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Abstract

The Electrochemical Quartz Crystal Microbalance (EQCM) was used as the main

investigation tool coupled with other conventional electrochemical methods to study

the electrocatalytic properties of polycrystalline Pt electrodes, including two separate

projects.

The �rst project studied the early stage of oxide �lm formation on the Pt surfaces

and the inhibition of the catalytic properties by the oxide �lm. The inhibition of the

fast electrode reaction of small molecules by the growth of oxide �lm allows those

molecules to be used as probes for the nature of the oxide �lm. The hydrogen oxida-

tion current (j ox) calculated by di¤erencing the cyclic voltammetry currents with and

without H2 present showed a characteristic plateau-to-plateau pro�le, which implies a

transition from the free Pt surface to the Pt surface completely covered by oxide �lm.

This method allows determination of the onset potential for oxide formation and also

the critical potential where a full monolayer of oxide is formed. This method applies to
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other fast surface reactions such as oxygen reduction reaction (ORR), and the results

are enhanced by forced convection in the rotating disk electrode (RDE) experiments.

The initial oxidation species was identi�ed by charge and EQCM frequency analysis.

Our results support the formation of a species with stoichiometry Pt2O, for example,

with an oxygen atom in the bridging position between two adjacent Pt atoms.

In the second project, the stability of the Pt electrodes in acid media with Ag+

present was investigated. A substantial frequency drift (8.3 Hz cycle�1, or 44 ng

cm�2 cycle�1) was observed during Ag electrodeposition and stripping on the bare

polycrystalline Pt surface. Cyclic voltammograms in pure HClO4 solution showed

nearly no frequency drift while the addition of 10�3 mol L�1 Ag+ resulted in an

immediate and characteristic frequency drift. The frequency drift appeared to be

consistent with loss of material from the electrode surface and the ICP-MS detected

a maximum Pt concentration of 2.3�10�6 mol L�1 in solution due to Pt dissolution.

The Pt concentration calculated from the EQCM frequency drift matched the ICP-MS

results. This allowed the EQCM for direct investigation of Pt dissolution at di¤erent

system temperatures, sweep rates, and potential ranges. The much higher rate of

dissolution with Ag present than that in pure HClO4 solution can be explained by the

formation of Pt-Ag alloy during Ag underpotential deposition and the co-dissolution

of Pt and Ag.
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Chapter 1

Introduction

The quartz crystal microbalance (QCM), more accurately referred to as the thickness-

shear-mode (TSM) resonator, was developed to take advantage of the unique piezo-

electricity of quartz crystals. These devices employ a thin quartz crystal sandwiched

between two excitation electrodes, which exert an alternating electric �eld to drive

the bulk crystal into synchronized vibration at its resonant frequency. The vibrating

quartz senses a mass change on its electrode surfaces as a change in its natural reso-

nant frequency. The mass change can be quantitatively estimated from this frequency

shift, according to the pioneering work by Sauerbrey [1]. Accompanied with advanced

frequency counting electronics, the QCM is able to measure minute mass changes at

the nanogram level or less. For a long time the QCM was used almost exclusively in

vacuum systems for �lm thickness detection as an supplementary component.

Advances in modern electrochemistry require detailed understanding of interfacial

properties where electrochemical processes take place. Conventional electrochemical

methods such as cyclic voltammetry (CV), chronoamperometry and chronopoten-

tiometry have long been practiced for surface and thin �lm characterization. These

methods, based on current and potential measurements, are able to provide kinetic

and thermodynamic information for reactions, but have limited ability to elucidate
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compositional change and mechanism of �lm formation at surfaces. The QCM in

solution for in situ mass measurement simultaneously with electrochemical measure-

ments (one excitation electrode serves as the working electrode), is referred to as the

electrochemical quartz crystal microbalance (EQCM), and is an established technique

to aid in mechanistic studies of chemical or electrochemical processes at surfaces. The

introduction of QCM into solution su¤ers immediately from heavy damping by liquid

contact, and the initial applications were limited only to viscosity measurements. Sub-

sequent theoretical e¤ort was made by Bruckenstein [2] and Kanazawa [3] to clarify

the liquid loading e¤ect on mass detection. Since then, a proliferation in applications

has been found in areas such as thin �lm deposition, adsorption, chemical sensors and

biosensors. Today the EQCM is recognized as a powerful electroanalytical method in

in-situ mass detection and interfacial property investigation.

The Pt surface, either single- or poly-crystalline, has been studied by many re-

searchers extensively in the last �ve decades, due to its unique thermodynamic sta-

bility and catalytic properties for electrochemical reactions. A few excellent review

articles are available in this area [4�6]. It is known that the properties of Pt sur-

faces can change dramatically when the surface condition is altered by oxidation,

dissolution, passivation, surface alloy formation, etc.. This thesis examines the poly-

crystalline Pt surface under controlled modi�cation, either by Ag electrodeposition

or potential-induced oxidation, with the EQCM as the main investigation tool. The

work presented in this thesis explores the potential of the EQCM technique to eluci-

date the mechanism of these surface processes, aiming for fundamental understanding

of the properties of Pt surfaces under a variety of conditions, and their role as elec-

trocatalysts. The outline of the rest of this thesis is as follows:

Chapter 2 discusses the experimental details.

Chapter 3 examines the non-ideal behavior of EQCM for in situ mass detection.

This chapter gives background information about identifying variables that cause non-

mass-related frequency components, and considerations for correct frequency inter-
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pretation. Some practical approaches to minimize the non-ideal e¤ects are discussed.

Chapter 4 pertains to some recent advances in the continuing of interest in Pt

oxide thin �lms and related areas in our research group. EQCM accompanied by

platinum site blocking molecules (H2 and O2) is used to investigate the very initial

stage of Pt oxide �lm formation. The initial composition and growth behavior are

successfully identi�ed.

Chapter 5 focuses on the interesting frequency drift phenomenon resulted from

repeated Ag deposition and stripping. Direct in-situ proof by EQCM and Atomic

force microscopy (AFM) is given of Pt dissolution from the electrode surface.

A short chapter 6 summarizing all my results and conclusions is placed at the end;

it also addresses some future work to be done.
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Chapter 2

Experimental

2.1 EQCM technique

2.1.1 Instrument set-up

Our current EQCM system integrates the frequency measurement with electrochemi-

cal capability. The electrochemical unit adopts a conventional 3-electrode cell design,

using one excitation electrode on the quartz crystal surface as the working electrode

(WE). The crystal is attached to the cell by a custom made Te�on holder (Fig. 2.1)

with the WE side facing the solution and functions as the core part of the frequency

measurement unit.

The 9 MHz AT-cut quartz crystal, purchased from Princeton Applied Research

(PAR), has Pt disks (3000 Å thickness and 0.196 cm2 geometric surface area) sput-

tered onto both of its sides, with a thin titanium adhesion layer underneath. The

Pt surface has a polycrystalline structure and is available in a polished or unpolished

version. In this work, we used crystals with the polished Pt surface, which has a

true surface area of 0.235 cm2, determined from the charge for H underpotential de-

position (assuming one H per Pt atom corresponds to 220 �C cm�2). The crystal
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Figure 2.1: Schematic of EQCM Te�on holder. A) Bottom metal piece. B) Bottom
Te�on piece. C) EQCM crystal between two o-rings. D) Top Te�on piece. E) Metal
supporing piece. F) Metal unit attached to the glass cell. Reprinted with permission
from Ref. [7]. Copyright C.A. Je¤rey, 2004 University of Victoria.
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Figure 2.2: Schematic for the EQCM set up. A) Electrochemical and EQCM cell.
B) Voltage-controlled oscillator. C) High-resolution frequency counter. D) Analog or
digital function generator. E) Potentiostat. F) Picoscope analog-to-digital converter.
E) Data acquisition computer. Reprinted with permission from Ref. [7]. Copyright
C.A. Je¤rey, 2004 University of Victoria.

is sandwiched between o-rings in the te�on holder, and operated by a phase locked

oscillator (Maxtek PLO-10i). The PLO-10i outputs the frequency signal to a high-

resolution frequency counter (Fluke PM6681) and also connects the current signal

from the WE to a custom-built potentiostat, which controls the potential. Analogue

current and potential signals from the potentiostat are digitized with a 12-bit analog-

to-digital converter (ADC-212, Pico Technologies) and collected together with the

digital output of the frequency counter using custom software. To avoid electromag-

netic interference, the quartz crystal and oscillator were placed in a Faraday cage.

The detailed schematic of the EQCM set-up and data acquisition is presented in Fig.

2.2.

2.1.2 Electrochemistry

Solutions were prepared from analytical grade chemicals and Millipore Milli-Q deion-

ized water: 0.5 M H2SO4 (BDH Aristar), 0.5 M HClO4 (BDH), 1 mM AgClO4 (Alfa

Aesar) in 0.5 M HClO4 (later simply referred to as 1 mM AgClO4 in this thesis). The
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solution was deoxygenated by bubbling a constant argon (ACS grade) stream prior

to and throughout any electrochemical measurement. For Chapter 4 where H2 or O2

saturated solution was needed, ultra high purity H2 or O2 gas was supplied directly

from a high pressure tank, without special pretreatment, with the �ow rate controlled

by the regulator. A �ne stream of 2-3 bubbles per second was maintained without

causing apparent convection in solution.

The WE was the polycrystalline Pt electrode on the quartz crystal facing the

solution, and either side could be used. For H2SO4 and HClO4 solutions, the reversible

hydrogen electrode (RHE) was used as a reference electrode, made of high purity

poly-crystalline Pt wire sealed in glass tubes, isolated from the main cell solution

with a luer ground glass joint wetted with electrolyte. For AgClO4 solutions where

the usage of the RHE is unworkable, AgjAg+ reference electrodes (RE) were used,

made of high purity Ag wire immersed in the main cell solution. The equilibrium

potential of AgjAg+ RE in 1 mM AgClO4 was calculated to be 0.60 V versus RHE in

0.5 M HClO4, and this correlation was used to convert potential measured versus one

RE to that versus another. The counter electrode (CE) had a small Pt gauze welded

to the Pt wire to provide su¢ cient surface area.

All the glassware, electrodes and te�on pieces were soaked in a hot chromic acid

bath and then rinsed thoroughly with Millipore water. The quartz crystal was treated

with Millipore Milli-Q water by long-time soaking and rinsing. Before any actual

measurement, a few cyclic voltammetry (CV) cycles between 0.05 and 1.45 V at 20

mV s�1 were performed until the voltammogram included only the features of clean

polycrystalline platinum (see Fig. 2.3). In Ag electrodeposition experiments, the

0.5 M HClO4 solution was replaced by 1 mM AgClO4 solution after the electrode

was electrochemically cleaned. All CVs were operated between 0.05 V and 1.55 V

vs. RHE, or 0.6 V and 0.9 V vs. AgjAg+ in AgClO4 solution if not otherwise

speci�ed, controlled by the potentiostat, with current densities quoted relative to the

true area. The frequency response was recorded simultaneously when electrochemical
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Figure 2.3: Cyclic voltammetry in 0.5 M H2SO4, sweep rate 20 mVs�1, polycrystalline
Pt electrode

experiments were conducted on the electrode. All the measurements were carried out

at room temperature.

2.1.3 Frequency data treatment and analysis

The frequency counter adopts a reciprocal counting technique to measure the fre-

quency, with theoretical resolution inversely proportional to gate time tg. This gate

time represents the time resolution in capturing the frequency change in a fast elec-

trochemical process. To achieve fast frequency measurements with high resolution,

the e¤ect of tg was carefully tested and a default value of 10 ms was chosen. The

frequency data measured in AgClO4 solutions had a high signal-to-noise ratio (S/N),

due to the large frequency change (ca. 500 Hz) by deposition of heavy Ag atoms, and

hence raw data was used for frequency analysis without smoothing. The electrode
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reaction in HClO4 or H2SO4 involves only light species such as H and O, resulting in

a small total frequency change (ca. 30 Hz) and poor S/N. In such cases, the raw fre-

quency data was treated by a 30 point fast fourier transform (FFT) based smoothing

technique to �lter the noise while faithfully representing the signal (Fig. 2.4).

The relationship between mass change per unit EQCM surface area (�m) and its

corresponding frequency shift (�f ) in the natural resonant frequency was governed

by the Sauerbrey equation,

�f = �2f 20�m=(�q�q)1=2 or �f = Cf�m (2.1)

where f 0 is the natural resonant frequency in air, ca. 9 MHz for our quartz, �q is the

density of quartz (2.648 g cm�3), and �q is the shear modulus of quartz (2.947� 1011 g

cm�1 s�2). These three constants are the intrinsic physical properties of a given piece

of quartz crystal, and usually represented by a simple combined constant C f, which

not only quickly gives the mass change from the measured frequency, but also tells

how sensitively the EQCM responds to mass change. The proportional relationship

between frequency shift and mass change holds when the mass change is within 1%

of the total quartz mass and this condition was easily met in our experiments. The

actual C f needs to be carefully calibrated, although a nominal one is available from

theoretical calculation or the manufacturer. The common approach as suggested by

many researchers is experimental calibration by electrodeposition of a heavy metal,

such as copper or silver. In this work, C f of 0.188�0.004 Hz ng�1 cm2 was determined

with methods described in Ref. [8] by Ag electrodeposition and is used exclusively

in this thesis. The errors in mass measurement were calculated from the standard

deviations of serveral replicate experiments. With a con�dence level of 95%, the

errors are approximately 10% of the average mass.
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Figure 2.4: Example of FFT smoothing. Frequency data obtained under the same
condition as Fig. 2.3.
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2.2 Rotating disk electrode technique

The rotating disk electrode (RDE) is an important hydrodynamic method to study

electrochemical processes involving convective mass transport. In cases where the

current-potential feature is complicated by the natural convection in stagnant solu-

tion, the rotating electrode produces a controlled convection at much higher mag-

nitude, so that the random convection can be e¤ectively eliminated. The resulting

current response becomes much higher due to the additional convective component,

compared with di¤usion controlled current in stagnant solution. The mathematical

description of the limiting current j L controlled by mass transport on a rotating disk

at steady state has been given by Levich [9]:

jL = 0:620nFC
�D2=3��1=6!1=2 (2.2)

where n is the number of electrons for the overall reaction, F is Faraday�s constant,

C � is the bulk concentration, D is the di¤usion coe¢ cient, � is the kinematic viscosity

and ! is the rotation speed in rad s�1. Eq. (2.2) applies to a fast electron transfer

reaction at totally mass-transport-limited condition. When the reaction is slower

and limiting current condition can�t be achieved, Eq. (2.2) needs to be modi�ed

into a general current-potential equation, including both kinetics and mass transport

components:
1

j
=

1

nFkC�
+

1

0:620nFC�D2=3��1=6!1=2
(2.3)

where k denotes the rate constant of the charge transfer reaction.

We used the RDE technique in our studies of Pt oxide formation (Chapter 4) where

signi�cant convection was caused in solution by H2 and O2 bubbling. The experiment

was carried out in a specially designed three-electrode glass cell to accommodate the

rotating disk tip. The rotating disk tip (Pine instrument MT28 series) was a te�on

rod with a Pt disk and Pt ring embedded in the end, with the disk and ring separated
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by a thin te�on gap. In Chapter 4, the Pt disk was used as the working electrode, and

had a true surface area of 0.268 cm2. The RDE tip was polished by a series of diamond

compound pastes, with particle size from 300 �m to 1 �m and then rinsed thoroughly

with Millipore water. The RDE was driven by a rotating Modulated Speed Rotator

(MSR), with the rotating speed controlled over a wide range from 1 to 10000 rpm.

2.3 ICP-MS technique

Inductively Coupled Plasma Mass Spectrometry (ICP-MS) is an extremely sensitive

analytical technique, capable of measuring multi-element concentrations in a given

sample from ultra-trace (ppb) to major component levels (mM). Both liquid and solid

(digested in aggressive acid mixture) samples can be analyzed.

The diluted sample is injected with argon gas, nebulized and then enters the

plasma torch, which is the heat source and provides a high temperature at 8000 K

to ionize the analyte completely. The ions are extracted from the plasma through

sampling and skimmer cones, into a low vacuum region. The quadrupole will only let

ions of a certain mass and charge pass through and into the detector. By this method

most elements in the periodic table, from lithium to uranium, can be measured and

quanti�ed. A detailed schematic is given in Fig 2.5.

Detection of soluble Pt dissolved from the Pt electrode was carried out on a

Thermo XSII X7 Quadrupole ICP-MS. Samples were handled and prepared in an

ultra clean room. All the solutions were �rst diluted 1000 times with 2% HNO3

(by serial dilution), spiked with indium internal standard, and analyzed in standard

solution mode. Sensitivity was around 10 ppb with a relative standard deviation

(%RSD) of 2%. Results were measured in ppm and then converted to mol L�1.
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Figure 2.5: Schematic of ICP-MS.

2.4 Atomic force microscopy technique

The atomic force microscopy (AFM) technique provides detailed surface microstruc-

ture with atomic resolution. The AFM tip traces the geometric features of the sub-

strate during surface scanning, converting the force exerted by the sample surface to

a detectable optical signal. The interactive force between the tip and sample is con-

trolled to be either attractive or repulsive, depending on the application. The AFM

doesn�t give electronic structure as the scanning tunnelling microscope (STM) does.

However, AFM is versatile in studying di¤erent types of substrates, such as metals,

semiconductors and polymers. The resolution of AFM is largely limited by the size

of tip, which is typically 10-100 atoms. With such a bulky tip compared with the size

with a single atom, the topography monitored is more atomic periodicity than a true

atomic resolution image.

In chapter 5, we propose a metal deposition induced mechanism for Pt electrode

dissolution, accompanied by reconstruction and roughening of Pt surface. AFM was

used to obtain supporting evidence of the morphology change at the Pt surface. The

topography of the Pt surface was imaged by a Veeco Atomic Force Microscope in

tapping mode (silicon cantilever, pre-scan with 300 nm resolution for a 200 �m�200



CHAPTER 2. EXPERIMENTAL 14

Figure 2.6: Schematic of AFM equipment
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�m image area and �nalize with 1000 nm resolution for 10 �m�10 �m area). The

true-to-geometric roughness factor of the Pt surface was calculated directly from

the image by supplementary software, and was typically 1.1-1.8, suggesting a rather

smooth surface. These numbers showed good agreement with the roughness factor

measured electrochemically by charge measurement in the hydrogen underpotential

deposition (UPD) region.
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Chapter 3

E¤ect of variables on EQCM

operation

3.1 Introduction

This chapter provides a fundamental look at the behavior of oscillating quartz in con-

tact with liquid, and examines variables which a¤ect the operation of the EQCM and

data interpretation in studying electrochemical processes. The applications of QCM

to study thin �lms in vacuum or gaseous phase didn�t encounter many di¢ culties,

though a few researchers addressed some operational aspects of using QCM [10,11].

In most cases, the Sauerbrey model gives an accurate interpretation of the frequency

response with few restrictions and modi�cations. The Sauerbrey equation, showing a

linear frequency-mass relationship, has been called into question for its application in

liquid media. Nomura et al. [12] observed a substantial frequency drop when intro-

ducing the oscillating crystal from the air into the �uid, with its magnitude related to

the physical properties of the �uid. Thus it is evident that the frequency response in

liquid media can be contributed not only from mass loading on to the crystal surface,

but also from liquid loading. Even before this, researchers had been trying to under-
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stand the in�uence of contacting liquid to a resonant QCM. These e¤orts lead to a few

models giving semi-quantitative [13] and quantitative [14�16] descriptions of relations

between liquid properties and frequency response, among which the Kanazawa and

Gordon model [3] became the most commonly accepted one. Their approach treats

the solid-liquid interface as an ideally smooth surface oscillating in contact with a

Newtonian �uid. The dampened transverse wave propagates into the liquid from the

oscillating crystal surface with a characteristic decay length �, with

� = (2�L=!�L)
1=2 (3.1)

where �L and �L are the viscosity and density of the liquid, and ! is the angular

oscillation frequency. � represents the depth of liquid layer probed by the crystal and

has a value of 250 nm in 20 �C water with a 5 MHz crystal. It is noteworthy that

the electrical double layer, with a typical thickness of �10 nm, falls well within the

detectable boundary layer by a QCM, therefore leading into potential future work

exploring the e¤ects of solvent structure and ion adsorption in double layer. Further

derivation assuming equal and opposite shear stress on the liquid and quartz sides of

the interface gives the famous Kanazawa and Gordon equation:

�f = �f 3=20 (�L�L=��q�q)
1=2 (3.2)

where f0 is the resonant frequency of the clean crystal in air. Equation (3.2) gives a

quantitative prediction of the frequency shift by liquid contact (about 6 kHz from air

into 20 �C water with a 5 MHz crystal ), and its remarkable accuracy has made QCM

a reliable liquid viscosity/density sensor in many applications. This model, however,

describes how liquid contact a¤ects a clean crystal surface, i.e., without mass loading,

and thus merely describes the condition prior to mass measurement. The in situ

formation of a thin �lm on the crystal surface causes an additional frequency shift
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following equation (2.1), giving the total frequency shift in the form:

�f = �f 3=20 (�L�L=��q�q)
1=2 � 2f 20�m=(�q�q)1=2 (3.3)

or

�f = �2f 2s�m=(�q�q)1=2 (3.4)

where fs is the resonant frequency of a dampened crystal in solution. Equation (3.4),

a revised form of equation (2.1), with the e¤ect of liquid contact included in the

resonant frequency fs, is valid assuming a small di¤erence between f0 and fs. In the

case of present interest, equation (3.4) is often used as (2.1) itself, provided the in situ

calibration constant is carefully determined with electrodeposition or other means.

Di¢ culties still exist in using the Sauerbrey equation to interpret measured fre-

quency changes in solution. In some cases, the observed frequency change by liquid

contact greatly exceeds the Kanazawa and Gordon prediction and can be attributed

to non-ideal conditions at the interface, such as surface roughness, interfacial slippage

and non-Newtonian liquids. These e¤ects are taken into account by some researchers

to develop enhanced liquid loading models [17,18]. In addition, forming a foreign thin

�lm at the solid-liquid interface often causes changes in the double layer structure [2]

and therefore the shear wave coupling between the crystal surface and the liquid, thus

causing a non-mass-related frequency shift.

In the following sections, I will examine possible variables a¤ecting frequency in-

terpretation and mass measurement. I have made no attempt to give a comprehensive

catalogue of them. Many variables contribute minor e¤ects or remain nearly identical

throughout an experiment, therefore their e¤ects can be neglected for mass measure-

ment. Some others are identi�ed as variables strongly a¤ecting frequency response

and interpretation, and thus need to be discussed in detail. The e¤ects to be discussed

in the following section include: e¤ect of temperature, double-layer structure, surface

roughness, �lm non-uniformity and interfacial slippage. Due to the their potential to
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cause artifacts and errors, some instrumental aspects will also be addressed.

3.2 Temperature e¤ect

The temperature has an e¤ect on the frequency response by in�uencing both the

crystal and solution sides of the interface. The AT-cut quartz for QCM application

(cut at an angle of approximately 35�15� from the z -axis of the crystal wafer) has

a cubic frequency-temperature characteristic (Eq. 3.5), in contrast to the parabolic

characteristic of other crystal cuts (BT, CT, DT, SC, etc.).

f=f0 = a(T � T0) + b(T � T0)
2 + c(T � T0)

3 (3.5)

where a, b and c are temperature coe¢ cients at di¤erent orders, and T 0 the is in�ec-

tion temperature, approximately 25 �C. The frequency-temperature curves of AT-cut

quartz crystals with slightly di¤erent cut angles are given in Fig 3.1. A 20 �C tem-

perature drift from room temperature causes � 3 ppm (27 Hz for 9 MHz) shift in

resonant frequency, or 1.3 Hz per �C increment. This clearly shows that an AT-cut

crystal has a small frequency variation over a wide range of temperatures.

In the other hand, Eq. (3.2) reveals the strong dependence of frequency shift on

liquid viscosity and density, and the liquid viscosity and density largely depends on

the temperature. The same temperature variation as above for water gives a frequency

shift of 393 Hz at 9 MHz, which equals 20 Hz per �C. Comparing with the maximum

frequency shift of 25 Hz for cyclic voltammetry in 0.5 M H2SO4, it is crucial to have

good control of temperature in an EQCM experiment.

Although the temperature of bulk solution and quartz crystal may be well con-

trolled by a thermostat or other technique, dynamic temperature variation may easily

occur at microbalance-solution interface. Valentine examined the general case of ther-

mal exchange of the crystal (as heat source by internal friction) with its surrounding
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Figure 3.1: Frequency-temperature curve of AT-cut quartz crystal. Figures on top of
the curves refer to the deviation of cut angles from 35�15�.

medium, and the resulting frequency shift [19]. In another case, when an electrochem-

ical process takes place at the interface, reversing the direction of an endothermic or

exothermic reaction repeatedly by the potentiodynamic method may provide an ad-

ditional heat source. This e¤ect needs to be taken into serious consideration, and will

be discussed in the case of Ag electrodeposition in Chapter 5.

3.3 Double layer structure

The electrical double layer structure can be altered in many ways, chemically or

electrochemically, giving additional frequency responses. A potentiodynamic sweep

shifts the electrode potential and changes the non-speci�c adsorption of ions, ac-

companied by necessary water displacement. Electrodeposition of a thin �lm often

changes the hydrophilicity or hydrophobicity of the surface, resulting in a di¤erent

pro�le of adsorbed species. These structural changes give a detectable mass change
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and frequency shift of the crystal. Raudonis [20] further concluded that only the

species present within the outer Helmholtz plane (OHP) would change the electrode

mass. As a matter of fact, many researchers have been using EQCM as an important

tool to investigate water/ion adsorption at interface. For instance, Santos [21] at-

tributed the small frequency drop in the H UPD region to adsorption of 1 monolayer

(ML) of water molecules. There are other changes in double layer in terms of inter-

facial viscosity and density di¤erence from bulk values, with the presence of surface

excess of adsorbates [22], or a depletion layer [23]. However, given the knowledge of

how the interfacial structure impacts frequency response, one can extract important

double layer structure information from the measured frequency.

3.4 Surface roughness

One important assumption in the Kanazawa and Gordon model is that the crystal

surface has to be ideally smooth so that the solid-liquid coupling is a purely viscous

e¤ect. The di¢ culty in preparing such a surface, however, has made most real QCM

crystals available with considerable roughness and various microstructures. It is ap-

parent that a crystal surface with su¢ cient roughness tends to trap a small portion

of water in its surface depressions as rigid mass, resulting in a larger frequency shift

than that predicted by Kanazawa and Gordon model. Hence, using the Kanazawa

and Gordon model for di¤erent types of surface morphology must be accompanied by

consideration of the roughness e¤ect.

Schumacher [24,25] has shown that the roughness exerts an in�uence on the res-

onance frequency shift in a way similar to solid deposits and liquid contact. In his

work, a corrugated surface has been proposed in which the trapped liquid mass is

directly related to the frequency change. Although the calculated size of the surface

features (30-62 Å) doesn�t completely agree with the SEM result (250 Å), his result

shows the possibility to correlate surface roughness with its induced frequency shift.



CHAPTER 3. EFFECT OF VARIABLES ON EQCM OPERATION 22

Separate work by some researchers [26�28] has tried to extract roughness information

from network analysis of the Quartz Crystal Impedance (QCI). Their results have

shown that the rigid and viscous coupling can be distinguished, as represented by

parameters related to energy storage and power dissipation in the equivalent circuit

of a resonant quartz crystal. Daikhin and Urbakh have reported a more complicated

model in a series of papers to elaborate the roughness e¤ect [29�32]. The highlight of

this model is its capability to treat a variety of scales of roughness, ranging between

two limiting cases of "slight" and "strong" roughness, as represented in Fig. 3.2.

Although aiming to treat a nonuniform surface with arbitrary roughness, the authors

have demonstrated the necessity to treat the shear wave coupling at interface for the

two limiting roughnesses quite di¤erently: a Rayleigh-Fano perturbation theory for

slight roughness and Brinkman�s equation for strong roughness. Based on this model,

the shift in resonant frequency (�f) and frequency width (��) measured in liquids

with di¤erent viscosity and density is �t into the surface roughness pro�le, i.e., root-

mean-square height and correlation length of surface features, assuming the surface is

of multiscale roughness. The authors have suggested that the EQCM alone is capable

of correlating the surface roughness with frequency measurement, but to achieve the

same level of detail as STM in measuring surface roughness, comprehensive impedance

spectroscopy analysis is required.

The understanding of the e¤ect of roughness is of great importance in studying sur-

face processes on a roughened or smoothed electrode. For the case of present interest,

the surface reconstruction of the Pt electrode surface by repeated oxidizing/reducing

cycles, or depositing/stripping Ag monolayers always leads to a change in surface

roughness. Our previous work [8] has demonstrated that lower mass than the ideal

silver mass for depositing multilayer silver was closely related to electrode smoothing.

In this thesis, especially in the studies of Pt dissolution induced by Ag deposition,

e¤ort has been made to interpret the frequency data taking into consideration the

roughness e¤ect, with direct surface roughness detection by AFM measurement.
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Figure 3.2: Surface with di¤erent roughness features: (a) slightly rough surface, char-
acteristic height L (typically 10-100 nm for metallic �lm on a quartz crystal) much
less than lateral feature size; (b) strongly rough surface, L comparable or larger than
lateral feature size; (c) surface with multiscale roughness. Reprinted with permission
from Ref. [32]. Copyright 2002 American Chemical Society.
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3.5 Film non-uniforminty

The Sauerbrey equation assumes uniform mass sensitivity over the entire surface

of the crystal, regardless of its location on the surface. It has been demonstrated

experimentally, both in gaseous [33] and liquid [34] phases, that the localized mass

sensitivity decreases from the center to the edge in a Gaussian distribution manner.

Thus the calibration constant C f in Eq. 2.1 is an integral of the di¤erential calibration

constant cf over the total surface area of the crystal as:

cf(r; �) = df=dm (3.6)

Cf =

Z 2�

0

Z R

0

cf(r; �)rdrd� (3.7)

Thus valid application of the Sauerbrey equation requires the deposited thin �lm to

have a uniform thickness, often available from a layer-by-layer growth mechanism.

In many cases, electrochemically deposited �lm grows under a di¤usion controlled

or surface controlled mechanism. Provided the same surface topology occurs across

the active area, the analysis remains valid. As long as the calibration constant C f

is calibrated experimentally with some standard procedure, good conformance of

frequency data with the Sauerbrey equation can be found. The remaining issue is

that for the electrodeposition of a submonolayer �lm, where the adsorbed molecules

are distributed on the electrode surface in a random manner, a variable frequency

response is obtained. In such a case, repeating experiments followed by data averaging

is a common approach, or estimation of the adsorbate distribution needs to be done.

The e¤ect of �lm non-uniformity will be addressed in Chapter 4, where the initial

stage of Pt oxide �lm formation is investigated.



CHAPTER 3. EFFECT OF VARIABLES ON EQCM OPERATION 25

Figure 3.3: The Electrode-liquid interface where interfacial slip occurs. Reprinted
with permission from Ref. [35]. Copyright 1997 RSC Publishing.

3.6 Interfacial slip

The Kanazawa and Gordon model describes a "non-slip" condition at the interface,

i.e., the �rst liquid layer is tightly bound to the electrode surface and oscillating at

the same velocity as that of the surface. A change in surface energy or interfacial

condition, however, may signi�cantly weaken the surface/liquid interaction and lead

to a "slip" condition, i.e., a discontinuity of shear velocity from the solid side to

liquid side. It is believed that violation of the non-slip condition is possibly caused

by a hydrophobic surface oscillating in aqueous solution [36], giving a diminished

frequency response compared with a hydrophilic surface. Alternatively, other e¤ects

such as small bubble formation [37], or ion/molecular adsorption [38] may be the

root cause. The determination of the extent of slip and quantitative correlation with

frequency can�t be made without consideration of surface roughness due to the pro-

nounced interplay of these factors. Following the earlier model including a complex

slip parameter [39] and another four-layer interfacial model [40], recently McHale has
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reported a complicated model describing the frequency response of a rough surface

oscillating under a slip boundary condition [41]. The author argued that if interfacial

slip does occur on a rough surface, then it is no longer a molecular level phenomenon,

but rather a "hydrodynamic boundary condition". A model was discussed that at-

tempted to mathematically correlate the slip condition with frequency data, but lacks

convincing experimental proof. Until now, although many models have been devel-

oped to describe the concept of "slip", it still remains experimentally challenging to

�nd direct proof of the slip condition and interpret it.

3.7 Experimental aspects

We now address the experimental aspects of instrument stability and EQCM calibra-

tion.

3.7.1 Stability of instrument

The original charm of the EQCM was its extremely high sensitivity (nanogram) in

measuring mass accumulation, compared with conventional mechanical or electronic

scales. The mass sensitivity of a EQCM is pre-determined by the calibration con-

stant of the quartz crystal and the resolution of frequency counter. For example,

a calibration constant of 5.29 ng cm�2 Hz�1 and a counter resolution of 0.1 Hz in

our equipment setup gives a maximum sensitivity of 0.529 ng cm�2. With such a

high sensitivity, forming a submonolayer thin �lm can be easily detected (growing a

monolayer of PtO on bare Pt gives 36.3 ng cm�2 mass increment). It must be noted

that imperfect electromagnetic shielding in the experimental setup can easily cause

noise at the 1 Hz level, therefore a certain amount of data smoothing is required to

achieve the maximum sensitivity.

In the practical use of EQCM, many researchers have realized the importance of
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the stability of the instrument in frequency measurement to achieve maximum sensi-

tivity and minimum error in frequency data, especially for detection of submonolayer

�lms. A common instrumental instability is the apparent frequency drift with time,

with a magnitude of a few Hz or even larger, when no reaction takes place at the

electrode surface or the electrode remains unchanged. It has been con�rmed that

the temperature drift and aging of the circuit may cause long-term instability, while

short-term instability can be ascribed to many a¤ects, such as stress relief between

the crystal and the o-rings, temperature �uctuations and random vibrations [42].

The stability of the EQCM in frequency measurement largely depends on instrument

design and cell setup, usually independent of the types of electrochemical processes

on the electrode. This allows quantitative monitoring of frequency instability in con-

trol experiments and subsequent correction of the raw frequency data. It has been

observed experimentally that long-term frequency drift that plausibly results from

instrument instability may simply re�ect constant modi�cation of the electrode sur-

face. In our case, partial dissolution of the Pt electrode under multiple cycles of

Ag electrodeposition and stripping leads to a drift that we originally identi�ed as

instrumental in origin.

3.7.2 Calibration of the EQCM

To guarantee accurate mass-frequency correlation, i.e., valid interpretation by the

Sauerbrey equation, experimental calibration of C f must be carefully carried out.

A few published works have explored some practical procedures for calibrating the

EQCM, mostly using metal deposition [43, 44]. Vatankhah et al. reported their re-

sults with three conventional electrochemical methods: CV, chronopotentiometry and

chronopotentiometry, showing good consistency with these di¤erent methods. They

emphasized the necessity of experimental calibration of C f, rather than theoretical

calculation from the Sauerbrey equation, prior to performing any frequency measure-

ment. Their �ndings showed that the actual C f (4.19 ng Hz�1 cm�2) is 25% lower
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than the calculated one (5.58 ng Hz�1 cm�2). Recently, Je¤ery et al. [8] used Ag

deposition on iodine-covered Pt electrode to determine C f. They argued that a reli-

able determination of C f and good agreement with the calculated one was achieved

due to the role played by uniformly deposited silver at the �lm-solution interface,

because of the unchanging interaction between the iodine and the solutions (silver

goes underneath the iodine), and constant electrode surface roughness.

3.8 Conclusions

Deviation from the linear Sauerbrey relation or a slope di¤erent from the ideal one

may be attributed to one or more e¤ects as discussed above. Care is needed when

interpreting frequency response with considerations of these e¤ects. Some e¤ects may

not be real, but may nonetheless explain the frequency data quite reasonably. For

example, the frequency shift in the H UPD region can be equally well explained by

the e¤ect of slip caused by the hydrophilic-to-hydrophobic transition, or by water

displacement. Careful interpretation therefore requires knowledge of reaction mecha-

nisms and interfacial properties determined with the help of other in situ techniques.
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Chapter 4

EQCM and site blocking studies of

Pt oxide growth

4.1 Introduction

The thin oxide �lm on Pt has been studied using electrochemical methods for about

�ve decades [4�6, 45]. These methods have led to an understanding of the growth

kinetics, but the determination of the detailed structure of the �lm requires surface

analytical tools. Many new methods were applied in the last two decades, but the

detailed structure remains elusive, particularly for the very �rst stage of oxidation.

One of the di¢ culties is that the �lm is not well ordered and so methods such as ex-

situ low energy electron di¤raction (LEED) and surface X-ray scattering have limited

utility. Another di¢ culty is that there may be a continuum of types of species as the

potential is increased [46, 47], and so any particular species is present in very small

amounts. Our principal interest here is the initially-formed species that appears to

be the oxygen donor in the electrocatalytic oxidation of small organic molecules.

This species was suggested very early to be adsorbed OH [48], and this has been the

accepted explanation since Conway identi�ed the reversible component seen in dc
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and ac voltammetry and re�ectance measurements [49�51] with adsorbed OH. This

reversible component was distinguished from the slower "place exchange" process in

which the Pt atom comes out of its metal lattice site.

Direct evidence for the presence of a Pt-OH or other species in the initial stages has

been sought by various forms of vibrational spectroscopy [47,52�57], as discussed be-

low. Although the identity of the oxide species has been controversial, it is signi�cant

that there is no spectroscopic evidence for a distinct species at the very beginning of

the oxidation (ca. 0.8 V) that is di¤erent from the species at higher potentials where

the "place-exchange" occurs. This may just be an indication that spectroscopic meth-

ods are insu¢ ciently sensitive, and it is noteworthy that the re�ectance and kinetic

evidence only suggested that a fraction of the early oxidation, ca. 0.3 ML [58], was

attributed to the reversible OH component. However, it may be instead that there

is no distinct species associated with the initial stage. In support of this, Harrington

repeated the ac voltammetry experiments [46], but at many frequencies and argued

that there was no kinetic evidence for a faster component. Likewise, a single simple

rate law can explain results from many types of experiments [59]. A single process

in which the Pt atoms leave their metal lattice sites to become Pt(II) species was

suggested as the sole process in oxide growth up to ca. 1.5 V. Simulations of such

a process showed the correct growth rate law but the parameters were not in quan-

titative agreement with experiment [60]. In this model, the reversible component is

attributed not to a faster process but to the ability of Pt atoms to return to their

original lattice sites only in the earliest stages of �lm growth.

We here address this issue using the electrochemical quartz-crystal microbalance

(EQCM), coupled with probe molecules (e.g., H2) in the solution that count uncovered

Pt sites. Nernst [61] and Sackur [62] �rst found that the rate of the hydrogen oxidation

reaction (HOR) signi�cantly decreases in the potential region where oxide �lm is

formed on the Pt surface. Early work by Breiter [63] examined the reaction rate of

the HOR as a function of potential in 1 M H2SO4, under both potentiodynamic and
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potentiostatic conditions. The correlation between the decreasing total current in

H2 saturated solution and oxygen coverage (calculated by cathodic charging) in the

potential region between 0.8 and 1.1 V lead to his conclusion that the inhibition of

HOR was due to forming a small oxygen coverage (less than 0.5). Starting from these

observations, we re�ned a method using H2 as a candidate molecule for direct probing

of the oxygen coverage change during the initial stage of Pt oxidation, by analyzing

the CV currents with and without H2 present. The EQCM has su¢ cient sensitivity

to address the nature of the oxidation species, and was used by Birss [64] to show that

the species formed was either PtO or PtO2, but could not be a hydroxide �lm. This

study measured only the reduction of thicker �lms, but did not address the initial �lm

formation stage. EQCM work by Conway, Jerkiewicz, and their coworkers [65,66] led

to the suggestion that the initial oxidation species is a bridging adsorbed oxygen, and

Conway concluded that adsorbed OH was not part of a two-step oxidation mechanism

[67]. Here we provide evidence supporting for the existence of an adsorbed oxygen

atom, though our analysis of the EQCM data proceeds via a di¤erent methodology.

4.2 Site-blocking experiment with H2 as probe mole-

cule

The Pt cyclic voltammogram (CV) in the 0.5 M H2SO4 solution with a �ne H2 stream

of bubbles is shown in Fig 4.1. It is assumed that the solution is saturated with H2

and has a constant H2 concentration. The CV of the H2-free H2SO4 solution with

Ar bubbling is shown as a baseline. The CV baseline has three distinctive potential

regions of a clean Pt surface: 0.05-0.3 V for underpotential deposition/desorption of

hydrogen, 0.35-0.8 V for double layer charging and 0.85-1.5 V for oxidation/reduction

of the Pt oxide. The CV with the presence of H2 in solution shows similar features

as a clean Pt electrode, but the current is apparently elevated (approximately 30
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Figure 4.1: Comparison of Pt cyclic voltammograms in hydrogen-free solution (black
and solid trace) and in hydrogen-saturated solution (red and dashed trace). 0.5 M
H2SO4, 20 mV s�1.
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�A cm�2 higher than baseline) over the potential region up to 1.2 V. This elevated

current, jH2 includes the baseline current re�ective of the properties of Pt surface,

and an additional current component, j ox from the oxidation of dissolved H2 at the

Pt electrode. The H2 oxidation reaction (HOR) takes place at any potential higher

than 0 V via the following elementary steps [68]:

H2(aq) + 2Pt � 2 PtH(ads), Tafel reaction (4.1)

H2(aq) + Pt � PtH(ads) + H+ + e-; Heyrovsky reaction (4.2)

PtH(ads) � Pt + H+ + e-; Volmer reaction (4.3)

Here Pt indicates a free site for adsorption, with the implicit assumption that the

fully-covered surface has one H per Pt atom. The oxidation of H2 is initiated by

the adsorption of H2 on a free Pt site, i.e., uncovered by oxide �lm, in a dissociative

(Tafel) or oxidative (Heyrovsky) way, followed by one-electron oxidation (Volmer)

of the adsorbed H species. For either pathway, the reaction involves an adsorbed

intermediate and thus continuous oxidation depends on the availability of free Pt sites.

The rate of the HOR is su¢ ciently fast to bring the current to the mass-transport

limited value at a small overpotential, as manifested in the horizontal component to

the current even at ca. 50 mV in Fig 4.1. In the potential region above about 0.75

V, the Pt surface becomes gradually oxidized and covered by a thin oxide �lm, which

blocks the free Pt sites and prevents H adsorption and H2 oxidation. The progressive

oxidation leads eventually to the complete cessation of the HOR and the currents

with and without H2 are then the same.

We see here that the mass-transport-limited H2 oxidation current density, jox, is

intrinsically controlled by the number of free Pt sites rather than by the potential.

Therefore it may be utilized as a tool to probe the number of free Pt sites, particularly

in the initial stage of oxide �lm formation where the number of free Pt sites starts

to decrease. The jox reported here is measured relative to the true electrode area,
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At (0.235 cm2 for the Pt electrode on the quartz crystal). The maximum limiting

oxidation current density, jox, max is given by the usual expression:

jox, max =
2FDC�

�
(4.4)

and

jox = (1� �)jox, max =
2(1� �)FDC�

�
(4.5)

where � is the thickness of di¤usion layer and � is the fraction of the surface covered by

oxide. In the presence of site blocking, the current is attenuated by the factor (1��),

that is the fraction of the surface covered by free sites. In the solution saturated with

H2 at a well stabilized temperature, the parameters D, C� and � are considered as

constants. Therefore 1�� as a function of potential may be extracted experimentally

as the ratio jox/jox, max. It is evident that the coverage 1 � � obtained this way

is a fractional surface coverage, i.e., the fraction of area or number of sites on the

clean surface. The di¢ culty arises in the determination of jox in a potentiodynamic

process, where the measured current must �rst be corrected for other faradaic or

charging currents.

We make the simple assumption that the other processes are identical in the

presence and absence of H2, so the jH2 is simply a sum of two current components,

i.e., the jox can be calculated by subtraction of the baseline current from jH2. The

calculated jox in the positive-going sweep at di¤erent sweep rates is given in Fig 4.2.

At a low sweep rate of 2 mV s�1, the jox measured in a linear potential sweep can

be e¤ectively regarded as the steady state current-potential relationship. A limiting

jox of �25 �A cm�2 was observed over a wide range of potentials from 0.05 V to 0.85

V. This clearly shows that the HOR is controlled by mass transport and the free Pt

area remains unchanged at 1 (� = 0). When the potential is increased above 0.85

V, jox drops quickly until it reaches a small residual current of �2.3 �A cm�2. This

indicates that the oxidation of Pt surface occurs with an onset potential of 0.85 V,
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Figure 4.2: The H2 oxidation current, j ox measured in a positive-going sweep at
di¤erent sweep rates. Pt electrode, 0.5 M H2SO4.

and is followed by quick population of the free Pt sites by species in the oxide growth

process. The small residual oxidation current at higher potential (E >1.4 V), rather

than jox = 0 �A cm�2 as expected suggests that a small quantity of HOR may still

take place. It is not clear whether this occurs on remaining free sites, if the HOR can

occur on the fully covered surface, or if the residual current is due to slightly di¤erent

surface composition in the presence and absence of H2.

The jox feature measured at faster sweep rates of 20 mV s�1 and 200 mV s�1

apparently includes some dynamic e¤ects. A slightly decaying limiting current was

observed at these sweep rates, and the higher sweep rate results in a faster decay.

However, the average limiting jox at sweep rates from 2 mV s�1 to 200 mV �1 is

roughly the same and jox begins to drop at the same onset potential of 0.85 V. At

higher sweep rates, the jox reaches a constant residual current at 1.2 V where the

residual current becomes less than 10% of the di¤usion controlled jox at 0.85 V,
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compared with at 1.35 V at 2 mV s�1. This may be caused by the convective mass

transport by the bubbling, which has a more signi�cant in�uence in a quasi-steady-

state experiment (sweep rate of 2 mV s�1) than in a potentiodynamic experiment

(higher sweep rate). If we assume the constant residual current indicates a Pt surface

fully covered by oxide �lm, this potential Em represents the point in the initial stage of

oxide growth where a full monolayer is formed, and needs to be carefully determined

free of artifacts by some special technique.

4.3 RDE studies of initial oxide �lm formation

The above experiments were carried out with a �ne H2 stream of bubbles without ap-

parent disturbance of the solution. Experiments showed that the limiting jox increased

continuously with increasing bubbling rate until it became noisy, and this suggested

that either the solution was not completely saturated by the �ne H2 stream, or there

was a convective component to the limiting jox. Rotating disk electrode (RDE) exper-

iments were performed to study the convective component to the limiting current and

determine the actual H2 concentration. CVs for saturated H2 solutions at di¤erent

rotation rates are shown in Fig 4.3. The positive-going jH2 has a plateau-to-plateau

feature, showing a clear transition from mass transport limited HOR to the cessation

of HOR (although as before there is a small residual current). Such large currents

can be understood as the result of the signi�cantly decreased di¤usion layer thickness

� in Eq. (4.4) caused by the rotation of the electrode surface. In this context, two

approaches are available for the calculation of jox: one is by removal of the base-

line current at the same rotation rate and the other is by extrapolation using jH2 at

di¤erent rotation rates.

The �rst approach follows the same idea as discussed in the previous section, but

improves the jox feature because the convective component by the bubbling is now

negligible. Fig 4.4 gives the jox features at a few representative rotation rates.
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Figure 4.3: Pt CVs with a �ne H2 stream in 0.5 M H2SO4 solution, sweep rate 20
mV s�1, rotation rates from 200 to 10000 rpm.

Figure 4.4: j ox in 0.5 M H2SO4 saturated with H2, sweep rate 20 mV s�1 (positive-
going), rotation rate at 200, 1000, 2000 and 10000 rpm, respectively.
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Figure 4.5: Di¤erential current between rotation rate of 2000 and 1000 rpm in 0.5 M
H2SO4 saturated with H2, sweep rate 20 mV s�1, positive-going sweep.

The jox behaviour in the initial stage of oxide thin �lm formation is apparently

a¤ected by the rotation rate: the current begins to decrease earlier at higher rotation

rate, e.g., 0.60 V at 10000 rpm compared with 0.85 V at 200 rpm (at rotation rates

lower than 200 rpm, the jox is signi�cantly distorted by a noise component, but faith-

fully indicates an onset potential of 0.85 V for Pt oxide formation). By contrast, jox

reaches a constant residual current at a monolayer completion potential Em between

1.15 V and 1.2 V, showing little dependence on rotation rate.

The second approach is based on the assumption that the RDE current di¤erence

(�jH2, used instead of jox in this approach) between two di¤erent rotation rates

only includes the mass-transport-controlled current component from HOR, and any

kinetic-controlled current component (such as ion adsorption and oxidation of Pt )

will be removed since it is independent of rotation rate. Fig 4.5 gives an example of

�jH2 between rotation rates of 2000 rpm and 1000 rpm. The �jH2curve indicates
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an onset potential for Pt oxide formation at 0.65 V, close to the onset potential by

jox at 2000 rpm. The e¤ect of rotation rate on the onset potential doesn�t cancel

out by di¤erencing the jH2 at di¤erent rotation rates. This suggests that correct

determination of the onset potential of oxide �lm formation probed by H2 needs to

be done in a stagnant solution, or at low rotation rate in an RDE experiment. This

second approach using a �jH2 curve has great advantage over the �rst approach by

showing a de�nite Em at 1.15 V with a residual current of nearly zero. To determine

the oxidation state and the possible composition of initially-formed Pt oxide thin

�lm, EQCM experiments will be performed, accompanied by frequency and charge

analysis in Section 4.6.

4.4 O2 as probe molecule

The above experiments explored the possibility of probing the surface coverage change

of initial Pt oxide formation in a simple way. The H2 molecule is a suitable probe

molecule to investigate oxide �lm formation, because of facile HOR on Pt with little

interference to the growth of the oxide �lm. Other candidate molecules that have

similar electrochemical properties to H2, ranging from simple gas molecules to organic

molecules, could be used in our methodology. Here we evaluate the capability of O2

as a probe molecule. The CV in 0.5 M H2SO4 solution with O2 bubbling is shown

in Fig 4.6, with H2SO4 solution deoxygenated by bubbling argon as baseline. The

large current shift in the low potential region (E < 0.9 V) is due to the O2 reduction

reaction (ORR) on the Pt surface:

O2 + 4H
+ + 4e� ! H2O, E

o
1 = 1.23 V (4.6)

O2 + 2H
+ + 2e� ! H2O2, E

o
2 = 0.695 V (4.7)
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Figure 4.6: Comparison of Pt cyclic voltammograms in oxygen-free solution (black
and solid trace) and in oxygen-saturated solution (red and dashed trace). 0.5 M
H2SO4, 20 mV s�1.
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Figure 4.7: The O2 reduction current, j red, measured in a positive-going sweep at
di¤erent sweep rates. Pt electrode, 0.5 M H2SO4.

i.e., complete four-electron reduction to water or two-electron reduction to peroxide.

Both reactions occur in O2 containing solutions at potentials lower than E o2, and often

one dominates the overall reaction. The mechanism for ORR catalyzed by Pt surface

includes many possible elementary steps with a variety of adsorbed intermediates:

Pt-OOH, PtOHOH, PtOH, PtO, etc. [69]. The second reaction has been frequently

observed when the Pt surface is occupied by adsorbed atoms such as bisulfate. The

dominant reaction in our system will be determined later by RDE experiments. The

reduction current of O2 (j red, similar to the jox of HOR) is calculated by subtracting

the baseline current in deoxygenated solution from the CV current in O2 containing

solution (jO2), as shown in Fig. 4.7. At a sweep rate of 2 mV s
�1, a relatively larger

mass-transport-limited j red of -160 �A cm�2 at E < 0.75 V was obtained compared to

the H2 case. This is due to the di¤erent physical properties of O2 in solution from H2

(solubility, di¤usion coe¢ cient, di¤usion layer length, etc.) and the greater number of

electrons in the reaction. The noise component in this limiting current suggests that
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the stagnant solution is not free of convective mass transport. The noise component

is improved at sweep rates higher than 20 mV s�1. The reduction current j red begins

to decay (upward shift in Fig. 4.7) at E > 0.75 V, caused by either the growth of the

Pt oxide �lm, or by switching o¤ the ORR current as the potential is raised higher

than the reversible potential near E o2 = 0:695 V. At a sweep rate of 200 mV s�1,

j red begins to decay at a lower potential of 0.65 V. On the other hand, j red reaches a

residual current of < 1 �A cm�2 at 1.0 V, regardless of the sweep rate. At potentials

higher than 1.0 V, the ORR completely ceases and the only active electrochemical

process is further formation of Pt oxide. Compared with the initial stage of oxide

formation at 0.85 V to 1.15 V as probed by H2, it is clear that the growth of Pt oxide

�lm in the initial stage occurs at more negative potentials with O2 in solution. The

free Pt sites pro�le (1��) which can be calculated from the j red feature, seems to be

a special case with the presence of O2 in solution, and does not re�ect the situation

in the deoxygenated solution.

Although O2 appears to be a less useful probe molecule than H2, we performed

the same series of RDE experiments to determine the reliability of j red. Fig. 4.8

shows jred at a few representative rotation rates. Similar to the RDE results for H2-

containing solution, j red measured at higher rotation rates in O2-containing solution

shows a lower apparent onset potential of Pt oxidation. Furthermore, at rotation

rates as high as 9999 rpm, j red is no longer controlled by mass transport, showing

a �at trace in the low potential region, but gradually decaying for E > 0.3 V. At

most rotation rates, j red decays to a residual current at 0.95 V, where ORR ceases.

Again the di¤erential RDE current (�jO2) at rotation rates of 2000 and 1000 rpm

helps to clarify the mass-transport-controlled current component. As shown is Fig.

4.9, �jO2 reaches a residual current at 0.85 V, where the ORR (possibly in the four-

electron pathway) becomes no longer controlled by mass transport. Between 0.85

V and 0.95 V, the kinetically controlled ORR current gradually decreases until its

complete cessation at 0.95 V where the free Pt sites have been fully occupied by oxide
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Figure 4.8: j red in 0.5 M H2SO4 saturated with O2, sweep rate 20 mV s�1 (positive-
going), rotation rates 200, 1000, 2000 and 10000 rpm.

Figure 4.9: RDE current di¤erence between rotation rates of 2000 and 1000 rpm in
0.5 M H2SO4 saturated with O2, sweep rate 20 mV s�1, positive-going sweep.
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Figure 4.10: Correlation of RDE current and rotation rate at E = 0.2, 0.4 and 0.95
V. H2-saturated 0.5 H2SO4, 20 mV s�1, positive-going sweep.

�lm species.

4.5 Determination of actual H2 and O2 concentra-

tion

The RDE experiment has so far provided valuable information to support the probing

of the initial oxide �lm formation by H2. As discussed in Section 2.2, the RDE is

an important method to determine the property of solutions according to Eq. (2.3),

e.g., the bulk concentration of electrochemical active species. The current density jH2

is used to determine the actual H2 concentration in H2SO4, by plotting j�1H2 against

!�1=2 at a di¤usion controlled potential, as shown in Fig. 4.10. The slope of the

curve, which equals (0:620nFC�0D
2=3
0 ��1=6)�1 according to Eq. 2.3, is determined

to be 0.00763 cm2 �A�1 s�1=2, with R2 = 0:9992. For H2 in 0.5 M H2SO4, n = 2
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because there are two electrons transferred per H2 molecule; D0 = 2:79�10�5 cm2

s�1, calculated from the Wilke-Chang equation [70]:

DH2 -H2O = 7:4� 10�8
T ( H2OMH2O)

1=2

�V 0:6
H2

(4.8)

where T = 298.13 K,  H2O the association parameter for water = 2.26, MH2O = 18 g

mol�1, � the viscosity for water = 1.002 Pa s and VH2 the molar volume of H2 = 14.3

cm3 g�1 mol�1; � = 0:0108 cm2 s for H2O or diluted solution; F = 96485 C mol�1.

The H2 concentration with a �ne H2 stream was calculated to be C�0 = 4:89�10�4

M, 36% less than the theoretical saturated concentration of 7.68�10�4 M in water

(the saturated concentration in 0.5 M H2SO4 is estimated to be 6% less than that in

pure water). However, the use of j ox as an indication of free surface coverage doesn�t

require a saturated solution, but merely a stable H2 concentration. The jH2 (and later

jO2) in our CV experiments remained identical on successive cycles, suggestive of no

H2 (or O2) time-dependent concentration change in solution.

The O2 concentration was determined by plotting the reciprocal of the limiting

current at a potential where the RDE current is controlled by mass transport against

!�1=2 , as shown in Fig. 4.11. Assuming the four-electron transfer pathway, a slope of

0.00385 cm2 �A�1 s�1=2 (R2 = 0:9995) gives the actual O2 concentration of 1.18�10�3

M, in good agreement with the tabulated concentration of 1.23�10�3 M in 0.5 M

H2SO4 [71].

4.6 Charge and Frequency analysis

The total charge for Pt oxidation in the early stage, determined from current inte-

gration, can be directly used for the calculation of the oxidation state, or the average

oxidation state if multiple species exist. The total current needs to be corrected

for double layer charging to leave the faradaic component. We assume insigni�cant
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Figure 4.11: Correlation of RDE current and rotation rate at E = 0.25 V. O2-
saturated 0.5 H2SO4, 20 mV s�1, positive-going sweep.

change in double layer structure from the double layer region through the initial stage

of oxidation, i.e. the double layer charging current, j dl, in the initial stage is taken as

the same �at baseline as in double layer region (see Fig 4.12). The charge density for

one-electron oxidation of Pt electrode is assumed to be 220 �C cm�2 per Pt. The ox-

idation state for Pt in the early stage (0.85 V to 1.15 V), i.e., the number of electrons

per Pt atom, was determined to be 1.27�0:06, which supports one-electron oxidation

for the overall early stage. The slight deviation may be oxidation of trace organic

impurities but is also likely to be caused by starting to grow a second monolayer of

oxide �lm before the �rst monolayer is complete. Assuming that neither of these

complications occur, the value of 1.27 implies 27% of two-electron oxidation and 73%

of one-electron oxidation.

The EQCM frequency data showing simultaneous current and mass change helps

to identify the mechanism of surface processes and the nature of surface species. The
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Figure 4.12: Pt cyclic voltammograms in 0.5 M H2SO4 solution (black trace) and the
calculated charge density for Pt oxidation (corrected for double layer charging) as a
function of potential (red trace). Sweep rate 20 mV s�1.
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Figure 4.13: Pt cyclic voltammogram in 0.5 M H2SO4 solution (black trace) and
simultaneously recorded frequency shift (�f) as a function of potential (red trace).
sweep rate at 20 mV s�1.

frequency response recorded over a single potential cycle is shown in Fig. 4.13. For

the positive-going sweep, the overall potential region can be divided into four di¤erent

stages according to the current features: the hydrogen UPD region (stage I, 0.05 V

to 0.35 V), the double layer region (stage II, 0.35 V to 0.85 V), the early stage for

Pt oxide formation (stage III, 0.85 V to 1.15 V) and the further oxidation region

(stage IV, 1.15 V and higher). The frequency shifts in each stage result from the

mass change at the interface due to di¤erent surface processes. The mass change

(calculated from Eq. (2.1)) and responsible surface species for each stage are listed

in Table 4.1.

The overall mass change in each stage could be due to multiple processes taking

place on the electrode surface, e.g., the 18�2 ng cm�2 mass accumulation in the

double layer region appears to result from the adsorption of water and bisulfate, but

the ratio between these two species can�t be clearly identi�ed. However, the surface
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Table 4.1: Mass change and responsible surface species in each stage during the
positive-going sweep

Stage De�nition �m / ng cm�2 Responsible surface species
I H UPD 46�5 H, H2O
II Double layer 18�2 H2O; HSO�4
III Initial stage 28�3 OH or O2�

IV Further Oxidation 37�4 O2�

species can be distinguished by its molar mass per electron, Me, e.g., 17 g mol�1 for

OH� and 8 g mol�1 for O2�, and therefore a convenient method to quantitatively

identify the surface species is by correlating the mass (or frequency by EQCM) with

charge density related to forming or replacing such a species:

�m =
��

nF
M (4.9)

or:

Me =
M

n
=
F�m

��
= CfF

�f

��
(4.10)

where �m is the mass change per unit area, �� is the charge density, n is the number

of electrons andM is the molar mass. The charge density was used without correction

for the double layer e¤ect. The reason is simply that the double layer charging current

is re�ective of the ion adsorption, and anion-adsorption-induced frequency component

is likely included in the total frequency response. Removing the double layer charging

current from the total current leads merely to a larger M e. The frequency shift vs.

charge density plot for the data of Fig. 4.13 and the determined M e for each stage

is presented in Fig. 4.14. An M e of 9.1�0.9 g mol�1 in stage I is assigned to H2O

adsorption, since adsorbing or desorbing H doesn�t result in this high a molar mass

change. The free Pt sites released from the oxidative desorption of hydrogen adatoms

are immediately occupied by water molecules:

PtH+ xH2O! Pt(H2O)x +H
+ + e� (4.11)
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Figure 4.14: Frequency shift vs. charge density. Distinctive slop at each stage indi-
cates surface species of distinctive molar mass per electron (M e).
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The overall process gives an M e of (18x -1) g mol�1. The fractional coverage of water

molecules per Pt. The M e of 9.1�0.9 g mol�1 in stage I clearly indicates x � 0.56

and each Pt site is covered by half a water molecule right before the double layer

region.

An M e of 47�5 g mol�1 was observed in the double layer region, due to HSO�4
adsorption:

Pt(H2O)x + yHSO�4 ! Pt(H2O)x0(HSO4)y + (x� x0)H2O+ ye� (4.12)

The speci�c adsorption of HSO�4 is coupled with H2O displacement, since adsorption

of HSO�4 species gives a much higher M e of 97 g mol�1. The overall process gives a

M e of (97y-18�x)/y g mol�1, where �x = x � x0 is the fractional water desorption

per Pt. The 47�5 g mol�1 in stage II indicates that the adsorption of each bisulfate

is accompanied by desorption of approximately three water molecules, which gives an

M e of 43 g mol�1. The actual amount of bisulfate adsorption needs to be determined

by other methods, e.g. using radiotracer [72] or thermodynamic [73] techniques.

Our present interest is in stage III where the Pt oxidation is initiated by partial

discharging of the adsorbed water molecule to form a oxidized species which needs to

be identi�ed. AnM e of 6.1�0.6 g mol�1 in stage III is certainly related to the surface-

oxide �lm formation, and possibly change of the adsorption behavior of ion/water.

The M e of 6.1�0.6 g mol�1 determined for stage III is supportive of formation of

Pt2O (8 g mol�1) rather than PtOH (17 g mol�1). However, if the initial oxidation

is accompanied by the desorption of previously adsorbed bisulfate [74], both initial

species are consistent with the data:

2Pt+H2O ! Pt2O+ 2H
+ + 2e�; 8.0 g mol-1 (4.13)

Pt+H2O ! PtOH+H+ + e�; 17.0 g mol-1 (4.14)

Pt(HSO4)x + (x-x
0)e� ! Pt(HSO4)x0 + (x-x

0)HSO�4 ; �97(x-x
0) g mol-1(4.15)
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Shimazu obtained almost the same molar mass per electron of 5.9 g mol�1 for stage

III with correction for double layer e¤ects, but concluded that the initial species was

still PtOH, provided that the "sum of M e" for stages I-III matches that of OH [75].

Interestingly, Jerkiewicz refrained from calculation of the M e for the single stage III,

but obtained a M e of 15.8 g mol�1 for an extended stage from "potential of zero total

charge" (ca. 0.27 V) to 1.40 V. Such results agreed with his proposed Pt2O species

in the early stage [66].

In stage IV, the initially-formed surface oxide is further oxidized to a higher oxi-

dation state for Pt (II, IV...). An M e of 9.1�0.9 g mol�1 determined for stage IV is

apparently caused by the incorporation of oxygen into the initial oxide lattice and the

number of coordinated oxygen to Pt may increase correspondingly. And this result

undoubtedly supports the formation of PtO from Pt2O, but hardly from PtOH, as

�rst pointed out by Birss et al. [64]:

Pt2O+H2O ! 2PtO+ 2H+ + 2e�; 8.0 g mol-1 (4.16)

PtOH ! PtO+H+ + e�; �1 g mol-1 (4.17)

This result implies that the initially formed oxide species is Pt2O.

4.7 Discussion

The idea of probing the free Pt coverage in the initial stage of Pt oxide formation

with molecules such as H2 and O2 was found to be a simple and reliable way to study

the initial oxide formation. One important assumption is that the active current

component (j ox or j red) can be directly calculated by removing the baseline current

from the solution saturated with probe molecules. The validity of this assumption

requires that the reaction cosuming the probe molecules on the Pt surface doesn�t

a¤ect the Pt surface conditions and the oxide growth, so that the CV baseline current
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remains unchanged. Although the active current component is sensitive to the avail-

ability of the uncovered Pt sites, the actual coverage by the adsorbed probe molecule

is in�nitesimal. For a di¤usion-limited current, the current density still depends on

the product of rate constant and surface concentration. For a �rst-order reaction:

jl =
nFDC�

�
= nFkCs (4.18)

where jl is the limiting current, k is the rate constant of rate-determing step and Cs is

the surface concentration of adsorbed intermediate. For most reasonable mechanisms,

when su¢ cient overpotential is incurred to make the electron transfer rate in�nitely

large, the surface concentration will shrink to be in�nitesimal to maintain the constant

limiting current. The adsorbed probe molecule is unlikely to a¤ect other concurrent

surface processes at a in�nitesimal surface concentration and therefore in�nitesimal

surface coverage, unless it is a direct reactant in another process, e.g., the adsorbed

oxygen molecule may contribute to the initial Pt oxidation.

The comparison of frequency response in the solution with and without probe

molecules also shows little e¤ect of the presence of these molecules (Fig. 4.15). Careful

frequency analysis found the three frequency curves are nearly identical in: the H2

UPD region, the double layer region, the surface oxidation formation/stripping region

and the maximum frequency change for a positive- or negative-going sweep. This

implies that the double layer and surface structure was una¤ected, even though these

molecules are introduced into solution and result in additional reaction at the Pt-

solution interface.

The above methods allow direct determination of the oxide �lm coverage on Pt

from the net H2 oxidation current j ox, assuming that the decrease in j ox is mainly due

to the gradual covering of fresh Pt sites by the oxide �lm. Some researchers [76, 77]

observed that H2 oxidation current begins to decrease at potentials much less (e.g.

< 0.45 V) than the onset potential of Pt oxidation, and ascribed the decrease in j ox



CHAPTER 4. EQCMAND SITE BLOCKING STUDIES OF PTOXIDEGROWTH54

Figure 4.15: Comparison of frequency response by a single potential cycle in 0.5 M
H2SO4 saturated by H2 or O2, sweep rate at 20 mV s�1.

in the initial stage of Pt oxidation to anion adsorption. The anion adsorption must

be a minor concurrent process during the initial oxidation of the Pt surface, because

the amount of adsorbed anions required for complete inhibition of HOR would cause

su¢ cient mass accumulation to be detected by EQCM, but we didn�t �nd any such

result in our EQCM experiments. Recently Bao and Macdonald [78] interpreted the

small residual H2 oxidation current on oxide �lm with a tunneling current theory, and

further concluded that the decrease in oxidation current is due to the thickening of a

uniform oxide �lm. They obtained results on oxide �lms with estimated thicknesses

of 0.1�1 nm. Thicknesses of 0.1 nm seem unrealistic for uniform barrier �lms, and we

prefer a more molecular level chemisorption picture.

The method discussed above provides a reliable de�nition of the initial stage of Pt

oxidation. The oxidation of the Pt surface is triggered at 0.85 V, and the initially-free

Pt surface atoms are gradually oxidized to a certain oxidation state (I, II or higher),
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and bonded to oxygen-containing species (OH�, O2�, etc.). The point where each Pt

atom is oxidized marks the end of the initial stage, usually at a critical potential of

1.15 V, where many electrochemical processes catalyzed by Pt surface (HOR, ORR,

etc.) are also signi�cantly suppressed. The charge analysis suggested one electron

oxidation for per Pt occurs in the early stage, and such result conforms with the

formation of uniform surface P(I) species and other surface structure such as every

second surface Pt atom as Pt(II) species.

The composition of the initial oxidation species has been suggested to be a hydrous

Pt-OH, formed by partial discharge of adsorbed water molecule [49], or a bridging

oxygen species (Pt2O), formed by complete discharging of water molecule with the

O residing between two adjacent surface Pt atoms [66]. The model of forming PtOH

species and its further oxidation as originally suggested by Conway is described by

the following reactions [65]:

Pt+H2O ! Pt-OH(ads)+H+ + e�; 0:85-1.10 V (4.19)

Pt-OH(ads) ! Pt-O+H+ + e�; 1.10-1.40 V (4.20)

Pt-O ! O-Pt; place-exchange (4.21)

And the model of forming bridging Pt2O given by Jerkiewicz is shown as follows [66]:

Pt+H2O ! Pt�
+

-(O�
�
H2)physi; 0.27-0.85 V (4.22)

(Pt-Pt)-H2O ! (Pt-Pt)�
+

�O�� + 2H+ + 2e�; 0.85-1.15 V (4.23)

Pt-O + H2O ! (Pt2+-O2�)quasi-3D lattice + 2H
+ + 2e�; 1.15-1.40 V (4.24)

These two mechanisms are both consistent with the fact that the charge involved in

the initial stage indicates oxidation to the extent of one electron per Pt. In contrast,

Harrington [46] proposed a single step oxidation mechanism for the overall stage of Pt

oxidation and showed only Pt(II) species was formed in the early stage. The validity
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of this mechanism will require a surface structure with mixed Pt atoms and Pt(II)

species, but such structure may not be as stable as uniform surface Pt(I) species.

The EQCM results indicated that a surface species with Pt2O stoichiometry was

formed in the early stage. Such species could have the structure with O2� sitting be-

tween two ajacent surface Pt atoms, as suggested by Jerkiewicz, but could have other

structures. It is noteworthy that although the composition of the initial oxidation

species was proposed to be PtOH in the very early days and thoroughly investigated,

the proposition of Pt2O has been favorably supported by EQCM studies done by

many di¤erent researchers, including our work.

4.8 Conclusions

A convenient methodology was developed to use simple molecules to probe free surface

sites in the early stage of Pt oxide formation. H2 is an ideal probe molecule that shows

an oxidation current proportional to the fraction of the surface covered by free sites.

This oxidation current helps to identify the onset potential of Pt oxidation as 0.85

V, as well as the �nishing potential of the initial stage of oxidation at 1.15 V. The

RDE experiment is an important modi�cation to ensure controlled convection. The

O2 was tested as alternative probe molecule but is not as suitable as H2 due to

its pronounced interference with the oxide growth. The mass response by EQCM

con�rmed the initially-formed species to have a Pt2O stoichiometry.
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Chapter 5

Ag promoted Pt dissolution

5.1 Introduction

The electrochemical stability of Pt electrodes, with respect to dissolution into the

electrolyte, particularly in non-complexing acids has long been investigated. Tafel [79]

�rst mentioned the dissolution of Pt electrodes by repetitive oxidation and reduction

cycles in acidic media. Later a few authors pointed out that the Pt electrode may

dissolve even under mild anodic conditions [80�82]. The immediate evidence for

Pt dissolution was from the imbalance between the anodic charge for Pt oxidation

(Qa) and cathodic charge required for complete reduction of oxide (Qc) in potential

cycling [4, 83]. Some investigators ascribed the larger anodic charge than cathodic

charge (as much as twice) to the formation of oxide �lm which was not completely

reduced in the cathodic cycle, i.e., a portion of the oxide �lm was chemically dissolved

in acid [84�86]. Such a substantial charge imbalance, in contrast, was suggested by

Gilman to be caused by oxidation of adsorbed impurities or improper correction for

double layer charging [4].

Direct evidence for Pt dissolution and its possible causes have been sought in many

di¤erent ways. Biegler investigated the activation and roughening of Pt electrodes
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during potential cycling in sulfuric acid, and based on his electron microscopy analysis,

demonstrated that when the surface Pt atoms are coordinated with more than one

oxygen per Pt in the anodic cycle and then reduced in a fast cathodic cycle, the

rearrangement of Pt surface atoms and dissolution of surface oxide species occurs [87].

Johnson et al. detected soluble Pt species on the ring electrode during both oxidation

and reduction cycles on the disk electrode in their rotating ring disk electrode (RRDE)

experiments, in both sulfuric and perchloric acids. The Pt species produced during the

reduction of Pt oxide was identi�ed as Pt(II) by spectrophotometry, while the species

in the oxidation cycle remained unindenti�ed [88]. Following these works, Rand et

al. carefully analyzed the amount of dissolved Pt in solution by atomic absorption

spectroscopy and compared with the imbalanced charge, and claimed instead that

the soluble species was Pt(IV) and not Pt(II) [89]. Their results also showed that the

Pt electrode dissolves only when a critical anodic potential limit of 1.07 V (RHE) is

exceeded. Untereker [90] repeated the RRDE experiments and detected soluble Pt

species during both cathodic and anodic cycles, in good agreement with Johnson�s

results. Furthermore, by observing a decreased roughening rate at higher rotation

rate, the author concluded that the dissolution-redeposition process was the major

cause for surface roughening.

The anodic mechanism proposed to explain the Pt dissolution, involves either the

direct dissolution of Pt from the metal phase,

Pt! Pt2+ + 2e� (5.1)

or dissolution of some intermediate surface oxide species,

Pt+ xH2O �! PtOx + 2xH
+ + 2xe�; x = 1 or 2 (5.2)

PtOx + 2xH
+ �! Pt2x+ + xH2O (5.3)

The anodic mechanism is mostly applicable for the Pt dissolution under galvanostatic
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[91] or potentiostatic [92�94] conditions, as has been carefully examined in the fuel

cell industry. There is increasing evidence of the anodic-cathodic mechanism, which

requires the reduction cycle of Pt oxide �lm. In the anodic cycle, the surface oxide

is supposed to undergo "place-exchange", in which there is vertical motion of Pt

atoms out of the metallic phase and movement of oxygen underneath the Pt atoms.

The place-exchange is driven by the "dipole-dipole lateral repulsive interactions" and

occurs at an onset potential of ca. 1.15 V [66]. Upon reduction, the place-exchanged

Pt atoms don�t return to their original lattice position, but remain on the surface as

high energy Pt atoms with weakened bonding to underlying Pt sites, resulting in a

roughened surface structure with islands, shallow pits, etc., which are detectable by X-

ray scattering [95], in situ STM [96], and spot shape variations in LEED analysis [97].

Some of these Pt atoms, or Pt-oxygen species are attacked by acid and dissolve into the

solution. According to the anodic-cathodic mechanism, the "place-exchange" is the

critical process for both Pt surface roughening and dissolution in oxidation-reduction

cycles.

When Pt electrodes are used as a substrate for metal (in our case, Ag) deposition,

the oxidation and reduction reactions of the Pt surface are concurrent with the metal

deposition and stripping reactions. It is known that underpotentially deposited Ag

monolayers on the Pt surface (both single and polycrystalline) preferentially undergo

place exchange to form a surface alloy prior to the multilayer deposition of a thicker

Ag layer [98�104]. This alloying process takes place via the surface reordering of Ag-

Ag, Ag-Pt and Pt-Pt domains to reduce the surface stress. We show here that there

is much greater Pt dissolution from repetitive Ag deposition-stripping cycles on the

Pt surface than from the oxidation-reduction cycles of the Pt surface itself. Evidence

comes from the persistent frequency drift for each potential cycle and the monitored

Pt concentration change in solution measured by the ICP-MS technique. A signi�cant

change in roughness and electrocatalytic properties of Pt surfaces was also observed.

We propose a mechanism suggesting that the Pt-Ag alloying and dispersed Pt surface
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atoms produced in anodic stripping account for the observed Pt dissolution.

5.2 Electrodeposition and stripping of Ag on Pt

Against a AgjAg+ reference electrode, the reversible potential for Ag electrodeposi-

tion sits at 0.0 V. Underpotential deposition (UPD) occurs when the metal-substrate

bonding is stronger than the metal-metal bonding, and the UPD peak is located at a

more positive potential than the reversible potential. In the negative-going potential

sweep, the Ag UPD begins at 0.3 V and reaches a peak current at 0.1 V (peak c1 in

Fig. 5.1a). During UPD deposition, the �rst monolayers of Ag are deposited onto

the Pt electrode surface, and they act as substrates for the following Ag overpotential

deposition (OPD) where multilayers of Ag are deposited. The OPD begins at ca.

0 V, immediately following the UPD, which suggests that the OPD Ag atoms are

deposited onto a "genuine" Ag electrode which is the Pt electrode completely covered

by an Ag �lm with bulk-like structure. The Ag OPD reaches a peak current at �0.1 V

(peak c2). The UPD and OPD processes are represented by the following equations:

Pt + Ag++ e� ! PtAg(ads); UPD, Ep = 0.1 V (5.4)

Ag+ + e� ! Ag; OPD, Ep = �0.1 V (5.5)

The di¤erent peak potentials of UPD and OPD are re�ective of di¤erent bonding en-

ergies between Ag-Pt and Ag-Ag. However, only at low concentrations (1 mM or less)

and low sweep rates (200 mV or less) are the UPD and OPD peaks well separated, as

observed during Ag deposition in a 1 mM AgClO4 solution (see Fig. 5.1a). Contin-

uing the negative-going sweep, the Ag deposition becomes completely controlled by

di¤usion and shows a �at current in region c3. The Pt-catalyzed hydrogen underpo-

tential desorption is inhibited when Ag layers are present on the Pt surface, and no

characteristic hydrogen UPD peaks are observed in region c3 (equivalent to 0-0.2 V
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vs. RHE). At E < �0.6 V vs. AgjAg+, the cathodic current begins to drop sharply

due to H2 evolution. In the positive-going sweep, the Ag continues to deposit at E

< 0 V until it reaches a sharp anodic stripping peak at Ep = 0.05 V (peak a1). The

stripping peak a1 strips most deposited Ag layers from the Pt surface, and the last

few layers of Ag are stripped during peak a2 and a3. When the potential is swept

to higher potentials up to the anodic potential limit at 0.9 V (1.5 V vs. RHE), the

oxide thin �lm develops on the bare Pt surface.

A large frequency shift was observed when adding and removing heavy Ag atoms

(see Fig. 5.1b). The 9 MHz quartz crystal has a calibration constant of 0.188 Hz

ng�1 cm2, which gives 1.0 Hz frequency shift per 5.32 ng cm�2 deposit. Assuming

the monolayer charge of 205 �C cm�2 per Pt for Ag (Ag atom is slightly larger

than Pt, ca. 4% in radius), each monolayer of Ag onto Pt electrode causes a 43.0

Hz frequency drop. A 60.5 Hz frequency change in the UPD region shows that ca.

1.4 monolayers of Ag are underpotentially deposited onto the Pt surface, and the

maximum frequency drop of 940.2 Hz shows that a total of 21.9 monolayers of Ag are

deposited onto Pt surface before the stripping occurs. The simultaneously monitored

frequency was plotted against charge density for the negative- and positive-going

sweep, and the molar mass per electron (M e) was calculated according to Eq. (4.10),

as shown in Fig. 5.2. It was found that only for the di¤usion-controlled deposition

(c3) and stripping of bulk Ag (a1) was the determined M e of 109 g mol�1 close to

the ideal molar mass 107.9 g mol�1 for Ag. The M e is determined to be 39.4 g mol�1

in the UPD region and 95.9 g mol�1 in the OPD region. The deviation from ideal

molar mass of Ag is attributed to many e¤ects, such as surface roughness changes

during deposition and adsorption/desorption of water molecules. Detailed results and

discussion can be found in earlier work from our group [8].

The large deviation from ideal molar mass of Ag in the UPD region can readily

be explained by the superimposed reduction reaction of Pt surface oxide. It has been

reported that the Ag deposition is completely inhibited by formation of a full oxide
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Figure 5.1: Pt cyclic voltamogram in 1 mM AgClO4, and simultaneous EQCM fre-
quency response. 20 mV s�1, versus Ag+jAg reference electrode.



CHAPTER 5. AG PROMOTED PT DISSOLUTION 63

Figure 5.2: The frequency-charge density analysis for silver deposition onto Pt elec-
trode. 1 mM AgClO4, sweep rate 20 mV s�1:

layer [105,106]. Therefore it is clear that in the Ag UPD region, the Ag only deposits

on fresh Pt sites released from the reduction of the Pt oxide, as described by the

following equation:

PtOx + yAg+ + 2xH+ + (2x+ y)e� ! PtAgy(ads)+ xH2O (5.6)

The overall process gives a M e of (108y-16x)/(2x+y) g mol�1. The determined M e

of 39.4 g mol�1 for overall Ag UPD region is in excellent agreement with the complete

reduction of PtO species (x = 1) followed by deposition of 1.4 monolayers (y = 1.4)

of Ag, which gives 39.8 g mol�1. Further evidence for mixed Pt oxide reduction

with Ag UPD can be found by comparing CVs of these two reactions in Fig. 5.3

(The potentials versus the RHE measured in HClO4 solutions have been converted to

those versus the AgjAg+ reference electrode). At both the high and low sweep rates,

the onset potential for Ag UPD is located at 0.35 V, where Pt oxide begins to be
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Figure 5.3: Comparison of the voltammograms in AgClO4 and HClO4 solutions.
Sweep rate: (a) 20 mV s�1; (b) 500 mV s�1.
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Table 5.1: Number of monolayers for anodic stripping peaks a1, a2 and a3, calculated
according to charge density. The �gures in parentheses refer to those calculated
according to the EQCM frequency shift

number of monolayers a1 a2 a3
20 mV s�1 16.2 1.9 3.3(0.62)
500 mV s�1 1.1 2.3 3.3(0.07)

reduced. The single UPD peak suggests that the reaction rate for Ag UPD is faster

than the rate for oxide reduction.

The stripping voltammograms have three distinctive stripping peaks located at

di¤erent potentials: 0.05 V (a1), 0.30 V (a2) and 0.55 V (a3), corresponding to three

di¤erent Ag bonding energies and multilayer structures (see Fig. 5.3). For the low

sweep rate of 20 mV s�1, the �rst stripping peak (a1) has a much higher peak current

and total charge than for peaks a2 and a3. This shows that at low sweep rates

most Ag multilayers are deposited overpotentially and stripped around the reversible

potential. However for the high sweep rate of 500 mV s�1, the peaks a2 and a3

have comparable or even higher charges than the �rst stripping peak a1. This shows

that the three di¤erent Ag multilayer structures formed at high sweep rate are of

comparable amounts. The charge density was calculated by integrating the current

for each anodic stripping peak, and is listed in Table 5.1.

The number of monolayers of peak a3 can�t be determined accurately, because the

removal of the last monolayer of Ag overlaps with Pt oxide formation. Fortunately, the

much lower molar mass of oxygen atoms compared with Ag atoms makes the EQCM

frequency analysis more reliable than the charge analysis. The total frequency shift

for region c3 was determined to be equivalent to 0.63 monolayers for peak a3 at 20 mV

s�1 and 0.07 monolayers at 500 mV s�1, respectively. The representative structures

of the Ag multilayers deposited on bare Pt substrate are shown schematically in Fig.

5.4. The �rst structure is the Pt-Ag alloy, formed �rst in the negative-going cycle,

and stripped as peak a3 at the very end of the stripping cycle. The growth of the
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Figure 5.4: Schematic of three di¤erent Ag multilayer structures on the Pt electrode,
deposited in the negative-going sweep.

Pt-Ag alloy apparently depends on time, as is evident from the di¤erent thicknesses at

di¤erent sweep rates. Vaskevich observed formation of Pt-Ag alloy on a time scale of

a few minutes [104], and other researchers found that the Ag-Pt alloy formation was

promoted by long-time cycling [101] or cathodization, i.e., held at constant reductive

current [98]. The next two monolayers of Ag (stripped in peak a2) are deposited on

the top of the Ag-Pt alloy, bonded to the underlying Ag and Pt atoms in the alloy

lattice. Finally the bulk Ag was always deposited on top of a Ag layer, as represented

by peak a1. Di¤erent anodic peak potentials were the result of di¤erent bonding

conditions for di¤erent multilayer structures.

5.3 Frequency drift phenomena

The Pt cyclic voltammetry and frequency response for pure 0.5 M HClO4 is shown

in Fig. 5.5. The frequency quickly drops when the potential sweeps into the Pt

surface oxide formation region (E > 0.80 V). The frequency plateaus after the po-

tential reversal at E = 1.55 V vs. RHE; the hysteresis shows the irreversible nature

of the formation and reduction of the Pt oxide. The frequency resumes the positive-

going behaviour when the potential sweeps negatively into the double layer region.

The rather large frequency change in the hydrogen UPD region is due to water ad-

sorption/desorption or by the hydrophobic/hydrophilic property change of the Pt



CHAPTER 5. AG PROMOTED PT DISSOLUTION 67

Figure 5.5: The Pt cyclic voltammogram in 0.5 M HClO4 solution (dashed trace) and
simultaneous frequency response (solid trace), 20 mV s�1.

surface [107]. For each complete cycle, the frequency response showed a close loop.

Continuous and successive cycling showed very little frequency drift (60 Hz over 6

hours, see Fig. 5.6), which was about the same magnitude as the instrumental drift

and system instability. Experiments were repeated at a higher sweep rate of 200 mV

s�1 and with heated solution (40-60 �C), but there was still no measurable frequency

drift. Thus our mirror polished Pt electrode on quartz crystal proved to be inert in

0.5 M HClO4.

When 1 mM AgClO4 solution was added into the 0.5 M HClO4 solution, the

characteristic voltammetry and frequency features for Ag deposition and stripping

were observed. Both the current transient and the frequency response were recorded

simultaneously, as presented in Fig. 5.7. The most interesting feature is that for each

complete cycle, the frequency response doesn�t form a closed loop. Instead a frequency

drift of +8.3 Hz was observed for each cycle and this steady frequency drift persisted
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Figure 5.6: The frequency response during successive cycling in 0.5 M HClO4. Sweep
rate 200 mV s�1, -0.05 V to 1.55 V vs. RHE.

in successive cycling for as long as 11 hours (see Fig. 5.8). A variety of property

changes at the electrode-liquid interface give frequency drift, as discussed in Chapter

3, but few of them give persistent and substantial frequency drifts. This characteristic

frequency drift appeared to be caused by mass loss due to Pt dissolution from the

working electrode, and therefore we sought to con�rm this with further experiments.

5.4 ICP-MS analysis of Pt dissolution

To test the Pt dissolution over a long time scale, extended potential cycling (>10

hours) was performed in 0.5 HClO4 solution with and without 1 mMAgClO4 solution,

at a sweep rate of 200 mV s�1. The base HClO4 solution was cycled for 12 hours,

either with or without Pt oxide formation, i.e., potential range from 0.05 V to 0.75
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Figure 5.7: The Pt cyclic voltammogram in 1 mM AgClO4 solution (dashed trace)
and simultaneous frequency response (solid trace), 20 mV s�1, �0.6 V to 0.9 V vs.
AgjAg+.



CHAPTER 5. AG PROMOTED PT DISSOLUTION 70

Figure 5.8: The frequecy drift for repeated cycling in 1 mM AgClO4 + 0.5 M HClO4,
200 mV s�1, -0.6 V to 0.85 V vs. AgjAg+.

V (treatment I) and 0.05 V to 1.5 V vs. RHE (treatment II). Similar experiments

were performed in the presence of 1 mM AgClO4 by controlling the potential between

-0.6 V to 0.25 V (treatment III) and -0.6 to 0.85 V vs. AgjAg+ (treatment IV). The

anodic potential limit of 0.25 V vs. AgjAg+ (0.85 V vs. RHE) for treatment III was

deliberately chosen to avoid Pt oxidation and to ensure that the last monolayer of

Ag was always stripped in each cycle so that no Ag mass is accumulated during the

long experiment. The frequency response was recorded simultaneously and the total

frequency drift �f was used to calculate the total mass of dissolved Pt and therefore

the molar concentration of Pt ([Pt]) in solution, assuming all the frequency drift was

due to the loss of Pt material from the electrode surface. The solutions were then

tested by ICP-MS for the actual Pt concentration in solution with ppb accuracy. The

following table 5.2 compares the obtained [Pt] from EQCM frequency measurements

and ICP-MS tests.
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Table 5.2: Pt concentration in solution detected by ICP-MS and EQCM. Figures in
parentheses refer to total frequency drift.
[Pt] / mol L�1 HClO4 blank I II III IV
by ICP-MS < 5�10�8 < 5�10�8 < 5�10�8 1.5�10�7 2.1�10�6
by EQCM - -1.9�10�9 3.2�10�8 1.5�10�8 2.2�10�6

(-17 Hz) (286 Hz) (133 Hz) (19635 Hz)

ICP-MS results showed no detectable [Pt] in both types of potential cycled HClO4

solutions (I and II) and the frequency response corresponded to [Pt] comparable or

less than the detection limit. A noticeable +286 Hz drift, corresponding to dissolution

of 3.7 ML of Pt was measured for cycling between 0.05 and 1.5 V vs. RHE in HClO4.

The inferred [Pt] of 3.2�10�8 mol L�1 was just below the detection limit of ICP-

MS, but is likely signi�cant, given the accuracy of the other data. Thus the EQCM

accurately measures the frequency change and has better sensitivity than ICP-MS for

detection of dissolution.

Substantial Pt dissolution was detected in potential cycled AgClO4 solution where

Ag was repeatedly deposited and stripped. A large frequency drift of 19635 Hz was

observed by cycling over the full range from -0.6 V to 0.85 V vs. AgjAg+, correspond-

ing to a [Pt] = 2.2�10�6 mol L�1. This result closely matches the concentration of

2.1�10�6 mol L�1 detected by ICP-MS, con�rming that the Pt dissolution from the

working electrode is the main source of frequency drift, and more importantly that

the monitored long-term frequency drift during potential cycling is capable of directly

indicating Pt dissolution. A discrepancy was found for treatment III: ICP-MS gave

a noticeable [Pt] = 1.5�10�7 mol L�1, which would correspond to a frequency drift

of +623 Hz. However a smaller frequency drift of +133 Hz was measured, suggest-

ing inaccuracy of ICP-MS in detecting the extremely low Pt concentration, since a

concentration of 1.5�10�7 mol L�1 is only three times above the detection limit.

Ag deposition and stripping on the counter electrode (CE) may lead to enhanced

CE dissolution that interferes with the comparison of the EQCM and ICP-MS disso-

lution rates. The CE has a 25 times larger surface area (5.72 cm2) than the working
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Figure 5.9: The monitored electrode potential of Pt counter electrode (A = 5.72 cm2)
during potential cycling on Pt working electrode in 1 mM AgClO4. Potential range
�0.6 to 0.85 V vs. AgjAg+, sweep rate 20 mV s�1.

electrode. To study the e¤ect of the CE, its potential was monitored during the con-

trolled Ag deposition and stripping on the WE, as shown in Fig. 5.9. The potential

of the CE was found to be close to the reversal potential for Ag electrodeposition,

0.02�0:025 V vs. AgjAg+ during potential cycling on the WE. The CE did not expe-

rience the UPD to OPD transition when the Ag is anodically stripped from WE, but

dynamic deposition and stripping of a very small amount of Ag (less than 1 ML) does

take place on its surface. The dissolution of Pt apparently requires growth of Pt-Ag

alloy under cathodic conditions followed by stripping of the alloyed Ag at anodic

overpotential (E > 0.43 V vs. AgjAg+). Therefore the conditions at the CE dur-

ing potential cycling of the WE are unfavorable for Pt dissolution from the CE, and

therefore do not degrade the good agreement between the Pt concentrations detected

by ICP-MS and EQCM.
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5.5 Electrode morphology change resulted from Pt

dissolution

Extensive potential cycling in 1 mM AgClO4 causes a large amount of Pt to be lost

from the electrode surface, and may lead to a signi�cant change in the properties

of the Pt surface. The morphology of the Pt surface before and after the potential

cycling was monitored by AFM, as shown in Fig. 5.10. The initial AFM image (Fig.

5.10a) shows the initial polished Pt surface with surface features of�12 nm height and

�30 nm lateral length. The roughness factor was 1.2 determined by both hydrogen

UPD charge measurements and AFM topology measurement software. After extended

cycling (> 10 h at 200 mV s�1) in AgClO4 solution, the Pt surface was signi�cantly

roughened (Fig. 5.10b). Many nanometer-sized sharp hills and pits were produced

and led to a roughness factor of >1.6.

5.6 Potential, temperature and sweep rate depen-

dence of Pt dissolution

5.6.1 Potential dependence

The above ICP-MS results clearly show that Pt dissolution during Ag deposition

and stripping has a strong dependence on the anodic potential limit (E a). A low

E a (treatment III) may not be able to cause any dissolution of Pt, but a high E a

(treatment IV) can result in signi�cant Pt dissolution from the electrode. It is possible

to determine the critical E a, which is the minimum E a required for the dissolution

of Pt electrode, by potential cycling in a series of experiments with di¤erent E a and

monitoring the Pt dissolution. Since the EQCM frequency drift directly probes the

Pt dissolution, the rate of Pt dissolution can be directly calculated from the rate of
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Figure 5.10: Comparison of AFM topographies before and after extended potential
cycling in AgClO4 solution. (a) before cycling; (b) after cycling.
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frequency drift, e.g., a frequency drift rate of +77.8 Hz cycle�1 indicates one monolayer

of Pt is lost from the electrode in each potential cycle. The frequency drift rate was

determined by linear �tting of the �f - t curve (e.g., Fig. 5.8) and has units of Hz

cycle�1 or Hz s�1.

The potential was �rst cycled between a �xed cathodic potential limit (E c) at

�0.6 V vs. AgjAg+ and a variable anodic potential limit (E a) from 0.40 V to 0.9

V vs. AgjAg+, and the frequency drift rate was calculated for each E a (Fig. 5.11).

The frequency drift rate increases almost linearly with the increasing anodic potential

limit E a and has a maximum of 10.5 Hz cycle�1 when the anodic limit is controlled

at 0.9 V vs. AgjAg+. The frequency drift rate at higher anodic potential limits was

not obtainable since O2 evolution occurs on the electrode surface and the bubbles

signi�cantly a¤ect the accuracy of the frequency measurement. It was also clearly

observed that the frequency drift disappeared when the anodic potential limit was

lower than a critical potential of ca. 0.43 V. At even lower anodic potential limits,

the frequency drifts negatively per cycle, due to mass accumulation by unstripped Ag

layers in each cycle. This critical E a is located in the rising shoulder of the anodic

stripping peak a3 (Fig 5.3a and b), where the alloyed Ag begins to be stripped.

Therefore a quick conclusion can be drawn that the repetitive Ag-Pt alloy formation

and stripping of alloyed Ag plays an important role in the Pt dissolution.

The in�uence of the cathodic potential limit on Pt dissolution was also examined.

The potential was cycled between a �xed anodic potential limit (E a) of 0.9 V vs.

AgjAg+ and a variable cathodic potential limit (E c) from �0.60 V to �0.2 V vs.

AgjAg+, and the frequency drift rate was calculated for each E c (see Fig. 5.12). When

the cathodic potential limit (E c) is increased from �0.6 V to �0.2 V, the frequency drift

rate decreases steadily to 5.1 Hz cycle�1, nearly half of the maximum drift rate at E c =

�0.6 V. This is an interesting result since the Ag UPD peak and its paired stripping

peak a3 remains nearly unchanged (Fig. 5.12b) at di¤erent E c, showing constant

conditions for Pt-Ag alloy formation and stripping. However, the time allowed for
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Figure 5.11: The Pt cyclic voltammograms in 1 mM AgClO4 solution with di¤erent
anodic reversal potentials (E a). Sweep rate 50 mV s�1.
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Figure 5.12: The Pt cyclic voltammograms in 1 mM AgClO4 solution with di¤erent
cathodic potential limits (E c), 20 mV s�1.
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the slow Pt-Ag place exchange and alloy formation, i.e., the time gap between the

onset of UPD and the anodic peak a3 is greatly decreased when E c is decreased by

0.4 V from the initial �0.6 V. This results in a decreased frequency drift rate and Pt

dissolution rate. Given a growth time of 1.5 min at a sweep rate of 20 mV s�1 and E c

= 0.6 V, it is very likely that the formation of the stable Pt-Ag alloy requires at least

a few minutes under our experimental conditions, close to Vaskevich�s results [104].

5.6.2 Sweep rate dependence

An alternative way to investigate the time dependence of Pt-Ag alloy formation and

its e¤ect on Pt dissolution is by examining the frequency drift rates at di¤erent sweep

rates. The recorded voltammograms and frequency drift rates at sweep rates from 5

mV s�1 to 500 mV s�1 are shown in Fig 5.13. The frequency drift rate (Hz cycle�1)

at sweep rates from 8.33 mV s�1 to 100 mV s�1 doesn�t show a clear trend with

increasing sweep rate, but remains approximately the same at ca. 8.0 Hz cycle�1.

At sweep rates higher than 100 mV s�1, the frequency drift rate (Hz cycle�1) drops

steadily with increasing sweep rate. The charge and frequency analysis for anodic peak

a3 in Section 5.2 shows that fewer monolayers of Ag are underpotentially deposited

at higher sweep rate (see Table 5.1), while higher sweep rates also means less time

is available for Pt-Ag alloy growth. Both these factors lead to the decreased Pt

dissolution rate at higher sweep rate.

5.6.3 Temperature dependence

The platinum dissolution was also examined at di¤erent system temperatures, from

21.3 �C to 49.5 �C (see Fig. 5.14). At elevated temperatures, the UPD current

is signi�cantly increased and the peak potential shifts positively. The OPD is less

a¤ected by temperature: the OPD peak current remains unchanged and the peak
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Figure 5.13: The Pt cyclic voltammograms in 1 mM AgClO4 solution at di¤erent
sweep rates from 5 to 500 mV s�1 (arrow refers to increase in sweep rate). Potential
range �0.6 V to 0.9 V vs. AgjAg+.
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potential shifts slightly positive. The peak current for the anodic stripping peak a1

increases, and meanwhile, the stripping peak a2 is signi�cantly suppressed.

The frequency drift rate shows a parabolic dependence on temperature, and a

maximum frequency drift rate was observed at ca. 40 �C. The frequency drift rate

slightly decreases at T > 40.0 �C, but the reason for this is not clear.

5.7 Discussion

ICP-MS results showed that the Pt working electrode has little dissolution (0.0011

monolayer cycle�1) when cycling at full potential range from 0.05 V to 1.5 V vs. RHE

in 0.5 M HClO4. Even successive cycling for 12 h only resulted in +286 Hz of total

frequency drift which equals a total of ca. 3.7 monolayers of Pt or 0.0013 monolayer

cycle�1. In the literature, it has been observed that potential cycling to high anodic

potential limit (E a > 1.6 V vs. RHE) followed by a fast reduction cycle produces a

Pt concentration in solution detectable by the stannous chloride test [87]. Dissolution

at high anodic potentials is reasonable since higher Pt-O coordination numbers and

a higher degree of place-exchange e¤ectively weakens the bonding between metallic

Pt atoms and Pt atoms in an oxide �lm. However, signi�cant Pt dissolution under

mild conditions (E a < 1.6 V vs. RHE) has also been reported. Johnson et al. [88]

performed the CV experiments between 0.45 and 1.45 V vs. RHE at sweep rate 100

mV s�1 and detected soluble Pt species in solution equivalent to 0.011 monolayer

cycle�1 in 1 M H2SO4 and 0.008 monolayer cycle�1 in 0.1 M HClO4 (10 times higher

than our dissolution rate). Rand et al. [89] found a Pt dissolution rate close to (15%

higher) Johnson�s results, when cycling between 0.41 V and 1.46 V vs. RHE at 40

mV s�1 in 1 M H2SO4. Recently Yadav [108] used a 65 nm-thick electrochemically

deposited Pt electrode, and observed a dissolution rate of 0.006 ML cycle�1 when

cycling between 0.0 and 1.4 V vs. RHE. These authors used Pt electrodes with

roughness factors of 1-3 or higher than 10 and performed extensive cycling to study
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Figure 5.14: The Pt cyclic voltammograms in 1 mM AgClO4 solution at di¤erent
system temperatures (arrrow refers to increase in temperature). Potential range �0.6
V to 0.9 V vs. AgjAg+. sweep rate 50 mV s�1,
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the roughness change and Pt dissolution. Our sputter-deposited Pt has a surface

with a mirror �nish, and both AFM and hydrogen adsorption data give a very small

roughness factor of only 1.1�1.2, which probably explains the lower dissolution in

our case. The smoother surface is more inert to acid during potential cycling and

leads to smaller changes in surface roughness and less Pt dissolution. There may be

a chance for faster Pt dissolution when the surface becomes su¢ ciently rough after

continuous cycling for a very long time (t >12 h), but we did not �nd this e¤ect on

the time scales we observed.

Addition of 1 mM Ag+ into 0.5 M HClO4 initiated an immediate large frequency

drift of 8.3 Hz cycle�1 or 0.11 ML of Pt per cycle, which is 100 times faster than

the control experiments in HClO4. It is evident that the Ag deposition/stripping in

the low potential region (E < 0.3 V vs. AgjAg+) is mixed with Pt oxide forma-

tion/reduction in the high potential region (E > 0.7 V vs. AgjAg+). However, these

observed reactions by themselves can�t contribute to the high rates of Pt dissolution.

Therefore the Ag deposition and stripping must play a kind of electrocatalytic role

in activating the Pt dissolution. During the Ag UPD deposition, the �rst monolayer

of Ag undergoes a slow place-exchange with surface Pt atoms to form a well de�ned

Pt-Ag surface alloy with a thickness of ca. two monolayers [104,109,110]. This Pt-Ag

surface alloy has been identi�ed by STM [111] and Auger spectroscopy [101], and has

been found on both single and polycrystalline Pt surfaces. The ratio between the

Pt and Ag atoms could vary, and a typical composition of Ag80Pt20 was found by

Batzil [102]. At the end of the anodic cycle, the alloyed Ag will be stripped, leaving

some Pt atoms at higher energy kink or adatom sites. Repetitive UPD and strip-

ping alters the smooth surface and leads to microscopic surface roughening. These

higher energy sites lead to higher Pt dissolution rates. A diagram describing such

processes is shown in Fig. 5.15. The large amount of Pt dissolution implies a high

yield of Pt-Ag surface alloy during UPD to switch the Ag and Pt atoms, and brings

the Pt atoms out of the Pt lattice. Such place-exchange process is very similar to
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stripping

UPD

place­exchange

Pt

Ag

Surface Pt adatoms

Ag­Pt alloywith 2 monolayer depthOriginal bare Pt surface

Surface migration and dissolution

Figure 5.15: Schematic of the sequence from Pt-Ag alloy formation to stripping of
the alloy, which results in Pt surface roughening and dissolution.
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the place-exchange of Pt and O atoms during Pt oxidation. During the reduction

of the place-exchanged "Pt-O" 3-D structure in HClO4 solutions, the Pt(II) species

are reduced to Pt atoms and remain on the surface, with some in high energy sites.

Dissolution could occur from these sites or directly from the �lm. However, the ob-

served dissolution rate is much less than with Ag present, and therefore promotion

by Ag must require something more than just Pt atoms in high energy sites. During

the anodic stripping of place-exchanged Pt-Ag alloy, the last Ag monolayers may be

stripped partially in the form of soluble Pt-Ag cluster species, resulting in accelerated

dissolution of surface Pt into the solution. ×ukaszewski et al. [112] investigated the

dissolution of noble metals (Pd, Pt, Rh) and their alloys during potential cycling by

EQCM, and found that the Pt surface alloyed with a less noble metal (e.g., Pd) could

dissolve into 0.5 M H2SO4 to a much greater extent than pure Pt metal.

The above mechanism implies that Pt dissolution and roughening occur simul-

taneously. AFM topography clearly showed the surface roughening after extensive

cycling (Fig. 5.10) under the conditions where Pt dissolution occurs.

5.8 Conclusions

Successive potential cycling in pure HClO4 solution resulted in Pt dissolution from

the electrode surface only to a very small extent, 0.0011 monolayer cycle�1. The

deposition and stripping of Ag multilayers under the same electrochemical conditions

caused Pt dissolution to a much greater extent, 0.11 monolayer cycle�1. The dissolu-

tion of Pt during Ag deposition and stripping requires a minimum anodic potential

limit of 0.43 V vs. AgjAg+ and the rate of dissolution is slightly a¤ected by the

cathodic potential limit. The rate of dissolution decreases with increasing sweep rate

and increases with increasing system temperature up to 40 �C. The enhanced extent

of Pt dissolution arises because of the partial dissolution of the Pt-Ag surface alloy

during the anodic stripping cycle. The formation of the Pt-Ag surface alloy during
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underpotential deposition of Ag and its growth during the overpotential deposition

are the critical processes that lead to Pt dissolution.
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Chapter 6

Conclusions

In this thesis, the potential of EQCM as a important technique to elucidate mech-

anisms of electrochemical reactions on the Pt surfaces was explored. The EQCM

is powerful mainly because it allows addition of one more parameter (mass) to the

list of parameters monitored in a standard electrochemical experiment (e.g., current,

charge). This helps identify and classify the events taking place at the electrode with

greater certainty and understanding. Potential cycling in H2SO4 solution resulted

in surface reactions involving light-weight species (e.g. H2O, H+) and a small mass

change was induced. The EQCM was still able to be used to study these species

under such challenging conditions. In the case of Pt dissolution, the EQCM was ca-

pable of direct monitoring of the amount of Pt dissolved from electrode surface with

high con�dence. We found good stability and accuracy of our EQCM system in the

frequency measurements.

H2 gas is a good candidate molecule to probe the oxide �lm growth in the initial

stage of Pt oxidation. The patched Pt surface by oxide �lm resulted in decreased

reaction rate of H2 oxidation, and the H2 oxidation was completely inhibited when

the Pt surface is covered by a full monolayer of oxide �lm. The purpose of using such

probe molecules to monitor the oxide �lm coverage change during the whole initial
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stage of Pt oxidation was to identify clearly the starting and �nishing point of the

growth of a full oxide monolayer. We observed an onset potential for oxide formation

at 0.85 V, where the net H2 oxidation current (jox) begins to drop, and a �nish-

ing point at 1.15 V which marks the complete formation of a full oxide monolayer,

where jox approaches a negligible residual current. Our methodology allows usage

of other potential probe molecules such as O2, and the experimental procedures can

be performed under controlled-convection conditions, where improved jox pro�les are

observed.

The EQCM frequency analysis was performed for identi�cation of the initial ox-

idation species, by correlating the frequency and charge density. Our results simply

showed that the initial oxidation species was most likely anhydrous Pt2O, as has been

suggested by a few authors. The frequency analysis for the early stage of oxidation

could be greatly complicated when anion adsorption is considered. A more detailed

consideration of this e¤ect is a topic for future research work.

The Pt dissolution with Ag present is signi�cantly higher than without Ag present

(where the Pt oxidation and reduction accounts only for a small extent of Pt disso-

lution). Examination of the potential, sweep rate and temperature dependence of Pt

dissolution leads to the conclusion that the Pt-Ag surface alloy formed by slow place

exchange of Pt and Ag atoms is required for the enhanced extent of Pt dissolution.

The Pt atoms were brought out of their bulk lattice sites by place exchange and

were left at high energy sites upon complete stripping of the deposited Ag layers,

and these processes contribute to the higher rate of Pt dissolution. However, the

observed dissolution rate at 0.11 ML cycle�1 appears to be mainly contributed from

the direct dissolution of Pt in the form of an Ag-Pt species, since the alloy has a

similar solubility as pure Ag metal.

This thesis also explored some new �elds which require further work. The method

of directly probing of oxide �lm formation with H2 candidate molecule could be im-

proved by using a more accurate determination of the net oxidation current by con-
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sidering the interaction of H2 with other surface species. Alternative probe molecules

could be selected and carefully tested. Frequency analysis of early stage of Pt oxida-

tion could be done in more detail by considering the anion adsorption. The formation

of the Pt-Ag alloy which plays the key role for enhanced Pt dissolution could be fur-

ther studied, and the structure and composition of this alloy needs to be identi�ed.
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