrace- and step-like sites, respectively. Similarly, TDS spectra also
show CO desorption peaks at 350 and 450 K from terrace- and step-like sites,
respectively. It was found that as the particle size increased the number of steps sites
also increased initially as indicated by gradual emergence of CO desorption peak at 450
K in the TDS spectra. When the particle diameter reached 3.3 nm a second CO
desorption peak evolved at 350 K which is associated with CO desorption from the step
sites. Further increase in the particle size does not increase the number of step sites
appreciably while the number of terrace sites continue to grow. These experimental
results were found to be consistent with the simple hard sphere model of a truncated

cubooctahedron.
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Following similar arguments, it is unlikely that pseudomorphic Pd films would
grow rougher films at higher coverages (between 4 to 8 ML) particularly for films
prepared via SLR®. The reduction of the first Hypp peaks from terrace like sites rather
may be indicative transition from thin-film to bulk like property. The possible absence of
hydrogen absorption (especially at lower coverages) may be due to the pinning of the
first Pd adlayer to the Pt lattice, where hydrogen absorption is nonexistent. This pinned
layer of Pd prevents expansion of the topmost layers to accommodate hydrogen due to
high strain energy [72]. The smaller values of Hypp desorption charge for SLR* films
compared to CPD films might be due to differences in surface morphology or due to
differences in sulfate or bisulfate adsorption/desorption.

A slight difference was observed between SLR* and CPD methods prepared Pd
films in the I 4s-catalyzed dissolution of Pd, particularly at ®@pq < 1. The Pd dissolution
peak for SLR® films at such low coverages is not well-defined. More investigation is
necessary to delineate the origins of these differences for these films.

Lastly, the effect of Pd coverage on Cu UPD was investigated (Fig. 59). After
each irreversible deposition of Pd via SLR®, a cyclic voltammogram was recorded in 1
mM CuSOq in 100 mM sulfuric acid. The scan was initiated at OCP towards the negative
direction and was stopped at the initial potential to avoid any undue perturbation to the
adlayer. It was found that initially the Cu UPD adsorption/desorption peaks were
increasing with thickness for up to 4™ SLR3 cycle. After the 4t cycle, the Cu UPD peaks
decreased with increasing coverage. It was observed that the Cu UPD peaks shifted to

more positive values with each new SLR® cycle. Moreover, a few additional peaks



115

20
15 4
10 |
5 .
0 .
<
=
L]
— (111
5 (111)
------ 1 SLR3 Pd
10 4 ~ == 2nd SLR3 Pd
— = 3rd SLR3 Pd
15+ =+ 4th SLR3 Pd
—— -5th SLR3 Pd
20 - = 6th SLR3 Pd
—— - 7th SLR3 Pd
-25-"'i""i""i""i""i""i""

-0.30 -0.20 -0.10 0.00 0.10 0.20 0.30 0.40
E /V vs. Ag/AgCl (1 mM NaCl)

Fig. 59. CVs of SLR? prepared Pd in 1 mM CuSO4 in 100 mM H,SOy, after each

deposition cycle, r =2 mV/s.



116

started to form at the negative end of the main Cu UPD peak. It should be noted that
only one Cu UPD peak is observed for bulk Pd(111) electrodes [200]. To rule out any
possibility that scanning the electrode in between SLR® cycles might have disturbed the
surface, the experiment was repeated. This time, CVs were recorded after the completion
of 6™ (ca. 4.8 ML Pd) and 7" (ca. 5.6 ML Pd) SLR’ cycles (Fig. 60) and the same trend
was observed. The Cu UPD peaks get smaller and shift towards more positive potentials.
An additional CV is included in Fig. 54 for controlled-potential deposited 5.2 ML Pd
films in same CuSQy solution. The shape, size, and position of Cuypp peaks for this film
are comparable to those for SLR® films. This finding is significant that this might be a
thin film property. The second implication is that Cu UPD adsorption/desorption cycles
may not alter the irreversibly adsorbed Pd films on Pt. In fact, this has been confirmed
by Itaya for Pt(111) surfaces [197]. Scouring of the literature as to the origin of the extra
peaks, it was found that similar Cu UPD peaks were observed on Pd nanoparticles
supported on glassy carbon electrodes [45]. The origin of these peaks have been found
to be due to the adsorption of anions on the Cu adlayer [201].

In summation, for film coverages of 0.5 < ®pq < 2, a relatively smooth Pd surface
is formed which is indicative of layer-by-layer growth.
At 4 < ®pq < 8, the film growth follows Stranski-Krastanov or 3D growth mode, where
the first layer completely covers the substrate and the subsequent layers grow in islands.
This is in agreement with the STM observations made by Hoyer and coworkers [95].
Fig. 61 displays an illustration of the formation of step sites along the edges of the Pd

clusters that are expected in Stranski-Krastanov growth mode.
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CONCLUSIONS

Based on the observations made in this study, the following conclusions

can be drawn:

1.

SLR® appears capable to prepare atomically smooth ultrathin films on
Pt(111) without any additional thermal or electrochemical annealing. For
0.5 < ®pq < 8 ML coverages, both CPD and SLR* produce epitaxial films
on Pt(111).

There is nearly 1:1 correlation between the cumulative charge of
underpotentially deposited Cu (i.e., Pd deposition charge) and that for
Las-catalyzed Pd stripping of SLR’-prepared films on Pt(111) surfaces.
However, each SLR® cycle produces ca. 0.8 ML of Cu (i.e., Pd) on
Pt(111).

As in the case of CPD Pd films, SLR’-prepared Pd films show Hupp
peaks on terrace- and step-sites that are indicators of the thin film
property. Even at 8 ML true bulk properties are not observed.

CPD films show Hypp peaks that are due to step-sites at Opg = 0.5 to 8.
For SLR3-prepared Pd films, the Hypp peaks from step sites, start to
appear when 6pq > 2 which may indicate formation of slightly smoother
films prepared by SLR’ compared to CPD films.

Both SLR’ and CPD Pd films may be following the Stranski-Krastanov

growth mode at higher coverages.
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