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Preface

For the study of electrode processes, the application of lasers has proved to be very

successful. Gy€oz€o Láng (Budapest, Hungary) and Cesar Barbero (Rio Cuarto,

Argentina) have undertaken the task to present the use of lasers (1) for studies of

interfacial stress changes of solid electrodes and (2) for the study of changes of the

refractive index of solutions near electrode surfaces. The first part of the monograph

contains a very sound discussion of the thermodynamics of electrode surfaces, as it

can be hardly found elsewhere. The entire monograph excels in a clear presentation

of the theoretical background, the experimental setups, and well-chosen illustrative

examples. This book will be an indispensable reading for postgraduate students and

scientists wishing to use these laser techniques in electrochemical investigations.

The two authors have decisively contributed to the development of the presented

techniques, and their in-depth knowledge guarantees that the reader gets an author-

itative and reliable source which will be valid for many years to come.

Greifswald, Germany Fritz Scholz
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Introduction

In 2010, the scientific community celebrated the 50th anniversary of the creation of

laser.

Without a doubt, the invention of the laser was one of the groundbreaking

scientific achievements of the twentieth century leading to creation of new commu-

nication instruments, optical devices, space exploration, computer production, and

mastery of nuclear energy. Lasers are oscillators that operate at optical frequencies

and produce intense beams of light which are monochromatic, coherent, and highly

collimated. The frequencies of operation lie within a spectral region that extends

from the very far infrared to the vacuum ultraviolet or soft X-ray region.

In common with electronic circuit oscillators, a laser is constructed from an

amplifier with an appropriate amount of positive feedback (“light oscillation by

stimulated-emission of radiation”). The acronym LASER, which stands for “light

amplification by stimulated emission of radiation,” is in reality, therefore, a slight

misnomer. (The more truthful acronym “LOSER” was long ago deemed

inappropriate.)

Lasers can be classified into four basic categories: gas discharge lasers, semi-

conductor diode lasers, optically pumped lasers, and “other” lasers. The last

category includes chemical lasers, combustion lasers, R€ontgen lasers, gas-dynamics

lasers, and “others” developed primarily for military and scientific applications.

Some of the properties of laser light are unique, while others are similar to

conventional sources (e.g., lamps) but with an increased photon flux. The wave-

length (or color) of laser light is extremely pure (monochromatic) when compared

to other light sources, and all of the photons that make up the laser beam have a

fixed phase relationship with respect to one another. This means that laser light have

a high degree of spatial and temporal coherence, unattainable using other

technologies. Temporal coherence implies that the interference of laser beams is

possible even when the optical path is changed by centimeter to meters. In that way,

interferometers can be easily built using laser light. Temporal coherence is related

with the high monochromaticity of laser light. Spatial coherence typically is

expressed through the output being a narrow beam which is diffraction limited.

The light from lasers typically has very low divergence. It can travel over long
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distances or can be focused to very tiny spots, achieving a very high irradiance.

While high power can be attainable with other sources, it is more practical to use

lasers to achieve high irradiance with small total power.

When we use the term “light,” we are referring to a type of electromagnetic wave

ranging from 1 nm to 1,000 mm in wavelength. The visible spectrum is the portion

of the electromagnetic spectrum that is visible to (can be detected by) the human

eye. It ranges from approximately 400–700 nm. The electromagnetic spectrum

between the wavelengths 0.7 and 1,000 mm is known as the infrared radiation.

Conventionally, the 0.7–10 mm band is called the near infrared region (NIR), and

beyond that is the far infrared band (FIR). The ultraviolet region (UV) ranges from

200 to 400 nm; below 200 nm is the deep ultraviolet.

Most lasers operate at discrete frequencies. Although some types of lasers

operate at several different wavelengths simultaneously, the limited number of

laser wavelengths may be a disadvantage in certain applications. These difficulties

can be overcome by using a dye laser or an optical parametric oscillator (OPO)

whose wavelength of operation can be altered in a controlled manner. Alexandrite,

chromium LiSAF, chromium LiCaF, and titanium sapphire lasers can be tuned

continuously over specific spectral regions. Of course, multiline emission can be

both a benefit and a detriment, depending on the application.

Laser technology touches almost every aspect of everyone’s life. In fact, much

of modern technology depends on the capabilities that lasers have made possible.

Since the operation of the first laser in 1960, literally hundreds of different laser

varieties have been developed, and the light that they produce is being used in

thousands of applications ranging from precision measurement to materials

processing, from telecommunications to data storage, from supermarket bar codes

to eye operations. Laser applications include laser surgery, metal and nonmetal

cutting, electronic components welding, radar detection, fiber optics, making

holograms, laser printing, and others. Lasers are indispensable in many fields

such as in science, medical therapy, aerospace, maritime, telecommunication, and

entertainment, and last but not least, the development of lasers has opened up new

areas of research in physics and chemistry.

Lasers have also found applications in many areas of electrochemistry such as

electrochemical deposition, etching, synthesis, polymerization, investigation of

electrochemical processes, and photoelectrochemical conversion and storage. In

fact, many of today’s laser applications are considered novel or recent, but this is

not always the case. For instance, the term “laser interferometer” refers to an

interferometer using a laser light source. Obviously, this does not necessarily

mean that these devices cannot be used with conventional light sources, but in

most cases, the laser light improves significantly the performance of the system. As

a result of the use of lasers, some classical optical techniques have been substan-

tially modified; others are entirely new. Electrochemists are particularly interested

in these techniques because optical methods are usually nondestructive, contactless,

and implementable in situ. Optical measurements yield data that are independent of

other electrochemical techniques and can often be performed simultaneously with

the latter.
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Two relevant areas of electrochemical research are reviewed in the present

volume: Part I of the book (Chaps. 1–8, written by G.G. Láng) is dedicated to the

determination of interfacial stress changes in electrochemical systems, while Part II

(Chaps. 9–14, written by C.A. Barbero) focuses on the use of laser light to measure

changes of refractive index in the electrochemical solutions which are related with

photothermal effects and/or concentration gradients.

The first chapter deals with the definitions of some general and specific terms

concerning the electrochemistry of solid/liquid interfaces.

Several aspects of the thermodynamic theory and their physical interpretation

are discussed in Chaps. 2 and 3. There is no doubt that despite the advent of surface-

sensitive techniques, thermodynamic measurements remain a valuable tool for the

investigation of surfaces and interfaces, and the understanding of the thermody-

namics of solid/liquid interfaces is of importance to all surface scientists and

electrochemists. It is not surprising, therefore, that during the past decades, several

attempts have been made to derive thermodynamic equations for the solid/liquid

interface, and several methods were suggested for the measurement of changes in

the interfacial stress of “solid electrodes” as a function of various physicochemical

parameters, e.g., the electrode potential. Difficulties of existing theories are criti-

cally reviewed in Chap. 3.

Methods for the experimental determination of (interfacial) stress changes in

electrochemical systems are discussed in the next three chapters (Chaps. 4, 5, and 6).

The essential components of two frequently used methods—the “bending beam

method” and “K€osters interferometry”—are lasers. In essence, the main difference

between the two above techniques is the detection system: position sensing with

photodiodes (“position sensitive detectors,” PSD) in case of the bending beam

method and automated detection of light intensity changes in case of the laser

interferometer. These issues are addressed in more detail in Chaps. 5 and 6.

In Chap. 7, selected results of bending beam (bending plate) experiments with

optical detection are presented as illustrative examples. In order to demonstrate the

capabilities and limitations of stress measurements in electrochemical systems,

relevant results obtained using two different experimental techniques (the bending

beam method and K€osters laser interferometry) are discussed.

Chapter 8 gives a brief overview of the mathematical background, some impor-

tant mathematical concepts, and various functional relationships underlying the

thermodynamic theory of interfaces.

The second part of the book from Chap. 9 onward deals with the use of laser light

to measure changes of refractive index in the electrochemical solutions which are

related with photothermal effects and/or concentration gradients.

In Chap. 9, an introduction to the refractive index detection with laser light is

made with a brief account of the development of the techniques discussed in Part II

of the book: Probe Beam Deflection (PBD) and Photothermal Deflection Spectros-

copy (PDS).

Chapter 10 gives a brief overview of the mathematical background of PBD

techniques, along with a discussion of the experimental details.
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In Chap. 11, the application of PBD to electrochemical systems involving

surface confined species are critically reviewed and discussed. Such systems

involve electroactive thin films, redox monolayers and multilayers, and porous

electrodes. The data gathered has applications in batteries, supercapacitors, fuel

cells, sensors, etc. It is shown that such kind of electrochemical system is the main

field of application of PBD technique.

On the other hand, in Chap. 12, the application of PBD techniques to the study of

concentration gradients due to redox changes in solution species is reviewed. There

are fewer studies of such systems due to the inherent difficulty to analyze the PBD

data.

In Chap. 13, the theory of PDS is discussed, and the application of PDS to

electrochemical systems is reviewed.

Finally, in Chap. 14, the application of different techniques able to monitor the

fluxes of mobile species to electrochemical systems is reviewed and the results

compared to the application of PBD to similar systems.

x Introduction

http://dx.doi.org/10.1007/978-3-642-27651-4_11
http://dx.doi.org/10.1007/978-3-642-27651-4_12
http://dx.doi.org/10.1007/978-3-642-27651-4_13
http://dx.doi.org/10.1007/978-3-642-27651-4_14


Contents

Part I Experimental Determination of Interfacial Stress Changes in

Electrochemical Systems

1 Introduction and Basic Concepts . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.1 Issues Related to Electrified Interfaces and Electrocapillarity:

Some Introductory Remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.2 Selected Concepts and Definitions in Electrochemistry

and Surface Science . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.2.1 What Is an “Electrode” and What Is a “Solid Electrode”? 5

1.2.2 Surface, Interface, and Interphase . . . . . . . . . . . . . . . . . . 7

1.2.3 Elastic and Plastic Surface Strains . . . . . . . . . . . . . . . . . 8

1.2.4 “Surface Stress” or “Interfacial Stress”? . . . . . . . . . . . . . 10

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2 Elements of the Thermodynamic Theory of Electrified Interfaces . . . 13

2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.2 Basic Concepts and Notions . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.3 Gibbs and Guggenheim Model of the Interface . . . . . . . . . . . . . . 14

2.4 Adsorption . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

2.5 The Electrocapillary Equation and the Lippmann Equation . . . . . 25

2.5.1 Example for the Application of the Electrocapillary

Equation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

2.5.2 The Ideally Polarizable Electrode when There Is no

Complete Equilibrium Established Between the Bulk

of a Solid and the Interface . . . . . . . . . . . . . . . . . . . . . . 30

2.5.3 Additional Remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

xi



3 Some Problems Related to the Surface Thermodynamics

of “Solid Electrodes” . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

3.1 The “Generalized Lippmann Equation” . . . . . . . . . . . . . . . . . . . 33

3.1.1 On the Derivation of the Generalized Lippmann Equation . 34

3.1.2 On the Derivation of the Shuttleworth Equation . . . . . . . 37

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

4 Experimental Methods for the Measurement of Surface Stress

Changes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

4.2 The Piezoelectric Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

4.3 The Extensometer Method and Related Techniques . . . . . . . . . . 46

4.4 Contact Angle Measurements . . . . . . . . . . . . . . . . . . . . . . . . . . 55

4.5 Bending Plate and Bending Beam Methods . . . . . . . . . . . . . . . . 58

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

5 Optical Detection of the Deformation . . . . . . . . . . . . . . . . . . . . . . . 75

5.1 Direct Optical Position Sensing . . . . . . . . . . . . . . . . . . . . . . . . . 75

5.1.1 Experimental Arrangements . . . . . . . . . . . . . . . . . . . . . . 75

5.1.2 Basic Principles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

5.1.3 Effect of Refraction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

5.1.4 Effects of Nonnormal Incidence . . . . . . . . . . . . . . . . . . . 84

5.1.5 Other Possible Sources of Errors . . . . . . . . . . . . . . . . . . 91

5.2 Interferometric Detection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

5.2.1 Principles of Interferometry . . . . . . . . . . . . . . . . . . . . . . 96

5.2.2 The K€osters Laser Interferometer . . . . . . . . . . . . . . . . . . 98

5.2.3 Electrochemical Application . . . . . . . . . . . . . . . . . . . . . 99

5.2.4 Adjustment of the Interferometer . . . . . . . . . . . . . . . . . . 101

5.2.5 Design of the Electrochemical Cell . . . . . . . . . . . . . . . . . 102

5.2.6 Calibration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104

5.2.7 Detection of the Light Intensity . . . . . . . . . . . . . . . . . . . 107

5.2.8 Fast K€osters Interferometry . . . . . . . . . . . . . . . . . . . . . . 107

5.2.9 Measurement of (Surface) Mass Changes . . . . . . . . . . . . 108

5.2.10 Holographic Interferometry . . . . . . . . . . . . . . . . . . . . . . 110

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

6 Detection of the Cantilever Deflection by Microscopy . . . . . . . . . . . 115

6.1 Scanning Tunneling Microscopy . . . . . . . . . . . . . . . . . . . . . . . . 115

6.2 Atomic Force Microscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118

7 Applications: Selected Experimental Results . . . . . . . . . . . . . . . . . 121

7.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121

7.2 Platinum and Gold in Contact with Electrolyte Solutions . . . . . . 121

7.3 Stress Changes in Thin Films and Layers on Metals . . . . . . . . . . 128

xii Contents



7.3.1 Anodic Films and Passive Layers . . . . . . . . . . . . . . . . . . 128

7.3.2 Monitoring of the Electrochemical Degradation

of Polymer Films . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129

7.3.3 Insertion of Species into Materials, Absorption,

and Intercalation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134

8 Mathematical Methods in Interfacial Thermodynamics . . . . . . . . . 137

8.1 Important Mathematical Concepts . . . . . . . . . . . . . . . . . . . . . . . 137

8.1.1 Homogeneous Functions . . . . . . . . . . . . . . . . . . . . . . . . 137

8.1.2 Legendre Transformation . . . . . . . . . . . . . . . . . . . . . . . . 151

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155

Part II Probe Beam Deflection (PBD)

9 Introduction to Probe Beam Deflection Techniques . . . . . . . . . . . . 159

9.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 159

9.2 Importance of the Field . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 159

9.3 History . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 162

10 Basic Principles of Probe Beam Deflection Techniques . . . . . . . . . . 167

10.1 Optical Principles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 167

10.2 Theoretical Framework of Probe Beam Deflection . . . . . . . . . . 169

10.3 Probe Beam Deflection Techniques . . . . . . . . . . . . . . . . . . . . . 171

10.3.1 Potential Step Chronodeflectometry . . . . . . . . . . . . . . 171

10.3.2 Pulse Voltadeflectometry (PVD) . . . . . . . . . . . . . . . . . 180

10.3.3 Current Step Chronodeflectometry . . . . . . . . . . . . . . . 183

10.3.4 Alternating Current Deflectometry (ACD) . . . . . . . . . . 185

10.3.5 Cyclic Voltadeflectometry . . . . . . . . . . . . . . . . . . . . . 185

10.3.6 Water Concentration Effects . . . . . . . . . . . . . . . . . . . . 194

10.3.7 Thermal Effects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 194

10.4 Experimental Probe Beam Deflection Setup . . . . . . . . . . . . . . . 194

10.5 Values of the Variation of Refractive Index with Concentration . . 196

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 196

11 Application of Probe Beam Deflection Techniques to the Study

of Surface-Confined Electrochemical Systems . . . . . . . . . . . . . . . . . 199

11.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 199

11.2 Noble Metal Electrode Surfaces . . . . . . . . . . . . . . . . . . . . . . . . 199

11.3 Carbon Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 201

11.4 Underpotential Deposition . . . . . . . . . . . . . . . . . . . . . . . . . . . . 201

11.5 Anion Adsorption on Metals . . . . . . . . . . . . . . . . . . . . . . . . . . 202

11.6 Electroactive Thin Films . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 204

Contents xiii



11.6.1 Electrochromic Oxides . . . . . . . . . . . . . . . . . . . . . . . . 205

11.6.2 Inorganic Complex Films . . . . . . . . . . . . . . . . . . . . . . 209

11.6.3 Electroactive Polymer Films . . . . . . . . . . . . . . . . . . . . 209

11.6.4 Other Electroactive Polymers . . . . . . . . . . . . . . . . . . . 219

11.7 Nanostructured Systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 220

11.7.1 Determination of the Potential of Zero Charge of Porous

Carbon . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 220

11.7.2 Determination of pzc of Nanostructured Pt . . . . . . . . . 222

11.7.3 Double Layer Charging of Monolithic Nanoporous

Carbon . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 224

11.7.4 Hierarchical Porous Carbon Structures . . . . . . . . . . . . 224

11.7.5 CO Oxidation on Nanostructured Pt Electrodes . . . . . . 225

11.7.6 Layer-by-Layer Self-Assembled Monolayers . . . . . . . . 229

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 230

12 Application of Probe Beam Deflection to Solution Electrochemical

Systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 237

12.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 237

12.2 Ferricyanide Fe CNð Þ6
� �3�

Reduction . . . . . . . . . . . . . . . . . . . . 237

12.3 Ferric Ion (Fe3+) Reduction . . . . . . . . . . . . . . . . . . . . . . . . . . . 238

12.4 Oxygen Reduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 239

12.5 Oxidation of Small Organic Molecules . . . . . . . . . . . . . . . . . . 240

12.6 Metal Deposition and Corrosion . . . . . . . . . . . . . . . . . . . . . . . 240

12.7 Silicon Corrosion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 240

12.8 Thiophene Polymerization . . . . . . . . . . . . . . . . . . . . . . . . . . . . 241

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 241

13 In Situ Electrochemical Photothermal Deflection Techniques . . . . . 243

13.1 Basic Principles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 243

13.2 Photothermal Deflection Techniques . . . . . . . . . . . . . . . . . . . . 245

13.2.1 Continuous Excitation . . . . . . . . . . . . . . . . . . . . . . . . 245

13.2.2 Pulsed Excitation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 245

13.2.3 Sinusoidal Periodic Perturbation . . . . . . . . . . . . . . . . . 247

13.3 Probe Beam Deflection Spectroscopy . . . . . . . . . . . . . . . . . . . . 248

13.3.1 General Principles . . . . . . . . . . . . . . . . . . . . . . . . . . . 248

13.3.2 Square Wave Periodic Perturbation . . . . . . . . . . . . . . . 249

13.4 Photothermal Monitoring of Concentration Gradients . . . . . . . . 251

13.5 Experimental Setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 251

13.6 Photothermal Deflection: Experimental Results . . . . . . . . . . . . 253

13.6.1 In Situ PDS of Soluble Species . . . . . . . . . . . . . . . . . . 254

13.6.2 In Situ PDS of Surface Films . . . . . . . . . . . . . . . . . . . 254

13.6.3 Voltammetric Absorptiometry . . . . . . . . . . . . . . . . . . 256

13.7 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 259

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 260

xiv Contents



14 Comparison of Probe Beam Deflection Techniques with Other

Methods to Monitor Fluxes of Mobile Species . . . . . . . . . . . . . . . . . 263

14.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 263

14.2 Electrochemical Techniques . . . . . . . . . . . . . . . . . . . . . . . . . . 263

14.2.1 Ring-Disk Voltammetry . . . . . . . . . . . . . . . . . . . . . . . 264

14.2.2 Scanning Electrochemical Microscopy . . . . . . . . . . . . 265

14.3 Electrochemical Quartz Crystal Microbalance . . . . . . . . . . . . . 266

14.4 Spectroelectrochemistry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 268

14.4.1 UV–Visible Spectroscopy with Indicator Dyes . . . . . . 268

14.4.2 In Situ FTIR Spectroscopy . . . . . . . . . . . . . . . . . . . . . 269

14.4.3 In Situ Raman Spectroscopy . . . . . . . . . . . . . . . . . . . . 270

14.5 Radiotracer Detection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 270

14.6 Surface Plasmon Resonance . . . . . . . . . . . . . . . . . . . . . . . . . . 270

14.7 Interferometry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 271

14.8 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 272

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 272

About the Author . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 283

About the Editor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 285

Index . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 287

Contents xv



.



Part I

Experimental Determination of Interfacial
Stress Changes in Electrochemical Systems



Chapter 1

Introduction and Basic Concepts

1.1 Issues Related to Electrified Interfaces and

Electrocapillarity: Some Introductory Remarks

The properties of the electronic conductor–ionic conductor interface (e.g., the

interface between a metal and an electrolyte solution) directly influence the elec-

trochemical processes occurring in an electrochemical system. It is not surprising,

therefore, that the interest in the structure and properties of charged solid–liquid

interfaces has increased steadily throughout the past 50 years and stimulated

interesting discussions and debates in the electrochemical community. The under-

standing of fundamental aspects of interfacial electrochemistry is also important for

other fields of research, such as materials science, nanoscience, biology, medical

science, and sensor and battery research, as well as for technologies based on

electrochemical techniques.

The solid–liquid interface plays a fundamental role in a number of physical and

chemical phenomena as chemisorption, catalysis, metal deposition, and in biologi-

cally important processes. Since the early days of modern surface science, one of

the main goals of electrochemical research has been to find correlations between the

structures formed by surface atoms and adsorbates and the macroscopic kinetic

rates of electrochemical reactions. The formation of interfaces between conducting

phases is known to be accompanied by a spatial separation of charge such that

electric potential differences may appear. The whole array of charged species,

neutral molecules, or oriented dipoles existing at a metal–solution interface is

called the electrochemical (or electrical) double layer. For such systems, the

important thermodynamic quantity is the intensive parameter conjugate to surface

area, often called the “surface tension,” “interfacial tension,” “surface stress,” or

“interface stress.” Electrocapillarity is the study of the interfacial tension (stress)

as a function of the electrode potential. Precise quantitative measurements of

interfacial tensions have been obtained for liquid–liquid interfaces as reported,

for example, refs. [1–6]. The interpretation of electrocapillary data obtained

with liquid metals in contact with electrolyte solutions is greatly facilitated by the

G.G. Láng and C.A. Barbero, Laser Techniques for the Study of Electrode Processes,
Monographs in Electrochemistry, DOI 10.1007/978-3-642-27651-4_1,
# Springer-Verlag Berlin Heidelberg 2012
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characteristic of ideal polarizability. For perfectly (ideally) polarizable electrodes,

the relationship between the interfacial tension, the electrode potential, and the

surface charge density can be described by the Lippmann equation [7].

On the other hand, a study of the interfacial stress of “solid electrodes” is

complicated by many factors, and with the exception of a few special situations,

the absolute interfacial tension at the solid–liquid interface is inaccessible by

experimental methods. In addition, a solid does not generally exhibit an “equilib-

rium” surface. According to [8], “their surface will be largely a frozen-in record of

an arbitrary past history.” Although a change in a thermodynamic parameter may

not result in full equilibrium, the system can escape from the constraint by optimi-

zation of, for example, “the distribution of imperfections, surface waves and

humps” [9] in the rational time scale, or more generally, it will approach relative

minima of the Gibbs energy of the interface. Despite the above problems, during

the past decades, several attempts have been made to derive thermodynamic

equations for the solid–liquid interface, and several methods were suggested for

measurements of changes in the “specific surface energy,” “interfacial tension,”

“surface stress,” or “interfacial stress” of solid electrodes.

In the next two chapters, several aspects of the thermodynamic theory of

solid–liquid interfaces are reviewed, and their physical interpretation is discussed.

Techniques and equipment for the precise measurement of the deformation of thin

plates, strips, or cantilevers are presented in Chaps. 4–6. Chapter 7 briefly reviews a

few of the relevant experimental results obtained using the “bending beam” method

and K€osters laser interferometry. Some of the mathematical concepts used in Part I

of the book are summarized in Chap. 8.

The author thanks the Alexander von Humboldt Stiftung, the Japan Society for

the Promotion of Science, and the Hungarian Scientific Research Fund (Grants

OTKA-K-37588 and OTKA-K-67994/OMFB-01078/2007) for support of research

related to the subject of Part I of this book.

1.2 Selected Concepts and Definitions in Electrochemistry

and Surface Science

Careful description of its objects and clear-cut terms should be the basis of any

“true” science, and the need for precise language and terminology cannot be

overestimated. Misinterpretations and misunderstandings in science are often

caused by ignoring or marginalizing the importance of clear concepts and

definitions. A fundamental problem is that conceptual definitions often are not

specified in precise terms. In some cases, definitions are not explicitly provided

or are overly generic. Unfortunately, there are also similar problems with some

terms and definitions used in interfacial electrochemistry. As it has been pointed out

recently in [10], “interfacial electrochemistry is not the only field of science in

which tacit assumptions are made, some that can readily be justified and some that
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are dubious or totally wrong.” A second problem is that constitutive definitions

(used in theories) do not always match operational definitions. For instance, if one

searches for the term “electrode,” a number of divergent and confusing definitions

can be found in the electrochemical literature. Apparently, this is also the case for

many other terms.

The situation has improved recently with the appearance of the Electrochemical

Dictionary [11], a reference manual where the reader can quickly find brief

explanations of scientific terms used in the electrochemical literature.

There are, however, some features which require further consideration. Since the

next chapters deal with interfacial electrochemistry, it is necessary to clarify the

definitions of some of the most commonly used terms related to electrified

interfaces. Therefore, in the next section, definitions of some general and specific

terms concerning the electrochemistry of solid–liquid interfaces will be discussed.

1.2.1 What Is an “Electrode” and What Is a “Solid Electrode”?

There exist several different definitions of the term “electrode” in the electrochem-

ical literature. A selection of definitions is presented below:

(i) [12, p. 202]

There are currently two usages for the term electrode, namely either (i) the electron

conductor connected to the external leads or (ii) the ! half cell between one electron

conductor and at least one ionic conductor. The latter version has usually been favored in

electrochemistry [13, p. 73]. The half cell, i.e., the electrode may have a rather complicated

structure. . .A satisfactory definition, which includes the factors and problems mentioned

above, may be as follows. The electrode consists of two or more electrically conducting

phases switched in series between which charge carriers (ions or electrons) can be

exchanged, one of the terminal phases being an electron conductor and the other an

electrolyte.

(ii) [14, p.273]:

In electrochemistry an electrode is an electronic conductor in contact with an ionic

conductor. The electronic conductor can be a metal, or a semiconductor, or a mixed

electronic and ionic conductor. The ionic conductor is usually an electrolyte solution;

however, solid electrolytes and ionic melts can be used as well. The term ‘electrode’ is

also used in a technical sense, meaning the electronic conductor only. . . In the simplest case

the electrode is a metallic conductor immersed in an electrolyte solution.

(iii) [15, p.22]:

In heterogeneous systems, the electrode is a typical basic unit. The electrode is an

electrochemical system in which at least two phases are in contact and one of them being

first-order conductor, the other a second-order conductor (usually this is an electrolyte

solution).

1.2 Selected Concepts and Definitions in Electrochemistry and Surface Science 5



(iv) [16, p. 2]:

In electrochemical systems, we are concerned with the processes and factors that affect the

transport of charge across the interface between chemical phases, for example, between an

electronic conductor (an electrode) and an ionic conductor (an electrolyte).

The most important conclusion emerging from the above is that there are really

two quite different things covered by the term “electrode”: an electronic conductor

phase (alone) and the entire assembly of an electronic conductor in intimate contact

with an ionic conductor. This may lead to confusions and misconceptions, as will be

pointed out later.

Some additional points should be noted here:

1. In the same book from which quotation (iv) was taken, the term is also used in

another sense [16, p. 3]: “. . .one standardizes the other half of the cell by using

an electrode (called a reference electrode) made up of phases having essentially

constant composition. The internationally accepted primary reference is the

standard hydrogen electrode (SHE), or normal hydrogen electrode (NHE),

which has all components at unit activity....”

2. The statement in point (i) above (see [12]) that “The latter version has usually

been favored in electrochemistry” is probably true for classical electrochemistry.

However, unfortunately, the importance of the fundamental aspects of electro-

chemistry may have declined in the past two or three decades [10], and there is a

risk today that electrochemistry may lose its status as a fundamental science and

merely become a branch of materials science [17]. As a consequence, the term

“electrode” is increasingly used to designate an electronic conductor (a metal

rod, wire, plate, etc.), even in the “electrochemical” literature.

3. The term “half-cell” is often used instead of “electrode.” It may nevertheless

seem strange to talk about an electrochemical cell consisting of three or four

“half-cells.”

4. The definition proposed in [12] is also not without problems. For instance, it

does not exclude the possibility of the presence of several (more than one)

electrified interfaces (i.e., electrodes) between electronically and ionically

conducting phases in the system (which is in fact defined as a chain of

conducting phases).

5. The electrode is sometimes defined as follows: “it is a material system in which

the electrode reaction takes place at an interface” [15, p. 27]. Obviously, this

definition does not apply to the “ideal polarized” [18] (“ideally polarizable” or

“perfectly polarizable” [19, 20]) electrode (discussed later).

By taking into account the above considerations, the following relatively simple

definition may be relevant:

An electrode is a heterogeneous electrochemical system including one interface (or several

interfaces which are not connected in series) at which the type of electrical conduction

changes from electronic to ionic or to mixed (or vice versa).
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Although widely used, the term “solid electrode” remains unclear and confusing

for those that are unfamiliar with electrochemical definitions. According to the

above, the definition of a “solid electrode” can be given as follows:

An electrode that contains an electronically conducting solid phase in contact with an

ionically conducting liquid phase.

Conceptually, themost important conclusion of the above discussion is that a “solid

electrode” is a multicomponent, multiphase electrochemical system, containing at

least one solid phase. This means that it cannot be treated as a pure solid.

On the other hand, it is well known that thermodynamics usually deal not with

matter at all, but with models of matter. This is also true for the thermodynamics of

solids. The manifestation of properties of real solids is multiple and depends on the

time of observation. This subject has been discussed in detail, e.g., in the excellent

review by Rusanov [21]. According to the author of [21], “The question can arise: is

it possible to find a perfect model and to use only this model in all cases? The

answer will be negative. . . . If we are curious, for instance about whether a real

solid, with numerous structural defects, is capable of distributing pressure uni-

formly and isotropically, the result will be different depending on the period of time

given for observation: the very short time typical for a laboratory experiment, or

eternity.”

A possible, thermodynamically correct alternative choice is the model of a

“completely elastic body” with the following properties:

1. There is at least a single “immobile” component in the system, the particles

of which are firmly fixed (by a passive resistance) at their sites in a crystalline

lattice, which makes their diffusion impossible. The introduction of “internal

constraints” that operate selectively is a tool for creating a theory of a,

strictly speaking, nonequilibrium system using the language of equilibrium

thermodynamics.

2. The mechanism of equalizing chemical potentials does not operate in this model

with respect to the immobile component, and a chemical potential gradient can

appear even for an “equilibrium state.”

3. The model may include any number of mobile components which are distributed

with uniform chemical potentials at equilibrium.

1.2.2 Surface, Interface, and Interphase

In physical chemistry, the term “surface” usually means the termination of a solid

or liquid phase bordering to vacuum [22]. This condition is often emphasized by

using the term “free surface.” In some cases, the term “surface” is used in the

macroscopic sense and means the outermost face of a solid, which can be produced

and maintained under normal external conditions by conventional methods like

cutting, polishing, and etching. This approach implies that the surface is in contact

1.2 Selected Concepts and Definitions in Electrochemistry and Surface Science 7



with the ambient atmosphere [23]. The term “surface of a metal” usually means the

top layer of atoms or ions. Surfaces can be divided into ideal and real [24].

Ideal surfaces exhibit no surface lattice defects; real surfaces may have all types

of defects (vacancies, impurities, grain boundaries, dislocations, etc.). In the micro-

scopic sense, the term surface is used very often for an atomically clean and

atomically smooth crystal plane.

In electrochemistry, however, the plane that ideally marks the boundary between

two phases is called the “interface,” and “surface” means practically always the

interface between two phases, i.e., two solid phases, two liquid phases, or a solid

phase and a liquid phase. On the other hand, if attention is actually focused on only

one of the two phases, this plane is often called the “surface” of the phase. This

approach, however, may lead to confusion.

The region between two phases where the properties vary (usually in the

direction perpendicular to the surface) between those of the bulk is the interfacial

region. It can also be regarded as a distinct, although not autonomous, phase and be

called the interphase [25]. While the “interface” is two-dimensional, the “inter-

phase” is assumed to be three-dimensional, which possesses volume.

Charged components may or may not cross the interface between two phases.

The terms “ideally polarizable interface” and “ideally polarizable interphase” are

used when no charged component is common to both phases adjoining the

(electrified) interphase, i.e., the interface is impermeable to electric charge. Hetero-

geneous electrochemical systems that possess this property are called “ideally

polarizable” or “ideal polarized” electrodes. The concept of ideal polarizability

implies the total absence of charge transfer between the two adjacent phases. The

term “perfectly polarizable electrode” is often used when the state of the electrode

is uniquely defined by the amount of charge consumed. This concept is somewhat

broader than that of ideal polarizability [26].

1.2.3 Elastic and Plastic Surface Strains

If the area of the interface between two liquid phases is changed, there is no barrier

to prevent molecules (or atoms) from entering or leaving the interfacial region.

Although these processes are supposed to have a certain inertia, a new state

of equilibrium can be reached, in which each surface molecule covers the same

area as in the original undistorted state. This means that the number of molecules

(or atoms) in the interface region has changed, but the area per molecule (or atom)

at the surface has not. The surface strain, i.e., the change in surface area per unit

area, is said to be “plastic” in this case.

In case of a metal far from its melting point, a distortion of the surface can

be thought of as resulting in a change of area which cannot be accommodated

by migration of atoms to and from the surface. The presence of long-range order

(e.g., in an ideal solid) can be interpreted as a consequence of internal constraints.

While the distortion persists the number of atoms in the surface region remains
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constant, but the area occupied by each atom differs from that in the undistorted

case. Such a surface strain is said to be “elastic” [27]. For the case of a crystalline

solid plastic and elastic, deformations can be illustrated by the schematic pictures

shown in Fig. 1.1. In the case schematized in Fig. 1.1d, the “total” strain may be

imagined to be divided into two contributions, the “plastic” strain and the “elastic”

strain.

When dealing with solid–liquid interfaces, the situation is much more compli-

cated (see Fig. 1.2). If such an interface is strained, the total number of atoms of the

solid at the interface (ns) may or may not change. In the first case, ns changes, but
the area per atom at the surface does not change. On the contrary, the surface

density of molecules coming from the liquid phase may not necessarily change

(Fig. 1.2b). In the second case, the number of atoms of the solid in the surface

region remains constant, but the area occupied by each atom differs from that in the

undeformed state. This type of deformation is very often called “elastic” deforma-

tion, and the strain is called elastic strain [28]. On the other hand, atoms or

molecules can be exchanged between the interfacial region and interior of the

fluid in order to maintain the same area density. This means that while ns remains

constant during the deformation, this is not necessarily true for molecules in the

surface region in the liquid (Fig. 1.2c).

In consequence, it is not easy to construct a consistent model to account for

all these features or to imagine situations in which all deformations are purely

“plastic” or “elastic.” In addition, in a “general system,” each of the phases can be

multicomponent.

Fig. 1.1 Plastic and elastic deformations of a pure solid phase
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Electrochemical systems containing charged species and electrified solid–liquid

interfaces (“solid electrodes”) are even more complex. In such cases, the assump-

tion that deformation can be separated into two (purely “plastic” and purely

“elastic”) contributions is highly questionable. Nevertheless, the adaptation of

an approach developed for one-component systems provides a perfect opportunity

for confusing the concepts of continuum elasticity theory and equilibrium

thermodynamics.

As a matter of fact, in electrochemical-mechanical experiments involving solid

electrodes, the deformations are typically very small, and the applied stress level is

assumed to be such that the surface strain of the solid remains within the elastic

limit.

1.2.4 “Surface Stress” or “Interfacial Stress”?

Detailed knowledge of the structure and thermodynamic properties of solid–liquid

interfaces contributes to a better understanding of interfacial phenomena. In spite of

the introduction of a range of powerful surface analytical techniques, thermody-

namic measurements remain a valuable tool for the investigation of surfaces and

interfaces. Unfortunately, for solid electrodes, the thermodynamic interpretation of

Fig. 1.2 Schematic representation of the deformation of the solid/liquid interface
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the results from various methods in terms of physicochemical properties of the

system is not without problems. An important point in the application of thermo-

dynamic principles to interfaces is the experimental determination of the intensive

thermodynamic parameter conjugate to the surface area.

In the relevant IUPAC recommendations [26], the terms “superficial work,”

“surface stress,” and “generalized surface parameter” are proposed to replace the

terms “surface tension,” “surface (free) energy,” and “specific surface work

(energy).” However, as it has been correctly pointed out by Ibach [29], the energy
of the solid–liquid interface changes when the surface area changes. This means

that even those modifications of the interfacial region which are microscopically

associated with the liquid side of the interface will contribute to the deformation

(e.g., to the bending of a sample). This is obviously true in spite of the often-heard

argument that the species in the liquid phase cannot exert a lateral force on the solid

because of the vanishing shear modulus in the liquid.

When applying, e.g., the bending beam method (see Chaps. 4–6) in experiments

with solid electrodes, the question arises as to what is really measured when the

electrode potential is varied. Taking into account the considerations outlined above,

it is clear that the experimentally determinable quantity is the change of the

intensive parameter conjugate to the interface area. This quantity is intimately

related to the properties of the solid-liquid interface and not just to the properties

of the surface of the solid phase; therefore, it seems reasonable to refer to it as the

“interface stress change” or “interfacial stress change.” Consequently, the intensive

parameter conjugate to the area of the interface is identified as the interfacial

(or interface) stress. Nevertheless, the term “interfacial tension” may also be

used, if there is no danger of confusion.
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Chapter 2

Elements of the Thermodynamic Theory

of Electrified Interfaces

2.1 Introduction

Despite the advent of surface-sensitive techniques, thermodynamic measurements

remain a valuable tool for the investigation of surfaces and interfaces. Electrodes

are, in fact, capillary systems because the interactions between the different phases

take place via the surface region. Thus, the understanding of the thermodynamics of

electrified interfaces is of importance to all surface scientists and electrochemists.

The topic may also be of some interest to the general reader because thermody-

namics relates quantities that can be measured directly to quantities that are needed

for the purposes of understanding or calculations.

The aim of this chapter is to present a simple and concise treatment of electrified

interfaces within the framework of classical thermodynamics. More detailed

discussions can be found in several excellent reviews and research papers [1–15].

2.2 Basic Concepts and Notions

The plane ideally marking the boundary between two phases is called the interface.

Although interfaces are always dealt with from a thermodynamic point of view, if

attention is actually focused on only one of the two phases, the plane ideally

marking the boundary between the phase and the environment is called the surface

of the phase.

The region between two phases where the properties vary between those in

the bulk is the “interfacial or interface region.” It is sometimes regarded as a

distinct—though not autonomous—phase and is called the interphase.

A surface does not exist in isolation. It is the interface region in a two-phase

system and valid thermodynamic conclusions can only be drawn by considering the

system, namely, the interface and the two bordering regions, as a whole. Provided

that the radius of curvature is large, the interface/interphase may be regarded as

G.G. Láng and C.A. Barbero, Laser Techniques for the Study of Electrode Processes,
Monographs in Electrochemistry, DOI 10.1007/978-3-642-27651-4_2,
# Springer-Verlag Berlin Heidelberg 2012
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plane and its energy then differs from that of a bulk phase by a term expressing

the contribution of changes of energy due to a change of the area of contact.

Edge effects can be eliminated by considering a section of an interface in a larger

system. There is no clear boundary between the interfacial region and the bulk of

the phases so that the thickness of the interphase depends on the model chosen to

describe this region.

With few exceptions, solid surfaces are not flat. The geometric area, as

represented by the product of the length and breadth of a rectangle enclosing part

of a surface, is not the same as the actual surface area which takes into account the

areas of the hills and valleys within the rectangle. If the surface is very rough, with

very pronounced and irregular asperities, the geometric area is considerably smaller

than the actual area. (Such a surface is unlikely to be in a state of equilibrium and

caution should be exercised when considering systems containing such surfaces.)

The properties of a portion of surface are dependent on orientation, and if there are

many portions of different orientation, correct summation over the whole surface

may be a difficult task. Consideration will be restricted here to systems in which the

difference between geometric and actual areas is not of overriding importance.

(This complication is not always dealt with in standard texts because they tend to

concentrate on the surface thermodynamics of liquid systems which usually possess

smooth surfaces.)

Usually, the thickness of the interface or local values of physical quantities

(parameters) cannot be measured. That is the reason why integrated quantities

(which are accessible experimentally, or can be calculated from experimental

data) are used for the thermodynamic characterization of interfaces.

Generally, these quantities are given by the expression

Cs ¼
ðbb

aa

X xð Þdx; (2.1)

where X is the local value of any physical quantity in the interfacial region, x is the
coordinate perpendicular to the plane of the interface,Cs is the integrated quantity,

and aa and bb are the two adjacent phases.

2.3 Gibbs and Guggenheim Model of the Interface

Many properties of a system, for example, concentration of a particular species,

vary as a function of the distance perpendicular to the surface, as shown in Fig. 2.1a.

There are two approaches to describing the thermodynamic properties of

interfaces.

The first, the classical Gibbs approach, is based on a model in which a real

interface layer is replaced by a dividing surface [16]. Gibbs found it mathematically
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convenient to consider an idealized system depicted in Fig. 2.1b, with properties

identical with those of the whole real system. The “surface of discontinuity” or

“dividing surface” in the idealized system is a two-dimensional region whose

position is determined by the requirements that the property under consideration

should maintain a uniform value in each bulk phase right up to the dividing surface.

This corresponds to equating the two shaded areas in Fig. 2.1b. A disadvantage of

Fig. 2.1 (a) The real interface. (b) The Gibbs model of the interface. (c) The Guggenheim model

of the interface (“interphase”)
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this approach is that the position of the dividing surface alters according to the

property considered. This is of particular importance when considering adsorption.

An alternative approach is that of Guggenheim in which the surface is consid-

ered as a region possessing thickness (and volume), the boundaries of which lie at

the positions where the actual bulk phase properties cease to be uniform (Fig. 2.1c).

In this approach, two dividing surfaces, one at each boundary, are employed.

A disadvantage is that terms dependent on surface volume are present in the

equations, but it is difficult to assign values to these terms.

Given a system, subsystems consisting of a segment of the interface and finite

volumes of the adjacent phases can be selected. In principle, these subsystems

should not be geometrically regular in shape; however, the rectangular parallelepi-

ped-shaped domain is usually the most expedient selection. In two dimensions, the

macroscopic subsystem selected for investigation is represented by the WXYZ

rectangle (Fig. 2.2). It may be expedient to be more explicit and to define a surface

or interfacial layer of finite thickness (t) bounded by two appropriately chosen

surfaces parallel to the phase boundary, one in each of the adjacent homogeneous

bulk phases. A layer of this kind is sometimes called a Guggenheim layer. (For very

highly curved surfaces (radii of curvature of the same magnitude as t), the notion of
a surface layer may lose its usefulness.)

Let the area of the surface or interface in the system, defined according to

the above concepts, be denoted by A and the internal energy by U. The V volume

of the system is the sum of the volumes of the two phases aa and bb, and the volume

of the inhomogeneous region:

V ¼ Vaa þ Vbb þ Vinh: (2.2)

Fig. 2.2 The macroscopic subsystem selected for investigation, the Gibbs model, and the

Guggenheim model
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The internal energy can be given as follows:

U ¼ Uaa þ Ubb þ Uinh: (2.3)

Of course, this division is completely arbitrary since the values on the right-hand

sides of Eqs. (2.2) and (2.3) depend on the (arbitrary) choice of the dividing surface(s).

In the Guggenheim model, the Vs volume of the interfacial layer is

Vs ¼ tA: (2.4)

The Gibbs dividing surface (or Gibbs surface) is a geometrical surface chosen

parallel to the interface and used to define the volumes of the bulk phases. That is,

V ¼ Vaa þ Vbb: (2.5)

This means that the volume of the s surface phase is Vs � 0.

2.4 Adsorption

A quantitative measure of adsorption may be, and usually is, based on the following

general definition: Adsorption of one or more of the components, at one or more of

the phase boundaries of a multicomponent, multiphase system, is said to occur if the

concentrations in the interfacial layers are different from those in the adjoining bulk

phases. Consequently, the overall stoichiometry of the system deviates from that

corresponding to a reference system of homogeneous bulk phases whose volumes

and/or amounts are defined by suitably chosen dividing surfaces or by a suitable

algebraic method.

In the Gibbs method, to treat the thermodynamics of surfaces, the interface is

regarded as a mathematical dividing surface. Thus, the Gibbs interface is a two-

dimensional homogeneous phase without thickness. In Guggenheim’s approach,

the interface is considered to be a surface phase with finite thickness and volume

treated in a way analogous to bulk phases, except that the thermodynamic equations

contain terms related to the contributions of changes of energy due to changes of

area and electrical state of the interface.

The two apparently different approaches can be essentially characterized by the

following procedure:

– There is an idealized surfaceor surface phase separating twohomogeneousbulk phases

aa and bb (see Fig. 2.3). The bulk phases are in equilibrium with the surface phase.

– Two separated reference systems a and b thought to be noninteracting homoge-

neous bulk phases have to be chosen—the conditions of temperature, pressure,

composition, etc., being identical to those in the adsorption equilibrium. Both

reference systems consist of suitably defined amounts of the components. Each of

the chosen reference amounts is characterized by its respective molar or specific

properties.
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– Any extensive property of the reference systems is simply the sum of the

contributions from the reference amounts, without any contributions from

interactions with the interfacial layer in the real system.

The surface excess quantities are then the respective differences between the real

system and the chosen reference system.

If a Gibbs dividing surface is used for the definition of surface excesses, the

reference amounts in the two reference phases are thought to be contained in and

making up the volume of the actual real system but can equally well be thought to

be quite independent and spatially apart one from the other. Evidently, the volume

of the chosen reference amounts is not necessarily equal to the volume of the real

system. It is even not necessary that the corresponding phases are effectively

present in their chosen reference states within the real system. In principle, this is

why the Gibbs and the Guggenheim approaches can be considered as equivalent.

However, there is a very important restriction in the Guggenheim approach

replacing the condition of equivalent volumes in the Gibbs method: The reference

systems must be chosen in such a manner that the remaining “surface phase” has a

constant thickness. Thus, this restriction essentially affects the choice of the geomet-

rical shape of the reference systems. However, since the reference systems are

homogeneous bulk phases, their thermodynamic properties are independent of the

shape. For this reason, a set of appropriate reference systems can be always selected

without loss of generality. This consideration determines implicitly the selection of

thermodynamic systems “with cylindrical shape” [17], with a “parallelepiped” [18],

simply as a “section” of the interface cut out by perpendicular planes [19–21], etc.

The surface excess amount or Gibbs adsorption of component i is nsi , which may

be positive or negative, is defined as the excess of the amount of this component

actually present in the system over that present in a reference system of the same

volume as the real system and in which the bulk concentrations in the two phases

remain uniform up to the Gibbs dividing surface:

nsi ¼ ni � nai � nbi ¼ ni � naxai � nbxbi ¼ ni � naxaai � nbxbbi ; (2.6)

Fig. 2.3 The real system

(an idealized surface or

surface phase is separating

two homogeneous bulk

phases aa and bb) and the

reference systems a and b
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where ni is the total amount of component i in the “real” system, xai and xbi are the
mole fractions in phases a(aa) and b(bb), respectively. na and nb are the total

amounts of the components (“total number of moles”) in the reference systems. It is

clear from Eq. (2.6) that the surface excess amount is well defined only when na and
nb are fixed. It can be also seen that with different na and nb values, we have

different values of nai .
According to the above considerations, the surface excess Xs of any extensive

property X is calculated as

Xs ¼ X � Xa � Xb; (2.7)

where X denotes the value of the property for the whole system and Xa, Xb the

values for the reference systems. The internal energy U is an extensive property.

The relation that gives the internal energy as a function of the extensive

parameters is a fundamental relation. If the fundamental relation of a particular

system is known, all conceivable thermodynamic information about this system can

be ascertained [22].

The internal energies of the reference phases are given by

Ua ¼ Ua Sa;Va; na1 . . . n
a
m

� �
(2.8)

and

Ub ¼ Ub Sb;Vb; nb1 . . . n
b
m

� �
: (2.9)

The internal energy (U) of the system depends on the entropy (S), volume (V),
the amounts n1. . .nm of the components 1. . .m, and the surface area (A),
respectively:

U ¼ U S;V;A; n1 . . . nmð Þ: (2.10)

Thus, the excess of the internal energy is given by

Us ¼ U � Ua � Ub (2.11)

and the excess of the entropy is

Ss ¼ S� Sa � Sb: (2.12)

Evidently, the excess internal energy function

Us ¼ Us Ss;Vs;A; ns1 . . . n
s
m

� �
; (2.13)
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is a homogeneous function of degree one with respect to all variables, if Vs � 0

(Gibbs model), or Vs ¼ At (Guggenheim model), since in these cases

Us kSs; kVs; kA; knsi . . . kn
s
m

� � ¼ kUs Ss;Vs;A; nsi . . . n
s
m

� �
(2.14)

for all k > 0 real numbers (see Chap. 8). In the frames of the Gibbs model,

Us ¼ Us Ss;A; ns1 . . . n
s
m

� �
(2.15)

and

Us kSs; kA; knsi . . . kn
s
m

� � ¼ kUs Ss;A; nsi . . . n
s
m

� �
; (2.16)

according to Euler’s theorem (Chap. 8):

Us ¼ TsSs þ gAþ
X

i

msi n
s
i ; (2.17)

where g is the intensive (interfacial) parameter conjugate to the extensive parameterA.
It should be noted that one of the most important questions in interfacial

thermodynamics is related to the existence of a fundamental relation (fundamental

function) of the form given in Eq. (2.13) or Eq. (2.15). If such a function exists, then

every thermodynamic attribute is completely and precisely determined.

Due to the thermodynamic equilibrium,

Ts ¼ Ta ¼ Tb ¼ Taa ¼ Tbb ¼ T;

msi ¼ mai ¼ mbi ¼ maai ¼ mbbi ¼ mi

and so on.

Consequently, there is no need to add superscripts to T, m1 . . . mm, because these
must have values uniform throughout a, b, aa, bb, and s in order that there may be

thermal, hydrostatic, and physicochemical equilibrium.

In the reference phases, the following relationships are valid:

Ua ¼ TSa � pVa þ
X

i

min
a
i (2.18)

and

Ub ¼ TSb � pVb þ
X

i

min
b
i : (2.19)

According to Eqs. (2.15) and (2.17), the intensive parameter (g) is defined by

g ¼ @Us

@A

� �

Ss;ns
1
...nsm

: (2.20)
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This expression is mathematically correct; however, it is not really useful for

practical purposes. Equation (2.15) expresses the dependence of the energy U on

the basis of independent variables Ss; A; ns1 . . . n
s
m. This set of independent

variables is not by any means the most convenient. It is usually preferable to use

T as an independent variable instead of S. If the experiment is such that the external

conditions are constant temperature and constant pressure, the most convenient

potential function to use is the Gibbs free energy function, G, obtained from U by

two Legendre transformations (see Chap. 8). According to this,

Ga ¼ Ua þ pVa � TSa; (2.21)

Gb ¼ Ub þ pVb � TSb: (2.22)

Consequently,

Ga ¼
X

i

min
a
i ; (2.23)

Gb ¼
X

i

min
b
i (2.24)

and the excess Gibbs free energy is given as

Gs ¼ gAþ
X

i

min
s
i : (2.25)

By using the G function, g is defined by

g ¼ @Gs

@A

� �

T;ns
1
...nsm

: (2.26)

Unfortunately, this new definition of g is still not appropriate for experimental

studies or to confirm experimental results since

Gs T;A; ns1 . . . n
s
m

� �
;

remains ill defined and arbitrary (because ns1 . . . n
s
m clearly depend on the selection

of the reference systems). The Gibbs free energy function for the whole system can

be expressed as follows:

G ¼ gAþ
X

i

min
a
i þ

X

i

min
b
i þ

X

i

min
s
i ¼ gAþ

X

i

mi nai þ nbi þ nsi

� �
: (2.27)
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This means that g can also be defined in terms of the Gibbs free energy function

of the whole system as

g ¼ @G

@A

� �

T;p;n1...nm

; (2.28)

or in terms of the Helmholtz (free) energy function, as

g ¼ @F

@A

� �

T;V;n1...nm

: (2.28A)

(The Helmholtz energy or “free energy” function is defined as the Legendre

transform of the internal energy function, F ¼ U � TS.)
It should be noted that since no volume term appears in Eq. (2.15), there is no

distinction between the surface Helmholtz and Gibbs free energies.

According to the foregoing considerations, Gs is a partly homogeneous function

of degree one in the variables A and ns1 . . . n
s
m (see Chap. 8). The expression for the

total differential of Gs is

dGs ¼ @Gs

@T

� �

A;ns
1
...nsm

dT þ @Gs

@A

� �

T;ns
1
...nsm

dAþ
X

i

@Gs

@A

� �

T;A;ns
j 6¼i

dnsi : (2.29)

Taking into account that

@Gs

@T

� �

A;ns
1
...nsm

¼ �Ss;
@Gs

@A

� �

T;ns
1
...nsm

¼ g; and
@Gs

@A

� �

T;A;ns
j6¼i

¼ mi;

Eq. (2.29) can be written as follows:

dGs ¼ �SsdT þ gdAþ
X

i

midn
s
i : (2.30)

In order to get an expression for dGs from Eq. (2.25) comparable with Eqs. (2.29)

and (2.30), we must differentiate Gs “generally,” that is, with respect to the same

variables as in Eq. (2.25), expressed explicitly or implicitly. These are T, A, and
ns1 . . . n

s
m. This gives

dGs ¼ gdAþ Adgþ
X

i

midn
s
i þ

X

i

nsi dmi: (2.31)

There are thus two (general) expressions for dGs [Eqs. (2.30) and (2.31)], both of

which are correct. This can only be the case if
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SsdT þ Adgþ
X

i

nsi dmi ¼ 0; (2.32)

which is the so-called Gibbs–Duhem equation for interfaces. (A more detailed

derivation of the Gibbs–Duhem equation for “partly homogeneous functions” can

be found in Chap. 8.)

It should be noted that as it has been shown earlier, the existence of a relationship

among the various intensive parameters is a consequence of the linear homoge-

neous property of the fundamental relation. This means that Eq. (2.31) is a pure

mathematical consequence of the homogeneity condition.

At constant temperature,

� Adg ¼
X

i

nsi dmi: (2.33)

Dividing both sides of the equation by A yields

� dg ¼
X

i

nsi
A
dmi ¼

X

i

Gidmi; (2.34)

where Gi is the surface excess concentration of species i. This expression is

commonly called the Gibbs adsorption equation.

In the case of liquid/liquid interfaces, the interfacial intensive parameter can be

identified with the interfacial tension. It is sometimes called specific surface energy

[19, 23].

Two important points should be noted here:

1. In the case of charged species (ionic components) “electrochemical potentials”

(~mi) may be used instead of “chemical potentials” in the corresponding

equations.

2. It follows from the definition equation [Eq. (2.6)] that the Gi values are uncertain

since they depend on the arbitrary selection of na and nb.

However, when examining the thermodynamic properties of interfaces, it is

important to find measurable quantities that do not depend on the size of the

reference phases. For this purpose, the following procedure can be used:

At constant temperature and pressure, the Gibbs–Duhem relationships for the

two reference bulk phases are:

X

i

xai dmi ¼ 0 (2.35)

and

X

i

xbi dmi ¼ 0: (2.36)
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Using Eqs. (2.35) and (2.36), it is possible to express dm1 and dm2 (i.e., the

differential changes of the chemical potentials of two selected components) as a

function of the other dmi values and the mole fractions at constant temperature and

pressure

dm1 ¼ � xa2
xa1

dm2 �
X

i 6¼1;2

xai
xa1
dmi (2.37)

and

dm2 ¼ � xb1

xb2
dm1 �

X

i 6¼1;2

xbi

xb2
dmi: (2.38)

Solving the set of equations (2.37) and (2.38) for dm1 and dm2 and substituting

the results into Eqs. (2.33) and (2.34), we obtain

� dg ¼ 1

A

X

i 6¼1;2

nsi þ
xa2x

b
i � xb2x

a
i

xa1x
b
2 � xa2x

b
1

ns1 þ
xb1x

a
i � xa1x

b
i

xa1x
b
2 � xa2x

b
1

ns2

 !

dmi; (2.39)

or

� dg ¼
X

i6¼1;2

Gi þ xa2x
b
i � xb2x

a
i

xa1x
b
2 � xa2x

b
1

G1 þ xb1x
a
i � xa1x

b
i

xa1x
b
2 � xa2x

b
1

G2

 !

dmi: (2.40)

Since

Gi ¼ 1

A
ni � naxai � nbxbi

� �
; (2.41)

we get

� dg ¼ 1

A

X

i6¼1;2

ni þ n1
xa2x

b
i � xb2x

a
i

xa1x
b
2 � xa2x

b
1

þ n2
xb1x

a
i � xa1x

b
i

xa1x
b
2 � xa2x

b
1

 !

dmi; (2.42)

Equation (2.42) can be written in the simpler form:

� dg ¼
X

i 6¼1;2

G0
idmi; (2.43)
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where G0
i denotes the (relative) surface excess of component i with respect to the

two selected components. It is clear that the (relative) surface excesses does not

depend any more on the selection of the reference systems (i.e., on the selection of

na and nb).

2.5 The Electrocapillary Equation and the Lippmann

Equation

In the case of electrodes and electrolyte solutions, the expressions derived above

should be modified.

The term “electrode” is used here to denote heterogeneous electrochemical

systems, in which at least two phases are connected and one of them is an electronic

conductor or a semiconductor, while the other is an ionic conductor, usually an

electrolyte solution (see Chap. 1).

In case of an electronic conductor (metal)/electrolyte solution interface, we

should take into account that the solvent of the electrolyte solution is not a

component of the electronic conductor or semiconductor phase. The same may be

true for other components. Let a denote an ionic conductor phase (e.g., an aqueous

electrolyte solution), and let b denote the electronic conductor (or semiconductor)

phase. In the aqueous electrolyte solution, component 1 (the solvent) is water (or

another component which is absent from the electronic conductor/semiconductor

phase). We denote the mole fraction of this component by xav .
In this case

xa1 ¼ xav

and

xb1 ¼ xbv ¼ 0:

Similarly, we can select a component (constituent) of the metal phase (compo-

nent 2), which is absent from the electrolyte solution, that is,

xb2 ¼ xbM

and

xa2 ¼ xaM ¼ 0:

2.5 The Electrocapillary Equation and the Lippmann Equation 25

http://dx.doi.org/10.1007/978-3-642-27651-4_1


We can consider that in the metal phase, there is a formal electrochemical

(dissociation) equilibrium between atoms of metal Mi and the corresponding

cations Mzi
i of ionic charge zi and the electrons (i.e., we can consider these species

as constituents of the metal phase). The condition of electroneutrality can be

temporally relaxed, so all the extensive variables appearing in Eq. (2.43) may be

treated as independent. The electron is the only component besides metal ions in a

pure metal phase. Of course, in case of alloys, we have several components.

Taking into account the above considerations, Eq. (2.43) can be written as

� dg ¼
X

i6¼1;2

Gi � Gv
xai
xav

� GM
xbi

xbM

 !

d~mi: (2.44)

In case of ideally polarizable electrodes,

� dg ¼
X

Gj � Gv
xj
xv

� �
d~mj þ

X
Gk � GM

xk
xM

� �
d~mk; (2.45)

where index j denotes components in the electrolyte solution and index k refers to
components of the metal phase.

Electrocapillary measurements, like any other electrochemical measurements,

require the use of a complete cell, that is, one with two electrodes. One electrode is

the ideal polarized electrode; the other electrode is a reversible charge-transfer

electrode. However, it is important to realize from the outset that this second

electrode is not an ordinary “constant-potential” reference electrode like the

saturated calomel electrode (SCE). Rather, it is simply some electrode dipping

into the solution S, which is reversible (in the Nernstian sense) to one of the ions of

that solution. This second electrode of the electrocapillary cell is called the indica-

tor electrode and denoted by the symbol IN.

The particular ion of the solution to which electrode IN is reversible will be

called the indicator ion.

A solution S containing c cationic species and a anionic species could be

prepared in many different ways. However, for the purpose of the thermodynamic

treatment, the most general electrocapillary equation can be derived if we assume

that the ions of the solution are furnished by neutral binary salts. Of the c � a
different binary salts that could be chosen, we shall select c + a � 1 binary salts in

the following way: If the indicator electrode IN is reversible to cation j0, we
arbitrarily select an anion, say k0. If the indicator electrode is reversible to anion

k0, we arbitrarily select a cation, say j0. In either case, we have selected a binary salt
containing ions j0 and k0. We call this salt the indicator salt. The electrolyte solution
is then considered to have been made up by dissolving c + a � 2 additional binary

salts of which c � 1 have anion k0 in common with the indicator salt; the remaining

a � 1 salts have cation j0 in common with the indicator salt.
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Thus, the Gibbs adsorption equation for an ideally polarizable electrode and for

the cation-reversible indicator electrode at constant temperature T and pressure

p can be given in the following form [3, 24]:

dg ¼� qMdEþ �
X

i 6¼i0
Gii0dmi �

X

j 6¼j0

Gjh0

nþjk0
dmjk0 �

X

k 6¼k0

Gkh0

n�j0k
dmj0k

�
X

h6¼h0
Ghh0dmh �

Gk0h0

n�j0k0

 !

� 1

zk0j jn�j0k0

 !
X

j6¼j0
Gjh0zj

" #

dmj0k0 ; (2.46)

where qM is the charge density on the metal side of the interface, subscript i
indicates the components (metals) in the metallic phase (a single phase alloy),

subscript h designates the neutral molecular species in the solution, g is the

interfacial intensive parameter, the z’s are the ionic charges, the G and m values

are the surface excesses and chemical potentials of the various components, respec-

tively, and the v’s indicate the number of moles of cations (or anions) per formula

weight of the salt.

This equation or more generally, the equation

dg ¼� ssdT � qMdEþ �
X

i6¼i0
Gii0dmi �

X

j 6¼j0

Gjh0

nþjk0
dmjk0 �

X

k 6¼k0

Gkh0

n�j0k
dmj0k

�
X

h 6¼h0
Ghh0dmh �

Gk0h0

n�j0k0

 !

� 1

zk0j jn�j0k0

 !
X

j 6¼j0
Gjh0zj

" #

dmj0k0 ; (2.47)

is called the “electrocapillary equation.” Equation (2.46) can be written in a

somewhat simpler form [25]; however, all these results show that even in the

case of a very simple system, the Gibbs adsorption equation could take various

forms depending on the choice of independent components, the indicator electro-

lyte, and the indicator ion, and it cannot be given in a simple generalized form as

done, e.g., in [26].

From Eq. (2.46),

� @g
@E

� �

p;T;mj;mk

¼ qM; (2.48)

where

qM ¼ F
X

j

zjGj ¼ �F
X

k

zkGk: (2.49)

Equation (2.48) is usually called the Lippmann equation. The Lippmann equa-

tion and the electrocapillary equation are strictly valid for liquid/liquid interfaces.
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However, at least in principle, they do not apply to “solid electrodes” under elastic

strain.

An illustrative example will serve to highlight the differences between the two

cases.

2.5.1 Example for the Application of the Electrocapillary
Equation

The phase a is supposed to be an electrolyte with cations K+ and anions A� in a not-

dissociated solvent L. The phase p is a pure liquid metal thought to dissociate into

metal ions M+ and electrons e�. The amounts of a component i in the two bulk

phases and in the interphase are na, nb, and nsi , respectively. The total differential of
the internal energy of the plane interface is

dUs ¼ TdSs þ gdAþ
X

i

~msi dn
s
i ; (2.50)

with the intensive interfacial parameter g. The Gibbs–Duhem equation can be

written as

SsdT þ Adgþ
X

i

nsi d~m
s
i ¼ 0: (2.51)

Electroneutrality in the whole system corresponds to

nKþ � nA� þ nMþ � ne� ¼ 0 (2.51)

and electroneutrality in the bulk phases to

xaKþ ¼ xaA� ; (2.52)

xb
Mþ ¼ xbe� : (2.53)

The following material balances yield the excess amounts in the interface:

nsKþ ¼ nKþ � xaKþnaKþ ; (2.54)

nsA� ¼ nA� � xaA�naA� ; (2.55)

nsMþ ¼ nMþ � xb
Mþn

b
Mþ ; (2.56)

nse� ¼ ne� � xbe�n
b
e� ; (2.57)
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nsL ¼ nL � xaLn
a
L: (2.58)

The Gibbs adsorption equation at constant T is

Adgþ nsKþd~msKþ þ nsA�d~msA� þ nsLdm
s
L þ nsMþd~msMþ þ nse�d~m

s
e� ¼ 0: (2.59)

In chemical equilibrium, the electrochemical potentials

~mwi ¼ mwi þ zF’w:

of the particles with the charges z ¼ �1 are all the same in all phases (F is the

Faraday constant, the superscript indicates the corresponding phase):

~mKþ ¼ ~msKþ ¼ ~maKþ ¼ maKþ þ F’a; (2.60)

~mA� ¼ ~msA� ¼ ~maA� ¼ maA� � F’a; (2.61)

mL ¼ msL ¼ maL; (2.62)

~mMþ ¼ ~msMþ ¼ ~mb
Mþ ¼ mb

Mþ þ F’b; (2.63)

~me� ¼ ~mse� ¼ ~mbe� ¼ mbe� � F’b; (2.64)

~mKþ þ ~mA� ¼ mKþ þ mA� ¼ mKA ¼ msKA; (2.65)

The Gibbs–Duhem equations for the bulk phases at constant T and p are

naKþd~maKþ þ naA�d~maA� þ naLdm
a
L ¼ 0; (2.66)

nb
Mþd~m

b
Mþ þ nbe�d~m

b
e� ¼ 0: (2.67)

From Eqs. (2.51) to (2.67), one obtains

� dg ¼ 1

A
nKþ � xa

Kþ

xaL
nL

� �
dmKA þ nKþ � nA�ð Þd~mbe� þ Fd ’a � ’b� �� 	

: (2.68)

The change in the potential difference between the two phases can only be

measured in an electrochemical cell containing a reference electrode. If the refer-

ence electrode is reversible with respect to the anion A�, the change in the

(measurable) electrode potential can be expressed as

dE ¼ 1

F
dmaA� � dmbe�
� �� d ’a � ’b� �

: (2.69)
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With Eqs. (2.68) and (2.69), we obtain

�dg ¼ 1

A
nKþ � xa

Kþ

xaL
nL

� �
dmKA þ F nA� � nKþð ÞdE

� 	
¼ G0

KþdmKA þ qMdE;

(2.70)

with the relative surface excess of the cation on the solution side and the surface

charge qM on the metal side. The classical Lippmann equation follows from

Eq. (2.70):

� @g
@E

� �

T;p;mKA

¼ qM: (2.71)

2.5.2 The Ideally Polarizable Electrode when There
Is no Complete Equilibrium Established Between
the Bulk of a Solid and the Interface

The charging of an interface/interphase results in a certain movement of the atoms

in the interfacial region and an exchange of material between the interfacial region

and the bulk. In case of a plane interface, equilibrium is attained if the temperature,

pressure, and the chemical potentials of all components are equal in the whole

system. The transport of material is relatively fast in a liquid. However, in a real

solid, the movement of material is usually very slow. Adsorption may change the

specific surface energy of different crystal faces in a different way requiring

adjustment of the equilibrium shape with a corresponding stress distribution. The

nonequilibrium stresses change the chemical potential of the metal [7, 27].

In an ideal solid phase which is free of vacancies and interstitials, there is no

transport of the “immobile” components or constituents (atoms or ions), but

electrons may be mobile. Nevertheless, the interfacial region can be in equilibrium

with the adjacent fluid phase [17, 23]. However, the chemical potentials of the

immobile components (or constituents) in the interfacial region can differ from

those in the bulk solid, i.e., although mechanical equilibrium is maintained, chemi-

cal equilibrium cannot be established between the bulk and the interfacial region.

This means that Eq. (2.63) is not valid, and

~msMþ 6¼ ~mb
Mþ : (2.72)

Instead of Eq. (2.70), one obtains
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�dgs ¼ 1

A
nKþ � xa

Kþ

xaL
nL

� �
dmKA þ nMþ � xb

Mþn
b
Mþ

� �
d~msMþ þ d~me�
� �

� 	

þ 1

A
F nA� � nKþð ÞdE ¼ G0

KþdmKA þ GMþ d~msMþ þ d~me�
� �þ qMdE:

(2.73)

Experimentally, one may obtain the path-dependent “specific surface energy” or

“interfacial stress” gs. The chemical and the mechanical contributions to the

irreversible part of the excess Gibbs free energy of the surface occur in

combinations given by the equilibrium reference state and the adsorption equilib-

rium toward the fluid phase. According to the local equilibrium in the interfacial

region,

d~msMþ þ d~me� ¼ ~msM; (2.74)

thus,

� dgs ¼ G0
KþdmKA þ GMþd~msM þ qMdE (2.75)

and instead of Eq. (2.71), we get

� @gs

@E

� �

T;p;mKA

¼ qM þ GMþ
@~msM
@E

� �

T;p;mKA

¼ qM þ qs: (2.76)

Thus, for a solid electrode, there is an additional contribution to the equilibrium

superficial charge. This quantity is connected with the deviation from the equilib-

rium between the interfacial region and the bulk of the solid; however, its value

depends on the selection of the reference system. On the other hand, in case of a real

solid containing a high concentration of point defects, the additional charge and the

corresponding nonequilibrium specific surface energy (interfacial stress) may be

time dependent on a long time scale.

2.5.3 Additional Remarks

Concerning the variables of the fundamental relation (function), the question may

arise whether the area of the interface (A) is an appropriate state variable or not.

There are two limiting cases (models) for which the answer seems obvious (we

limit ourselves to isotropic conditions for simplicity): (1) All constituents are

mobile in the adjacent phases. (2) The solid phase is ideally elastic.

In the first case, there is no thermodynamic difference between a liquid/liquid

and a solid/liquid interface. On the other hand, the area of the interface and the other

thermodynamic variables unequivocally determine the surface state of an isotropic
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ideally elastic solid. However, in conventional measurements of interfacial stress

changes of solid electrodes, the deformation practically always remains within the

elastic limit. Consequently, A can reasonably be considered as an independent

thermodynamic variable.
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Chapter 3

Some Problems Related to the Surface

Thermodynamics of “Solid Electrodes”

3.1 The “Generalized Lippmann Equation”

In contrast to the expressions presented in Chap. 2, a “generalized” Lippmann

equation held to be valid generally for solid electrodes was published in an IUPAC

recommendation [1]:

@gp @E=ð ÞT;p;mi;... ¼ �qM � gp � sð Þ @ee @E=ð ÞT;p;mi;...: (3.1)

In Eq. (3.1), gp is the “superficial work”; s is the surface stress; qM, the charge
density on the metal side of the electrode; p, the pressure; T, the temperature; mi, the
chemical potential of the component i; ee, the elastic strain; and E, the electrode

potential. According to [1], in the more general case (i.e., if one of the phases is

an anisotropic solid), s is a tensor. Although the mathematical derivation (and

hence the validity) of the “generalized” or “modified” Lippmann equation and

its corollaries has been repeatedly questioned [2–5], many authors consider it to

be the most general equation for electrified solid–liquid interfaces (or for solid

electrodes) [6–16], etc. Equation (3.1) follows from a (modified) “Gibbs adsorption

equation”:

0 ¼ spdT þ
X

i

Gp
i dmi þ qMdEþ dgp þ gp � sð Þdee (3.2)

obtained from theoretical considerations [17–24]. However, the theoretical result

for the electrified solid–liquid interface (e.g., the generalized Lippmann equation)

has not yet been confirmed by experimental evidence. This provides a further basis

for reasonable doubts concerning its applicability.

A brief review of the derivation of the “generalized Lippmann equation” (for

isotropic interfaces) is given in the next sections.

G.G. Láng and C.A. Barbero, Laser Techniques for the Study of Electrode Processes,
Monographs in Electrochemistry, DOI 10.1007/978-3-642-27651-4_3,
# Springer-Verlag Berlin Heidelberg 2012
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3.1.1 On the Derivation of the Generalized Lippmann Equation

In the review article [19], which formed the basis of the IUPAC recommendation

[1], the author apparently did not question that Us is a homogeneous function of the

first degree, but he simply adopted the rather confusing statement [22, 23] in thatUs

is a homogeneous function only, if the relationship is written in the integral form.

The total differential of the excess (surface) internal energy

Us ¼ Us Ss;Qs; ns1 ; :::; n
s
m;A

� � ¼ TSs þ
X

i

min
s
i þ EQs þ gpA (3.3)

was given as

dUs ¼ TdSs þ
X

i

midn
s
i þ EdQs þ gsdA (3.4)

with the “surface intensive parameter” gs. The charge of the whole system (Q) and
the excess charge (Qs) have been considered as independent variables. The other

variables in Eqs. (3.3) and (3.4) are the excess entropy Ss, the area of the interface
A, and the excess amounts ns1 . . . n

s
m, respectively.

A “surface Gibbs�Duhem relation” was obtained from differentiation of

Eq. (3.3) and subtraction of Eq. (3.4) in the form:

0 ¼ SsdT þ
X

i

nsi dmi þ QsdEþ gpdAþ Adgp � gsdA: (3.5)

It should be noted here that Eq. (3.5) which is called the “Gibbs�Duhem

equation” in [19] cannot, in fact, bear this name, since it contains differentials of

the extensive parameter A. This is inconsistent with classical thermodynamics

stating that the Gibbs�Duhem equation presents the relationship between the

intensive parameters in the differential form [25] (see also Chap. 8). The presence

of an extensive variable in a “Gibbs�Duhem relation” is of itself an indication of

conceptual and mathematical inconsistencies in the derivation of the final

expression.

After division by A,

0 ¼ ssdT þ
X

i

Gs
i dmi þ qsdEþ gp

dA

A
þ dgp � gs

dA

A
(3.6)

and

dA A= ¼ detot (3.7)

(where detot is the total area strain) yielded
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0 ¼ ssdT þ
X

i

Gs
i dmi þ qsdEþ gp

dA

A
þ dgp � gs

dA

A
(3.8)

or

0 ¼ ssdT þ
X

i

Gidmi þ qsdEþ gpdetot þ dgp � gsdetot; (3.9)

where the superficial charge has been defined by

qs ¼ Q� Qa � Qb

A
: (3.10)

The total strain has been divided into two contributions, the “plastic strain” dep
and elastic strain dee so that

detot ¼ dep þ dee: (3.11)

The generalized surface intensive parameter gs has been formally defined in

terms of the “superficial work”, gp, and the surface stress, s, by the equation

gs ¼ dep
detot

gp þ dee
detot

s; (3.12)

where dep and dee are the “plastic” and “elastic” contributions to the total strain

detot.
Equations (3.9), (3.11), and (3.12) were used to obtain Eq. (3.13):

0 ¼ ssdT þ
X

i

Gidmi þ qsdEþ dgp þ ðgp � sÞdee (3.13)

or

� dgp ¼ ssdT þ
X

i

Gidmi þ qsdEþ ðgp � sÞdee: (3.14)

According to the author of [19] Eq. (3.13) “is a most versatile form of the
Gibbs–Duhem equation for a surface, from which three major thermodynamic
equations, namely the Shuttleworth equation, the Gibbs adsorption equation and
the Lippmann equation may be immediately obtained.

The most conventional form of the Lippmann equation involves the quantity

@gp @E=ð ÞT;mi;ee ;
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which is related to qs by

@gp @E=ð ÞT;mi ¼ �qs � gp � sð Þ @ee @E=ð ÞT;mi : (3.15)

The magnitude of the second term is highly uncertain, in view of the difficulty of
obtaining unambiguous values of s and also @ee @E=ð ÞT;mi .”

In order to examine the validity of the above statements, we will concentrate on

the mathematical details of the derivation of Eq. 3.13. Special attention will be

given to the mathematical consequences of the homogeneous property of the

fundamental equation.

It is clear from Eq. 3.3 that the function

Us Ss;Qs; ns1 ; :::; n
s
m;A

� � ¼ TSs þ EQs þ
X

i

min
s
i þ gpA

is a homogeneous function of the first degree with respect to the extensive variables

since for any real number k > 0

Us kSs; kQs; kns1 ; . . . ; kn
s
m; kA

� � ¼ kUs Ss;Qs; ns1 ; . . . ; n
s
m;A

� �
: (3.16)

According to Euler’s theorem (see Chap. 8),

Us ¼ @Us

@Ss

� �

ns
1;...;m

;Qs;A

Ss þ
Xm

i

@Us

@nsi

� �

Ss;ns
1;...;i 6¼j;:::m

;Qs;A

nsi

þ @Us

@Qs

� �

Ss;ns
1;...;m

;A

Qs þ @Us

@A

� �

Ss;ns
1;...;m

;Qs

A: (3.17)

The total differential of the fundamental equation is

dUs ¼ @Us

@Ss

� �

ns
1;...;m

;Qs;A

dSs þ
Xm

i

@Us

@nsi

� �

Ss;ns
1;...;i6¼j;:::m

;Qs;A

dnsi

þ @Us

@Qs

� �

Ss;ns
1;...;m

;A

dQs þ @Us

@A

� �

Ss;ns
1;...;m

;Qs

dA: (3.18)

In Eqs. (3.17) and (3.18), the partial derivatives are the same being homoge-

neous zero-degree functions of the extensive variables. It follows that the surface

intensive parameter conjugate to the extensive variable A is

g ¼ @Us

@A

� �

Ss;ns
1;...;m

;Qs

: (3.19)
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By replacing the partial derivatives with the corresponding symbols one obtains

Us ¼ TSs þ EQs þ
X

i

min
s
i þ gA (3.20)

and

dUs ¼ TdSs þ
Xm

i

midn
s
i þ EdQs þ gdA: (3.21)

The Gibbs–Duhem relation is a mathematical consequence following directly

from Eqs. (3.20) and (3.21) (see Chap. 8):

0 ¼ SsdT þ
Xm

i

nsi dmi þ QsdEþ A dg: (3.22)

Since Eq. (3.4) corresponds to Eq. (3.21) and Eq. (3.3) to Eq. (3.20), one is

forced to conclude that introducing two different parameters for the same variable

(i.e., for the intensive parameter conjugate to A) into Eq. (3.3) and Eq. (3.4) is

misleading, if not erroneous. Consequently, if gp 6¼ gs, Eqs. (3.3) and (3.4) define

different variables in theUs function, and Eqs. (3.5), (3.6), and (3.13)–(3.15) cannot

be valid.

Most probably, the first cautious critical remarks concerning the dual approach

to the specific surface energy of solid electrodes were formulated in [2]. A theoreti-

cal analysis of the fundamental relations describing the thermodynamic properties

of the electrified solid–liquid interface has been published in [3]. In [8] counter-

arguments were brought up supporting that the surface excess of the internal energy

of solid–liquid interface cannot be regarded as a homogeneous function of the first

degree with respect to all extensive variables, when the surface is subjected to

elastic deformation. The equation derived in [8] is analogous with equation (3.15),

but it was recognized that it “is definitely roughly approximate. In practice,
however, its application to metal/electrolyte interphases is usually justified.”

Such statements are particularly surprising since, as it has been rightly pointed

out in [4], thermodynamic equations cannot be “roughly approximate,” and there is

no any experimental evidence for the “generalized Lippmann equation.” Contrary

to this view, it has been claimed [6] that the validity of the generalized Lippmann

equation can be verified experimentally. Unfortunately, it remains the secret of the

authors what sorts of experiments are appropriate to overcome mathematical
inconsistencies in the derivation of an equation.

3.1.2 On the Derivation of the Shuttleworth Equation

According to the above considerations, the thermodynamic theory of solid–liquid

interfaces cannot be accepted as proven. The situation is even more complicated if
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the interface is electrically charged. A recent theoretical debate on the derivation of

the so-called Shuttleworth equation provides a good example of these problems.

One of the most important equations of surface science was derived by

Shuttleworth in 1950 [26] for “a large one-component crystal in equilibrium with
its vapor” and especially “for an isotropic substance, or for a crystal face with a
three- (or greater) fold axis of symmetry”:

g ¼ Fþ A dF dA=ð Þ; (3.23)

where g is the surface tension, A is the surface area, and F is the surface Helmholtz

free energy. According to the author in this case, “all normal components of the
surface stress equal the surface tension.” A tensorial form of the Shuttleworth

equation was proposed in [27]. In [19], Eq. (3.13) was used for the derivation of a

modified version of Shuttleworth’s equation:

s ¼ gp þ @gp

@ee

� �

T;mi;E
: (3.24)

Equation (3.24) looks very like as the original Shuttleworth equation having

formally the same structure and terms, but instead of the native term of the total

strain, it contains the term of elastic strain.

Recently, a new approach to the thermodynamics of surface tension of solids has

been introduced by Bottomley et al. [28]. The authors considered three different

derivations of the Shuttleworth equation and demonstrated their incompatibility

with Hermann’s mathematical structure of thermodynamics [29]. Hermann’s anal-

ysis implies that the conjugate to each state variable is unique, which is easy to

check for well-known thermodynamic potentials and fundamental equations. In

conclusion, the authors stated [28]: “if Hermann’s mathematical structure of
thermodynamics is true, and if Shuttleworth’s equation is a thermodynamic equa-
tion, then Shuttleworth’s equation is false.”

Discussion was continued for years, but the opponents found no compromise.

For more details, we refer to the original literature [30–43].

References

1. Trasatti S, Parsons R (1986) Pure Appl Chem 58:437–454
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Chapter 4

Experimental Methods for the Measurement

of Surface Stress Changes

4.1 Introduction

As it has been pointed out in the previous chapters, the thermodynamic theory of the

electrified solid/liquid interface and the thermodynamic interpretation of the results

from various methods in terms of physicochemical properties of the system are not

without problems [1–21].

In principle, the results of the theoretical work can be checked experimentally;

however, the study of the specific surface energies of electrified solid/liquid

interfaces is complicated by many factors. The value of the “absolute surface

tension” of some relatively simple covalently bonded, ionic, rare-gas, and metallic

crystals could be estimated theoretically [22], and the surface tensions of some solid

surfaces have been determined experimentally in some special cases [22, 23]. For

the calculation of the surface stress, s, Vermaak and coworkers [24–26] measured

the radial strain in small (solid) spheres of Au, Ag, and Pt by electron diffraction

and determined an average surface stress using the following equation:

s ¼ � 3

2
Eer;

where E is the bulk modulus, e is the radial strain, and r is the radius of the sphere,
respectively. Their results are listed in Table 4.1 in order to allow easy comparison

with other results in the literature.

However, the methods used in these experiments are designed for the solid/gas

interface and are mostly inappropriate for use in the presence of an electrolyte

solution; consequently, they cannot be applied to study the surface energetics of

solid electrodes. Theoretical calculations of surface stresses generally involve

calculating the surface free energy and its derivative with respect to elastic strain.

Both first principles and semiempirical atomic potential calculations involving

computer simulations have been attempted; however, only first-principle

approaches yield accurate values for surface stress [27]. Tabulated values of the

G.G. Láng and C.A. Barbero, Laser Techniques for the Study of Electrode Processes,
Monographs in Electrochemistry, DOI 10.1007/978-3-642-27651-4_4,
# Springer-Verlag Berlin Heidelberg 2012
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surface stress and surface energy for a variety of metals, ionic solids, and

semiconductors can be found in reviews [27, 28].

It is not surprising, therefore, that during the past decades, several methods were

suggested for the measurements of changes of the interfacial stress (“interfacial

tension,” “surface stress,” “specific surface energy,” etc.) of solid electrodes (e.g.,

[29–70]).

According to the classification proposed by Morcos [71], attempts to determine

the interface stress of solid electrodes fall into two main categories: measurement of

the potential dependence of contact angle established by liquid phase on the solid

surface [72–74] and the measurement of the variation in interface stress experi-

enced by the solid as a function of potential. Changes in the interface stress may

either be measured “directly” [39, 57], with a piezoelectric element, or be obtained

indirectly [36, 75–78], by measuring the potential dependence of the strain (i.e., the

deformation of the electrode) and then calculating the variation in stress from the

appropriate form of Hooke’s law.

It should be emphasized again that the above methods only yield changes of the

interfacial stress as a function of various physicochemical parameters, e.g., as a

function of electrode potential, and in principle, if there are both “plastic” and

“elastic” contributions to the total strain, the changes of the “generalized surface

parameter” [79] (i.e., the interfacial intensive parameter conjugate to the surface

are) can be determined.

Unfortunately, most of the proposed methods have drawbacks, i.e., they are

technically demanding, they cannot be used to monitor changes of the interfacial

stress, they are semiempirical and depend on doubtful assumptions, etc.

In this chapter, the different techniques used for the determination of changes of

interface stress of electrodes (the piezoelectric method (e.g., [39, 53, 75]), the

extensometer method (e.g., [80, 81]) and its variants, and the electrochemical

“bending beam” method (e.g., [30–38, 75, 78, 82–85])) as well as the kind and

quality of information that can be achieved using these methods are discussed.

Special attention has been paid to problems related to the use of the “bending beam”

(“bending cantilever,” “laser beam deflection,” “wafer curvature”) and “bending

plate/disc” methods.

In bending beam measurements, a thin metal strip or a thin strip of glass or other

substrate (on which the metal film is deposited) is rigidly clamped at one end in a

fixed mount to form a cantilever. The deflection of the free end, as the strip becomes

bent, is then measured by some means.

It should be noted that in most of the literature reviewed here, the intensive

parameter conjugate to the surface area is usually called “surface tension” or

“surface stress” and is denoted generally by gs or ss, respectively. In order to be

Table 4.1 Experimental

surface stress data from

[24–26]

Materials Surface stress, s (J m�2) Temperature, T (�C)
Au 1.18 + 0.20 50

Ag 1.42 + 0.30 55

Pt 2.57 + 0.40 65
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consistent with the original literature, wherever and whenever possible, we will

keep the “original” notation throughout the next chapters.

4.2 The Piezoelectric Method

According to our knowledge, Gokhshtein [39–52] was the first to measure changes

∂gs/∂E of gs with the electrode potential E at platinum electrodes in sulfuric acid

using the “piezoelectric method.” This method, originally developed by Gokhshtein

and further improved by other scientists [53–70], especially by Seo et al. [57–68], is

a powerful in situ method for the rapid determination of surface energy changes.

The method is “direct” in the sense that it is the variation in the electrode

deformation that is “registered” directly by a piezoelectric element. A metal plate

is rigidly connected, in a special manner, to a highly sensitive piezoelectric element

(Fig. 4.1).

The applied potential consists of a mean (DC) component upon which is

superimposed on a high-frequency component. Usually, a sinusoidal signal is

superimposed on a linear potential sweep. Electrode potential oscillation with the

amplitude DE results in oscillation with an amplitude Dgs in the surface stress,

generating mechanical oscillation in the entire electrode–piezoelement unit.

Fig. 4.1 Schematic illustra-

tion of a device for the

“piezoelectric method”
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The piezoelectric element converts the mechanical oscillations to alternating elec-

tric signals, which can be detected by using a lock-in amplifier, an oscilloscope, or a

frequency response analyzer. In fact, this is some kind of electromechanical

immittance measurement. The geometry of the electrode and its oscillation is of

no fundamental importance. The metal in contact with the electrolyte solution may

be made in the form of a tight filament which can make lengthwise oscillations, a

straight rectangular rod which can make bending oscillations, etc. (Fig. 4.2). The

alternating surface stress sets in motion not only the electrode, but the whole

electrode and piezoelement system since the inertia forces are essential.

The oscillations of surface stress can also be excited by the application of high-

frequency current. In this case, the amplitude of the surface charge density is kept

constant by specifying the amplitude of the alternating current. According to [50],

under such conditions, Dgs will be proportional to the derivative ∂gs/∂E, which is

called the “’-estance.” If the electric variable is the potential, and the measurement

is carried out with a constant amplitude DE, the amplitude of the piezoelectric

voltage |A| is proportional to the derivative of the surface stress with respect to the

electrode potential ∂gs/∂E, and the phase angle (’) contains information about the

change in the sign of ∂gs/∂E. The ∂gs/∂q value is related to ∂gs/∂E (designated by

Gokhshtein as q-estance and ’-estance, respectively [39, 49]) by

@gs
@q

¼ @gs
@E

@E

@q
¼ 1

C

@gs
@E

;

where C is the electrode capacitance.

If the contribution of components resulting from the measuring instruments and

the mechanical properties of the system to ’ is kept constant, the electrode potential

corresponding to the change of the sign of ∂gs/∂E can be evaluated from the

relative change of ’ [57]. According to [57], the relation between Dgs and ∂gs/∂E
can be given as

Fig. 4.2 Piezoelement units

designed by Gokhshtein:

(a) with plunger and (b) with

foot. (1a, 1b) metal plate, rod,

or filament; (2) holder; (3) rib;

(4) piezoelement; and

(5) plug
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Dgs ¼
ð
d gs
dE

dE /
ð

Aj jdE:

By applying this method, ∂gs/∂E is measured at high frequencies, and the

quantitative determination of Dgs requires a difficult calibration procedure (the

transfer function characteristic for the mechanical coupling is rather complicated

[39]). However, the potentials of extrema of the surface stress vs. potential function

can be obtained directly. The relation between the piezoelectric signals (|A| and ’)
and the Dgs vs. E curve is shown schematically in Fig. 4.3.

A series of piezoelectric surface stress change measurements has been

performed to date in order to understand electrode processes such as electrosorption

and initial oxidation. This technique was capable of detecting sensitively the shift in

potential of zero charge (pzc) due to the adsorption of ions and the sign reversal of

surface charge due to the formation and reduction of surface oxide phases. For

example, in case of platinum in sulfuric acid solutions, Gokhshtein observed two

extrema in the hydrogen adsorption region [39]. Similar results were obtained by

Seo et al. [57], applying the same experimental technique to platinum in 0.5 M acid

sulfate solutions. On the other hand, Malpas et al. [53] observed only one extremum

at E � 0.05 V for platinum in 0.1 M sulfuric acid. The electrode potential of the

Fig. 4.3 Measured and

computed quantities in a

typical piezoelectric

experiment: The amplitude of

the piezoelectrical signal |A|,
the phase angle ’, and the

change of surface stress Dgs,
as a function of the electrode

potential E. Numerical

integration of the experi-

mentally determined |A| curve
with respect to the electrode

potential yields a quantity

proportional to Dgs
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maximum was found to shift with pH to more negative values according to

∂Em/∂pH �40 mV [57].

Obviously, because of the dynamic features of the method, the recorded varia-

tion in surface stress does not always correspond to equilibrium conditions. For

perfectly polarizable electrodes, e.g., Au in contact with aqueous sodium sulfate

solution in a certain electrode potential range, equilibrium may be reached during

the measurement because the time for charging/discharging of the electrochemical

double layer is shorter than the period of oscillation of the interfacial tension. In

case of platinum, the period of oscillation is shorter than the time necessary for

adsorption of hydrogen or oxygen to reach equilibrium; thus, the results depend on

the frequency of oscillation as well as on the rate on the scan rate of the linear

sweep.

An important advantage of the piezoelectric method is the selective separation of

surface energy contributions from other side effects, such as changes in bulk stress

due to diffusion or Joule heating of the electrolyte solution [39].

4.3 The Extensometer Method and Related Techniques

An extensometer instrument that directly measures change in the length of a very

thin metal ribbon or wire has been proposed in [80]. In this instrument, the ribbon in

contact with an electrolyte solution served as a working electrode in an electro-

chemical cell. The ribbon was kept under an approximately constant force

(a mechanically applied tensile stress) throughout the experiment by mounting it

axially inside a glass tube.

The schematic design of the extensometer is shown in Fig. 4.4.

As depicted in Fig. 4.4, the upper end of the ribbon or wire is attached to a spring.

The spring constant of the spring should be small compared with the stiffness of the

ribbon. The lower end of the ribbon is attached to the glass tube through a Teflon

plug. An aluminum bobbin mounted on the quartz spindle forms two capacitors

with fixed plates mounted in the head. Small changes in the two capacitances due to

length changes of the ribbon are measured with an electronic capacitance sensor.

The output voltage V(DL) and the change in the length of the ribbon are described

by the relationship:

VðDLÞ ¼ K1

1

C1

� �
� 1

C2

� �� �
¼ K2DL;

where C1 and C2 are the two capacitances and K1 and K2 are proportionality

constants.

In a series of experiments, Beck et al. [80, 81, 86–88] attempted to determine

variations in surface stress as a function of potential by using this method.

According to the authors’ opinion, the change in the surface stress with potential
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causes a change in the length of a ribbon, and the extensometer can be used to

determine the potential of zero charge.

The method is based on the following considerations: Suppose an unstressed

metal ribbon and a spring, one end of each is fixed. The ribbon of length L is

immersed into the electrolyte solution in the extensometer. There is a gap L0
between the other ends, as shown in Fig. 4.5, case 1. If the ribbon and spring are

stretched to connect their free ends, the ribbon is stretched by Dx1 (case 2 in

Fig. 4.5), and the spring force F1 is

F1 ¼ krDx1 ¼ ksðDL0 � Dx1Þ;

where ks is the spring constant of the spring. With the bulk elastic modulus

(Young’s modulus, Eb) and the cross-sectional area (A) of the ribbon, respectively,
the spring constant of the ribbon, kr, can be given as

kr ¼ EbA

L
:

Eliminating Dx1 gives

F1 ¼ krksDL0
kr þ ks

:

Fig. 4.4 Schematic design of

extensometer
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If the electrode potential is applied in the extensometer experiment (the ribbon in

contact with the electrolyte solution serves as the working electrode), the ribbon is

increased (decreased) in length by an amount DL.
Suppose that the free ends are again connected, and the ribbon is stretched by

DL + Dx2. Assuming, that since DL is very small, the spring constant of the ribbon

remains the same after the change in length, the new force F2 on the ribbon and

spring is

F2 ¼ krDx2 ¼ ksðDL0 � DL� Dx2Þ:

After eliminating Dx2, we have

F2 ¼ krksðDL0 � DLÞ
kr þ ks

;

and

DF ¼ F2 � F1 ¼ �krksDL
kr þ ks

:

If kr � ks, then

DF � �ksDL: (4.1)

In [81], it has been assumed that the force on the ribbon is resisted by separable

bulk and surface stresses, sb and ss, respectively. The surface stress has been

Fig. 4.5 Schematic diagram

of the spring and ribbon

system: (1) nonstretched

ribbon and spring, without

potential applied; (2)

stretched ribbon and spring,

without potential applied;

and (3) stretched ribbon

and spring, with potential

applied [81]
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assumed to be in a region of atomic thickness on the surface of the metal ribbon.

Thus,

F ¼ sbAþ ssP

and

DF ¼ sbDAþ ADsb þ ssDSr þ SrDss; (4.2)

where Sr is the periphery of the cross section of the ribbon.

According to Hooke’s law,

Dsb ¼ Eb

DL
L

: (4.3)

It has been assumed that Eb remains unchanged if the electrode potential

changes. If t is the thickness and w is the width of the metal ribbon, the change in

area is

DA ¼ ðtþ DtÞðwþ DwÞ � tw;

therefore,

DA
A

¼ 1þ Dt
t

� �
1þ Dw

w

� �
� 1: (4.4)

According to Poisson’s law,

Dt
t
¼ �n

DL
L

and

Dw
w

¼ �n
DL
L

: (4.5)

From Eq. (4.4), by neglecting the quadratic term,

DA
A

¼ 1� n
DL
L

� �2

� 1 � �2n
DL
L

: (4.6)

By combining Eqs. (4.3) and (4.6),

sbDA
ADsb

����

���� ¼
2nsb
Eb

: (4.7)
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The bulk strain sb/Eb is expected to be very small; thus,

ADsb � sbDA: (4.8)

In [81] a constant elastic modulus Es has been defined for the atomic layer on the

surface of the metal ribbon. This assumption is rather questionable since Es may be

affected by adsorption or absorption. The change in the surface stress has been

expressed as

Dss ¼ Es

DL
L

; (4.9)

and the periphery of the cross section of the ribbon has been approximated as

Sr � 2w. This means that

DSr
Sr

� Dw
w

¼ �n
DL
L

: (4.10)

Since the surface linear strain ss/Es is very small, from Eqs. (4.9) and (4.10),

SrDss � ssDSr: (4.11)

From Eqs. (4.1), (4.2), (4.8), and (4.11)

DF � ADsb þ SrDss � �ksDL:

On the other hand,

ADsb ¼ AEb

DL
L

¼ krDL;

SrDss � �ðkr þ ksÞDL;

and since kr � ks,

Dss � �AEb

SrL
DL: (4.12)

This means that the variation in surface stress can be obtained from the change in

the ribbon length.

The most serious problem to overcome in the design of the extensometer is

minimizing errors due to thermal expansion. Even very small temperature

variations can cause changes in the length of the ribbon which are expected to be

considerably larger than those produced by changes in the surface stress.
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Several design considerations were made to minimize the effects of thermal

expansion [80]:

– Invar and quartz, each having low thermal expansion coefficients, were used for

the measuring head above the ribbon out of the electrolyte solution. [Invar, also

known generically as FeNi36 (64FeNi in the US), is a nickel steel alloy notable

for its uniquely low coefficient of thermal expansion. The name, Invar, comes

from the word invariable, referring to its lack of expansion or contraction with

temperature changes.]

– The whole instrument was placed in a thermally insulated box and

measurements were made after the thermal drift has decreased to a low value.

– The potential sweep rate was high to provide adequate resolution from residual

thermal drift.

– The measurements were limited to metals, electrolyte solutions, and potential

ranges in which electrolysis current and consequently the heating effects are

minimum.

However, none of these measures can completely eliminate thermal effects due

to Joule heating or electrochemical polarization. It has been therefore suggested

that the method be limited to systems with low electrochemical activity. Neverthe-

less, as pointed out by Morcos [71], unless the effect of electrochemical processes

on thermal expansion can be quantitatively accounted for, the results of the

extensometer method cannot be conclusively interpreted.

The temperature sensitivity of the extensometer can be estimated using the data

presented in Table 4.2. The difference between the thermal expansion coefficients

(Dat) of gold and crown glass is about 5 � 10�6 K�1. If lr ¼ 50 cm length of the

metal ribbon is immersed in the electrode solution, the differential thermal expan-

sion (atlr) is on the order of 2,500 nm K–1. This means that at a sensitivity of the

order of 1 nm [86], a temperature stability of

Dt ¼ Dl
at � lt ¼

1 nm

2; 500 nm K�1
¼ 4� 10�4 K,

is required.

In [89], the effect of mechanical stress on electrode potential, E, was studied

under zero current conditions. The experimental setup was very similar to the

extensometer described above. A tensile stress machine was used for mechanical

characterization of the samples. A two-electrode geometry was used for the poten-

tial measurements; the potential of a thin Ag wire made taut vertically in an

electrolyte solution (AgNO3) was measured against a reference electrode with a

Table 4.2 Coefficients of thermal expansion (at, t ¼ 20�C)
Au: 14.2 � 10�6 K�1 Pt: 8.9 � 10�6 K�1

Ag: 19.7 � 10�6 K�1 Quartz: 0.16–14.5 � 10�6 K�1

Optical glass: 7.6 � 10�6 K�1 Crown glass: 9.65 � 10�6 K�1
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high input impedance voltmeter. (The total length of the wire was 50 mm; the

portion in contact with the electrolyte solution was 30 mm.) One end of the wire

was fixed to one arm of a balance; the other arm of which was loaded with standard

weights. The applied force was low enough to maintain proportionality between

stress and strain (elastic deformation conditions). A schematic diagram of the

apparatus is shown in Fig. 4.6.

The numerically large response reported in [89] has been questioned in [90]. It

has been pointed out that the dE/ds values (where s is a measure for tangential

stress, which scales with the elastic strain e) reported in the literature [89, 91, 92]

differ by several orders of magnitude and even by sign. In [90], the measurement of

the response, DE, of the electrode potential of a polarizable electrode (gold

10 mmol dm�3 aqueous perchloric acid solution) to elastic strain under open circuit

has been described. A lock-in technique was used to measure the potential variation

during cyclic elastic deformation of a thin-film electrode supported on a polymer

substrate. The method allowed the potential–strain response to be accurately

resolved for elastic strain amplitudes as small as 10�4. It has been shown that the

approach similar to that originally suggested by Gokhshtein (see the piezoelectric

method discussed above [39, 46]) can provide quantitative data for dE/de. The
results reported in [90] were commented in [93]. As a response to the criticism, the

experiment with Ag was repeated [94] using the identical electrolyte as in [89]

(aqueous 10 mmol dm�3 AgNO3 and 0.1 mmol dm�3 KNO3). According to the

authors of [94], the results confirmed the prediction that ς ¼ ∂E/∂e is small and

ς at the potential of zero charge should be negative for Ag, similar to Au.

Figure 4.7 shows the experimental setup used in [90, 94]. The entire apparatus

was housed in a stainless steel chamber. Before experiments, the chamber was

flushed repeatedly with Ar and then sealed in Ar at atmospheric pressure.

Au layers for the experiments were prepared by dc magnetron sputtering onto

the top of a thin Ti adhesion layer on much thicker polyimide substrates. The

principle of operation can be understood by referring to Fig. 4.8. The entire gold

surface was wetted during the measurements. The surrounding regions of wetted

substrate are insulating. The electrode has been strained by applying a uniaxial

stress at the open circuit potential (Eocp). When the axial strain imposed on the

Fig. 4.6 Schematic drawing

of the apparatus: (1) metal

(Ag) wire; (2) reference

electrode; and (3) force

(F ¼ mg, where m is the load

mass and g is the local

acceleration of free fall)
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substrate is Dl/l (l is an axial linear dimension), then the area strain of the substrate

is De ¼ (1 � n)·Dl/l, with n is the substrate Poisson’s ratio. This strain is transferred
to the electrode.

In the experiments, the substrate was strained by displacing one of two grips

using a computer-controlled piezoactuator equipped with a calibrated displacement

sensor that serves to record the time dependence of Dl. A gentle prestraining

prevented the buckling of the substrate in the negative-going part of the strain

cycle. The sample was mounted horizontally with the gold film facing down and

was contacted from below by a meniscus of electrolyte solution. To assure constant

wetted Lagrangian area (constant number of surface metal atoms in contact with the

electrolyte solution) throughout the strain cycles, the wetted region was larger than

the circular electrode section (see the boundary 3 in Fig. 4.8). The reference

electrode was separated from the main body of the cell (made of Teflon®) by a

Luggin capillary. Au wire in a compartment separated from the main reservoir by a

channel served as the counter electrode. The frequency of the cyclic strain was

limited to 100 Hz.

Fig. 4.7 Schematic

representation of the

experimental setup in [90]:

(1) sample with Au layer; (2)

working electrode; (3)

reference electrode with

Luggin capillary; (4)

auxiliary electrode; (5)

mobile grip; (6) fixed grip; (7)

lock-in amplifier; (8)

potentiostat; (9) electrolyte

solution; and (10) stainless

steel chamber

Fig. 4.8 The sample with gold film in Fig. 4.7: (1) gold layer; (2) substrate (Kapton®); (3) three-

phase boundary between the surface of the sample, the electrolyte solution, and the gas phase; a:
10 mm; b: 25 mm
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According to the authors, their results demonstrate that, when artifacts from

Faraday currents and adsorbate coverage are avoided, the prediction that “electrical

work–mechanical response is the same as mechanical work–electrical response” (as

proposed almost 40 years ago by Gokhshtein) could be confirmed experimentally.

Cyclic voltammetric experiments combined with dilatometric detection of the

length change have been reported in [95, 96]. Nanoporous Pt samples prepared by

consolidating commercial Pt black having a grain size of 6 nm were immersed in

different aqueous electrolyte solutions (H2SO4, HClO4, and KOH), and the strain

upon varying the electrode potential E was measured in situ by dilatometry and

diffractometry. According to the results, reversible strain amplitudes comparable to

those of commercial piezoceramics could be induced in metals by introducing a

continuous network of nanometer-sized pores with a high surface area and by

controlling the surface charge density through an applied potential [95]. In [96],

the experimental results for cuboids of porous gold of dimension 1.2� 1.2� 1 mm3

were reported.

In [97, 98], a laser technique, based on optical fiber interferometry, is described

for in situ measurements of electrode strain during electrode reactions. The basic

concept utilizes a metal coated optical fiber in contact with an electrolyte solution

as the working electrode in an electrochemical cell, while simultaneously using the

fiber as one arm of a Mach–Zehnder interferometer (see later). The optical path

length of the metal coated fiber was monitored during the electrochemical process.

Strain induced in the working electrode also strained the fiber and modified its

effective optical path length.

The measurement system is shown schematically in Fig. 4.9.

Light from the He–Ne laser is split into two parts which are introduced into two

single-mode optical fibers using microscope objectives. Both fibers pass through

the electrolyte solution and are brought together on a microscope slide to which

they are glued. The interference fringe pattern in the diode array is sent to the

computer. The light beams coming from the two fiber ends interact to produce an

interference pattern.

Fig. 4.9 Schematic diagram

of the system for in situ

measurement of strain during

electrode reaction (adapted

from [97, 98])
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The Mach–Zehnder interferometer is a classical mirror interferometer [99, 100].

For a long time, it was the most common dual-beam interferometer used to measure

continuously refractive index distributions or thickness variation of transparent

objects. Figure 4.10 shows a Mach–Zehnder interferometer with a “phase object”

in its measuring beam (“phase object” is a transparent object which influences the

phase of light passing through it).

It consists of two reflecting and two beam-splitting mirrors in a rectangle (can

also be a parallelogram) arrangement. A light beam from a source, say a He–Ne

laser, is first split into two parts by a beam splitter and then recombined by a second

beam splitter. First, the interferometer has to be adjusted in such a way that the two

beams have equal optical path lengths. When all reflecting surfaces are perfectly

parallel, the recombined beams do not produce interference fringes. When the

physical process of interest, e.g., strain, heat transfer, etc., is introduced into the

measuring beam, an optical path difference between reference and measuring beam

is produced. A superposition of the two beams then generates an interference

pattern.

4.4 Contact Angle Measurements

The direct measurement of the potential dependence of contact angles in systems

with a solid phase started with the work of M€oller [101, 102]. Later, Frumkin

observed [103] that the shape of a drop of water placed on a solid electrode could be

altered by varying the electrode potential: The stronger the polarization, the flatter

the drop. This phenomenon, commonly known as electrowetting, has numerous

applications from liquid lenses to moving drops in microfluidic devices.

Fig. 4.10 Rectangle arrangement of a Mach–Zehnder interferometer. M1, M2: reflecting mirrors
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Contact angles can either be measured directly or obtained indirectly. In the

latter case, the rise of a liquid meniscus at a partially immersed plate or the capillary

rise inside a metal capillary is measured. The contact angle is then obtained by

using a relationship connecting the measured parameter with the contact angle. The

potential dependence of contact angles can be measured on metals, semiconductors,

and semimetallic electrodes of both single-crystal and polycrystalline type, as well

as on conductive polymers [71, 104].

An interesting example for the direct measurement of the potential dependence

of contact angles can be found in [105]. In this study, the potential dependence of

the contact angle between perfluorodecaline (C10F18) and copper, copper(I) sulfide,

and copper telluride (Cu4Te3) in aqueous sodium acetate solution (concentration,

0.1 M) was investigated. The contact angles were measured in a plane–parallel

quartz cuvette with a metallographic microscope. The contact angle was deter-

mined using a goniometer.

Contact angle measurements between water and a poly(vinylferrocene) film on a

potential-controlled platinum electrode have been reported in [106].

In [107], an unwalled electrochemical cell formed by a sessile droplet of 1-butyl-

3-methylimidazolium hexafluorophosphate resting on electroactive surfaces was

used to investigate the voltammetry and surface energy of different electroactive

film/ionic liquid interfaces. The following films were investigated: ferrocene films,

Au140 nanoparticle films, and Au38 nanoparticle films. The substrate was a 200-nm

Au film formed by evaporation of Au onto a glass substrate, with a 10-nm Cr

undercoat. The contact angles were measured with a Rame-Hart optical goniometer.

Very little potential dependence of the contact angle between an electrolyte

solution droplet and an etched germanium surface was reported in [108]. The

variations of the advancing and receding contact angles during a potential scan

have been measured by a gravimetric method for Si and Ge in different acid

solutions [109]. For p-Si in dilute fluoride electrolyte solutions, the change from

the reduced state to the oxidized state (electropolishing regime) is associated with a

large decrease of the contact angles. In accordance with the results reported in

[108], for Ge in H2SO4 or HClO4 solutions, the change of the contact angles

between the reduced state and the oxidized state is much smaller than for silicon

and is dependent upon crystal orientation.

The principles of the indirect measurement of contact angles by meniscus-rise

techniques in electrochemical systems have been reported by Morcos [71, 104].

Experimental data on the potential dependence of contact angles on solid electrodes

have been obtained by the method of meniscus rise at partially immersed plates.

The equation relating the meniscus rise h at an infinitely wide vertical plate to the

contact angle y is [110, 111]

sin y ¼ 1� gr
2gL

h2;

where gL and r are the liquids surface tension and density and g is the local

acceleration of free fall. Taking into account that h is the difference between the
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level of the meniscus at the solid surface and the level of the liquid surface in the

cell, the heights of both levels must be experimentally determined. The measure-

ment can be accurately performed, e.g., by a cathetometer (Fig. 4.11). According to

[111], the advantage of this method compared to the direct measurement of contact

angle lies in the fact that it is much easier to measure the height of a meniscus than

to measure a contact angle between a sessile drop and a solid plate. It is important

that the cell used for this purpose should be made of a material that is not wetted by

the solvent.

A method, based on the response of a thickness shear mode sensor to

electrocapillary phenomena, for determination of the potential of zero charge and

changes in the surface stress at solid metal/solution interfaces has been described in

[112]. Essentially, the method involves measuring the change in the rise of the

solution meniscus due to electrocapillary phenomena at the surface of a partially

immersed vertical metal plate. This change has been determined by a thickness

shear mode (TSM) bulk acoustic wave sensor.

The principle of the measurement can be summarized as follows: Changing the

electrode potential E causes a change in the contact angle and meniscus rise and its

associated height h (see Fig. 4.12). The change of h causes a change in the electrode
mass and the mass of solution adhering to the piezoelectric quartz crystal sensor

(PQC). As Dh is very small, the effect of the change of oscillating medium on the

resonant frequency of the PQC–TSM sensor (such as viscosity, surface stress, and

static pressure) can be neglected. A similar method, but with an electrochemical

quartz crystal impedance system, was used in [113].

However, contact-angle methods are not without drawbacks. The most impor-

tant disadvantages of these methods are as follows:

– In a three-phase system, the risk of surface contamination is high.

– Hysteresis complicates the measurements and the interpretation of the data.

Fig. 4.11 Schematic of the apparatus for measuring of meniscus rise. W: test electrode;

R: reference electrode; C: counter electrode; B: box; M: adjustable stand; T: telescope
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– The evaluation of experimental data usually involves questionable assumptions

and complicated correction procedures.

4.5 Bending Plate and Bending Beam Methods

The theory of the bending of a film–substrate system is an old problem dating back

at least to 1909. The principles of the “bending beam” (“bending cantilever,” “laser

beam deflection,” “wafer curvature,” etc.) method were first stated by Stoney [114,

115], who derived an equation relating the isotropic surface stress in the film (gs) to
the radius of curvature (R) of the beam

gs ¼
ESt

2
S

6R
; (4.13)

where tS is the substrate thickness and E is the modulus of elasticity of the substrate.

Early attempts to obtain the potential dependence of surface stress from mea-

surement of the deformation of electrodes as a function of electrode potential have

been reported in [30, 31]. The deflection of the electrode was measured with a laser

optical lever. The measuring apparatus consisted of a He–Ne laser, optical

components, and a detector.

Measuring the bending of a plate or strip to determine surface stress change

or the stress in thin films is a common technique today, even in electrochemistry

[71, 115, 116]. It has been used, for instance, for the investigation of the origin of

electrochemical oscillations at silicon [117] or in the course of galvanostatic

oxidation of organic compounds on platinum [78, 82], for the study of volume

changes in polymers during redox processes [118], for the investigation of the

response kinetics of the bending of polyelectrolyte membrane platinum composites

Fig. 4.12 The height of the solution meniscus at two-electrode potentials: (1) E1; (2) E2;

a: wettable metal surface; b: nonwettable metal surface; d: the characteristic attenuation length

of the shear wave of the TSM sensor
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by electric stimuli [119], for the experimental verification of the adequacy of the

“brush model” of polymer modified electrodes [120], etc.

The generation of internal (residual) stress during the electrochemical deposition

of films on substrates is illustrated in Fig. 4.13. Static equilibrium requires that no

net forces and no body torques act of an infinitesimal volume element. In particular,

the net force (F) and bending moment (M) vanish on the film–substrate cross

section; thus,

F ¼
ð
sdA ¼ 0; (4.12)

M ¼
ð
szdA ¼ 0; (4.13)

where z is the distance from the neutral axis, and A is the sectional area,

respectively.

In case (a) shown in Fig. 4.13, the growing film initially shrinks relative to the

substrate. There can be a multitude of reasons for this to happen, e.g., surface

tension forces or lattice mismatch during epitaxial growth. However, compatibility

requires that both the film and the substrate have the same length (and width);

consequently, the film stretches while the substrate contracts to accommodate the

Fig. 4.13 Events leading

to: (a) internal tensile stress

in film or (b) internal

compressive stress in film.

(1) Film and substrate are

separated; (2) the film is

firmly attached to the

substrate; balanced external

forces are applied on the

film and the substrate to

compensate for the difference

in length; (3) the substrate–

film system bends; S:

substrate; f: film
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constraints. The tensile forces developed within the film are balanced by the

compressive forces in the substrate. The film–substrate system is still not in

mechanical equilibrium because of the uncompensated end moments. If the sub-

strate is not rigidly held, i.e., the film–substrate pair is not restrained from moving,

it will elastically deform to counteract the unbalanced moments.

Thus, films containing internal (residual) tensile stresses bend the substrate

concavely, as shown in Fig. 4.13a. Similarly, a film which develops residual

compressive stresses (i.e., the film wants to be larger than the substrate) will expand

relative to substrates and elastically bend the substrate, but in the opposite direction

(Fig. 4.13b). By convention, the radius of curvature, R, of the substrate–film

structure is positive for concave curvature (tensile stress) and negative for convex

curvature (compressive stress). These results are perfectly general regardless of

the specific mechanisms that cause the film to stretch or shrink relative to the

substrate [121].

In the derivation of Eq. (4.13), Stoney considered a “thin steel rule” with a thin

nickel layer of a thickness tf deposited on it. Assuming that the thickness of the rule

(tS) is very small in comparison with the radius of curvature (R), the following

equation can be written for the bending moments in the steel:

ð0

ts

E

R
b� xð Þxdx ¼ 0; (4.16)

where is the depth from the surface of the rule to the neutral axis (Fig. 4.14).

Since

ð0

tS

E

R
b� xð Þxdx ¼ E

R
� bt2S

2
þ t3S

3

� �
;

so that b ¼ 2tS/3.
On the other hand,

sf tf ¼
ð0

ts

E

R
b� xð Þdx ¼ E

R
btS � t2S

2

� �
¼ Et2S

6R
; (4.17)

Fig. 4.14 The coordinate

system for the derivation of

Stoney’s equation
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which is identical with Eq. (4.13) since gs ¼ sf · tf, where sf is the film stress.

Equation (4.17) or its variants have been used in almost all experimental

determinations of film stress or surface stress.

As has been pointed out in several publications (see, e.g., [122, 123]) that

the effect of stress in two dimensions has been neglected in the original derivation.

A modified equation can be obtained by referring to Fig. 4.15, which depicts a

film–substrate system of width w. The thickness of the film and Young’s modulus

are denoted by tf and Ef, respectively, and the corresponding parameters of the

substrate are tS and ES (see Fig. 4.15a). The interfacial forces can be replaced by a

force acting on the entire cross section of the film (or substrate) and a corresponding

moment as shown in the force diagram (“free body diagram”) in Fig. 4.15b.

The statically equivalent combinations of forces and moments are (Ff, Mf) in the

film and (FS,MS) in the substrate. The force Ff must be equal to the force FS and can

be imagined to act uniformly over the cross-sectional area, Af ¼ tf·w, giving rise to
the (tensile or compressive) film stress. The bending of the sample results from the

moments Mf and MS of the film and substrate, respectively. Since according to

Eq. (4.13), the total moment in the system must be zero, the sum of the counter-

clockwise moments Mf and MS must be equal to the clockwise moment acting on

the entire system:

Fig. 4.15 Illustration of the

relationship between film

stress and substrate curvature:

(a) The composite structure;

(b) force diagram of film and

substrate; (c) bending of the

beam under an applied

moment; and (d) an element

of the substrate–film

combination
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tf
2
Ff þ ts

2
FS ¼ tf þ ts

2
Ff ¼ Mf þMS: (4.18)

Since the film–substrate system is not restrained from moving, it will bend to

counteract the unbalanced moments, and it can be treated as a beam with the radius

of curvature R defined as (Fig. 4.15c):

1

R
¼ 1

di d#=
¼ C

d2z

dx2
; (4.17)

where

C ¼ 1þ dz

dx

� �2
" #�3 2=

:

For small deflections, dz/dx � 1; therefore, C � 1 and the radius of curvature

can be approximated as

R � 1

d2z dx2=
:

If the longitudinal strain varies linearly with the distance z from the neutral axis

and is proportional with the curvature of the beam, then according to Hooke’s law:

sSðzÞ ¼ ESz

R
:

In case of an isolated beam (made of the substrate material) bent by the moment

Ms (Fig. 4.15c), the stress varies linearly across the section from maximum tension

(+sm) to maximum compression (�sm). In terms of R and #, Hooke’s law yields

	 sm ¼

�
R	 tS

2

�
#� R#

R#

2

664

3

775ES ¼ 	EStS
2R

:

The bending moment corresponding to this stress distribution can be given as

(Fig. 4.15d)

MS ¼
ðtS 2=

�tS 2=

sSðzÞzdA ¼
ðtS 2=

�tS 2=

ES

R
z2dA ¼

ðtS 2=

�tS 2=

ES

R
z2wdz ¼ ESt

3
Sw

12R
:
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By analogy,

Mf ¼ Ef t
3
fw

12R
:

Substituting the expressions for MS and Mf into Eq. (4.18) gives

tf þ tS
2

Ff ¼ w

12R
Ef t

3
f þ ESt

3
S

� �
: (4.20)

In order to account for the biaxial nature of the stress, we have to replace Ef by

Ef/(1 � nf) and, similarly, ES by ES/(1 � nS), where nf and nS are the film and

substrate Poisson’s ratios, respectively. Thus,

tf þ tS
2

Ff ¼ w

12R

Ef

1� nf
t3f þ

ES

1� nS
t3S

� �
: (4.21)

Since tS is usually much larger than tf, the film stress can be given by

sf ¼ Ff

tfw
¼ ESt

2
S

6 1� nSð Þ tf �
1

R
(4.22)

and

Dgs ¼
Ff

w
¼ ESt

2
S

6 1� nSð Þ �
1

R
: (4.23)

Both Eqs. (4.22) and (4.23) are referred to as Stoney’s formula or Stoney’s

equation and are valid under the following conditions: (a) The substrate is homo-

geneous, linearly elastic, and uniformly thick. (b) The stress is uniform throughout

the film thickness. (c) The substrate thickness is much greater than the film

thickness (according to [124]); the tf/tS ratio should be 
10�3. (d) The radius of

curvature of the substrate is much greater than the thickness of the composite

structure, i.e., the bending displacement is small compared to the thickness of the

substrate.

It should be noted here that an average stress can be defined by the relation [124]

�sf ¼ 1

tf

ðtf

0

sfðzÞdz;

where sf(z) is the stress distribution through the film thickness tf. Experimentally,

data are usually obtained for the product of the average stress and the film thickness.
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Stoney’s equation has become the standard expression for the analysis of surface

stress problems in materials physics. It has been pointed out [125, 126] that the

equation holds for thickness ratios much larger than expected in the context of the

thin-film approximation. This can be attributed to self-compensating errors in its

derivation [127, 128].

The calculation of the bending of a sheet material subject to a change in the

surface stress on one side has been carried out for two boundary conditions in [29].

One of them is that the sheet is allowed to bend only in one direction, the other one

is that the sheet can bend freely in both principal directions. For simplicity in [29] a

crystal plate is considered to be oriented such that the surfaces are (1 0 0) surfaces

and that the sides of the rectangular shaped sheet coincide with the h1 0 0i direc-
tion. The solution satisfying the second boundary condition is formally identical

with Eq. (4.23). For the case of a bending only in one direction the corresponding

expression for the interface stress has been given as

tS11 ¼
Et2

6 1� n2ð Þ �
1

R
;

where E is Young’s modulus, n is Poisson’s ratio, and t is the thickness of the

crystal.

As it has already been mentioned earlier, the “bending beam” method can be

effectively used in electrochemical experiments, since the changes of the surface

stress (Dgs) for a thin metal film on one side of an insulator (e.g., glass) strip (or a

metal plate, one side of which is coated with an insulator layer) in contact with an

electrolyte solution can be estimated from the changes of the radius of curvature of

the strip. If the potential of the electrode changes, electrochemical processes

resulting in the change of gs can take place exclusively on the metal side of the

sample. The change in the surface stress induces a bending moment and the strip

bends. In case of a thin metal film on a substrate if the thickness of the film tf is
sufficiently smaller than the thickness at of the plate, tS � tf, the change of gs can
be obtained by an expression based on a generalized form of Stoney’s equation

Dgs ¼ kiD
1

R

� �
; (4.24)

where ki depends on the design of the electrode. In the simplest case [see

Eq. (4.23)]:

ki ¼ ESt
2
S

6 1� nsð Þ ; (4.25)

where ES, nS, and R are Young’s modulus, Poisson’s ratio, and radius of curvature

of the plate, respectively. It should be noted that a number of authors have tried to

modify Stoney’s approach over the years, and several modified equations have been
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derived; however, these equations can usually be written in a form equivalent to

Eq. (4.24) [126–129].

The values of D(1/R) ¼ Dgs/ki can be calculated (a) if the changes of the

deflection angle of a laser beam mirrored by the cantilever are measured using an

appropriate experimental setup (Fig. 4.16) (the optical detection techniques most

used are optical beam deflection and interferometry, discussed in Chap. 5) or (b) the

deflection of the plate is determined directly, e.g., with a nanoindenter, an atomic

force microscope (AFM), or a scanning tunneling microscope, etc. (discussed in

Chap. 6).

The combination of the two methods was used in [130–132]. In order to improve

the sensitivity and stability of the technique, microfabricated cantilevers, usually

employed in atomic force microscopes, were used instead of thin, but still macro-

scopic plates [131], and the deflection of the cantilever was measured with an

optical lever using the head of a commercially available atomic force microscope.

The deflection detection has been calibrated before each experiment: The end of the

cantilever was pushed a defined distance upward by a piezoelectric crystal, and the

corresponding change in the photodiode signal was measured. However, as it is

well known from elasticity theory, when pushing the end of the cantilever (a bar

with rectangular cross section) downward or upward (“concentrated load mode”),

its shape is not circular anymore, but it is described by a third-order polynomial.

Using the notation in Fig. 4.15

Fig. 4.16 Schematic of experimental setup for electrochemical bending beam measurements
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zðxÞ ¼ � F

EI

lx2

2
� x3

6

� �
; (4.26)

where l is the length of the cantilever and I is the second moment of area (moment

of inertia)

I ¼
ð

A

z2dA:

The slope of the beam is

dzðxÞ
dx

¼ � F

EI
lx� x2

2

� �
; (4.27)

and in case of small deflections (l � L) at the end of the cantilever,

dzðLÞ
dx

� �FL2

2EI
¼ 3

L
zðLÞ: (4.28)

For circular bending, the deflection can be calculated as (Fig. 4.17)

zðxÞ ¼ ðR2 � x2Þ1 2= � R: (4.29)

The slope of the beam is

Fig. 4.17 The cylindrical

bending of the cantilever. At

small deflection, z(l) � R
and L � l
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dzðxÞ
dx

¼ � x

ðR2 � x2Þ1 2=
: (4.30)

At the end of the beam, at small deflections,

dzðLÞ
dx

� � L

ðR2 � L2Þ1 2=
; (4.31)

and so

1

R
� 2zðLÞ

L2
: (4.32)

It is clear that if the beam is pushed upward or downward at its end (i.e., during

calibration), the inclination cannot be described by Eq. (4.31).

In [130, 131], the deflection, z, and inclination were related by

dzðLÞ
dx

¼ 3

2L
zðLÞ; (4.33)

since the shape of V-shaped cantilevers was taken to be equivalent to two rectangular

cantilevers of the same length [133, 134]. During surface stress measurements, the

signal of a photodiode was recorded. Since the instrument was calibrated, this

signal corresponded to a “virtual” deflection, i.e., the deflection it would have if

the cantilever were not bent circular, as described by Eq. (4.31), but if it was pushed

by a force applied to its end, as described by Eq. (4.33). With Eq. (4.33), the

“virtual” deflection has been converted into dz(L)/dx. The reciprocals radius of

curvature was calculated by comparing Eqs. (4.31) and (4.33):

1

R
¼ 3zðLÞ

L 4L2 þ 9zðLÞ2
h i1 2=

� 3zðLÞ
2L2

; (4.34)

where z(L) is the deflection signal of the calibrated instrument. The accuracy of the

method has been reported to be better than 0.005 J m�2. A similar calibration of

the cantilever setup was performed in other studies [135, 136]. A condition for the

validity of the calibration procedure is that the laser is reflected from the same

position along the length of the cantilever in each experiment, typically near the

free end of the cantilever. Nevertheless, this is often not easy to accomplish.

Measurements of the bending of commercial rectangular cantilevers under the

concentrated load mode and the bending moment mode were reported in [137].

A detailed theoretical study of the effects of homogeneous surface stress on

rectangular AFM cantilever plates has been presented in [138, 139].

4.5 Bending Plate and Bending Beam Methods 67



It has been found in [140] that as long as the deflection is much smaller than the

overall length of the cantilever, the radius of curvature of the cantilever is to a good

approximation constant over its length when exposed to an isotropic surface stress.

As it has already been mentioned above, if the equation of the bending plate is

known, the corresponding radius of curvature can be therefore calculated using

Eq. (4.35), which is analogous to Eq. (4.17):

1

R
¼ � z00ðxÞ

1þ z0ðxÞ½ �2
n o3 2=

: (4.35)

According to the theory of elasticity, the deflected shape of a composite beam

can be represented in terms of elementary functions. Since the deflection is smaller

than the specimen length, the quadratic function,

zðxÞ ¼ ax2 þ bxþ c; (4.36)

is a reasonable approximation of the bending profile [141]. It has been shown in

[142] that in case of coated plates, the bending of the sample is accurately fitted by

the quadratic function. The theory was also confirmed in [143, 144]. In [142], the

equation for the bending plate could be written as y ¼ ax2, and so

1

R
¼ � 2a

1þ ð2axÞ2
n o3 2=

:

Since 2ax � 1, R is well approximated by

R ¼ � 1

2a
; (4.37)

and a can be determined as a function of the geometrical parameters of the bending

beam setup and then related to R.
Nevertheless, it can be shown that the fact that there is practically no difference

between “parabolic” and “circular” approaches is a mathematical consequence of

the small deflection approximation.

Let us consider a circle C of radius R centered at a point O (Fig. 4.18). The

equation of the circle

x2 þ ðzþ RÞ2 ¼ R2;

can be written as

x2 þ zðzþ 2RÞ ¼ 0:
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For z � R,

x2 þ 2Rz � 0;

and so

z � � 1

2R
x2: (4.38)

[Alternatively,

z ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 � x2

p
� R ¼ R

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� x2

R2

r

� R � R 1� x2

2R2

� �
� R ¼ � 1

2R
x2;

and the result is identical to Eq. (4.38).]

By comparing Eq. (4.38) with Eq. (4.36), we get Eq. (4.37). On the other hand

Eq. (4.36), can be rewritten as

x2 þ b

a
xþ c

a
¼ z

a
:

With c ¼ 0

x2 þ z2 � z2 � z

a
þ b

a
x ¼ 0;

Fig. 4.18 A circle centered at

(0, �R) with radius R
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or

x2 þ z� 1

2a

� �2

¼ 1� 4abxþ 4a2z2

4a2
:

If |4a(bx �az2)| � 1, then

x2 þ z� 1

2a

� �2

¼ 1

4a2
:

The last being the equation of a circle centered at ð0; 1
2aÞ and radius R ¼ 1

2a .

It should be noted that in the case of a cubic polynomial, the situation is much

more complicated, and the shape of the cantilever cannot be characterized by a

single radius of curvature.
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83. Láng G, Heusler KE (1997) J Chem Soc Faraday Trans 93:583–589
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Chapter 5

Optical Detection of the Deformation

5.1 Direct Optical Position Sensing

5.1.1 Experimental Arrangements

Measuring the bending of a plate or strip to determine surface (interface) stress

change or the stress in thin films is a common technique, even in electrochemistry

[1–13].

Figure 5.1 shows a typical arrangement for electrochemical bending beam

(bending cantilever, wafer curvature measurement) experiments with optical detec-

tion [13]. Such a setup can be used mainly for the investigation of small deflections,

and several details may be different in special cases. For instance, the cantilever

(beam) can also be mounted horizontally (Fig. 5.2). The advantage with this

arrangement is that no optical window is necessarily required; however, it suffers

from the fact that the clamping of the cantilever is immersed into the solution. This

may cause electrical connection problems in electrochemical systems, and may

constitute a source of contamination. In addition, the maintenance of an inert gas

atmosphere without traces of oxygen is very often essential to perform electro-

chemical measurements. The use of an electrochemical cell open to air can lead to

significant experimental errors.

On the other hand, optical lever detection is currently used in all but a few

commercial AFM instruments. Cantilever-based sensors have been shown to be

capable of measuring surface stress changes [14, 15]. The experimental arrange-

ment used, for example, in [16–18], is presented in Fig. 5.3.

Another method particularly suitable for in situ curvature monitoring is the

multiple-beam optical sensor (MOS) technique [19], inspired by the two-beam

sensor studied in [20]. With this technique, the distances between a one-

dimensional array of multiple laser reflections of the cantilevered substrate can be

continuously monitored with a charge-coupled device (CCD) camera.

One advantage of using a multibeam configuration instead of a single-beam one

is a reduced sensitivity toward vibrations, while maintaining a high time resolution

G.G. Láng and C.A. Barbero, Laser Techniques for the Study of Electrode Processes,
Monographs in Electrochemistry, DOI 10.1007/978-3-642-27651-4_5,
# Springer-Verlag Berlin Heidelberg 2012
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Fig. 5.1 Schematic representation of a typical electrochemical (optical) bending beam setup. Db
is the displacement of the light spot on the position-sensitive detector (PSD) if the radius of

curvature changes from R to R0, d is the distance between the clamped end of the probe (cantilever,

electrode) and the optical window, l is the distance between the optical window and the photode-

tector (PSD), L is the distance between the solution level and the reflection point, and dw is the

thickness of the optical window, respectively

Fig. 5.2 Optical bending

beam setup with horizontally

mounted cantilever
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(Fig. 5.4). Vibrations of the sample, laser source, and detector are expected to affect

every laser beam in the same manner so that the instantaneous spacings are

expected to be virtually unaffected.

The multibeam technique has been successfully used for in situ monitoring of

the stresses generated in metal or ceramic thin films deposited in vacuum by

chemical vapor deposition, physical vapor deposition, or molecular beam epitaxy

[21–28].

5.1.2 Basic Principles

The classical bending beam method (with single laser beam optical detection) is

based on the specular (mirrorlike) reflection of light from surfaces. The law of

reflection states that the angle of incidence (incoming light ray) is equal to the angle

of reflection (reflected light ray). The angles are measured from a normal line

(perpendicular) drawn to the surface at the point of reflection. With spherical or

cylindrical mirrors, reflection of light occurs at a curved surface. The law of

reflection holds since at each point on the curved surface one can draw a surface

tangent and erect a normal to a point P on the surface where the light is incident, as

shown in Fig. 5.5.

One then applies the law of reflection at point P, with the incident and reflected

rays making the same angles (a and b) with the normal to the surface at P.

Fig. 5.3 Schematic diagram

of the AFM detection

system combined with

an electrochemical cell.

Adapted from [16]

Fig. 5.4 The MOS setup in

electrochemical systems
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Since point P can be moved anywhere along the curved surface and a normal drawn

there, we can always find the direction of the reflected ray by applying the law of

reflection. One has to apply this technique when studying the way mirrors

(or segments of mirrors) reflect light to form images [29–32].

According to Fig. 5.5, the total angle of deflection of the ray is

’ ¼ 2a: (5.1)

In Fig. 5.6, the reflection by a concave surface is shown. By using the trigono-

metric small-angle approximation siny � tany � y, sin2y � tan2y � 2y, and

cosy � 1, the following equations can be derived:

L ¼ 2R sin y cos y � 2Ry; (5.2)

and

1

R
� 2y

L
: (5.3)

By taking into account the law of reflection, it can be seen from Fig. 5.6 that the

total angle of deflection of the light beam is

’ ¼ 4y: (5.4)

The optical scheme of the bending beam arrangement in air or vacuum is shown

in Fig. 5.7. In this case, the expression for the deflection of the laser beam can be

given as:

b ¼ w sin’ � s’ ¼ 4sy; (5.5)

Fig. 5.5 Reflection from a convex-mirroring surface. The incident ray is parallel to the mirror axis

(principal axis)
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therefore

y � b

4s
; (5.6)

and by substituting Eq. (5.6) into Eq. (5.3), we arrive at the approximate equation

1

R
� b

2Ls
: (5.7)

Fig. 5.6 Scheme for the derivation of the relationship between the deflection angle (’) and the

radius of curvature (R)

Fig. 5.7 Optical configuration of the bending beam setup in vacuum or air (z is the deflection of

the cantilever, s is the distance between the clamped end of the cantilever and the detector plane,

and w is the distance between the detector plane and the reflection point, respectively)
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(Recently, it has been claimed [33] that Eq. (5.7) is incorrect, and the correct

expression for 1/R is

1

R
� b

Ls
:

However, it has been shown [34] that the proposed equation is clearly erroneous

due to an error in the derivation [35].)

5.1.3 Effect of Refraction

Although the bending beam technique is already well established for monitoring of

curvature changes in vacuum or in gaseous environment, its application in multi-

phase systems is not without problems.

In many papers reporting results on electrochemical bending beam experiments

(i.e., experiments carried out in systems consisting a liquid phase), schemes of

experimental arrangements can be found in which the direction of the reflected

beam before and after passing the optical window or the air/solution boundary is

indicated incorrectly since the effect of refraction is ignored. In addition, no

reference is made to the refractive index of the solution, or the value of the

refractive index is not reported in the papers [see, e.g., 1, 2, 4–7, 36].

This problem was first discussed in [37] for the special case of normal incidence.

It is clear that if the incident beam is exactly perpendicular to the optical window

(or to the air/solution interface [38]), no refraction occurs, which makes the situa-

tion simpler and the calculations easier. Consequences of refraction for the MOS

technique have been outlined in [24].

As seen in Fig. 5.8, a laser beam coming from a direction normal to the plane of

the optical window is reflected by the surface of the cantilever (point A). The

incident beam is perpendicular to the optical window; therefore, no refraction

occurs at C. The direction of the reflected beam is AC0, which coincides with the

direction of C0M. Let the angle between CA and AC0 be ’. Without refraction at the

optical window plane (at C0), the reflected beam would result in a light spot at M on

the detector plane. [It is assumed that the (not necessarily lateral) shift of the light

ray due to the optical window is negligible.]

However, because of the refraction at C0, the direction of the beam changes, its

new direction is C0N, and a light spot at N can be detected. Let us denote the

distance between P and M by a, the distance between P and N by b, and the angle

between P0C0 (or PC) and C0N by b and consider the situation depicted in Fig. 5.8.

Obviously, only b can be determined by direct measurement because the light

spot is located at position N, and there is no light spot on the detector at M. The

distance between the cantilever and the photodetector is

w ¼ d 0 þ l; (5.8)
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where d0 is the distance between the optical window and the reflection point A and l
is the distance between the optical window and the detector plane.

It should be noted here that d0 differs from d in Fig. 5.1 by the deflection z of the
cantilever (see Figs. 5.6 and 5.7), that is, d0 ¼ d + z.

If ’ is very small, the radius of curvature of the cantilever can be well

approximated as

R � 2L

’
; (5.9)

where L is the distance between the solution level (or the clamping of the cantile-

ver) and the reflection point [see Eqs. (5.3) and (5.4)]. Sometimes, the half of the

total deflection angle is denoted by #, then # ¼ ’/2, and R � L/#.
If y is the distance between P and P0 in the framework of the small-angle

approximation, ’ can be expressed as

’ � tan’ ¼ a

w
¼ a� y

l
: (5.10)

The direct measurement of y is extremely difficult, if not impossible, in the usual

experimental setup; however, it is practically always possible to arrange the

Fig. 5.8 Optical configuration of the bending beam setup in a system consisting a liquid phase

5.1 Direct Optical Position Sensing 81



electrode and the detector in such a manner that l >> d0. In this case, y << a, and
with good approximation:

’ � tan’ ¼ a

l
� a

w
: (5.11)

From the practical point of view, Eq. (5.11) means that for the determination of

’, the determination of the distances a and l (or a and w) is necessary.
However, it is well known that in the case of nonnormal incidence, if the

deflection of a light beam is measured outside the phase where the mirroring surface

is located, the deflection angle should usually be corrected. According to the

Snellius–Descartes law of refraction (also known as law of refraction, Snell’s

law, Snel’s law, or Snell–Descartes law), when light travels from one medium

into another, the incident and refracted rays lie in one plane with the normal to the

surface, are on opposite sides of the normal, and make angles with the normal

whose sines have a constant ratio to one another. It means that due to the refraction,

we cannot obtain a light spot on the detector plane at M (the position of which could

be used for the determination of a and ’); only the light spot at N can be detected.

As a consequence, only b is accessible experimentally.

According to the experimental setup in Figs. 5.1 and 5.8, the laser beam reflected

from the lower end of the cantilever is incident on a position-sensitive detector. For

small deflections,

b � tanðbÞ ¼ b� y

l
¼ b� y

w� d0
; (5.12)

and if l >> d0 and b >> y, then

b

w
� tanðbÞ � b: (5.13)

Thus, by measuring b and w, the approximate value of b can be determined

experimentally. The problem is, however, that according to Eq. (5.9), for the correct

determination of R, the value of ’ (and not that of b) is necessary.
The relationship between ’ and b can be obtained from the law of refraction:

sin’

sinb
¼ na;s � 1

ns
; (5.14)

where na,s is the (relative) refractive index of air with respect to the solution and ns
is the (absolute) refractive index of the solution. For small deflections,

sin’

sin b
� ’

b
� 1

ns
; (5.15)

82 5 Optical Detection of the Deformation



therefore,

’ � b
ns
; (5.16)

and with Eqs. (5.13) and (5.16), the angle of deflection can be calculated as

’ � b

nsw
: (5.17)

Thus, taking into account Eq. (5.9), the radius of curvature of the cantilever can

be given by the following approximate relationship:

R � 2nsLw

b
: (5.18)

If the conditions l >> d0 and b >> y are not fulfilled (e.g., the detector is close

to the optical window), Eq. (5.12) should be used instead of Eq. (5.13).

In this case, the expressions for ’ and R are the following:

’ � b� y

nsl
; (5.19)

and

R � 2nsLl

b� y
: (5.20)

That is, the determination of R requires the accurate measurement of b, L, l, ns,
and y.

Equation (4.24) establishes a linear relationship between the surface stress

change and the change in the curvature (reciprocal radius of curvature). This

means that for the determination of the change in Dgs, the value of D(1/R) is

necessary.

Applying Eq. (5.18) for two different deflections of the cantilever (see Figs. 5.1

and 5.6), we arrive at the (approximate) equation

D
1

R

� �
� Db

2Lwns
� Db

2Lwns;a
; (5.21)

where Db is the displacement of the light spot on the position-sensitive detector due

to the bending of the electrode and ns,a is the refractive index of the solution with

respect to air.

Equation (5.21) implies that without the refractive index of the solution,

it is impossible to determine accurately the values of the radius of curvature
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(or the change of the reciprocal value of the radius of curvature) of the electrode.

Since refractive indices of aqueous solutions are about 1.33–1.48, the complete

neglect of the bending of the laser beam due to refraction at the optical window may

cause an error of about 25–30% in the determination of D(1/R) or Dgs.
It should also be stressed that the dependence of on the wavelength of the light,

that is, the dispersion, has to be taken into account.

In the light of the above results, it is clear that in electrochemical bending beam

experiments, the effect of refraction at the optical window cannot be ignored.

5.1.4 Effects of Nonnormal Incidence

The effects of nonnormal incidence on the measured data have been discussed in

[12, 33].

The optical configuration of the arrangement for electrochemical bending beam

experiments with nonnormal incidence of the laser beam on the optical window is

presented in Fig. 5.9.

As seen in Fig. 5.9, w is the distance between the cantilever (electrode) and the

photodetector (PSD), d0 is the distance between the optical window and the reflec-

tion point (B) on the cantilever, l is the distance between the optical window and

the detector plane, and i is the length of the cantilever in the solution between the

Fig. 5.9 Optical configuration of the arrangement for electrochemical bending beam experiments

with nonnormal incidence. c is the angle of incidence of the light beam coming directly from the

laser (in air), c0 is the angle of refraction at point A, a is the angle of incidence at point G (the

reflected light is coming from the solution phase), a0 is the angle of refraction at G (a light spot on

the detector can be observed at point H), w is the distance between the cantilever (electrode) and

the photodetector, d0 is the distance between the optical window and the reflection point (B) on the

cantilever, l is the distance between the optical window and the position-sensitive detector (PSD), i
is the length of the electrode in the solution, and L is the distance between the solution level and B,

respectively
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solution level and the reflection point, respectively. The angle of incidence of the

light beam coming directly from the laser (located in air) is c. Due to refraction at

the optical window (at point A), the direction of the beam changes, its new direction

(in the solution) is AB, and the angle of refraction is c0. In the following

derivations, for simplicity, the shift of the path of light in the glass wall is neglected.

The laser beam arriving from the direction AB (in the solution) is reflected at

point B on the surface of the cantilever. The direction of the reflected beam (which

strikes the surface of the optical window with an angle of incidence of a) is BG.
Because of refraction at G, the direction of the reflected beam changes again, the

new direction of it (in air) is GH, and the angle of refraction is a0. (Similarly to the

incident beam, the lateral displacement of the path of light in the glass wall is

neglected.) The reflected beam results in a light spot at H on the detector plane. If

the radius of curvature of the electrode changes, a displacement of the light spot on

the position-sensitive detector can be observed.

The w distance between the reflection point B and the position sensing photode-

tector can be given as

d0 þ l ¼ w: (5.22)

The distance b can be expressed with the help of the corresponding triangles:

b ¼ d0 tan aþ l tan a0: (5.23)

From Figs. 5.10 and 5.11 (in which the corresponding segment of the electrode

with the incident and reflected light beam is magnified), we can see that

aþ c0 ¼ b; (5.24)

Fig. 5.10 Enlargement of the region around the reflection point B with the magnified segment of

the cantilever and the (incident and reflected) light beams
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and

d ¼ 90� � e: (5.26)

Taking into account the rectangle triangle shown in Fig. 5.11, the angle d can be
expressed as

b
2
¼ 90� � ðe� c0Þ: (5.25)

By combining the above equations, one obtains

a ¼ 2dþ c0: (5.27)

To express a0, that is, the angle between the normal to the optical window and the

light beam exiting the electrochemical cell, we use Snell’s law:

sin a0

sin a
¼ ns;a; (5.28)

where ns,a is the refractive index of the solution with respect to air.

According to Eq. (5.22),

b ¼ d0 tan aþ l
sin a0
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� sin2a0

p ; (5.29)

and with Eqs. (5.27) and (5.28),

b ¼ d0 tanð2dþ c0Þ þ ns;al
sinð2dþ c0Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� n2s;asin

2ð2dþ c0Þ
q : (5.30)

Fig. 5.11 The cantilever

with the radius of curvature R
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The right-hand side of Eq. (5.30) contains only experimentally accessible

quantities: d0 and l are measurable (at least in principle) and the values of d and

c0 can be determined knowing the incident angle of the beam, the refractive index

(ns,a), and the radius of curvature of the plate (R). This means that Eq. (5.30) can be

applied directly for the determination of b.
On the other hand, by using this expression, we can derive simpler equations for

the change in b with d. Differentiating the b(d) function with respect to d, we have

db

dd
¼ 2d0

1

cos2ð2dþ c0Þ þ 2ns;al
cosð2dþ c0Þ

1� n2s;asin
2ð2dþ c0Þ

h i3
2

: (5.31)

By taking into account Eqs. (5.27) and (5.28), the above equation can be

rewritten into a simpler form:

db

dd
¼ 2d0

1

cos2a
þ 2ns;al

cos a
cos3a0

: (5.32)

It can be easily shown that the factor multiplying ns,a in the second term of the

RHS of Eq. (5.31) is always greater than one:

Obviously, a0 � a since the solution is the optically denser medium. However,

from a0 � a follows that

cos3a0 � cosa0 � cosa � 1;

and therefore,

cos a
cos3a0

� 1: (5.33)

Since

dd ¼ id
1

R

� �
; (5.34)

by using Eq. (5.24), the following expression can be obtained:

db

d(1/R)
¼ 2id0

1

cos2 ð2i=RÞ þ c0ð Þ þ 2ins;al
cos ð2i=RÞ þ c0ð Þ

1� n2s;asin
2 ð2i=RÞ þ c0ð Þ

h i3=2 : (5.35)

It should be stressed that except for the assumption that the thickness of the

optical window is zero (see later), no approximations were used in the derivation of

Eq. (5.35).
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Let us now express Db (i.e., the change of the position of the light spot on the

position-sensitive detector plane) by using Snell’s law

sinc
sinc0 ¼ ns;a;

and the following assumptions: D(1/R) is small enough to use first-order approxi-

mation for the changes, i � L, and

2i=R ¼ 2d<<c0:

According to the above derivations,

Db � db

d(1/R)
D

1

R

� �
�

2Ld0
1

1� n�2
s;a sin

2c
þ 2Lns;al

1� n�2
s;a sin

2c
� �1=2

1� sin2c
� �3=2

2

64

3

75D
1

R

� �
: (5.36)

In addition, if d0 << l, that is, w � l,

Db � 2Lwns;s
1� n�2

s;a sin
2c

� �1=2

1� sin2c
� �3=2

2

64

3

75D
1

R

� �
; (5.37)

or

D
1

R

� �
� Db

2Lwns;a

1� sin2c
� �3=2

1� n�2
s;a sin

2c
� �1=2

2

64

3

75 ¼ Db
2Lwns;a

x c; ns;a
� �

: (5.38)

The function x(c, ns,a) in square brackets in the above equation, expressing the

effect of the incident angle, is monotonously decreasing with c (see Fig.5.12), and

for ns,a � 1.333 (pure water at 20�C) and for c ¼ 10�, it has the value of 0.963.
Selected values of x(c, ns,a) are presented in Table 5.1.

If the deflection of the electrode is small and c tends to zero (“normal inci-

dence”), we get back the formula derived earlier for perpendicular incident light:

D
1

R

� �
� Db

2Lwns;a
: (5.39)
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The above results are reassuring in that a slight optical misalignment resulting in

nonnormal incidence of the laser beam (i.e., when c is in the range of 1�) will cause
an error of only about 0.1% in the value of D(1/R). However, neglecting refraction

and ignoring the effect of nonnormal incidence can lead to both erroneous

conclusions and inaccurate results.

Of course, for accurate calculations, the dependence of ns,a on the wavelength of
the light and temperature has to be taken into account. The data in Table 5.2 can

provide an estimate of the error associated with these effects. (The 0.1 M aqueous

sulfuric acid solution has been selected as an illustrative example.)

Fig. 5.12 The dependence of x(c, ns,a) on the angle of incidence (c) for ns,a � 1.333

Table 5.1 The dependence of x(c, ns,a) on c for ns,a � 1.333

c (deg.) ns,a x(c, ns,a)

0 1.333 1

2 1.333 0.9985

5 1.333 0.9908

10 1.333 0.9633

20 1.333 0.8585

30 1.333 0.7007

40 1.333 0.5131

0 1.420 1

2 1.420 0.9985

5 1.420 0.9905

10 1.420 0.9623

20 1.420 0.8549

30 1.420 0.6940

40 1.420 0.5041
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For approximation of the presented data (rows 1–5), Cauchy’s formula (with

temperature-dependent coefficients) has been used:

ns;aðl; tÞ ¼ AðtÞ þ BðtÞ
l2

þ CðtÞ
l4

:

The three Cauchy coefficients can be obtained by nonlinear least squares fitting

(Table 5.3).

The refractive indices at 589.0 and 632.8 nm were calculated with the help of

these coefficients. The latter value is important since He–Ne lasers operate at

632.8 nm. On the other hand, the refractive indices of liquids are conventionally

measured by using an Abbe refractometer at sodium d-line wavelength (589.3 nm).

If instead of the refractive index for 632.8 nm (red light, He–Ne laser) the value

measured at 589.3 nm is used in the calculation, the estimated error in the deflection

is about 0.1%.

From the data presented in Tables 5.2 and 5.4, it can be also concluded that a

monochromator is essential if a broadband light source (with polychromatic or

white light) is used in bending beam experiment. Since laser light is effectively

monochromatic, the bending beam setup with laser light can be used without a

monochromator. As a result, there is little loss of light, the beam remains sharp and

narrow, and the apparatus can be made compact.

The effects arising from changes in the refractive index of the medium and initial

bending of cantilevers were discussed in [40–42]. The refractive index of air

depends strongly on the pressure, temperature, and humidity. Theoretical conver-

sion from pressure to refractive index can be made by using the formulas given in

[43]. The refractive index of dry CO2-free air is to a very good approximation linear

with pressure (p) in the range of interest na ¼ 1 + 2.5834 � 10�7 p/mbar. Initial

bending is mainly a problem when using very sensitive polymer-based cantilevers,

Table 5.2 The refractive index of 0.1 M H2SO4 solution (with respect) to air in dependence on

wavelength at 25�C
Wavelength, l (nm) Refractive index, ns,a

435.9 (Hg g) 1.34072

480.0 (Cd F0) 1.33799

546.1 (Hg e) 1.33500

587.6 (He d) 1.33359

643.8 (Cd C0) 1.33204

589.0 (calculated) 1.33353

632.8 (calculated) 1.33232

Refractive indexes were measured with a Zeiss PR 2 refractometer [Láng GG, Ujvári M (unpub-

lished results)]

Table 5.3 Cauchy coefficients

Temperature, t (�C) A(t) B(t) (nm2) 10�8�C(t) (nm4)

25.0 1.324060 3,433.19221 5.11397529
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for example, for biochemical detection: polymer-based cantilevers can be a

factor of 20 more sensitive to surface stress changes than the traditional cantilevers

due to the much lower Young’s modulus. On the other hand, the cantilevers are so

sensitive to surface stress that a functionalization of individual cantilevers will

change their bending with a magnitude depending on the specific surface coating

and application method.

It has been shown in [42] that the use of cantilevers with significant initial

bending may lead to appreciable errors when changing the refractive index of the

environment by only 10�4; a change easily happens in liquids due changes in

composition and due to variations in temperature (see Table 5.4). Therefore, it is

important to have control of pressure and temperature during measurements in

order to avoid spurious signals from the cantilever-based sensor.

5.1.5 Other Possible Sources of Errors

One source of error is associated with the lateral shift of the reflected laser beam due

to the optical window [44]. This effect has been ignored in the previous derivations.

The laws of refraction can be used to examine the passage of light through a

transparent plate with plane-parallel surfaces.

Figure 5.13 shows a beam incident on the surface of a glass plate (optical

window) at point F. When light is passing from the solution to glass, that is, from

a rarer medium to a denser medium, the refracted beam bends toward the normal

drawn at the point of incidence (F). The refracted beam FD travels inside the glass,

and at point D, it emerges into air. When the light is passing from glass to air, the

refracted ray bends away from the normal at point D. This means that the light beam

is refracted at two points: first at F, when it enters glass, and then at D, when it

emerges out. Let us denote the angle of incidence by a, the angle of refraction by f,
and the angle of emergence by b.

It is well known that in case of a glass plate in air (or more generally, a

transparent plate bounded by the same medium), the emergent beam is displaced

parallel to the incident ray. This shift is often called the “lateral shift” or “lateral

displacement” of the light beam. The lateral shift Ls can be given by the formula

Ls ¼ tw sinða� fÞ
cos f

: (5.40)

Table 5.4 Refractive index of water [39]

Temperature (�C) Wavelength (nm)

404.4 589.0 632.8

20 1.34315 1.33336 1.33211

25 1.34260a 1.33283a 1.33158a

30 1.34205 1.33230 1.33105
aInterpolated value
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The situation is quite different in electrochemical bending beam experiments,

where the optical window is bounded by two different media, that is, the electrolyte

solution and air, with refractive indexes of ns and na, respectively.
As indicated in Fig. 5.13, DG is the direction of the light beam passing through

an optical window of thickness tw. If the optical window would not be present, the

direction of the emergent beam would be FC, that is, the emergent beam is

displaced by s with respect to the line FC. Considering the notations in Fig. 5.13,

s ¼ CD � cos b ¼ tw � cos b � (tgb� tgfÞ: (5.41)

With

sin a
sin b

¼ na
ns

and
sin a
sinf

¼ na
ns

;

where ng is the refractive index of glass, we find

s ¼ tw
ns
na

sin a 1� ns
ng

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� ns=nað Þ2sin2a

q

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� ns=ng

� �2
sin2a

q

2

64

3

75: (5.42)

Fig. 5.13 Refraction of light through a plan-parallel glass plate (the plate is bounded by two

different media)
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Usually, ng > ns > na, but this does not affect the final result. The angle of

incidence (a) is small; therefore, the approximation

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� ax2

p
� 1� ax2

2

can be used. The approximate expression for s then becomes

s ¼ tw
ns
na

sin a 1� na
ng

� �
¼ tw

ns
na

ng � na
ng

sin a: (5.43)

The magnitude of error due to the change of the angle of incidence a during the

measurement can be estimated as

Ds � tw cos a
ns
na

ng � na
ng

Da � tw
ns
na

ng � na
ng

Da: (5.44)

As seen from Fig. 5.8, the displacement of the light spot on the detector can be

estimated as

Db � l cos a
ns
na

Da � l
ns
na

Da: (5.45)

This means that the relative error

Ds
Db

� tw
l

ng � na
na

(5.46)

becomes smaller the longer the distance and/or the smaller the thickness of the

optical window. In a typical bending beam measurement, l is in the 1-m range, tw is

in the 1-mm range, and (ng � na)/na � 0.5. Consequently, Ds/Db � 0.0005, and

the error caused by the shift at the optical window can be safely neglected.

It should be noted that the thickness of the glass plate should be great enough to

secure sufficient mechanical properties including strength and rigidity since the

deformation of the optical window under hydrostatic pressure can be a further

source of error.

Another possible source of error is related to the structure of the (cantilever)

probe consisting of a thin metal film coated on one side of a glass substrate. In some

experimental arrangements, the laser beam is reflected from the “back side” of

the cantilever, that is, by the metal surface in contact with the glass plate (see, e.g.,

[3, 45–48]). The changes in curvature radius of bending of the substrate are then

obtained from the changes in reflection angle of the laser beam irradiated to the

cantilever. However, the direction of the reflected beam may also change due to

refraction in the substrate.
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In order to estimate the error introduced by neglecting the refraction inside the

cantilever, let us consider the situation represented in Figs. 5.14 and 5.15. In both

figures, FD is the direction of the light beam incident on the surface of the glass

plate at point D. When light is passing from the solution to glass, that is, from a rarer

medium to a denser medium, the refracted beam bends toward the normal drawn at

the point of incidence (D). The refracted beam DC travels inside the glass; it is

reflected at point C and is refracted again at the glass to solution surface (E). This

means that the light beam FD is refracted at two points: first at D, when it enters the

glass substrate, and then at E, when it enters the liquid phase again. The direction of

the emergent beam is EI.

Fig. 5.14 Refraction and reflection of the laser beam inside the cantilever

Fig. 5.15 Enlarged section of Fig. 5.14

94 5 Optical Detection of the Deformation



Let us denote the angle of incidence at point D by a, the angle of refraction by g,
the thickness of the glass substrate by d, the length of the segment JC by a, and the

radius of curvature by R, respectively.
From the triangle CDJ,

sin g
sinð90� � g� ’ 2= Þ ¼

a

d
¼ 2R sinð’ 2= Þ

d
: (5.47)

Using the trigonometric identity

sinðx	 yÞ ¼ sin x cos y	 cos x sin y;

we obtain

d

2R
¼ sinð’ 2= Þ cosðgþ ’ 2= Þ

sin g
; (5.48)

and by using the small-angle approximation sin(’/2) � ’/2, sing � g, and cos

(g + ’/2) � 1,

d

R
� ’

g
: (5.49)

From the law of refraction,

sin g
sina

¼ ns
ng

; (5.50)

where ns and ng are the indexes of refraction of the solution and glass, respectively.
By using the small-angle approximation, sing � g and sina � a. Thus,

g ¼ ns
ng

a; (5.51)

and with Eq. (5.49),

’

a
� ng

ns

d

R
: (5.52)

It can be seen from Fig. 5.15 that without refraction at the solution/glass surface

(at point D), the light would be reflected along direction DG. This means that due to

refraction at the interface, the direction of the reflected beam (EI or DH) changes by

about 2’ with respect to the “ideally” reflected beam DG.
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In a typical bending beam measurement, R is in the 10–100-m range, d is in the

0.1-mm range, and the ratio of the refractive index of the glass to that of the solution

is close to unity; consequently, the estimated relative error of the deflection angle is

about

2’

a
� 2ng

ns

d

R
� 2� 10�4 m

10m
¼ 2� 10�5:

Remarks:
The refraction/reflection in the probe may also cause a shift (similar to that caused

by the optical window) in the position of the light spot on the detector. Neverthe-

less, this effect is expected to be negligible for aqueous solutions and glass

substrates.

The composition of a solution in the interfacial region may differ from that in the

bulk (e.g., due to adsorption/desorption phenomena or due to other electrochemical

processes). The same is true for the refractive index. This can cause errors if the

laser beam is reflected from the “front side” of the cantilever, that is, by the metal

surface in contact with the electrolyte solution. In principle, this problem can be

analyzed similarly to the case discussed above.

5.2 Interferometric Detection

The deflection of a strip or a plate can also be measured interferometrically, with the

help of a K€osters interferometer. In electrochemistry, this technique can be used for

the determination of changes of surface stress (specific surface energy) by the

resulting deformation of an elastic plate. The principle of this method is analogous

to “bending beam” techniques. However, using a suitable experimental arrange-

ment, changes in surface stress, mass, and charge can be measured simultaneously.

5.2.1 Principles of Interferometry

The history of interferometers began in 1881 with a setup created by Michelson

[49], which later results in the definition of the basic meter in units of light

wavelengths. Many different types of optical interferometers were demonstrated

shortly before the turn of the nineteenth century. They include devices by Fizeau

[50], Fabry and Perot [51], andMichelson. These devices had an immediate and far-

ranging application in several areas of experimentation.

Optical interferometers are designed to exploit the interference of light and the

fringe patterns that result from optical path differences. To achieve interference

patterns, that is, interference between two coherent light beams, an interferometer
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divides an initial beam into two parts that travel different optical paths and then

reunites the beams to produce an interference pattern. “Wave-front division

interferometers” sample portions of the same wave front of a coherent beam of

light, while “amplitude-division interferometers” use a beam splitter that divides

the initial beam into two parts [52]. Other classification schemes distinguish

between those interferometers that make use of the interference of two beams and

those that operate with multiple beams.

Interferometry is the process of making measurements by allowing light, sound,

or other kinds of waves to interfere with each other. In interferometry, coherent

wave fronts are superimposed on each other resulting in a fringe pattern known as

an interferogram. When two beams interfere, each fringe represents a constant

phase difference between both waves. In standard interferometry, the interference

occurs between two beams at the same wavelength (or carrier frequency). The

conventional design of an interferometer for shape testing includes a collimated

coherent light source, which is divided into two beams by a beam splitter. The beam

splitting is usually controlled by a semireflecting (semitransparent) metallic or

dielectric film.

When two waves with the same frequency combine, the resulting pattern is

determined by the phase difference between the two waves; waves that are in phase

can add (constructive interference) and waves that are out of phase can subtract

(destructive interference) (Fig. 5.16). The phase difference between the two beams

results in a change in the intensity of the light on the detector. Measuring the

resulting intensity of the light after the mixing of these two light beams is known as

Fig. 5.16 Interference

principle
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homodyne detection. In heterodyne detection, one modulates, usually by a fre-

quency shift, one of two beams prior to detection.

Among the optical measuring techniques, interferometry is capable of the

highest accuracy. However, before the invention of the laser, its usefulness was

quite limited, particularly when looked at in today’s perspective. The accuracy

attainable in interferometric setups is primarily determined by the quality of the

optical components, stability of the system, and coherence and stability of the light

source.

The restricted coherence of nonlaser light sources was most probably the main

cause of the limited use of interferometers before the discovery of lasers. The term

“nonlaser interferometer” refers to systems with conventional light sources. Obvi-

ously, this does not mean that these interferometers cannot be used with laser light.

In fact, in most cases, the converse is true: laser light improves significantly the

performance of the system. Usually, nonlaser interferometers have to utilize very

small optical path differences between the interfering beams. This results in a

relatively high stability, but the sensitivity may be relatively low. Nevertheless,

these interferometers can be used under various conditions, even in quite hostile

environments. On the other hand, when accuracy requirements are more stringent,

laser interferometry may be the most effective method [53]. It should be noted that

even laser interferometers are strongly affected by environmental noise and special

designs are required for high-accuracy measurements. Three major factors limit the

accuracy attainable with laser interferometers: uncertainty in the wavelength of

the source, uncertainty in the refractive index of the medium, and the resolution of

the interferometer [54, 55].

5.2.2 The K€osters Laser Interferometer

The K€osters laser interferometer (K€osters-prism [56] interferometer) is a laser-

illuminated double-beam interferometer [53, 57, 58]. The main advantage of this

type of interferometer is its high immunity to environmental noise due to the close

vicinity of the two interfering beams. This immunity makes it an ideal tool for high-

precision measurements.

Figure 5.17 is a simplified illustration of K€osters-prism interferometry.

The central constituent of the interferometer is the K€osters-prism beam splitter

(BS), which produces two parallel coherent beams (Fig. 5.17). Transparent samples

may be inserted in region R1, while reflective samples will replace one or both

reflecting mirrors (RM1, RM2) at position R2. The two reflected beams recombine

in the prism, and an interference pattern can be observed. K€osters prisms consist

of two identical prism halves, which are cemented together. Usually, the K€osters
prisms are constructed of two halves of fused silica joined together along a coated

surface, which acts as a beam splitter. The angles of the prism halves are

30–60–90�, with high angular accuracy, and one long cathetus side is semitranspar-

ent (the reflection and transmission coefficients are equal). The semitransparent
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layer performs an equal intensity division of the beam, reflecting half and transmit-

ting half, imparting a 90� phase lag in the transmitted beam. This division and phase

shift gives the K€osters prism its interferometric properties: the beam reflected from

one side of the prism interferes constructively or destructively with the beam

transmitted from the other side.

5.2.3 Electrochemical Application

Figure 5.18 shows the principle of the electrochemical K€osters laser interferometer,

which can be used for the determination of changes of surface stress by the resulting

deformation of an elastic plate. Not shown in Fig. 5.18 are the adjustment devices

for rotating and turning the optical components in three directions, tilting the

electrochemical cell with the quartz plate at its bottom with respect to the prism,

and the damping elements.

As seen in Fig. 5.18, the light from the laser is reflected by mirrors M1 and M2 in

the direction perpendicular to the entrance side of the prism. The point of entrance

determines the distance of the two beams emerging from the base of the prism.

They are reflected at a nearly zero angle of incidence from the plate. The interfering

light leaves the K€osters prism through the exit side, and it is projected onto a screen

with a hole of a given diameter and a photodiode behind it. The deformation of the

plate causes sinusoidal changes of the light intensity at the point of measurement in

the interference pattern (Fig. 5.18). After normalizing the observed sinusoidal

current change to 1 at the maximum and �1 at the minimum and taking the arcus

sinus, multiplication with l/4 yields the deformation DZC at R (i.e., at the center of

the quartz plate). The optical path lengths at the point of interference differ by l/2,

Fig. 5.17 The principle

of the K€osters-prism
interferometer
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if the distances between the exit side of the K€osters prism and the two points of

reflection differ by l/4, since the light has to go back and forth. This means that the

difference between the optical path lengths (2 � DZC) can be determined from the

change in light intensity detected by the photodiode.

The height change DZC of the center of the plate with respect to a plane at a given
radius yields Dgs from the appropriate form of Hooke’s law:

Dgs ¼ kDZC: (5.53)

The constant k in Eq. (5.53) is determined by the mechanical properties of the

plate and by the type and quality of the support at the edge of the plate. It was

derived [59, 60] for an unsupported circular AT quartz plate that a change of the

specific surface energy is related to the change of the deformation DZC at the center

of the plate with respect to a plane at the radius R by

Dgs ¼
DZCd2

3R2 ðð1� nxyÞ=ExÞcos2’þ ðð1� nyxÞ=EyÞsin2’
� � (5.54)

in polar coordinates, where ’ is the angle and d is the thickness of the plate.

Young’s moduli are Ex ¼ 7.831 � 1010 Pa and Ey ¼ 9.066 � 1010 Pa in the two

perpendicular principal directions. The respective Poisson’s coefficients are

nxy ¼ 0.277 and nyx ¼ 0.321. The sensitivity is of the order 0.1 nm with respect

to DZC and 1 mN/m with respect to Dgs.

Fig. 5.18 Interferometric apparatus for electrochemical purposes with He–Ne laser and K€osters
prism. W working electrode, A counter electrode, B reference electrode, M1, M2, M3, M4 mirrors
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Remarks:

1. In the first published paper dealing with electrochemical K€osters interferometry

[61], a slightly different experimental setup was used, where a beam splitter

splits the light from a He–Ne laser into a “reference” beam and a “measuring”

beam. The beams were chopped at different rates. The measuring beam was

reflected by a metal mirror in the direction perpendicular to the entrance side of

the K€osters prism. The interfering light left the K€osters prism through the exit

side, it was reflected at a second mirror, and the measuring and the reference

beam were recombined in a second beam splitter.

2. It should be noted that the K€osters interferometer setup can be designed in a

more compact form with reduced optical path length. As seen in Fig. 5.19, the

mounting of the laser is equipped with a micrometer stage (M) which makes both

height and angle adjustment both accurate and easy.

5.2.4 Adjustment of the Interferometer

Adjustment of the interferometer starts by making parallel the two beams leaving

the K€osters prism. This is achieved when the distance between the light spots on a

screen immediately behind the prism coincides with the distance measured between

the spots far from the prism (e.g., 2 m). After installing the cell, one of the beams

should be adjusted to the center of the gold mirror on the quartz plate at its bottom

side. The other beam is reflected by the gold ring at the edge of the plate. The

distance of the beams can be changed by moving the mirror (M1) in Fig. 5.18

Fig. 5.19 Compact design of the electrochemical K€osters laser interferometer
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horizontally. The two reflected light beams can be made parallel by tilting the cell

until the interference pattern is perpendicular to the optical axis, and only one set of

interference fringes can be observed.

5.2.5 Design of the Electrochemical Cell

Choosing a circular AT-cut quartz plate with a thin metal layer on it in contact with

the solution being the working electrode in an electrochemical cell provides the

advantage to measure simultaneously surface energy, mass, and charge [61–63].

(If the metal layers on both sides of the quartz disk are connected to an appropriate

oscillator circuit, the device can be used as an electrochemical quartz crystal

microbalance, EQCM.) In addition, since the light beams do not pass the air/

solution interface, the effects of light refraction at the surface are excluded.

Even though there are great advantages of the interferometric detection, there are

still some problems connected with this method. As mentioned above, the type and

quality of the support at the edge of the plate are extremely important. The shape

and the magnitude of the deformation Z(r,’) as a function of the radial distance

r and the angle ’ depend on the type of support at the edge of the circular plate. The

largest deformation and thus the highest sensitivity for measurements of the surface

stress change are expected for the “unsupported” plate. A plate is also unsupported

if a mounting is present but exerts no forces on the edge. The unsupported plate will

be deformed like a bubble under the influence of pressure and surface energy.

If both the surface energy and the elastic constants of the wall of the bubble are

isotropic, it has the shape of a perfect sphere (or a paraboloid). The shape of the

unsupported plate will be a cap of a sphere. Anisotropies of the elastic constants or

of the surface energy will result in some deviation from a perfect sphere. Evidently,

the design and realization of such a device is very difficult.

In [61], a cylindrical electrochemical cell containing a quartz plate in a sample

holder was used (Fig. 5.20). Gold layers were sputtered on thin layers of chromium

onto both sides of the polished and flat 10-MHz AT-cut quartz plate of 20-mm

diameter after its careful cleaning. One of the gold layers in contact with the

electrolyte solution served as working electrode in the electrochemical cell. It had

a diameter of 17 mm except for an extension to the edge of the plate for the

electrical connection. The second metal layer on the quartz disk (outside the cell)

with the diameter of 8 mm was surrounded at the edge of the plate by a 3-mm wide

electrically insulated gold ring serving as a mirror in the interferometer. After

connecting (with silver paint) both electrodes to copper wires of 0.2-mm diameter,

the quartz plate was glued into the plastic sample holder by a ring of elastic silicone

rubber with a width of 1 mm as shown in Fig. 5.21. Before use, the silicone was

aged at room temperature for at least 3 weeks.

The electrochemical cell shown in Fig. 5.20 contained the quartz disk (working

electrode) in the sample holder at the bottom connected by glass tubing to the head

of the cell with the counter electrode which was a circular platinum or gold sheet
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Fig. 5.20 Electrochemical

cell with quartz crystal

covered with a metal layer

(working electrode) (1)

sample holder (2) connected

by glass tubing (3) to the head

of the cell (4) containing

tubing for the Luggin

capillary (5), for the inlet (6)

and outlet (7) of the

electrolyte solution, the

counter electrode (8), and a

void (9). Adapted from [61]

Fig. 5.21 The quartz plate

(1) glued with elastic silicone

(4) into the quartz holder (2)

and with electrical

connections (3). Adapted

from [61]
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with a central hole for the Luggin capillary and with glass tubes for the inlet and

outlet of the electrolyte solution. The cell was assembled by first screwing the

sample holder with the glass tubing to the top of the adjustment devices of the

interferometer. The head of the cell was fastened airtight to the top of the cell with

silicone glue, when necessary.

5.2.6 Calibration

The calibration procedures used in [61] have proven that within the limits of

experimental accuracy, the shape of the deformation by normal pressure for

p ! 0 is identical to the one provided by Eq. (5.53) for the deformation by the

surface stress change (Dgs) of the unsupported plate. The silicone mounting exerts

negligible forces on the plate because Young’s modulus of silicone is several orders

of magnitude smaller than Young’s modulus of quartz. This means that the mount-

ing very closely corresponds to the limiting case of an unsupported plate. Thus, the

change of the surface stress was calculated from DZC using Eqs. (5.53) and (5.54).

With d ¼ 0.167 mm and R ¼ 8.5 mm, one obtains dgs/dZC ¼ 15.39

mN m�1 nm�1 for ’ ¼ 45�.
The device to change the pressure in the cell by about 	3 kPa consisted of

U-tubing half filled with distilled water. The connection of one leg to the outlet at

the head of the cell was filled with high-purity nitrogen gas. A peristaltic pump

pumped water into the other leg open to the air. The deformations Z(r) have been
measured with a profilometer. Figure 5.22 shows the experimental data for three

pressures and the best fits to the function

ZðrÞ ¼ A 1� ðr=RÞ2
h in

; (5.55)

where A is an amplitude factor.

The parameters A and nwere estimated by nonlinear least squares fitting method.

The exponent was n ¼ 1.02 for p ¼ 0 05 kPa and grew approximately linearly with

pressure to n ¼ 1.14 at p ¼ 14.5 kPa, the 95% confidence limit being about 0.04.

Simultaneously, the slope dZ/dp decreased. The deformation in the x and y
directions was expected to deviate 10.4% from the mean. Experimentally, the

deviation was (8.1 	 0.4)%.

The deformation ZC was a linear function of pressure up to about 5 kPa with the

slope 11.75 nm Pa�1 and a regression coefficient of 0.99994.

In [61, 64], the relation between the deformations Z(r,p) due to changes of

pressure and Z(r,gs) due to changes of the surface stress was calculated assuming

a bubble model. With the notations of (Fig. 5.23), one finds

ZðrÞ ¼ RK

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� r

RK

� �2
s

� RK þ ZC; (5.56)
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where RK is the radius of the sphere (radius of curvature) and Z(r) is the deformation

at a given pressure,

r2

R2
K

<<1:

Fig. 5.23 The section of a

spherical cap. Coordinate

system for representing the

deformations Z(r)

Fig. 5.22 Deformation of a quartz plate (Z) as a function of the radial distance r from the center at

different pressures. (1) p ¼ 5.158 kPa (filled circle); (2) p ¼ 9.787 kPa (filled square); (3)

p ¼ 14.465 kPa (plus). Solid lines are the best fits to the function [Eq. (5.55)]. Adapted from [61]
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Making use of the series expansion of the square root term in Eq. (5.56) and

neglecting the high-order terms, the approximated result is as follows:

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� r

RK

� �2
s

� 1� 1

2

r2

R2
K

: (5.57)

For ZC < < RK, the relation

R2
B ¼ R2

K � RK � ZCð Þ2 (5.58)

can be approximated by

R2
B ¼ 2RKZC; (5.59)

where RB denotes the distance between the two beams reflected by the metal layer

on the bottom side of the quartz. With Eqs. (5.57) and (5.59), one obtains the

expression for the deformation:

ZðrÞ ¼ R2
B � r2

2RK

: (5.60)

In the linear relation [the left-hand side of Eq. (5.61) follows from Eq. (5.60) at

r ¼ 0]

ZC ¼ R2
B

2RK

¼ kp; (5.61)

the constant k can be determined experimentally. A formal (purely geometrical)

comparison to an equal deformation by changes of surface stress [see Eq. (5.54)]

yields

kDp ¼ 3
DgsR

2
B

d2
F; (5.62)

where

F ¼ 1� nxy
Ex

cos2’þ 1� nyx
Ey

sin2’

� �
:

Consequently,

Dgs ¼
DZCd2

3R2F
: (5.63)
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In [61, 64], the experimental value of k, d ¼ 0.167 mm, and R ¼ 8.5 mm

yielded Dgs/Dp ¼ 0.108 m which is by a factor of 2.75 larger than the value

calculated from the assumption of no support for deformation by surface energy

and flexible elastic support for deformation by pressure [60].

5.2.7 Detection of the Light Intensity

As it has been mentioned earlier, the difference between the optical path lengths can

be calculated from the changes in light intensity measured by a photodiode.

In case of a photodiode, any incident photon whose energy exceeds the bandgap

energy is absorbed to produce an electron–hole pair by photoelectric excitation of a

valence electron into the conduction band. The charge carriers are swept out of the

crystal by the internal electric field to appear as a photocurrent at the terminals. The

photocurrent is proportional to light intensity over a range of several orders of

magnitude. Inherent limitations of photodiode response are due to structure and

specific junction design, the wavelength of incoming radiation, and the presence of

an externally applied bias. The inherent time constant of a photodiode causes a

delay in the generated photocurrent. This time constant is typically in the range of

tens to hundreds of nanoseconds.

In the case of the electrochemical K€osters interferometer, the distribution of the

intensity of light in the interferogram is measured by a photodiode behind a small

hole in the screen onto which the interferogram was projected. However, the

accurate measurement of the photocurrent is difficult, due to the low intensity of

the detected light. The acquired data are often quite noisy and hard to analyze.

Noise can be diminished by measuring the photovoltage generated by the photodi-

ode, instead of the photocurrent. Unfortunately, the photovoltage Vph is a nonlinear

function of the intensity. Thus, a special calibration procedure is necessary to

convert the voltage to displacement [65].

5.2.8 Fast K€osters Interferometry

In [66], time-dependent changes of surface stress and changes of the specific

surface energy of sputtered gold were measured by K€osters laser interferometry

and coulometry. The transients were induced by potential steps. Quantitative

differences could be attributed to excess nonequilibrium stresses, which change

during times of the order 0.1 s.

For fast measurements, the noise was reduced by using a very stable He–Ne

laser. Noise was further diminished by measuring the photovoltage of the photodi-

ode, instead of the photocurrent. It is known that in such cases, the photovoltage Vph

is a nonsinusoidal function of the deformation.
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In order to relate DZC to the intensity in the interferogram, a new calibration

procedure was developed: The formula

U ¼ U0 exp �I0 þ I1 cos
4p DZC

l

� �	 

� 1

� �
(5.64)

describes the response of a photodiode in the photovoltaic regime [66]. In

Eq. (5.64), the exponent represents the usual distribution of the intensity of light

with the wavelength l ¼ 632.8 nm in an interferogram with the amplitude I1 and
the background intensity I0.

During calibration, the voltage U was measured at three points: at the minimum

of the interference pattern where cos(4pDZC/l) ¼ �1, exactly at the middle point

where cos(4pDZC/l) ¼ 0, and at the maximum where cos(4pDZC/l) ¼ 1. The

unknown parameters U0, I0, and I1 were obtained by using Eq. (5.64). Equation

(5.64) could also be used for the calculation of the deformations DZC during the

experiments.

5.2.9 Measurement of (Surface) Mass Changes

The EQCM [or electrochemical quartz crystal nanobalance (EQCN)] is a mass

sensing device with the ability to measure very small changes in mass per unit area

in real time. The QCMmeasures the changes in mass per unit area by measuring the

shifts in the frequency of a quartz crystal resonator. The sensitivity of the QCM is

several hundred times higher than an electronic fine balance with a sensitivity of

0.1 mg, that is, EQCMs are capable of measuring mass changes as small as a

fraction of a monolayer or single layer of atoms. Mass changes occurring during

adsorption, absorption, deposition, dissolution, etc., can be followed effectively,

which is very useful in exploring reaction mechanisms. The EQCM is sensitive

toany interfacial mass change, especially to the mass (density) and viscoelastic

changes at the solid–liquid interface [67–74]. The high sensitivity and the real-time

monitoring of mass changes on the sensor crystal make the EQCM a widely used

technique in several areas of electrochemistry and electroanalytical chemistry.

The quartz crystal microbalance can be combined with many electrochemical

methods, such as voltammetry, amperometry, chronoamperometry, chronocoulometry,

etc. [75]. It can be further combined with other techniques, for example, with

optical spectroscopies [76], probe beam deflection [77], different microscopies

[78, 79], and, of course, with electrochemical K€osters interferometry.

The physical basis of operation of the EQCM originates in the converse piezo-

electric effect. This means that the application of an electric field across a piezo-

electric material induces a deformation of the material. It is known that mechanical

stress applied to the surface of acentric materials (like quartz, Rochelle salt, and

tourmaline), that is, those that crystallize into noncentrosymmetric space group,
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results in generation of an electrical potential across the crystal, whose magnitude is

proportional to the applied stress.

Quartz is the most stable form of silica (or silicon dioxide SiO2). In QCM

devices, the so-called alpha-quartz crystals are employed because of their superior

mechanical and piezoelectric properties. The cut angle with respect to crystal

orientation determines the mode of oscillation. AT-cut crystals, which are the

most commonly used for EQCM applications, are fabricated by slicing through a

quartz rod at a cut angle of 35.17� with respect to the optical axis. The advantage of
the AT-cut quartz crystal is that it has nearly zero frequency drift with temperature

around room temperature. The quartz crystals used in EQCM devices are

sandwiched between two electrically conducting layers, for example, metal layers

that are vapor-deposited on either side of the crystal. Gold layers have been the

most commonly used in EQCM studies because of the ease with which Au is

evaporated. However, Cu, Ni, Pt, and other metals have also been employed.

When an alternating electric field is applied over the metal layers, the quartz crystal

starts to oscillate. These oscillations are stable only at the resonance frequency of

the crystal. The vibration motion of the quartz crystal results is the establishment of

a transverse acoustic wave. A standing wave condition is fulfilled when the acoustic

wavelength is equal to twice the combined thickness of the crystal and the metal

layers. The resonance frequency (fr) can be related to the thickness of the crystal

(dq) by

fr ¼ 1

2

vq
dq

; (5.65)

where vq is the speed of the acoustic wave in AT-cut quartz given by

vq ¼
ffiffiffiffiffi
mq
rq

s

¼ 3; 336ms�1

and rq ¼ 2.648 gcm�3 and mq ¼ 2.947 � 1010 nm�2 are the density and the shear

modulus of quartz, respectively. Relation [Eq. (5.65)] assumes that the velocities of

sound in the electrodes and in quartz are identical, and the thicknesses of the metal

layers are small in comparison with that of quartz. Typical operating frequencies of

the EQCM lie within the range of 5–10 MHz.

The quartz oscillator circuit used in [61] and in [62,64-66] was similar to the one

used in [80]. The digital data from the frequency counter were transferred via GPIB

to a computer. The changes of superficial mass Dmwere calculated from changes Df
of the frequency using Sauerbrey’s equation [81], which describes the relationship

between the resonant frequency shift (Df) and the added mass (Dm):

Df ¼ fr � f0 ¼ � 2f 20Dm

AðrqmqÞ1=2
¼ �CfDm; (5.66)
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where f0 is the fundamental resonance frequency of the quartz crystal, A is the

(acoustically) active surface area, and Cf is the integral mass sensitivity. For the

most frequently used crystals, Cf(f0 ¼ 5 MHz) ¼ 5.660 � 107 Hz cm2 g�1 and

Cf(f0 ¼ 10 MHz) ¼ 2.264 � 108 Hz cm2 g�1, respectively.

Equation (5.66) can be rewritten as

Dm ¼ � 1

Cf

Df ¼ �KfDf ; (5.67)

where Df is the frequency change corresponding to the mass change Dm per area

and Kf is a proportionality constant characteristic of the quartz crystal. Small

changes Df of frequency are linearly related to mass changes. Changes of 0.1 Hz

at a fundamental frequency f ¼ 10 MHz could be measured, corresponding to a

sensitivity of about 0.442 ng cm�2. Effects of mechanical deformation on fre-

quency [60] should be kept negligible by avoiding stresses in the quartz as much

as possible. The uniform distribution of the mass over the active area of the quartz

plate is very important because the differential mass sensitivity (cf) varies across
this area. Considering a disk-shaped crystal with radius r [68, 69, 82, 83],

Cr ¼ 2p
ðr

0

rcfðrÞdr:

The resonant frequency of the EQCM also depends on the density and viscosity

of the contacting media. The frequency shift associated with the influence of the

viscosity and density of a liquid can be written as

Df ¼ �f
3=2
0

rl�l
prqmq

 !1=2

;

where �l and rl are the viscosity and density of the liquid. This simple relation is

justified only if the surface of the QCM in contact with the liquid is ideally flat.

5.2.10 Holographic Interferometry

In all the two-beam interferometric techniques, one beam serves as reference for

comparison with the test beam. The position of the fringes shifts when there is any

perturbance in the test beam. In these methods, the test beam and the reference

beam travel through two different paths before they are incident on the plane of

observation. In contrast to two-beam interferometry, holographic interferometry is

a common path interferometry. The reconstructed wave front of a scene from a

hologram (which can serve as the comparison beam) travels the same path as the

test scene wave front is traveling. Because both beams are traveling through the
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same optical arrangements, whatever optical imperfection exists for one beam

exists for the other as well, and the effects cancel out. This is unique for holographic

interferometry [84].

Holographic interferometry has been proposed for measurement of small elastic

deformations of electrodes caused by surface forces [85]. It can be applied when the

investigated metal strip is mounted in a transparent cell. In the experimental setup, a

laser beam was split into two components. One passed through a semitransparent

mirror and an objective lens. After reflection from the metal plate, it reached a

photographic plate. The second part of the laser beam was reflected from two

mirrors, passed the objective lens, and fell also on the photographic plate. By the

superposition of the two wave fronts, a hologram was recorded. The bending of the

strip resulted in the appearance of interference fringes.
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Chapter 6

Detection of the Cantilever Deflection

by Microscopy

6.1 Scanning Tunneling Microscopy

Since its invention following that of the scanning tunneling microscope (STM), the

atomic force microscope (AFM) has been increasingly used in studying surface

forces and surface structures of a wide range of materials [1–5].

A rather elegant method to measure the bending of a strip or a plate is to use the

scanning tunneling microscope (STM) [6–13]. The STM may be used then as a

means to simultaneously investigate the structure of the surface (Fig. 6.1).

Advantages and limitations of the technique have been discussed in excellent

reviews [14, 15].

However, even thismethod is notwithout pitfalls. In electrolyte solutions, there is a

double-layer-like structure also around the STM tip [16]. Consequently, there are

some interactions between the tip of the STM and the sample that seem to be

unavoidable [17, 18]. These are long-range electrostatic interactions between electri-

cal (electrochemical) double layers and structural/dispersion/hydration forces that

dominate the interaction at very short ranges. Most of these contributions have been

widely studied, but some are marginally understood. The repulsion of two double

layers was discussed, e.g., in [19–22]. As it has been noted in [23], “. . . one can lift

solids by the electrical forces in the double layer.” We note here that attractive

forces were observed also between two gold spheres used in vacuum tunneling [24].

Interaction forces between surfaceswith high electric potentials in aqueous electrolyte

solutions were investigated in [25]. The electrostatic force between a sphere and a flat

plate has been calculated using simple continuum theory. Similar experiments have

been reported in [26].

In experiments reported in [10, 11], a small circular portion of the liquid was

removed by a syringe in the vicinity of the tip (Fig. 6.2). According to the authors,

with this simple procedure, the tip remained dry, and the electrochemical offset

current with its concomitant noise was eliminated. The values of the surface stress

changes derived from the Stoney formula were corrected for the small area not

covered by the solution. The uncertainty incurred by this procedure has been

G.G. Láng and C.A. Barbero, Laser Techniques for the Study of Electrode Processes,
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estimated at most 5%. Obviously, in this setup, the error due to the interaction

between double layers is eliminated, but a new source of error, namely, that due to

the creation of a three-phase boundary, is introduced (Fig. 6.2).

It is well known that in a three-phase system, there is a greater likelihood of

surface contamination from organic and oxygen impurities present in the gas phase.

On the other hand, the wetting of such metals as gold and platinum is still a subject

of controversy among those who consider these metals to be hydrophobic in nature

and others who report low or zero contact angle. It is clear that if the surface tension

of the liquid–gas interface or/and the contact angle changes during the experiment,

the results obtained may be incorrect.

As pointed out in [14], another source of error, which can be important, arises

because the exact elastic behavior of membranes is strongly dependent on the

boundary conditions, which are not well defined in many experiments. For exam-

ple, in the study reported in [7], the bending of a crystal disk was measured. This

disk was clamped on the entire circular boundary. For a flat disk which is clamped

on the perimeter, a bending in either direction increases the area of both surfaces

(Fig. 6.3). Consequently, a tensile stress applied to either surface would not bend

the plate at all [6]. In reality, a disk or a plate is always slightly deformed, and one

Fig. 6.1 Schematic

illustration of a typical

arrangement for STM studies

at the solid–liquid interface

which allows simultaneous

measurement of the bending

of the cantilever when the

electrode potential is varied

Fig. 6.2 A bending cantilever setup with a “hole” in the liquid layer at the vicinity of the STM tip.

E: electrolyte solution, C: cantilever sample, H: hole, T: STM tip, ϑ: contact angle. gsg, gsl, and ggl
are the surface tension at the solid-gas, solid–liquid, and liquid–gas interfaces, respectively
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would, therefore, observe also a linear effect on such a sample. However, the

magnitude of the bending effect would depend on the initial bending of the crystal.

The small volume of the electrolyte solution in the cell and the small distance

between working and counter electrode may be an additional source of errors.

By applying the “phase-shifted dual cyclic voltammetry” method, it could be

shown that the reduction of the surface oxide layer of the polycrystalline gold

disk immersed into sulfuric acid solutions is accompanied by the formation of

soluble, electroreducible gold species which can be detected on the ring electrode

[27]. A similar effect has been observed in EQCM studies using Pt layers deposited

on quartz crystals [28–30].

6.2 Atomic Force Microscopy

The past two decades have seen increasing use of AFM cantilevers to measure

changes in surface stresses. An internet search using the keywords “AFM” and

“surface stress” generates a list of hundreds of papers. In fact, the AFM is a

combination of the principles of the scanning tunneling microscope and the stylus

profilometer (SP), where the stylus in the profilometer is carried by a cantilever

beam and it rides on the sample surface [31]. Most of the positioning, vibration

isolation, and feedback hardware used for STM can be adapted for use in any

scanning probe instrument. The additional instrumental requirement for AFM is

only the ability to detect sub-nm deflections of a cantilever. A typical AFM consists

of three essential components: (a) a sharp tip mounted on the end of a flexible-force-

sensing microcantilever, (b) a force transducer, which is the cantilever with a laser

beam bouncing off the backside of the cantilever onto a multiple-segment photodi-

ode called the position-sensitive detector, and (c) a piezoelectric scanner, which

precisely positions the tip and scans the sample relative to the tip in three orthogo-

nal directions. An excellent review of cantilever-like micromechanical sensors is

provided in [32].

In the first experiments, surface stress changes were generally a result of molecu-

lar adsorption from the gas phase, or photon adsorption giving rise to either ther-

mally or chemically induced stress in the cantilever [33–36]. Lately, measurements

have been extended to electrochemical systems [37–40]. Measurements were

performed using microcantilever-based sensors where the cantilever in contact

Fig. 6.3 The bending of a rigidly clamped plate. Bending to either side enlarges the area of both

surfaces. A0: surface area without bending; A1, A2: surface area of the deformed sample. Obvi-

ously, A1,A2 > A0
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with the electrolyte solution is also the working electrode in a three-electrode

electrochemical system. Usually, AFM tips and cantilevers utilized in surface stress

measurements are microfabricated from Si or Si3N4. Typical tip radius is from a few

to tens of nanometer.

Unlike STM, in which the probe signal is always detected with a preamplifier in

series with the tunneling current, there are a number of ways to detect the deflection

of the cantilever in an AFM [41]. Today, most AFMs use a laser beam deflection

system, where laser light is reflected from the back of the reflective AFM lever onto

a position-sensitive detector [42]. This method was used also in [37, 43, 44].

In order to improve the sensitivity and stability of the technique, microfabricated

cantilevers were used instead of thin but still macroscopic plates, and the deflection

of the cantilever was measured with an optical lever using the head of a commer-

cially available AFM.

Figure 6.4 shows a typical optical lever arrangement of the AFM. The cantilever

beam is clamped on one side on which there is no deflection and zero slope [45].

Evidently, the basic principles of the measurement of the cantilever’s deflection are

the same as those discussed in Chap. 5
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13. Láng GG, Sas NS, Vesztergom S (2009) Chem Biochem Eng Q 23:1–9

14. Ibach H (1997) Surf Sci Rep 29:193–263

15. Haiss W (2001) Rep Prog Phys 64:591–648

16. Conroy JFT, Bruckner-Lea CJ, Janata J (1997) Solid State Ionics 94:161–164

17. Conroy JFT, Caldwell K, Bruckner-Lea CJ, Janata J (1996) J Phys Chem 100:18222–18228

18. Conroy JFT, Hlady V, Bruckner-Lea CJ, Janata J (1996) J Phys Chem 100:18229–18233

19. Bockris JO’M, Parry-Jones R (1953) Nature 171:930–931

20. Bockris JO’M, Argade SD (1969) J Chem Phys 50:1622–1623

21. Bockris JO’M, Sen RK (1972) Surf Sci 30:237–241

22. Voronaeva TN, Deryagin BV, Kabanov BN (1962) Kolloid Zhurnal (USSR) 26:396–404

23. Bockris JO’M (1992) Electrons, interfaces, and societies in the 21st century. In: Murphy OJ,

Srinivasan S, Conway BE (eds) Electrochemistry in transition. Plenum Press, New York

24. Teague EC (1986) J Res Natl Bur Stand 91:171–233

25. Raiteri R, Preuss M, Grattarola M, Butt HJ (1998) Colloids Surf A 136:191–197

26. Arai T, Fujihira M (1996) J Vac Sci Technol B 14:1378–1382
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Chapter 7

Applications: Selected Experimental Results

7.1 Introduction

In contrast to most other areas of electrochemistry, the thermodynamics of

electrified solid/liquid interfaces is characterized more by theories and speculations

than by systematic experimental investigations—though the number of the latter is

steadily increasing. Although much of the previous research has focused on the

development of experimental techniques, the scarcity of reliable experimental data

is due at last in part to the difficulty to perform precise and reliable measurements of

interfacial stress changes. On the other hand, experiments frequently are not carried

out with sufficient care, leading to the neglect of certain physical and/or electro-

chemical effects. This might be attributed to that the design and construction of

measuring devices and electrochemical cells appropriate for such measurements

require the knowledge of several disciplines including (electro)chemistry, physics,

optics, electronics, etc. There are several examples in the literature where published

data have required subsequent correction due to neglect of important physical

phenomena in the original data analysis. For instance, as it has been pointed out

in the previous chapters, the neglect of refraction effects resulted in false

conclusions and misinterpretation of data (see, e.g., [1–5] and references cited

therein). In fact, all data from bending beam experiments [6] with optical detection

published before the year 2000 should be treated with caution.

In the present chapter, the results of selected bending beam (bending plate)

experiments are presented and discussed as illustrative examples.

7.2 Platinum and Gold in Contact with Electrolyte Solutions

Inert metals like platinum and gold in contact with electrolyte solutions are fre-

quently used to study electrode processes. It is well known that the Au|H2SO4(aq)

system can be treated as ideally polarizable electrode in a certain potential region
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(“double-layer region”), and the platinum|H2SO4(aq) electrode is assumed to be

reversible with respect to the adsorption processes of hydrogen or oxygen and of

ions. For these reasons, Au and Pt are frequently used in interfacial stress change

measurements in electrochemical systems. (The thermodynamic theory of surface

phenomena at platinum group metals was discussed, e.g., in [7–11])

Early experimental results obtained with platinum in sulfuric acid solution

(8.3·10�4 mol dm�3) are presented in Fig. 7.1a (curve 1) [12]. The bending beam

method, with optical detection, was used. The cantilever consisted of a glass strip of

13 � 1.5 � 0.0085 cm with Pt vacuum deposited on one side. The thickness of the

metal layer was about 100 nm. Because of the inaccuracies in the measurement and

errors in the equations used for the calculation of stress changes, the uncertainty is

high. It should be noted that the angular deflection in this case has been measured

point by point, in contrast to the continuous stress vs. potential plot (Fig. 7.1a, curve

2) [13].

Voltdeflectograms (D(1/R) vs. E curves, R is the radius of curvature of the strip)

and simultaneously recorded cyclic voltammograms (CVs) of platinum and gold in

0.1M H2SO4 solution are shown in Fig. 7.1a, b (curves 2 and 3, respectively, sweep

rates n ¼ 50 mV s�1) [13]. (Since the correct value of ki in Eq. (4.24) is uncertain,

only the values of D(1/R) are shown in some figures.)

Cantilever probes for the above measurement were prepared by evaporating a

150-nm-thick gold or an 80-nm-thick platinum layer on a very thin layer of titanium

evaporated on one side of a glass strip after careful cleaning of the surface.

(Dimensions and physical properties of the glass substrate: total length: ls ¼ 60.0

mm; width: ws ¼ 5.0 mm; thickness: ts ¼ 147 mm; Poisson’s ratio: ns ¼ 0.230;

Young’s modulus: Es ¼ 7.09 � 1010 N m�2; and index of refraction: ng ¼ 1.522,

i.e., ki · tf ¼ 331.6 N for the present case, see, e.g., Eqs. (4.22), (4.24), and (4.25).)

The geometrical area of the electrode (the area of the metal layer in contact with the

electrolyte solution) was 2.0 cm2.

As it can be seen from Fig. 7.1a, b, the change in the radius of curvature in case

of gold is about 0.0046 m�1, in the potential range from �0.3 to 1.5 V vs. SCE

(saturated calomel electrode [KCl]), while in case of platinum, the changes are

greater; the difference between the maximum and minimum value in the potential

range from �0.3 to 1.2 V vs. SCE is about 0.0069 m�1. Hysteresis was observed

both in the hydrogen and oxygen adsorption/desorption regions.

In [14, 15], simultaneously measured changes of interfacial stress, mass, and

charge at sputtered platinum in acid sulfate solutions (0 < pH < 6.5) were

reported. The deformations of the disk-shaped probe were measured with an

electrochemical K€osters laser interferometer [16]. Figure 7.2 shows the time

dependence of the interfacial stress change of platinum in contact with 0.3M

sulfuric acid and the changes of the quartz oscillator frequency during pulse

experiments starting from a bias potential E ¼ 0.1 V vs. SCE. Potential pulses of

different heights and 150 s duration were applied. After stepping the potential, the

mass changed rapidly simultaneously with a fast decay of the current.

The Dgs vs. E curve and the simultaneously recorded cyclic voltammogram of

platinum in potassium sulfate solution (acidified with H2SO4, pH 3.43) at a sweep
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rate of n ¼ 10 mV s�1 is displayed in Fig. 7.3. In the hydrogen adsorption region

(�0.4 < E/V < 0), the voltammogram exhibits two current peaks in the positive-

going scan (E � �0.13 V and �0.28 V vs. SCE). The interfacial stress in Fig. 7.3

Fig. 7.1 (a) Curve 1: Interfacial stress vs. E curve for platinum in 8.3 � 10�4 mol dm�3 M H2SO4

solution (adapted from [12]). Curves 2, 3: D(1/R) vs. E curves of platinum (2) and gold (3)

(deposited on glass strips by vacuum evaporation, surface area: A ¼ 2 cm2) recorded in c ¼ 0.1

mol dm�3 H2SO4 solution at 25�C (sweep rate: n ¼ 50 mV s�1). (b) Curves 2, 3: Cyclic

voltammograms recorded simultaneously (platinum (2) and gold (3)). E: electrode potential; I:
current; R: radius of curvature of the cantilever; SCE: saturated calomel electrode (KCl)
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(Dgs vs. E curve) during the positive potential scan appears to have two not very

pronounced maxima at about E ¼ �0.08 V and �0.18 V vs. SCE.

Figure 7.4 shows the time dependence of the interfacial stress change and the

changes of the quartz oscillator frequency during pulse experiments starting from a

bias potential E ¼ 0 V vs. SCE.

Fig. 7.2 Pulse experiments with platinum in 0.3 M H2SO4. Top: Applied electrode potential E vs.

SCE. Center: Change of interfacial stress. Bottom: Frequency change of the EQCM t is the time.

(Adapted from [17])

Fig. 7.3 Curve 1: Current density j as a function of electrode potential E for platinum in 0.3 M

K2SO4, pH ¼ 3.43, at n ¼ 10 mV s�1. 2: Changes of interfacial stress with the electrode potential

under the same conditions. Adapted from [14, 15]
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In [17, 18], simultaneous oscillations of electrode potential, surface mass, and

specific surface energy have been detected in the course of galvanostatic oxidation

of formic acid on platinum by using the K€osters interferometer combined with an

electrochemical quartz crystal microbalance. Changes of interfacial stress data

measured with the electrochemical K€osters laser interferometer and with the elec-

trochemical bending beam method have been shown to be equivalent.

Figure 7.5 shows a typical pattern of the simultaneous oscillations of the

electrode potential, the interfacial stress, and the frequency of the EQCM deter-

mined with the electrochemical K€osters interferometer setup. A constant current

I ¼ 0.35 mA was applied to the electrode immersed in a c(H2SO4) ¼ 0.5 mol dm�3

sulfuric acid solution containing 0.9 mol dm�3 formic acid. Oscillations started

after an induction period. In general, under the same conditions of current density

and composition of the solution, the oscillation experiment could be repeated

several times. The induction period is most likely due to the slow accumulation

of adsorbed species poisoning the electrode. According to curves a and c, the rapid

decrease of the potential apparently is accompanied by a fast increase of the

superficial mass, i.e., by a fast decrease of the frequency. As the potential increases

again, the frequency of the EQCM also increases. In both directions of the potential

scan, the changes of the frequency are somewhat slower than that in both directions,

which indicate that the rate of chemisorption is somewhat higher than the oxidation

of the chemisorbed particles. The changes of gs also follow the changes of the

electrode potential. As the potential increases, the specific surface energy

decreases. The rapid decrease of the potential is accompanied by a rapid increase

of gs.

Fig. 7.4 Time dependence of the interfacial stress change and the changes of the quartz oscillator

frequency during pulse experiments starting from a bias potential E ¼ 0 V vs. SCE. The

conditions are the same as in Fig. 7.3. Adapted from [15]
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Fig. 7.5 Typical oscillation patterns for the galvanostatic oxidation (current density: j ¼ 0.15 mA

cm�2) of formic acid at Pt in a solution containing 0.5 mol dm�3 sulfuric acid and 0.9 mol dm�3

formic acid. (a) Changes of frequency (Df) of the EQCM (10 MHz, AT-cut quartz), (b) changes in

the interfacial stress (Dgs), (c) electrode potential E as a function of time t. Adapted from [18]

Fig. 7.6 (a) Cyclic voltammograms; (b) changes of interfacial stress (K) and changes in the

reciprocal radius of curvature (B) with electrode potential E obtained for platinum in contact with

solutions containing 1.0 mol dm3 sulfuric acid and 0.8 mol dm3 formic acid. Sweep rate: n ¼ 20

mV/s. (K) from experiments with the K€osters laser interferometer and (B) from bending beam

experiments. Adapted from [18]
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In Fig. 7.6, results of experiments with the electrochemical bending beam setup

and with the K€osters laser interferometer are compared. Both setups yield practi-

cally identical cyclic voltammograms for the sputtered platinum layers in contact

with mixtures of sulfuric acid and formic acid (1 mol dm�3 and 0.8 mol dm�3,

respectively), at a sweep rate of n ¼ 20 mV s�1. On the other hand, the simulta-

neously recordedDgs vs.E curves from the interferometer experiments and theD(1/R)
vs. E curves measured with the bending beam method have very similar shapes.

Experimental results obtained by the bending beam technique on gold have been

reported in [19].

A cantilever bending investigation into the variation of surface stress, with

surface charge density for (1 1 1)-textured thin films of gold in aqueous NaF and

HClO4, has been reported in [20]. A linear correlation between surface stress and

charge in a significant potential interval around the pzc has been found. Changes of

the interfacial stress of sputtered gold films (deposited on an oscillating quartz

plate) in contact with aqueous K2SO4 + H2SO4 solutions were measured by K€osters
laser interferometry simultaneously with changes of mass and current density as

functions of the electrode potential and of the concentration of sulfate ions at

different pH [21]. Changes in the interfacial stress of gold in contact with HCl

solutions are reported in [22, 23].

In [24], in situ stress measurements were carried out during copper electrodepo-

sition onto (1 1 1)-textured Au from acidic sulfate electrolyte using the bending

beam method. When deposition was interrupted, both tensile and compressive

components of the stress relaxed somewhat, but were quickly reestablished when

deposition was resumed. The development of the growth stress was very similar to

that reported for Cu deposition from the vapor phase. The changes in interfacial

stress of the evaporated gold (mainly oriented to the (1 1 1) plane) in 0.1M sulfuric

acid medium or 0.1M perchloric acid medium with and without sulfate or chloride

during underpotential deposition (UPD) of copper were measured using the bending

beam method [25]. It has been found that the coadsorption of (bi)sulfate or chloride

ions with copper atoms induced the compressive surface stress to promote the Cu-

UPD. The factors influencing the surface stress or surface elastic strain were

discussed in relation to the Cu-UPD structure. The bending beam method was

used for the investigation of anodic oxidation and cathodic reduction processes at

Cu/Cu2O multilayer films and pure Cu films in pH 8.4 borate buffer solutions [26].

In [27], results from simultaneous measurements of the changes of specific

surface energy, mass, and charge for the adsorption of KF and the UPD of Pb, Tl,

and Zn on polycrystalline gold are compared to theoretical predictions.

In [28], experimental results are presented for the systems Pb2+/Au(111), Pb2+/

Ag(1 1 1), and Ag+/Au(1 1 1) in 0.1M HClO4. In [29], surface stress changes

during Pb UPD on (1 1 1)-textured Au in perchloric acid-supporting electrolyte

have been investigated. The sweep rate dependence in peak height and the stress

relaxation hump at the transition between submonolayer to monolayer were

interpreted as the result of kinetically controlled surface alloying and dealloying

processes. The stress change associated with the electrodeposition of Pd onto
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(1 1 1)-textured Au cantilever electrodes in 0.1M H2SO4-supporting electrolyte has

been examined in [30].

In [31, 32], interfacial stress changes associated with the UPD of bismuth and

thallium (Tl) on (1 1 1)-textured Au in acidic perchlorate- and nitrate-supporting

electrolyte solutions were examined using the bending beam method.

Results of the measurements of interfacial stress changes with gold immersed in

equilibrated partially miscible water—isobutyl alcohol—hydrochloric acid phases

have been reported in [33]. According to thermodynamic considerations, changes

of the surface energy of a given electrode with the intensive parameters such as

electrode potential, chemical potential of a component, and temperature should be

the same in either phase of equilibrated partially miscible electrolytes. The changes

of the interfacial stress with electrode potential were measured by K€osters laser

interferometry. Although no structural resemblance follows from thermodynamics

properties, the experimental results indicate similar structures of the interfacial

layers formed in the coexisting equilibrium phases.

7.3 Stress Changes in Thin Films and Layers on Metals

7.3.1 Anodic Films and Passive Layers

High-resolution curvature measurements have been performed in situ during alu-

minum thin film anodized in sulfuric acid [34, 35]. A well-defined transition in the

rate of internal stress-induced curvature change was shown to allow for the accu-

rate, real-time detection of porosity initiation. In conclusion, it has been shown that

the initiation of porosity during aluminum anodizing in sulfuric acid can be

accurately detected in situ by high-resolution curvature measurements.

The relationship between the microstructural and internal stress evolution during

Ti anodizing has been discussed in [36, 37]. Correlations have been found between

the microstructural and internal stress evolution during galvanostatic Ti thin-film

anodization. Stresses in anodic oxide film on titanium thin film/glass electrode in

pH 8.4 borate solution were investigated by using the bending beam method [38].

The changes of the interfacial stress of a thin Ni plate in contact with a

0.1 mol dm�3 perchloric acid solution were estimated from the changes in the

bending of the plate (only one side of the plate was in contact with the electrolyte

solution; the other side of it was covered with a nonconducting film) [39]. As it can

be seen in Fig. 7.7, the mechanical properties of the passive layer on nickel are

influenced by the presence of Cl� ions.

The shape of the voltstressogram recorded in 0.1M perchloric acid solution

(curve 1) changes substantially if the solution contains 10�4M chloride ions

(curve 2). The increase in the deflection is more pronounced at higher Cl�

concentrations. It is known from the literature that chloride ions are incorporated

in the passive film on nickel, if the film is formed in Cl�-containing solutions [40,
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41]. Since the change of the stress is positive (tensile stress), it can be assumed that

chloride ions incorporated in the passive film facilitate the formation of a more

ordered structure.

From thermodynamic point of view, perchlorate ions at solution/metal electrode

interfaces, mainly in acidic medium, should be instable against reductive attacks in

a wide potential range [42]. In contrast to this, it is a general view in the electro-

chemical literature that ClO4
� ions are very resistant to reduction. Therefore,

perchlorates (e.g., perchloric acid and sodium perchlorate) are widely used as

supporting electrolytes in electrochemical studies. Among these investigations,

reports concerning dissolution, deposition, passivation, and corrosion of iron

group metals can also be found (see, e.g., [43–46] and literature cited therein).

However, it has been already demonstrated that the reduction of perchlorate ions

takes place during the corrosion of Co, Ni, and Fe in HClO4 solutions. A survey of

the literature can be found in reviews [44, 45, 47]. The bending beammethod can be

considered as an appropriate tool for the in situ monitoring of these effects.

7.3.2 Monitoring of the Electrochemical Degradation of Polymer
Films

In recent years, there has been great progress in research on electronic and electro-

chemical devices based on organic materials. Such devices are, e.g., light emitting

diodes, organic thin film transistors, solar cells, memory devices, ion-selective

electrodes, microelectrode arrays, fuel cells, etc. [48–57]. The monitoring of the

Fig. 7.7 Changes in the radius of curvature of a Ni plate (one side of it covered with a Teflon®

foil) and the current during potential sweep in a 0.1 mol dm�3 perchloric acid solution (curves 1

and 1A), in the same solution containing 10�4 mol dm�3 Cl� ions (2, 2A), and in the same solution

containing 2.5 � 10�4 mol dm�3 Cl� ions (3, 3A) (sweep rate: 3 mV s�1) (SSCE: calomel

electrode, the electrolyte solution is saturated with NaCl). Adapted from [39]
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degradation of polymer layers is of great importance for the long-term use of

the devices. Among the organic-conducting polymers, poly(3,4-ethylenediox-

ythiophene), often abbreviated as PEDOT, and its derivatives appear to be among

the most stable organic-conducting polymers currently available. Previous studies

have shown that PEDOT is electroactive in aqueous solutions [58–60], changes its

color depending on the applied potential, is transparent in the oxidized state, is

highly insoluble in almost every solvents, and exhibits quite a high conductivity

(ca. 300 S cm�1). According to experimental results, during oxidation or reduction

processes, the mechanical properties of conductive polymers may change signifi-

cantly [61, 62].

Considerable stress changes in dodecylbenzenesulfonate-doped polypyrrole

films have been detected by using a micromechanical cantilever-based sensor

[63]. In these experiments, the polymer was electrochemically switched between

its oxidized and neutral state by cyclic voltammetry.

In [64], results obtained during the overoxidation of PEDOT on gold in aqueous

sulfuric acid and sodium sulfate solutions have been reported. It has been shown

that the electrochemical bending beam method is a useful tool for the in situ

monitoring of the degradation of polymer films in electrochemical systems. Unfor-

tunately, in the case of polymer-modified electrodes, the change in the interfacial

stress of the metal/electrolyte interface with electrode potential (E) occurs simulta-

neously with the change of the film stress. Both processes can lead to a change of

the radius of curvature of the beam. It has been concluded that overoxidation of

PEDOT takes place when the electrode potential is more positive than about

+0.80 V vs. SCE, but the effect of overoxidation on the electrochemical/electrome-

chanical properties is small if the positive potential limit is kept below 1.20 V vs.

SCE. When the positive potential limit was extended to 1.5 V, the cyclic

voltammetric wave characteristic of gold oxide reduction appeared after a few

cycles in the negative-going potential scan. Similarly, the “deflectograms” recorded

by using the bending beam technique before and after overoxidation of the polymer

showed significant differences. During subsequent overoxidation cycles, the deflec-

tion vs. electrode potential curves more and more resembled that of gold contacting

the same solution (see Fig. 7.1a).

A series of cyclic voltammetric curves recorded for a gold/PEDOT/0.1M sulfu-

ric acid (aq) electrode (tF � 1.4 mm) at a sweep rate of n ¼ 50 mV s�1 are presented

in Figs. 7.8b and 7.9b. The corresponding potential programs are given in Figs. 7.8a

and 7.9a. After completion of the potential program shown in Fig. 7.8a, six

additional triangular potential cycles (between �0.4 and 1.5 V vs. SCE) were

applied to the electrode (not shown in the figures). Finally, the four potential cycles

shown in Fig. 7.9a were applied. The corresponding D(1/R) vs. E curves are plotted

in Figs. 7.8c and 7.9c.

The changes in the D(1/R) vs. E curves become more and more pronounced with

the increase of the number of cyclic voltammograms recorded in the potential range

where (over)oxidation of the polymer occurs (Fig. 7.9c) and the shape of the curve

begins to resemble more and more that of the DR�1 vs. E curve for PPD on gold

(curves 1–2 in Fig. 7.9c). These differences suggest that the film undergoes a
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Fig. 7.8 (a) Potential program applied to the Au/PEDOT/0.1 M sulfuric acid electrode. Sweep

rates n ¼ 50 mV s�1. (b) The series of cyclic voltammetric curves corresponding to the potential

program indicated in (a). (c) The simultaneously recorded D(1/R) vs. E curves. Adapted from [64]
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Fig. 7.9 (a) Potential program applied to the Au/PEDOT/0.1 M sulfuric acid electrode after the

treatment is shown in Fig. 7.8 and six additional potential cycles between �0.4 and 1.5 V vs. SCE
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degradation process of some sort upon its (over)oxidation above 0.8 V. After the

application of eight potential cycles up to 1.5 V vs. SCE, only a slight change in 1/R
can be observed in the potential range �0.4 to 0.8 V vs. SCE during subsequent

potential cycles (curves 3–4 in Fig. 7.9c). In this potential region, the D(1/R) vs. E
curve is of a very characteristic shape with a maximum and a minimum indicating

that the polymer layer is still present on the gold surface.

The same conclusion can be drawn on the basis of cyclic voltammetry. When the

positive potential limit was extended until 1.5 V, the cyclic voltammetric wave

characteristic to gold oxide reduction appeared after a few cycles in the negative-

going potential scan (curves 1–2 in Fig. 7.9b). On the other hand, the CVs recorded

in the potential range from �0.4 to 0.8 V vs. SCE clearly show the presence of a

significant amount of polymer in direct (electrical) contact with the gold surface

(curves 3–4 in Fig. 7.9b).

Most of the results could be explained by the assumption that the observed

electrochemical/mechanical behavior of the Au/PEDOT/0.1M sulfuric acid (aq)

electrodes before and after overoxidation is directly related to the internal structure

of the polymer, i.e., by supposing structural changes in the originally compact and

strongly adherent polymer film during the overoxidation (degradation) process. An

alternative explanation is that during overoxidation, the film gradually delaminates

from the gold layer, exposing the underlying gold substrate to the electrolyte

solution. It has been shown in [13] that both interpretations outlined in the intro-

duction can be considered as correct. The most important point is that structural

changes in (Au, Pt)/PEDOT films due to overoxidation are associated with the

formation of cracks or crevices and occur almost simultaneously with the initiation

of delamination.

7.3.3 Insertion of Species into Materials, Absorption,
and Intercalation

In [65], the stress change generated during lithium transport through the rf-sputter-

deposited Li1�dCoO2 films in contact with 1M solution of lithium perchlorate in

propylene carbonate was determined as a function of the lithium stoichiometry,

(1 � d), using the bending beam method combined with cyclic voltammetry,

galvanostatic intermittent titration technique, and potentiostatic current transient

technique. (Note that the results in [65] have been corrected in [66].) The stress

changes generated during lithium transport through the sol/gel-derived LixMn2O4

�

Fig. 7.9 (continued) (not shown in the figures). Sweep rates n ¼ 50 mV s�1. (b) The series of

cyclic voltammetric curves corresponding to the potential program indicated in (a). (c) The

simultaneously recorded D(1/R) vs. E curves. Adapted from [64]
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films annealed at 773 and 873 K were quantitatively determined as a function of the

lithium stoichiometry (electrolyte solution used in the experiments: manganese

acetylacetonate Mn(CH3COCHCOCH3)3 and lithium acetylacetonate (LiCH3-

COCHCOCH3) dissolved in 1-butanol and acetic acid).

In [67], the stresses generated during cyclic voltammetric measurements on a Pd

foil electrode in 0.1M NaOH solution have been analyzed by using the bending

beam technique combined with cyclic voltammetry. The stress behavior of hydro-

gen adsorption/absorption into Pd layers electrodeposited on (1 1 1)-textured gold

has been investigated in alkaline solution [68] and in 0.1M H2SO4 [69].

In situ measurements of stress evolution in a silicon thin-film electrode during

electrochemical lithiation and delithiation by using the multibeam optical sensor

(MOS) technique were reported in [70].
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Chapter 8

Mathematical Methods in Interfacial

Thermodynamics

8.1 Important Mathematical Concepts

8.1.1 Homogeneous Functions

8.1.1.1 Definition

A homogeneous function is a function of one or several variables that satisfies the

following condition: when all independent variables of a function are simulta-

neously multiplied by the same (arbitrary) factor, the value of the function is

multiplied by some power of this factor.

Let f(x1, x2, . . ., xm) a real function of variables x1, x2, . . ., xm such that

f kx1; kx2; . . . ; kxmð Þ ¼ knf x1; x2; . . . ; xmð Þ (8.1)

for all k > 0, and then f is said to be a homogeneous function of degree n.

8.1.1.2 Euler’s Theorem

Euler’s theorem states that the differentiable function f of m variables is homoge-

neous of degree n if and only if

nf x1; x2; . . . ; xmð Þ ¼
Xm

i¼1

xi
@f

@xi
: (8.2)

Proof. Let

f x̂1; x̂2; . . . ; x̂mð Þ

G.G. Láng and C.A. Barbero, Laser Techniques for the Study of Electrode Processes,
Monographs in Electrochemistry, DOI 10.1007/978-3-642-27651-4_8,
# Springer-Verlag Berlin Heidelberg 2012

137



be a homogeneous function of degree n such that

f kx̂1; kx̂2; . . . ; kx̂mð Þ ¼ knf x̂1; x̂2; . . . ; x̂mð Þ (8.3)

and

k 6¼ 0;
1

k
¼ k; xi ¼ 1

k
x̂i ¼ kx̂i; kxi ¼ x̂i:

Evidently,

f kx̂1; kx̂2; . . . ; kx̂mð Þ ¼ f x1; x2; . . . ; xmð Þ ¼ 1

k

� �n

f kx1; kx2; . . . ; kxmð Þ (8.4)

and

knf x1; x2; . . . ; xmð Þ ¼ f kx1; kx2; . . . ; kxmð Þ ¼ f x̂1; x̂2; . . . ; x̂mð Þ; (8.5)

that is, f ðx1; x2; . . . ; xmÞ is also a homogeneous function of degree n.
To prove Euler’s theorem, differentiate each side of Eq. (8.3) with respect to k

to give

@f ðkx̂1; kx̂2; . . . ; kx̂mÞ
@kx̂1

x̂1 þ @f ðkx̂1; kx̂2; . . . ;kx̂mÞ
@kx̂2

x̂2 þ . . .

þ @f ðkx̂1; kx̂2; . . . ; kx̂mÞ
@kx̂m

x̂m ¼ nkn�1f x̂1; x̂2; . . . ; x̂mð Þ:
(8.6)

By introducing k ¼ 1=k; xi ¼ kx̂i; x̂i ¼ kxi,

@f ðx1; x2; . . . ; xmÞ
@x1

kx1 þ @f ðx1; x2; . . . ; xmÞ
@x2

kx2 þ . . .

þ @f ðx1; x2; . . . ; xmÞ
@xm

kxm ¼ n
1

k

� �n�1

f kx1; kx2; . . . ; kxmð Þ:
(8.7)

Taking into account that according to Eq. (8.4)

knf x1; x2; . . . ; xmð Þ ¼ f kx1; kx2; . . . ; kxmð Þ; (8.8)

Eq. (8.7) can be rewritten as

@f ðx1; x2; . . . ; xmÞ
@x1

kx1 þ @f ðx1; x2; . . . ; xmÞ
@x2

kx2 þ . . .þ @f ðx1; x2; . . . ; xmÞ
@xm

kxm

¼ n
1

k

� �n�1

knf kx1; kx2; . . . ; kxmð Þ:
(8.9)
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This means that

Xm

i¼1

@f ðx1; x2; . . . ; xmÞ
@xi

xi ¼ nf x1; x2; . . . ; xmð Þ; (8.10a)

or, obviously,

Xm

i¼1

@f ðx̂1; x̂2; . . . ; x̂mÞ
@x̂i

x̂i ¼ nf x̂1; x̂2; . . . ; x̂mð Þ; (8.10b)

which is exactly Euler’s theorem.
Alternatively, by differentiating the homogeneity condition [Eq. (8.1)] with

respect to k,

@

@k
f kx1; kx2; . . . ; kxmð Þ ¼ @

@k
knf x1; x2; . . . ; xmð Þ; (8.11)

and thus

Xm

i¼1

@f kx1; kx2; . . . ; kxmð Þ
@kxi

xi ¼ nkn�1f x1; x2; . . . ; xmð Þ: (8.12)

Then, setting k ¼ 1, we have

Xm

i¼1

xi
@f x1; x2; . . . ; xmð Þ

@xi
¼ nf x1; x2; . . . ; xmð Þ; (8.13)

which was to be proved.

We can show that the converse theorem also holds, that is, if Eq. (8.2) holds, then
the function f is homogeneous of degree n.

Suppose that Eq. (8.2) is true, that is,

nf x1; x2; . . . ; xmð Þ ¼
Xm

i¼1

xi
@f

@xi
:

Let us fix (x1, . . ., xm) and define the function g of a single variable as

gðtÞ ¼ t�nf tx1; . . . ; txmð Þ � f x1; . . . ; xmð Þ: (8.14)

Differentiate each side of this equation with respect to t to give

@gðtÞ
@t

¼ �nt�n�1f ðtx1; . . . ; txmÞ þ t�n
Xm

i¼1

xi
@f ðtx1; . . . ; txmÞ

@txi
: (8.15)
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By Euler’s theorem (see, e.g., 8.10b), we have

Xm

i¼1

@f ðtx1; . . . ; txmÞ
@txi

txi ¼ nf tx1; . . . ; txmð Þ (8.16)

so that

@gðtÞ
@t

¼ �nt�n�1f ðtx1; . . . ; txmÞ þ t�n 1

t
nf tx1; . . . ; txmð Þ ¼ 0: (8.17)

Thus, g(t) is constant for all t. It is clear that g(1) ¼ 0; therefore, g(t) ¼ 0 for all

t, and with Eq. (8.14), we get

t�nf tx1; . . . ; txmð Þ � f x1; . . . ; xmð Þ ¼ 0; (8.18)

that is,

f tx1; . . . ; txmð Þ ¼ tnf x1; . . . ; xmð Þ

for all t > 0, which means that f is homogeneous of degree n.

Example 1. Consider the following function:

f ðx; y; zÞ ¼ � x3

yz
:

Since

f ðkx; ky; kzÞ ¼ � ðkxÞ3
ðkyÞðkzÞ ¼ k � x3

yz

� �
¼ kf ðx; y; zÞ;

this function is homogeneous of the first degree in the variables x, y, and z, and the

partial derivatives are

@f

@x
¼ � 3x2

yz
;

@f

@y
¼ x3

y2z
; and

@f

@z
¼ x3

yz2
:

Thus, applying Euler’s theorem,

f ðx; y; zÞ ¼ @f

@x
� xþ @f

@y
� yþ @f

@z
� z ¼ � 3x2

yz

� �
xþ x3

y2z

� �
yþ x3

yz2

� �
z ¼ � x3

yz
:

Remarks. (i) A homogeneous function of degree n gives rise to a set of derivative

functions that are homogeneous in the same set of variables and of degree n � 1,
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that is, partial derivatives of a homogeneous function of degree n are homogeneous

functions of degree n � 1.

Proof. Differentiate both sides of Eq. (8.1) with respect to xi (for i ¼ 1, . . ., m)
to get

k
@f ðkx1; . . . ; kxmÞ

@kxi
¼ kn

@f ðx1; . . . ; xmÞ
@xi

and then divide both sides by k to get

@f ðkx1; . . . ; kxmÞ
@kxi

¼ kn�1 @f ðx1; . . . ; xmÞ
@xi

:

Hence, the derivatives of f are homogeneous of degree n � 1.

(ii) In thermodynamics, extensive thermodynamic functions are homogeneous

functions of degree n ¼ 1 (homogeneous linear functions), that is,

f kx1; . . . ; kxmð Þ ¼ kf x1; . . . ; xmð Þ; (8.19)

and so

Xm

i¼1

@f

@xi
xi ¼ f x1; . . . ; xmð Þ: (8.20)

Partial derivatives of a homogeneous linear functions are homogeneous fun-

ctions of degree n ¼ 0 (homogeneous function of 0th degree), that is,

f kx1; . . . ; kxmð Þ ¼ f x1; . . . ; xmð Þ (8.21)

and

Xm

i¼1

@f

@xi
xi ¼ 0: (8.22)

(iii) Suppose that the domain of definition of the function f lies in the first

quadrant, x1 > 0, . . ., xm > 0, and contains the whole ray (kx1, . . ., kxm), k > 0,

whatever it contains (x1, . . ., xm). Then f is homogeneous of degree n if and only if

there exists a function w of m � 1 variables defined on the set of points of the form

(x2/x1, . . ., xm/x1) such that, for all (x1, . . ., xm) in the domain of definition,

f x1; . . . ; xmð Þ ¼ xn1w x2 x1= ; . . . ; xm x1=ð Þ: (8.23)

(see, e.g., [1, 2]).

Proof. Let f(x1, x2, . . ., xm) a homogeneous function of degree n of variables x1, x2,
. . ., xm such that
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f kx1; . . . ; kxmð Þ ¼ knf x1; . . . ; xmð Þ

for all k > 0. Obviously,

f x1; x2; . . . ; xmð Þ ¼ f x1;
x2
x1

x1; . . . ;
xm
x1

x1

� �
:

If we set k ¼ 1/x1, we have

f x1; x2; . . . ; xmð Þ ¼ xn1f 1;
x2
x1

; . . . ;
xm
x1

� �
;

that is, f is represented by

f ¼ xn1w
x2
x1

; . . . ;
xm
x1

� �

with some function w. Since, conversely, every f function formed by means of an

appropriate function w of n � 1 variables satisfies the condition of homogeneity, f
represents the totality of homogeneous functions of degree n.

8.1.1.3 The Gibbs–Duhem Equation

If the function f(x1, . . ., xm) is homogeneous of degree n ¼ 1 with respect to the

variables x1, . . ., xm, then one has the identity

f kx1; kx2; . . . ; kxmð Þ ¼ kf x1; x2; . . . ; xmð Þ:

Let us set

@f

@x1
¼ f 01; . . . ;

@f

@xm
¼ f 0m;

etc. and apply Euler’s theorem to the function f.
We will have

f ¼ x1f
0
1 þ x2f

0
2 þ . . .þ xmf

0
m: (8.24)

It results from this formula that the functions

f 01; f
0
2; . . . ; f

0
m
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are quantities (functions) of the same type as the quotient of an energy or a work by

a charge, mass, etc. Hence, these are quantities of the same type as a potential

(function).

In thermodynamics, if f means, e.g., the internal energy function, and xis mean

the amounts of substances, we can call them partial molar internal energies of the
constituents 1, . . ., m in the system (thermodynamic potentials).

On the basis of remarks (i) and (ii), the functions

f 01; f
0
2; . . . ; f

0
m

are homogeneous functions of degree zero in the variables x1, . . ., xm.
To each of these functions, we can apply Euler’s theorem, and we will find the

identities

x1
@f 01
@x1

þ x2
@f 01
@x2

þ . . .þ xm
@f 01
@xm

¼ 0

..

.

x1
@f 0m
@x1

þ x2
@f 0m
@x2

þ . . .þ xm
@f 0m
@xm

¼ 0:

The identities

@f 0i
@xj

¼ @f 0j
@xi

;

which result from the definition of the functions (the mixed second partial

derivatives are equal), permit the substitution of equations

x1
@f 01
@x1

þ x2
@f 02
@x1

þ . . .þ xm
@f 0m
@x1

¼ 0

..

.

x1
@f 01
@xm

þ x2
@f 02
@xm

þ . . .þ xm
@f 0m
@xm

¼ 0;

(8.25)

and therefore

x1df
0
1 þ x2df

0
2 þ . . .þ xmdf

0
m ¼ 0: (8.26)

This relation is known as Gibbs–Duhem equation or Gibbs–Duhem relation.

Example 2. Consider the following function:

f x; y; zð Þ ¼ � x3

yz
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homogeneous of degree 1 (see Example 1).

The partial derivatives with respect of x, y, and z are

f 0x ¼
@f

@x
¼ � 3x2

yz
; f 0y ¼

@f

@y
¼ x3

y2z
; and f 0z ¼

@f

@z
¼ x3

yz2
:

The partial derivatives of f 0x, f
0
y, and f 0z with respect to x can be given as

@f 0x
@x

¼ � 6x

yz
;

@f 0y
@x

¼ 3x2

y2z
; and

@f 0z
@x

¼ 3x2

yz2
:

In accordance with Eq. (8.25),

x
�6x

yz
þ y

3x2

y2z
þ z

3x2

yz2
¼ �6x2 þ 3x2 þ 3x2

yz
¼ 0:

Alternatively, we can formally write

df 0x ¼
�6xyz � dxþ 3x2z � dyþ 3x2y � dz

y2z2
;

df 0y ¼
3x2y2z � dx� 2x3yz � dy� x3y2 � dz

y4z2
;

, and

df 0z ¼
3x2yz2 � dx� x3z2 � dy� 2x3yz � dz

y2z4
:

Thus,

xdf 0x þ ydf 0y þ zdf 0z ¼
�6x2y2z2 � dxþ 3x3yz2 � dyþ 3x3y2z � dz

z3y3

þ 3x2y2z2 � dx� 2x3yz2 � dy� x3y2z � dz
z3y3

þ 3x2y2z2 � dx� x3yz2 � dy� 2x3y2z � dz
z3y3

¼ 0

in accordance with the Gibbs–Duhem equation (8.26).

Example 3. Consider the internal energy function U defined by

U ¼ UðS;V; n1; . . . ; nmÞ;

where S is the entropy, V is the volume, and ni (i ¼ 1, . . ., m) is the chemical

amount of component i, respectively. Since U is a homogeneous function of degree

1 with respect to all of its variables,
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U kS; kV; kn1; . . . ; knmð Þ ¼ kU S;V; n1; . . . ; nmð Þ:

The temperature (T), pressure (p), and the chemical potentials mi (i ¼ 1, . . ., m)
of the components are

T ¼ @U

@S

� �

V;n1;:::;nm

; p ¼ � @U

@V

� �

S;n1;:::;nm

; and mi ¼
@U

@ni

� �

S;V;ni 6¼m

;

respectively. (In the above equations, ni means the set [n1, . . ., nm] (i ¼ 1, . . ., m)
and nj6¼i denotes all elements (variables) in [n1, . . ., nm] except for the ith.)
According to Euler’s theorem,

U ¼ TSþ ð�pVÞ þ
X

i

mini:

The Gibbs–Duhem relation is written as

� SdT þ Vdpþ n1dm1 þ . . .þ nmdmm ¼ 0:

It follows that T, p, and mi cannot be independently variable, that is, that the

intensive variables are not independent. If we know m � 1 of them, the value of the

mth can be determined from the Gibbs–Duhem equation. It is particularly useful in

its application to changes at constant temperature and pressure, when it may be

written

Xm

i¼1

nidmi ¼ 0:

8.1.1.4 Partly Homogeneous Functions

A function f is called “partly homogeneous” of degree 1 in terms of m among

p variables if

f kx1; . . . ; kxm; y1; . . . ; yp
� � ¼ kf x1; . . . ; xm; y1; . . . ; yp

� � ðk>0Þ;

that is, the function f is homogeneous with respect to certain variables, but not

homogeneous with respect to all of the variables. These functions are important as

they are frequently encountered in thermodynamics [3].

Let us introduce new variables

zi ¼ x1 � yi (8.27)

8.1 Important Mathematical Concepts 145



and the function f̂ as

f̂ x1; . . . ; xm; z1; . . . ; zp
� � ¼ f x1; . . . ; xm;

z1
x1

; . . . ;
zp
x1

� �
: (8.28)

We can prove that f̂ is homogeneous of the first degree with respect to all of its

variables. According to Eq. (8.28),

f̂ kx1; . . . ; kxm; kz1; . . . ; kzp
� � ¼ f kx1; . . . kxm;

kz1
kx1

; . . . ;
kzp
kx1

� �

¼ f kx1; . . . kxm;
z1
x1

; . . . ;
zp
x1

� �
:

(8.29)

On the other hand, f is a homogeneous linear function with respect of xi, . . ., xm.
Thus,

f kx1; . . . ; kxm;
z1
x1

; . . . ;
zp
x1

� �
¼ kf x1; . . . ; xm;

z1
x1

; . . . ;
zp
x1

� �
: (8.30)

By taking into account the definition of f̂ ,

f̂ kx1; . . . ; kxm; kz1; . . . ; kzp
� � ¼ kf̂ x1; . . . ; xm; z1; . . . ; zp

� �
; (8.31)

which was to be proved.

The partial derivatives of f and f̂ w.r.t. xi, yi, and zi are, respectively, denoted by

f xi ¼ @f

@xi

� �

xj 6¼i;yj

; f yi ¼ @f

@yi

� �

xj;yj 6¼i

; f̂ xi ¼ @ f̂

@xi

 !

xj6¼i;zj

; f̂ zi ¼ @ f̂

@zi

 !

xj;zj 6¼i

: (8.32)

The partial derivatives of f̂ are given as (for i ¼ 1, . . ., p)

f̂ zi ¼ @ f̂

@zi
¼ @f

@yi
� 1
x1

¼ f yi � 1
x1

; (8.33)

and for i ¼ 2, . . ., m

f̂ xi ¼ @ f̂

@xi
¼ @f

@xi
¼ f xi : (8.34)

The total derivative of f̂ can be written as

@ f̂

@x1
¼ @f

@x1
þ @f

@y1
� �z1

x21

� �
þ @f

@y2
� �z2

x21

� �
þ . . .þ @f

@ym
� �zp

x21

� �
: (8.35)
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By using Eqs. (8.26) and (8.31), Eq. (8.34) can be rewritten in the form

f̂ x1 ¼ f x1 þ f y1 � �y1
x1

� �
þ f y2 � �y2

x1

� �
þ . . .þ f yp � �yp

x1

� �
: (8.36)

From Eq. (8.33),

f yi
x1

¼ f̂ zi ; (8.37)

this means that

f̂ x1 ¼ f x1 �
Xp

i¼1

f̂ zi yi: (8.38)

Since f̂ is homogeneous of the first degree with respect to all of its variables and

its partial derivatives are homogeneous of degree zero, we can apply Euler’s

theorem. Hence,

f̂ ¼
Xm

i¼1

xi f̂
x
i þ

Xp

i¼1

zi f̂
z
i ; (8.39)

and

0 ¼
Xm

i¼1

xidf̂
x
i þ

Xp

i¼1

zidf̂
z
i : (8.40)

With Eqs. (8.28), (8.33), (8.35), (8.38)–(8.40), we have

f ¼ x1 f x1 �
Xp

i¼1

f yi
x1

yi

 !

þ
Xm

i¼2

xi f
x
i þ

Xp

i¼1

x1yi
f yi
x1

(8.41)

and

0 ¼ x1d f x1 �
Xp

i¼1

f yi
x1

yi

 !

þ
Xm

i¼2

xidf
x
i þ

Xp

i¼1

x1yid
f yi
x1
: (8.42)

Consequently,

f ¼
Xm

i¼1

xi f
x
i ¼

Xm

i¼1

xi
@f

@xi

� �

xj6¼i;yj

; (8.43)
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and

0 ¼
Xm

i¼1

xidf
x
i �

Xp

i¼1

f yi dyi: (8.44)

The latter relation is the Gibbs–Duhem equation for “partly homogeneous

functions.”

Example 4. The function

f ¼ � x2

y
wþ u4x

is not fully homogeneous, since

f ðkx; ky; ku; kwÞ 6¼ knf ðx; y; u;wÞ:

(If the powers of x, y, u, and w are added, the first term on the right-hand side of

the expression yields 2 and the second term, 5.)

However, if u and w are constant, the sum of the powers of x and y for each term
is 1. Therefore, the function is partly homogeneous (with respect to x and y) so that

f ðkx; ky; u;wÞ ¼ kf ðx; y; u;wÞ:

The partial derivatives with respect of x and y are

f 0x ¼
@f

@x
¼ � 2xw

y
þ u4 and f 0y ¼

@f

@y
¼ x2w

y2
:

Thus, applying Euler’s theorem,

f ðx; y; u;wÞ ¼ � 2xw

y
þ u4

� �
xþ x2w

y2

� �
y ¼ � x2w

y
þ u4x:

The partial derivatives with respect of u and w are

f 0u ¼
@f

@u
¼ 4u3x and f 0w ¼ @f

@w
¼ � x2

y
:

We can formally write

x � df 0x ¼
�2wyx � dx� 2x2y � dwþ 2x2w � dy

y2
þ 4u3x � du;
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y � df 0y ¼
2xwy2 � dxþ x2y2 � dw� 2x2wy � dy

y3
;

f 0u � du ¼ 4u3x � du;

and

f 0w � dw ¼ � x2

y
� dw:

Thus,

xdf 0x þ ydf 0y � f 0udu� f 0wdw ¼ 0;

in accordance with the Gibbs–Duhem equation for “partly homogeneous functions”

[Eq. (8.44)].

Example 5. As we have seen from the previous example, the function

f ¼ � x2

y
wþ u4x

is not fully homogeneous, since

f ðkx; ky; ku; kwÞ 6¼ knf ðx; y; u;wÞ:

Let us introduce new variables a ¼ x � u and b ¼ x � w, that is,

u ¼ a
x
; w ¼ b

x
;

and the function f̂ as

f̂ ¼ � x2

y

b
x
þ a

x

� �4
x ¼ � xb

y
þ a4

x3
:

Since

f̂ ðkx; ky; ka; kbÞ ¼ � kx � kb
ky

þ ka4

kx3
¼ k � x � b

y
þ a4

x3

� �
¼ kf̂ ðx; y; a; bÞ;

it is obvious that f̂ is a homogeneous function of degree 1 with respect to all of its

variables (x, y, a, and b).

Example 6. Let us consider the Gibbs free energy function G defined by
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G ¼ GðT; p; n1; n2; . . . ; nmÞ;

where T is the temperature, p is the pressure, and ni (i ¼ 1, . . ., m) is the

chemical amount of component i, respectively. G is partly homogeneous of degree

1 in terms of the variables n1, . . ., nm. We thus have

GðT; p; kn1; . . . ; knmÞ ¼ kGðT; p; n1; . . . ; nmÞ:

The total differential of G is given as

dG ¼ @G

@T

� �

p;ni

dT þ @G

@p

� �

T;ni

dpþ
Xm

i¼1

@G

@ni

� �

T;p;nj6¼i

dni: (8.45)

The temperature (T), pressure (p), and the chemical potentials mi (i ¼ 1, . . ., m)
of the components are

S ¼ � @G

@T

� �

p;ni

; V ¼ @G

@p

� �

T;ni

; and mi ¼
@G

@ni

� �

T;p;nj6¼i

;

respectively. Thus, Eq. (8.45) can be rewritten as

dG ¼ �SdT þ Vdpþ
Xm

i¼1

midni: (8.46)

According to Euler’s theorem,

G ¼
X

i

mini: (8.47)

In order to get an expression for dG from Eq. (8.47) comparable with that in

Eq. (8.45) or Eq. (8.46), we must differentiate Eq. (8.47) “generally,” that is, with

respect to the same variables as in Eq. (8.46), expressed explicitly or implicitly.

This gives

dG ¼
Xm

i¼1

midni þ
Xm

i¼1

nidmi:

There are thus two (general) expressions for df, both of which are correct. This

can only be the case if

SdT � Vdpþ
X

i

nidmi ¼ 0:
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8.1.2 Legendre Transformation

Consider an arbitrary function of

x1; x2; x3; ::: : f x1; x2; x3; :::ð Þ (8.48)

The total derivative (full derivative) of f ðx1; x2; x3; :::Þ with respect to x1 is

df

dx1
¼ @f

@x1
þ @f

@x2

dx2
dx1

þ @f

@x3

dx3
dx1

þ . . . (8.49)

Multiplying both sides of the equation by the differential dx1,

df ¼ @f

@x1
dx1 þ @f

@x2
dx2 þ @f

@x3
dx3 þ . . . ¼ p1dx1 þ p2dx2 þ p3dx3 þ . . . ; (8.50)

where p1 ¼ @f=@x1, p2 ¼ @f=@x2, p3 ¼ @f=@x3, etc. The result will be the differ-

ential change df in the function f.
The differential of the form

df ¼
Xk

j¼1

pj x1; x2; . . . ; xkð Þdxj (8.51)

is called the total differential or the exact differential of the function f.
Let us consider a new function g of the variables p1 and x2, x3, . . .,

g p1; x2; x3; . . .ð Þ ¼ f x1ðp1Þ; x2; x3; . . .ð Þ�p1x1ðp1Þ: (8.52)

A necessary condition is the existence of a one-to-one relation between p1 and
x1; that is, the function p1(x1, x2, x3, . . .) can be inverted to give x1(p1).

The new function g(p1, x2, x3, . . .) is called the Legendre transform of the

function f(x1, x2, x3, . . .). In general, this is a special transformation that allows us

to replace variables in a function in a consistent manner.

The differential of g(p1, x2, x3, . . .) is

dg ¼ df � x1 p1ð Þdp1 � p1 x1; x2; x3; . . .ð Þ dx1: (8.53)

With Eq. (8.50),

dg ¼ �x1 p1ð Þdp1 þ @f

@x2
dx2 þ @f

@x3
dx3 þ . . . : (8.54)

Formally, the total differential of g is
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dg ¼ @g

@p1
dp1 þ @g

@x2
dx2 þ @g

@x3
dx3 þ . . . : (8.55)

By comparing Eqs. (8.54) and (8.58),

x1 ¼ � @g

@p1
;

@f

@x2
¼ @g

@x2
;

@f

@x3
¼ @g

@x3
;

etc.

Let us look at examples to see how this works out.

Example 1: One-dimensional Legendre transformation Consider an arbitrary

function of x:f(x). We know that locally the slope of this curve is precisely its

derivative with respect to x, so the change in the function f(x) at the point x for a

small change in the argument dx is

df ¼ @f

@x
dx � pðxÞdx;

where

p ¼ @f ðxÞ
@x

¼ f 0ðxÞ;

as usual.

Now, suppose we want to find a function that reverses the roles of the slope and

infinitesimal, that is, a function g(p) such that dg ¼ xdp [where we now view x as a
function of p defined by the inverse of p ¼ f 0(x)].

It is easy to see that the function

g ¼ f ðpÞ � pxðpÞ

(the Legendre transform) has

dg ¼ df � xdp� pdx ¼ �xdp;

as desired. Note that since g(p) is a function of p only, we must have

x ¼ dgðpÞ
dp
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just as we had

p ¼ @f ðxÞ
@x

before. Consequently, we have a pair of functions f(x) and g(p) related in the

following way:

f ðxÞ ! gðpÞ ¼ f ðxðpÞÞ � xðpÞp xðpÞ : df ðxÞ
dx

¼ p;

gðpÞ ! f ðxÞ ¼ gðpðxÞÞ � pðxÞx pðxÞ : dgðpÞ
dp

¼ x;

where the pair f(x) and g(p) are Legendre transforms of each other. There is a

certain symmetry here; the same transformation takes us back and forth.

Example 2. Consider the function

f ðx; y; zÞ ¼ � x3

yz
:

The partial derivatives are

@f

@x
¼ � 3x2

yz
¼ fx;

@f

@y
¼ x3

y2z
¼ fy; and

@f

@z
¼ x3

yz2
¼ fz:

The variable y can be expressed as

y ¼ x3=2

z1=2f
1=2
y

:

Define the new function f2(x, fy, z) as follows:

f2 x; fy; z
� � ¼ � x3

yz
� yfy ¼ � x3z1=2f

1=2
y

zx3=2
� x3=2

z1=2f
1=2
y

fy ¼ � 2x3=2f
1=2
y

z1=2
: (8.56)

It is obvious from this definition that f2 is the Legendre transform of f with
respect to y. By taking into account that

@f2
@z

¼ �2x3=2f 1=2y � 1

2
z�3=2

� �
¼ x3=2f

1=2
y

z3 2=
¼ fz

and
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z ¼ xf
1 3=
y

f
2 3=
z

;

the Legendre transformation of f2 (with respect to z) yields

f3 x; fy; fz
� � ¼ f2 x; fy; z

� �� zfz ¼ � 2x3 2= f
1 2=
y

x1 2= f
1 6=
y

f 1 3=
z � xf

1 3=
y

f
2 3=
z

fz ¼ �3xf 1 3=
y f 1 3=

z : (8.57)

Alternatively, Eq. s) can be derived directly by performing two successive

Legendre transformations:

f3 x; fy; fz
� � ¼ f ðx; y; zÞ � yfy � zfz;

with

@f

@x
¼ � 3x2

yz
;
@f

@y
¼ x3

y2z
¼ fy;

@f

@z
¼ x3

yz2
¼ fz; y ¼ xf�2 3=

y f 1 3=
z ; and z ¼ xf 1 3=

y f�2 3=
z :

We remark that f is a homogeneous function of the first degree in the variables x,
y, and z (see section 8.1.1.2, Example 1).

Example 3. Consider the function

f ðx; y; u;wÞ ¼ � x2w

y
þ u4x:

Since

fy ¼ @f

@y
¼ x2w

y2
;

the Legendre transformation of f with respect to y yields

f ðx; fy; u;wÞ ¼ �2xw1 2= f 1 2=
y þ u4x:

Note that f is a partly homogeneous function of degree 1 in the variables x and y
(see section 8.1.1.4, Example 4).

Example 4. Consider the function

f ðx; y; u;wÞ ¼ � x2

y
þ u4xþ w2:

Since

fy ¼ @f

@y
¼ x2

y2

154 8 Mathematical Methods in Interfacial Thermodynamics



and therefore

y ¼ x

fy
1=2

;

the Legendre transformation of f with respect to y yields

f2 x; fy; u;w
� � ¼ � x2f

1=2
y

x
þ u4xþ w2 � x

f
1=2
y

x2fy
x2

� �
¼ �2xf 1=2y þ u4xþ w2:

Example 5. The Gibbs free energy function (GðT; p; n1; . . . ; nmÞ) is obtained from

the internal energy function (U ¼ UðS;V; n1; . . . ; nmÞ) via appropriate Legendre

transformations as G ¼ U � TSþ pV;

where S is the entropy, V is the volume, p is the pressure, T is the temperature,

and ni is the chemical amount of component i, respectively. p and T are given as

p ¼ �@U=@V and T ¼ @U=@S.
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Part II

Probe Beam Deflection (PBD)



Chapter 9

Introduction to Probe Beam Deflection

Techniques

9.1 Introduction

The mechanism of detection in probe beam deflection (PBD) involves deflection

(refraction) of the probe beam by the refractive index gradient. If a refractive index

gradient is present in transparent medium, different parts of a beam traveling

perpendicular to the gradient would traverse zones of different refractive index.

The speed of light would be different for each part of the beam. Therefore, the beam

will deviate. The theory of PBD for different perturbations and including redox

reaction in solution has been described before [1]. In that way, similar to dynamic

electrochemistry, a simple technique develops into different techniques. As it was

noted there [1], while PBD techniques could be used to measure any electrochemi-

cal phenomena, it is difficult to relate the observed signal with electrochemical

reactions when there are reactions in solution or several ions are exchanged. On the

other hand, the ion exchange coupled to electrochemical reactions, between an

electrode surface and a film confined at it, and the electrolyte solution is quite

straightforward to be studied by PBD techniques.

9.2 Importance of the Field

Classic electrochemical studies are based on the study of electron fluxes at the

electrode/electrolyte interface [2]. Using different ways of system perturbation and/

or to measure the current-potential response of electrochemical systems, together

with studies on the effect of electrolyte media (e.g., pH), it has been possible to

obtain some information about electrochemical mechanisms. However, it has

become clear that purely electrochemical techniques have significant limitations.

To overcome those deficiencies, a plethora of in situ spectroscopic techniques has

been developed in recent years. In those techniques, spectroscopies have been

G.G. Láng and C.A. Barbero, Laser Techniques for the Study of Electrode Processes,
Monographs in Electrochemistry, DOI 10.1007/978-3-642-27651-4_9,
# Springer-Verlag Berlin Heidelberg 2012
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combined with electrochemical perturbations to help to understand complex elec-

trochemical phenomena. Most of those techniques have been applied to study the

electrode/electrolyte interface [3, 4] by measuring changes occurring at the inter-

face itself (e.g., in situ FTIR [5–7]) or on the whole electrode (e.g., electrochemical

quartz crystal microbalance) [8] (see Chap. 14 for a detailed account).

On the other hand, studies of the ion fluxes from/to the electrode/electrolyte

interface coupled to electrochemical reactions have been less common. One reason

is that few techniques are able to measure concentration gradients coupled to

electrochemical reactions. The oldest of those techniques is optical interferometry.

It has relatively low sensitivity, slow response, and both complex experimental

setup and analysis. Therefore, it was used mainly to study metal electrodeposition

in electroplating cells and similar systems [9, 10]. More recently, some other

techniques have been used to detect ion fluxes in solution. Among them are

radiotracer detectors [11], pH sensors [12], fluorescence or absorption measurement

on grid electrodes [13–15], scanning electrochemical microscopy [16–18], ring-

disk voltammetry [19], surface plasmon resonance [20–22], confocal microscopy

[23], etc. McCreery and coworkers performed diffraction spectroelectrochemistry

in the visible optical region [24]. Kragt et al. [25] used an interferometric micro-

scope to measure concentration gradients in front of an electrode. Most of those

techniques have not gain widespread use due to complex experimental setup or too

slow response.

Probe Beam Deflection (PBD), which is able to measure concentration gradients

in a fast and simple manner by optical detection of refractive index gradients, has

been used extensively to study a variety of electrochemical systems.

9.3 History

PBD techniques were first used by scientific groups working in photothermal

deflection spectroscopy (PDS). PDS is a technique based on the detection of

thermal gradients, which are due to the heat produced by light absorption, through

the measurement of the refractive index gradients induced by the thermal gradients,

using the refraction of a probe laser beam [26–31] (see Chap. 13 for a detailed

description of the technique). During the application of PDS to electrochemical

systems, it was found that the probe beam suffers a significant deviation in the

absence of light. It was reasoned that electrochemical reactions could also produce

refractive index gradients due to gradients of concentration of reactants/products

[32, 33]. Since the refractive index depends on concentration and temperature, the

photothermal effect is mixed up with a concentration effect. While, in principle,

simple light sources (e.g., lamps) and position detectors (e.g., pinhole in front

of photodiodes) could be used to detect the deflection of the beams, it was

the availability of affordable lasers and dedicated position detectors which made

the technique development possible. Therefore, the concentration gradients were
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measured through its effect on the refractive index, and PBD was born.1 The

technique was then adopted by electrochemists and develops further. Decker and

coworkers at the University of Campinas (Brazil) used the technique to study model

electrochemical [34] and photoelectrochemical systems [35]. They develop the

theoretical framework for PBD measurement under controlled current [36] and

sinusoidal perturbations. Cairns and coworkers (at Lawrence Berkeley Laboratory

(LBL), USA) used PDS and PBD to study Cu dissolution [28, 37]. Haas used the

technique, during a research stay at LBL, to study the ion exchange in redox and

conductive polymer films [38, 39]. Then, he installed the technique at the Paul

Scherrer Institut (Switzerland) where it was further developed and used extensively

to study different systems by O. Haas, R. K€otz, M.C. Miras, and C. Barbero

[40–44]. Independently, PBD technique was applied by Plichon and coworkers

(Ecole Supérieure de Physique et de Chimie Industrielles, ESPCI, Paris, France).

They developed a PBD setup in collaboration with A. Boccara and used it to study

the ion exchange of solid metallic complexes [45]. E. Vieil (Universite J. Fourier,

Grenoble, France) used the technique at ESPCI [46] and then installed it at

Grenoble. There he develops the convolution method for data processing of PBD

data [47]. He used the method to study different systems [48–50]. C.A. Barbero

installed a new PBD set-up at the National University of Rio Cuarto (UNRC,

Argentina) in 1996. The technique was used there to study electroactive films

[51–53] and nanostructured materials [54, 55]. The theoretical framework was

developed further [56–59], and the application of PBD to study ion exchange was

reviewed [60]. Brolo and coworkers set up a PBD system at the University of

Victoria (UV, Canada) and used it to study metal deposition and corrosion [61].

Scherson and coworkers install a PBD setup at Case Western Reserve University

(CWRU, USA). They develop the theoretical framework of the technique [62], and

combine it with in situ infrared spectroscopy [63], to study electrocatalysis.

Acknowledgments The author wishes to thank Otto Haas and Ruediger Koetz for introducing

him to the probe beam deflection techniques at Paul Scherrer Institut (Switzerland). The excellent

working environment and freedom enjoyed there allow developing the understanding of the

technique. The author also thanks all the students and fellow researchers who perform the work

described here.

Cesar Barbero is a permanent fellow of CONICET. The financial support of FONCYT, CONICET,

MinCyT-Cordoba, and SECY-UNRC during the writing of this book is gratefully acknowledged.

1 The technique has also been known as “mirage effect” or, less commonly, “optical beam

deflection.” While the name “mirage effect” predates the other names, given the physical phe-

nomena it describes, it seems more appropriate to leave such name for thermal (PDS) and not for

techniques measuring concentration gradients.

9.3 History 161



References

1. Barbero C, Miras MC (2003) Tecnicas deflectometricas aplicadas al estudio de procesos

electroquı́micos. In: Alonso-Vante N (ed) Electroquimica y electrocatalisis. e-libro net,

Buenos Aires

2. Bard AJ, Faulkner L (1984) Electrochemical methods. Wiley, New York, NY

3. Abruña HD (1991) Electrochemical interfaces. Modern techniques for in-situ interface char-

acterization. VCH, Weinheim

4. Gale RJ (1988) Spectroelectrochemistry. Theory and practice. Plenum Press, New York, NY

5. Iwasita T, Nart F (1997) In situ infrared spectroscopy at electrochemical interfaces. Progr Surf

Sci 55:271–340. doi:10.1016/S0079-6816(97)00032-4

6. Bittins-Cattaneo B, Cattaneo E, K€onigshoven P, Vieltisch W (1991) New developments in

electrochemical mass spectroscopy. In: Bard AJ (ed) Electroanalytical chemistry: a series of

advances, vol 17. Marcel Dekker, New York, NY, pp 181–220

7. Baltruschat H (1999) Differential electrochemical mass spectrometry as a tool for interfacial

studies. In: Wieckowski A (ed) Interfacial electrochemistry. Theory, experiments and

applications. Marcel Dekker, New York, NY

8. Buttry DA (1991) Applications of the quartz crystal microbalance in electrochemistry. In:

Bard AJ (ed) Electroanalytical chemistry. Marcel Dekker, New York, NY, p 17

9. Mueller RH (1973) Optical techniques in electrochemistry. In: Muller RH (ed) Advances in

electrochemistry and electrochemical engineering, vol 9. Wiley-Interscience, New York, NY.

10. Shaposhnik VA, Vasileva VI, Praslov DB (1995) Concentration fields of solutions under

electrodialysis with ion-exchange membranes. J Membr Sci 101:23–30. doi:10.1016/0376-

7388(94)00270-9 DOI:dx.doi.org

11. Horanyi G, Inzelt G (1988) Anion involvement in electrochemical transformations of

polyaniline. A radiotracer study. Electrochim Acta 33:947–952. doi:10.1016/0013-4686(88)

80093-8

12. Shimazu K, Murakoshi K, Kita H (1990) Quantitative and in-situ measurements of proton

transport at polyaniline film electrodes. J Electroanal Chem 277:347–353. doi:10.1016/

0022-0728(90)85114-K

13. Rajeshwahr K, Lezna RO, de Tacconi NR (1992) Light in an electrochemical tunnel? solving

analytical problems in electrochemistry via spectroscopy. Anal Chem 64:429A–441A.

doi:10.1021/ac00031a001

14. Lapkowski M, Genies EM (1990) Spectroelectrochemical studies of proton exchange pro-

cesses in the electrochemical reactions of polyaniline using pH indicators. J Electroanal Chem

284:127–140. doi:10.1016/0022-0728(90)87067-T

15. Nath A, Kanungo M, Contractor AQ (2003) In situ measurement of pH in the interior of

conducting polymer microtubules. J Electroanal Chem 557:119–125. doi:10.1016/S0022-0728

(03)00354-1 DOI:dx.doi.org

16. Bard AJ, Denault G, Lee C, Mandler D, Wipf DO (1990) Scanning electrochemical micros-

copy: a new technique for the characterization and modification of surfaces. Acc Chem Res

23:357–363. doi:10.1021/ar00179a002

17. Troise Frank MH, Denuault G (1993) Scanning electrochemical microscopy: probing the

ingress and egress of protons from a polyaniline film. J Electroanal Chem 354:331–339.

doi:10.1016/0022-0728(93)80347-K

18. Troise Frank MH, Denuault G (1994) Scanning electrochemical microscope (SECM) study of

the relationship between proton concentration and electronic charge as a function of ionic

strength during the oxidation of polyaniline. J Electroanal Chem 379:399–406. doi:10.1016/

0022-0728(94)87163-9

19. Kobayashi T, Yoneyama H, Tamura H (1984) Oxidative degradation pathway of polyaniline

film electrodes. J Electroanal Chem 177:293–297. doi:10.1016/0022-0728(84)80230-2

162 9 Introduction to Probe Beam Deflection Techniques

http://dx.doi.org/10.1016/S0079-6816(97)00032-4
http://dx.doi.org/10.1016/0376-7388(94)00270-9 DOI:dx.doi.org
http://dx.doi.org/10.1016/0376-7388(94)00270-9 DOI:dx.doi.org
http://dx.doi.org/10.1016/0013-4686(88)80093-8
http://dx.doi.org/10.1016/0013-4686(88)80093-8
http://dx.doi.org/10.1016/0022-0728(90)85114-K
http://dx.doi.org/10.1016/0022-0728(90)85114-K
http://dx.doi.org/10.1021/ac00031a001
http://dx.doi.org/10.1016/0022-0728(90)87067-T
http://dx.doi.org/10.1016/S0022-0728(03)00354-1 DOI:dx.doi.org
http://dx.doi.org/10.1016/S0022-0728(03)00354-1 DOI:dx.doi.org
http://dx.doi.org/10.1021/ar00179a002
http://dx.doi.org/10.1016/0022-0728(93)80347-K
http://dx.doi.org/10.1016/0022-0728(94)87163-9
http://dx.doi.org/10.1016/0022-0728(94)87163-9
http://dx.doi.org/10.1016/0022-0728(84)80230-2


20. Wang S, Huang X, Shan X, Foley KJ, Tao N (2010) Electrochemical surface plasmon

resonance: basic formalism and experimental validation. Anal Chem 82:935–941.

doi:10.1021/ac902178f

21. Andersson O, Ulrich C, Bj€orefors F, Liedberg B (2008) Imaging SPR for detection of local

electrochemical processes on patterned surfaces. Sensor Actuator B Chem 134:545–550.

doi:10.1016/j.snb.2008.05.042

22. Iwasaki Y, Horiuchi T, Morita M, Niwa O (1999) Electrochemical reaction of Fe(CN)3�/4�6
on gold electrodes analyzed by surface plasmon resonance. Surf Sci 427–428:195–198.

doi:10.1016/S0039-6028(99)00264-2 DOI:dx.doi.org

23. Cannan S, Macklam ID, Unwin PR (2002) Three-dimensional imaging of proton gradients at

microelectrode surfaces using confocal laser scanning microscopy. Electrochem Comm

4:886–892. doi:10.1016/S1388-2481(02)00482-4 DOI:dx.doi.org

24. McCreery RL (1988) Electronic and vibrational spectroscopy of electrode surfaces. Prog

Analyt Spectrosc 11:141–178

25. Kragt HJ, Smith CP, White HS (1990) Refractive index mapping of concentration profiles.

J Electroanal Chem 378:403–407. doi:10.1016/0022-0728(90)85152-U

26. Boccara AC, Fournier D, Badoz J (1980) Thermo-optical. Spectroscopy: detection by the

mirage effect. Appl Phys Lett 36:130–132. doi:10.1063/1.91395

27. Murphy JC, Aamodt LC (1980) Photothermal spectroscopy using optical beam probing:

mirage effect. J Appl Phys 51:4580–4588. doi:10.1063/1.328350

28. Russo RE, McLarnon FR, Spear JD, Cairns EJ (1987) Probe beam deflection for in situ

measurements of concentration and spectroscopic behavior during copper oxidation and

reduction. J Electrochem Soc 134:2783–2787. doi:10.1149/1.2100287

29. Royce BSH, Voss D, Bocarsly A (1983) Mirage effect studies of electrochemical processes.

J Phys Colloq 44:C6-325–C6-329. doi:10.1051/jphyscol:1983653

30. Mandelis A, Royce BSH (1984) Fundamental-mode laser-beam propagation in optically

inhomogeneous electrochemical media with chemical species concentration gradients. Appl

Opt 23:2892–2901. doi:10.1364/AO.23.002892

31. Tam AC (1986) Applications of photoacoustic sensing techniques. Rev Mod Phys 58:

381–431. doi:10.1103/RevModPhys.58.381

32. Barbero CA, Miras MC (2003) Probe beam deflection: a novel in-situ electrochemical tech-

nique. J Arg Chem Soc 91:1–40

33. Trigueiro JPC, Matencio T, Moraga GA, Lopez C (2006) Principles and use of the mirage

effect technique—mirage effect of concentration. Quim Nova 29:1078–1085, S0100-

40422006000500031

34. Decker F, Neuenschwander RT, Cesar CL, Penna AFS (1987) The mirage effect in electro-

chemistry. J Electroanal Chem Interf Electrochem 228(1-2):481–486. doi:10.1016/0022-0728

(87)80125-0

35. Decker F, Fracastoro-Decker M (1988) The mirage effect in photoelectrochemistry.

J Electroanal Chem Interf Electrochem 243:187–191. doi:10.1016/0022-0728(88)85038-1

36. Fracastoro-Decker M, Decker F (1989) The mirage effect under controlled current conditions.

J Electroanal Chem Interf Electrochem 266:215–225. doi:10.1016/0022-0728(89)85069-7

37. Brisard GM, Rudnicki JD, McLarnon FR, Cairns EJ (1995) Application of probe beam

deflection to study the electrooxidation of copper in alkaline media. Electrochim Acta

40:859–865. doi:10.1016/0013-4686(94)00360-D

38. Haas O (1989) Probe beam deflection spectroscopy as a tool for mechanistic investigations of

modified electrodes. Faraday Discuss Chem Soc 88:123–131. doi:10.1039/DC9898800123

39. Haas O, Rudnicki J, McLarnon FR, Cairns EJ (1991) Mechanistic investigations of redox

polymer-coated electrodes using probe-beam deflection and cyclic voltammetry. J Chem Soc

Faraday Trans 87:939–945. doi:10.1039/FT9918700939

40. Barbero C, Miras MC, K€otz R, Haas O (1991) Alteration of the ion exchange mechanism of an

electroactive polymer by manipulation of the active site: probe beam deflection and quartz

References 163

http://dx.doi.org/10.1021/ac902178f
http://dx.doi.org/10.1016/j.snb.2008.05.042
http://dx.doi.org/10.1016/S0039-6028(99)00264-2 DOI:dx.doi.org
http://dx.doi.org/10.1016/S1388-2481(02)00482-4 DOI:dx.doi.org
http://dx.doi.org/10.1016/0022-0728(90)85152-U
http://dx.doi.org/10.1063/1.91395
http://dx.doi.org/10.1063/1.328350
http://dx.doi.org/10.1149/1.2100287
http://dx.doi.org/10.1051/jphyscol:1983653
http://dx.doi.org/10.1364/AO.23.002892
http://dx.doi.org/10.1103/RevModPhys.58.381
http://dx.doi.org/10.1016/0022-0728(87)80125-0
http://dx.doi.org/10.1016/0022-0728(87)80125-0
http://dx.doi.org/10.1016/0022-0728(88)85038-1
http://dx.doi.org/10.1016/0022-0728(89)85069-7
http://dx.doi.org/10.1016/0013-4686(94)00360-D
http://dx.doi.org/10.1039/DC9898800123
http://dx.doi.org/10.1039/FT9918700939


crystal microbalance study of poly(aniline) and poly(N-methylaniline). J Electroanal Chem

310:437–443

41. Barbero C, Miras MC, Haas O, K€otz R (1991) Direct in situ evidence for proton/anion

exchange in polyaniline films by means of probe beam deflection. J Electrochem Soc

138:669–672. doi:10.1149/1.2085655

42. Barbero C, Miras MC, Haas O, K€otz R (1993) Comparative study of the ion exchange and

electrochemical properties of sulfonated polyaniline (SPAN) and polyaniline (PANI). Synth

Met 55–57:1539–1544. doi:10.1016/0379-6779(93)90281-Z

43. Barbero C, K€otz R, Kalaji M, Nyholm L, Peter LM (1993) Ion exchange and memory effects in

polyaniline. Synth Met 55–57:1545–1551. doi:10.1016/0379-6779(93)90282-2

44. Barbero C, Miras MC, K€otz R (1997) Sulphonated polyaniline (SPAN) films as cation

insertion electrodes battery applications part II: exchange of mobile species in aqueous and

non-aqueous solutions. J Electroanal Chem 437:191–198. doi:10.1016/S0022-0728(97)00357

45. PlichonV BS (1990) Mirage detection of counter-ion flux between Prussian blue films and

electrolyte solutions. J Electroanal Chem Interf Electrochem 284:141–153. doi:10.1016/0022-

0728(90)87068-U

46. Vieil E, Matencio T, Plichon V, Servagent S (1991) Hysteresis, relaxation and ionic

movements in conducting polymers studied by in-situ quartz microbalance, ESR and mirage

effect. Synth Met 43:2837. doi:10.1016/0379-6779(91)91186-E

47. Vieil E (1994) Mass transfer and convolution. Part 1. Theory. J Electroanal Chem 364:9–15.

doi:10.1016/0022-0728(93)02925-8

48. Correia JP, Vieil E, Abrantes LM (2004) Electropolymerization of 3-methylthiophene

studied by multiflux convolution. J Electroanal Chem 573:299–306. doi:10.1016/j.

jelechem.2004.06.036

49. Csahok E, Vieil E, Inzelt G (1998) Probe beam deflection study of the transport of ions during

the redox reaction of indium-hexacyanoferrate films. J Electroanal Chem 457:251–255.

doi:10.1016/S0022-0728(98)00290-3

50. French HM, Henderson MJ, Hillman AR, Vieil E (2002) Temporal resolution of ion and

solvent transfers at nickel hydroxide films exposed to LiOH. Solid State Ionics 150:27–37.

doi:10.1016/S0167-2738(02)00261-8

51. Barbero C, Calvo EJ, Miras MC, Koetz R, Haas O (2002) A probe beam deflection study of Ion

exchange at poly(vinylferrocene) films in aqueous and nonaqueous electrolytes. Langmuir

18:2756–2764. doi:10.1021/la010999j

52. Barbero C, Planes GA, Miras MC (2001) Redox coupled ion exchange in cobalt oxide films.

Electrochem Comm 3:113–116. doi:10.1016/S1388-2481(01)00107-2
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Chapter 10

Basic Principles of Probe Beam Deflection

Techniques

10.1 Optical Principles

A laser beam traveling parallel to an electrode of an electrochemical cell could

be deflected by different phenomena. One of them is the instantaneous concentra-

tion gradient associated with the electrochemical process. The technique is called

“probe beam deflection (PBD).” On the other hand, a thermal gradient associated

with the Joule generation of heat will produce the deflection. This phenomenon has

not been used to investigate materials but cell calorimetry (see below).

In the present chapter, the theory and applications of PBD will be discussed.

The usual scheme of a probe beam deflection experiment is depicted in Fig. 10.1.

A solid/fluid (liquid in the case of electrochemistry) is created, and a laser beam is

set up to travel parallel to the surface.1

The deflection of a probe beam, which travels close to an electrode along a path

length l, in an electrolyte of refractive index n (Fig. 10.1) could be understood as a

distortion in the wave front of the beam. The wave speed increases according to

v ¼ c/n. In conditions of small deflection, the geometric optics approximation

could be used [1]:

yðx; tÞ ¼ l

n

dn

dC

� �
@Cðx; tÞ

@x

� �
; (10.1)

where C is the concentration, l is the interaction path length, n is the refractive index
of the bulk, and dn/dC is the variation of refractive index with concentration. The

sign of the deflection depends on the change of refractive index with concentration

(dn/dC).

1 The interface is usually planar; however, spherical or cylindrical solids can be used. The only

difference is the geometry of the interaction between probe beam and the interface.

G.G. Láng and C.A. Barbero, Laser Techniques for the Study of Electrode Processes,
Monographs in Electrochemistry, DOI 10.1007/978-3-642-27651-4_10,
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This constant is positive for liquids or solids dissolved in a solvent because the

refractive index increases with concentration. Therefore, an increase of concentra-

tion at the electrode surface (Fig. 10.1) will be accompanied by a negative deflec-

tion. However, when gases are dissolved in a liquid phase, the refractive index

decreases; therefore, dn/dc has negative values. This has to be taken into account

when the data is analyzed.

One way to make both signals proportional is to make the beam-electrode

distance close to zero. However, the beam waist cannot be zero. From laser beam

optics [2], it is known that a beam can be focused to a small spot, but there is a

relationship between the waist (w(x)) and the path length (l) of the beam in front of

the electrode:

w2ðzÞ ¼ w2
0 1þ lz

pw2
0

� �2
" #

: (10.2)

This can be seen in Fig. 10.2.

Since the interaction between the probe beam and the concentration gradient

assumes that the beam is nearly cylindrical with a fixed waist, the electrode width

has to be smaller than b. Otherwise, the waist at the extremes (w(z)) will be very

different from w0, and the probe beam will sample different concentration

gradients.

Using Eq. (10.2), the error incurred by using the cylindrical beam approximation

can be calculated. The typical setup uses a 632.8-nm He–Ne probe beam. If an

electrode of L ¼ 0.5 cm is used, and the minimum beam-electrode distance w0 is

Fig. 10.1 Probe beam

deflection in a concentration

gradient

Fig. 10.2 Scheme of the

probe beam shape in front of

the electrode
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30 mm, the waist (w(z)) at the extremes of the electrode (z ¼ L/2) will be 34 mm
(13% error). On the other hand, if the beam to the electrode distances is smaller

(e.g., w0 ¼ 10 mm), an electrode width (L) of 0.055 cm is necessary to get the same

error degree. Such electrode will not behave as a planar electrode but will show

strong border effects, since the width will be comparable to the diffusion layer.

Moreover, it has to be protruding from the base substrate. Otherwise, the beam will

refract or be blocked at the base substrate. Therefore, the most usually used beam-

electrode distance (w0) is of ca. 30 mm. This size allows using normal planar

electrodes (0.5–1 cm width).

10.2 Theoretical Framework of Probe Beam Deflection

The possible perturbations used in PBD are as diverse as those used in electro-

chemistry. Therefore, the basic principles will be initially stated, and then, details

for each experimental technique will be described. To obtain the equations

governing the PBD signal for different electrochemical techniques, the concentra-

tion gradient has to be obtained. An electrochemical system could be modeled as a

planar electrode2 of width w in contact with a semi-infinite fluid layer where

diffusion occurs (being the diffusion layer several times thinner than w). The latter
condition implies that border effects could be neglected and that interaction path

length is l¼ w. Using the mass transport equations and the boundary conditions, the

variation of concentration gradient with time and distance could be obtained. Since

electrochemical reactions occur in the electrode surface (x ¼ 0), the diffusion of a

species in the diffusion layer obeys Eq. (10.3):

@2C

@x2
¼ 1

D

@C

@t
(10.3)

with the boundary conditions

Cðx; 0Þ ¼ C � for all x; (10.4)

lim
x!1Cðx; tÞ ¼ C � for all t: (10.5)

Once the concentration gradient
@Cðx; tÞ

@x
is calculated, the deflection can be

obtained from Eq. (10.1).

2 In principle, any geometry of the electrode could be used. The planar case is described here for

the sake of simplicity.

10.2 Theoretical Framework of Probe Beam Deflection 169



In electrochemistry, the concentration gradient is usually calculated at the

electrode surface (x ¼ 0) because, in that way, the mass transport is directly related

with the electron flux (current) through Faraday equation:

i ¼ neFA
@Cðx;tÞ
@x

� �

x¼0

: (10.6)

Nevertheless, in PBD, it is necessary to calculate the flux at a finite distance (x)
where the center of the probe beam is. In principle, a laser beam could be focused in

a point, as small as its wavelength. However, the path length would be also of the

size of the wavelength. Applying Eq. (10.1), the signal would be vanishing small.

For finite path lengths (e.g., 1 cm), the beam cannot be focused below a waist (given

by Gaussian optics) of ca. 60 mm. Therefore, the center of the beam would be at ca.

30 mm away from the electrode surface. This means that since the probe beam

center is at a finite distance of the electrode (typically 30–180 mm), the PBD signal

is delayed in time with respect to the current signal due to diffusion of the ions.

Such delay is the time that it takes for the concentration perturbation to travel

between x ¼ 0, where it is produced, and the beam center, where it is monitored.

Rudnicki et al. [3] calculated the PBD signal from a given flux at x ¼ 0 and used

digital simulation to evaluate the effect of the diameter of the beam and other

experimental parameters. It was found [4] that a beam of diameter inferior to

100 mm can be considered thin for the deflection, that is, the measured deflection

is equivalent to that one measured for a point beam.

In general, to obtain the equations to simulate the PBD response, the following

steps have to be carried out:

1. Obtain the concentration profile at distance x: Cðx; tÞ for the technique under

study.

2. Differentiate with respect to x to obtain
@Cðx;tÞ
@x .

3. Combine with Eq. (10.1) to obtain yðx; tÞ.
One characteristic of the technique is its lack of specificity. That is, not individ-

ual concentration gradients but the sum of all concentration gradients is detected.

This could be an advantage because it allows measuring all possible ion exchange

not only of some ions (e.g., massive ions for EQCM) like other techniques. In the

case of surface and film species, only concentration gradients due to ion exchange

will be detected. Moreover, if the measurements are carried out in presence of

binary electrolytes, that is, electrolyte containing only one anion and one cation

(e.g., NaCl), the diffusion of ions and its migration are necessarily coupled [5].

In that way, the diffusion of one ion is coupled to the other, and a single gradient

will be measured.

A different situation exists when redox reactions in solution are monitored

(e.g., Fe+2 oxidation). There, the gradient of reactants, products, and supporting

electrolyte (if present) has to be considered. Then, the interpretation of the PBD

signal in terms of chemical reactions is more difficult.
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10.3 Probe Beam Deflection Techniques

Those electrochemical systems where a soluble substance is produced, consumed,

or transformed in a continuous way (e.g., Fe+2 reduced to Fe+3 on a Pt electrode) are

called continuous processes. If a binary electrolyte is present (only two species,

e.g., HCl), the migration and diffusion are coupled through the electroneutrality

condition. That is, the species cannot move faster than an arithmetic median of the

diffusion coefficient of anions and cations. This fact simplifies the analysis when

binary electrolytes are present.

10.3.1 Potential Step Chronodeflectometry

This technique consists in applying a potential pulse to the system, from a potential

where there is no reaction to one where the reaction is complete, and monitor the

time evolution of the PBD signal. It is of simple mathematic treatment.

10.3.1.1 Continuous Case (Diffusion Control)

We considered an experiment involving an instantaneous change in potential from a

value where no electrolysis occurs to a value in the mass-transfer-controlled region.

A planar electrode (e.g., a gold film on glass) is presumed.

We can consider the general reaction:

Oþ n e� ! R (10.7)

The electrode kinetics of this process can be activated by a sufficiently negative

potential (unless the solvent or supporting electrolyte is reduced first), so that the

surface concentration of O becomes effectively zero. This condition will then hold

at any more extreme potential.

Solution of the Diffusion Equation

The calculation of the concentration profile, CO(x, t), involves the solution of the

linear diffusion equation:

@COðx;tÞ
@x

¼ DO

@2COðx;tÞ
@x2

(10.8)

under the boundary conditions:
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COðx;0Þ ¼ C�
O; (10.9)

lim
x!1COðx; 0Þ ¼ C�

O; (10.10)

COð0;tÞ ¼ 0 ðfor t>0Þ: (10.11)

The initial condition, (10.9), means that the solution is homogenous before

the experiment starts at t ¼ 0. The semi-infinite condition, (10.10), means that

the concentration of substance far away from the electrode is unperturbed by the

experiment. The third condition, (10.11), indicates that all O is converted to R at the

electrode surface after the potential step. This is only true when the electrode

kinetics is very fast, because the redox couple is reversible and/or the potential is

large enough to make the charge transfer rate high.

Using Laplace transform, the partial differential (Eq. (10.8)) could be converted

into the following:

sCOðx,s)� C�
O ¼ DO

@2COðx; sÞ
@x2

; (10.12)

@2COðx; sÞ
@x2

� s

DO

COðx; s) ¼ �C�
O

DO

: (10.13)

This can be solved to give

COðx;sÞ ¼ C�
O

s
þ A0e �

ffiffiffiffiffiffiffiffi
s DO=

p
x

� �
þ B0ðsÞe

ffiffiffiffiffiffiffiffi
s DO=

p
x

� �
: (10.14)

The semi-infinite limit is Laplace transformed to

lim
x!1COðx,s) ¼ C�

O

s
: (10.15)

Therefore, B0(s) have to be zero. The equation simplify to

COðx;sÞ ¼ C�
O

s
þ A0e �

ffiffiffiffiffiffiffiffi
s DO=

p
x

� �
: (10.16)

Applying inverse Laplace transform, we obtain

COðx;tÞ ¼ C�
O þ L�1 A0ðsÞe �

ffiffiffiffiffiffiffiffi
s DO=

p
x

� �	 

: (10.17)

By applying the third condition, (10.11), the function A0(s) can be evaluated, and
then, CO(x, s) can be inverted to obtain the concentration profile for the species O.

Laplace transforming (10.9) gives
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COð0;sÞ ¼ 0 (10.18)

which implies that

COðx;sÞ ¼ C�
O

s
� C�

O

s
e �

ffiffiffiffiffiffiffiffi
s DO=

p
x

� �
(10.19)

solves into the concentration profile equation:

COðx; tÞ ¼ C�
O 1� erfc

x
ffiffiffiffiffiffiffiffiffiffi
4DOt

p
� �� �

(10.20)

or

COðx; tÞ ¼ C�
Oerf

x
ffiffiffiffiffiffiffiffiffiffi
4DOt

p
� �

; (10.21)

where C is the concentration, x is the beam-electrode distance, t is the time, and Do

is the diffusion coefficient. The concentration profiles are shown in Fig. 10.3.

As it can be seen, the laser beam (shown as a gray circle) will detect the changes

in the concentration profile during time. This pictorial representation is very useful

because it shows that some time is required for the concentration gradient to reach

the beam. First, it means that the deflection signal has a time delay compared to the

current signal (proportional to the concentration gradient at x ¼ 0).

Fig. 10.3 Concentration profiles for several times after the application of a potential pulse.

DO ¼ 1.0 � 10�5 cm2 s�1
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According to Eq. (10.1), the PBD signal will be proportional to the derivative of

concentration:
@Cðx;tÞ
@x

� �
. Differentiation of the concentration gradient profile as a

function of distance (x) gives

@COðx; tÞ
@x

¼ C�
Offiffiffiffiffiffiffiffiffiffiffi

pDOt
p e�x2=4DOt: (10.22)

The formula for the PBD signal is obtained combining (10.22) and (10.1):

yðx; tÞ ¼ l

n

dn

dC

� �
C�
Offiffiffiffiffiffiffiffiffiffiffi

pDOt
p e�x2=4DOt: (10.23)

Simulated graphs of chronodeflectometry, using Eq. (10.23), are shown in

Fig. 10.4.

As it can be seen, the signal shows a maxima at a given time, which depends on

the distance. Finding the maxima by differentiation of Eq. (10.1) with respect to

time renders

ffiffiffiffiffiffiffiffi
tmax

p ¼ x� x0ð Þ
ffiffiffiffiffiffi
2D

p : (10.24)

Using Eq. (10.24), the diffusion coefficients (D), of binary electrolytes, could be
measured by chronodeflectometry [6]. To do that, chronodeflectometric profiles are

Fig. 10.4 Probe beam deflection signal as a function of times, at different beam-electrode

distances
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obtained while the beam-electrode distance is changed from an initial value x0.
Additionally, the initial beam-electrode distance could be obtained.

The value of PBD signal at the maxima only depends on C�
O and x (Eq. 10.25):

ymaxðxÞ ¼ 0:484� l

n

dn

dC

� �
C�
O

x
: (10.25)

Equations (10.23) to (10.25) are only valid for systems where a sole substance is

generated or consumed (e.g., metal deposition). If a substance is converted into

another by a redox change (e.g., Fe(CN)6
�4 into Fe(CN)6

�3 by oxidation), the

contribution of both components has to be taken into account, and a more complex

formula is obtained:

yðx; tÞ ¼ l

n

� �
dn

dCO

� �
C�
Offiffiffiffiffiffiffiffiffiffiffi

pDOt
p e� x2=4DOt

� �
� dn

dCR

� �C�
O

DO

DR

� �

ffiffiffiffiffiffiffiffiffiffi
pDRt

p e� x2=4DRt

2

4

3

5

8
<

:

9
=

;

(10.26)

where O and R have the usual meaning.

Then, the shape of the chronodeflectometric profile would depend on the relative

values of the diffusion coefficients (DO and DR) and refractive index gradients

(dn/dCR and dn/dCO).

For some values of R and P diffusion coefficients (such as those of the

[Fe(CN)6]
�4/[Fe(CN)6]

�3 couple), even prepeaks of opposite sign could be

observed (Fig. 10.5, full line).

If we assume that DR ¼ DO, a common assumption in electrochemistry,

Eq. (10.26) reduces to

yðx; tÞ ¼ l

n

� �
dn

dCO

� dn

dCR

� �
COffiffiffiffiffiffiffiffi
pDt

p e� x2=4Dt: (10.27)

From this peak (using Eq. (10.24)), it is possible to measure a mean diffusion

coefficient, similar to those usually measured by electrochemical techniques. For

species with different dn/dC, it is possible to simulate different profiles including

null deflection or inverted sign (decrease of deflection during conversion). There-

fore, it is important to know the values of dn/dC before performing an experiment.

Those values could be obtained, for stable species, measuring the refractive index

of solutions with different concentrations. In Table 10.1 are shown the values of

dn/dC which are calculated from literature reported refractive index data. It is

noteworthy that dn/dC values could vary up to 2 orders of magnitude. Therefore,

it could be possible detect concentration changes of one species with a big dn/dC in

presence of another with smaller coefficients, even if the concentration of the later

changes more significantly.
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10.3.1.2 Discontinuous Case (Instantaneous Process)

The complexities of PBD response in redox systems make the technique of little use

when redox transformation of solution species is considered. As it will be seen, the

forte of the technique is to study exchange of ions by solid state (redox oxides,

metals, conductive polymers, etc.) species.

The application of the technique to the study of instantaneous or discontinuous

processes will be described. In this kind of systems, the amount of species produced

or consumed during the potential excursion is finite. Important examples are

1. Stripping of a thin layer (some monolayers) of a metal deposit

2. Ion exchange occurring when a film of a solid electroactive substance (redox

oxide, conductive polymer, electroactive polymer, etc.) is oxidized or reduced

3. Charging/discharging of the electrochemical double layer of an electrode surface

4. Stripping of metal ions from a Hg amalgam

5. Dissolution of a deposit where one redox form is soluble and the other insoluble

6. Photoelectrochemical induced process when a light pulse is used

7. Stripping of and adsorbed monolayer (or submonolayer) of a redox adsorbate

If the rate of ion transport inside the layer has to be taken into account, it is

necessary to know the kinetics of the process. On the other hand, PBD data could

provide information on the mass transport inside the layer, if this process controls

Fig. 10.5 Probe beam deflection signal during reduction of a soluble reactant (O) to a product (R).

dn/dCR¼ 0.07174, dn/dCR¼ 0.07055, DO¼7.4� 10�6 cm2 s�1, DR¼ 9.4� 10�6 cm2 s�1. Beam-

electrode distance (x) ¼ 150 mm. The dashed line is the contribution of the reactant, dotted line is
the contribution of the product, and the full line is the sum deflection. The magnitude of the sum

has been increased to reveal the details
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the overall mass transport. To do that, it is assumed that production/consumption of

all species occurs in a time span negligible with respect to time width of the PBD

pulse. Therefore, the concentration profile at the initial time corresponds to a Dirac

delta function. The approximation is valid for thin electroactive films with a

thickness of several monolayers. However, it is important to remember that the

switching time has to be negligible relative to the time of the measurement. Using

the assumption, Fick’s law is solved for semi-infinite linear diffusion, giving the

dependence of concentration with time and distance:

Cðx; tÞ ¼ CSffiffiffiffiffiffiffiffi
pDt

p e�x2 4Dt= (10.28)

where CS is the total concentration of ions exchanged in the process. Differentiation

with respect to x and combining with Eq. (10.1) give the expression for deflection:

yðx; tÞ ¼ l

n

dn

dC

� �
CSffiffiffiffiffiffiffiffi
pDt

p x

2Dt
e�x2 4Dt= : (10.29)

The plot of PBD signal (y) as a function of time (Fig. 10.6) presents a maximum

value at a time value which depends on the beam-electrode distance.

Fig. 10.6 Simulated potential pulse chronodeflectometry plots during a discontinuous process.

Effect of beam-electrode distance
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If 10.29 is derived, as a function of time, and equated to 0, the dependence of the

signal maxima with beam-electrode distance can be calculated:

ffiffiffiffiffiffiffiffi
tmax

p ¼ x� x0ð Þ
ffiffiffiffiffiffi
6D

p : (10.30)

The equation could be used to estimate diffusion coefficients (D) and x0 from
chronodeflectometric data. The PBD magnitude at the maximum only depends on

Cs and x:

ymaxðxÞ ¼ 0:925� l

n

dn

dC

� �
CS

x2
: (10.31)

Since dissolution of a thin metal film can be studied by PBD, the reduction of

Ag+ to metal and the layer dissolution was used to check the validity of chronode-

flectometric equations.

While the chronodeflectometric data measured during deposition obeys a con-

tinuous process [10.29], the dissolution of the thin metal layer obeys a discontinu-

ous process (Fig. 10.7). Using the dependence of the time of the maximum on the

beam-electrode distance, a value of DAg
+ ¼ 1.5 � 10�5 cm2 s�1 was calculated.

The value agrees well with those reported in literature [9].

Fig. 10.7 Chronodeflectometry of the dissolution of a Ag thin film. Solution¼ 1.5 mMAgClO4 in

2 M HClO4. D ¼ 1.5 � 10�5 cm2 s�1. X ¼ 58 mm. Initial potential ¼ 0.3 VSCE. Final potential

¼ 0.9 VSCE. Open squares ¼ experimental data. Full line: simulated with a discontinuous process
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A similar behavior was observed for other discontinuous processes, such as the

ion exchange of electrochromic oxide or electroactive polymer films [10],

suggesting that the equations for a discontinuous process could successfully be

applied to the ion exchange to/from thin electroactive films.

10.3.1.3 Multiflux Diffusion

PBD techniques are able to elucidate ion fluxes when only one ion (or a binary

electrolyte) is moving. However, more complex systems exist. When the redox

system is present in solution, the signal will depend on the relative values of dn/dC
(see above and Chap. 12). Therefore, the interpretation could be ambiguous. When

the redox system is confined to the surface, only the charge-compensating ions have

to be taken into account. While usually only one ion is moving, diffusion of more

than one ion occurs frequently. At first sight, it could be thought that the assumption

used to treat the instantaneous or discontinuous case implies that electrochemical

kinetic information is lost, but that is not the case.

While the redox process has to occur in a time negligible compared with the

chronodeflectometric measurement, the latter is quite large (milliseconds to

seconds) for usual electrochemical process. Additionally, it can be made even

larger by increasing the beam-electrode distance. Therefore, multiple or sequential

electron transfer could occur which will show in the PBD signal. As an example,

consider a gold electrode covered with a thin layer (e.g., 100 nm) of Ag, which is

covered by a thin layer (e.g., 100 nm) of Cu. If the potential is stepped from

0.0 VRHE to 1.0 VRHE, both layers will oxidize and dissolve sequentially. Therefore,

two concentration pulses will appear, and the chronodeflectometric signal will show

a contribution of both processes. If the experiment is performed in nitrate solution,

Ag and Cu will produce negative PBD signals (increasing Me+ concentration in

front of the electrode). The chronodeflectometry profile will show the sum of both

contributions If the delay is relatively large, a shoulder can be seen (Fig. 10.8a).

Otherwise, the interpretation could be ambiguous. On the other hand, if the experi-

ment is performed in a chloride solution, the copper film will dissolve (negative

deflection), but the silver film will produce AgCl, decreasing the chloride concen-

tration in front of the electrode positive deflection. There will be two opposite but

time-delayed concentration pulses which will give a prepeak (Fig. 10.8b). The

situation is typical of other instantaneous processes, and the simulation has been

used with success to understand processes like ion exchange in layer-by-layer

multilayer [11] or oxidation of adsorbed CO on a mesoporous Pt electrode [12].

Unlike the experiment proposed above, the opposite fluxes could have different

magnitude. The magnitude ratio can be obtained from the fitting of the experimental

data with simulated CD profiles, as those depicted in Fig. 10.9. This flux ratio could

have important information about, for example, the ion exchange mechanism

(cation/anion ratio). The simplicity of Eq. (10.29) allows to simulate the chronode-

flectometric data using simply a spreadsheet program [13], as it has been done

successfully in our laboratory.
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10.3.2 Pulse Voltadeflectometry (PVD)

10.3.2.1 General Equations

Chronodeflectometry has the advantage, over other PBD techniques such as cyclic

deflectometry, to have a closed analytical form for the equations describing the

process. However, it only allows studying the changes between two extreme states.

To be able to study the dependence of the ion fluxes on the applied potential, the

general dependence of PBD with potential has to be obtained. If we apply potential

pulse between a fixed potential at different potentials, the concentration gradients

will depend on time and potential. Each plot has a profile similar to the one found

for chronodeflectometry, but the intensity depends on E (Fig. 10.9 (upper plot)).

Assuming that the amount of ions exchanged (Cs(E)) at x ¼ 0 does not depend

on time, the general expression of PBD could be obtained:

yðE; tÞ ¼ l

n

dn

dC

� �
CSffiffiffiffiffiffiffiffi
pDt

p x

2Dt
e�x2 4Dt=

� �
CionðEÞ (10.32)

where all temporal parameters, which are independent of E, are inside brackets.

In Fig. 10.10 (lower plot), the y(E,t) profile is shown, where the dependence of

Cs(E) was assumed to follow Nernst equation.

Fig. 10.8 Calculated

chronodeflectometric profiles

for a surface-confined

sequential process with the

same (a) and opposite sense

flux (b). The time delay in the

panel (a) is larger than in (b).

The dashed line is the PBD
due to the first process, the

gray line is the PBD due to

the second process, and the

full line is the overall PBD
signal

180 10 Basic Principles of Probe Beam Deflection Techniques



The value of deflection could be obtained at any point of the PBD chronode-

flectometric curve. However, the maximum value (at t ¼ tmax) would have the best

signal/noise ratio. In that case, the terms inside brackets reduce to a factor depen-

dent only on x (Eq. 10.8). The dependence of PBD signal with E at t ¼ tmax

measures effectively the concentration of exchanged species at each potential.

Such a profile (Fig. 10.10 (upper plot)) could be called normal pulse voltade-

flectometry (NPVD(E)), in analogy to the normal pulse voltammetry. It represents

the dependence of surface concentrations with applied potential. Its derivative with

respect to the applied potential could be similarly called differential pulse

voltadeflectometry (DPVD(E)). In the case of immobilized redox species, it will

relate directly with the voltammetric current.

10.3.2.2 Surface Redox Process

In the case of redox coupled ion exchange in electroactive films, the charge

compensation could occur via anions, cations, or both. This is described in the

equations

R� ne� þ nA� ¼ O (i)

R� ne� ¼ Oþ nCþ (ii)

R� ne� þ tfnA
� ¼ Oþ ð1� tfÞnCþ (iii)

For cases (i) and (ii), the NPVD(E) signal obeys Eq. (10.16):

Fig. 10.9 Calculated

chronodeflectometric profiles

for a surface-confined

sequential process opposite

sense flux and different ratios

of negative and positive flux
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NPVD(EÞ ¼ yðEÞt¼tmax
¼ UðtmaxÞ dn

dC

l

n

� �
tf

QðEÞ
neF

� �
(10.33)

where tf is the transference number, which is +1 (i) or�1 for (i), ne is the number of

electrons exchanged by each redox center, Q(E) is the charge, and F is the Faraday

constant. As the charge is also related with ne, a straight line of unitary slope

between NPVD(E) and Q(E) implies only one ion used to balance charge.

In the case (iii), the equation describing the process is

NPVD(EÞ ¼ yðEÞt¼tmax
¼ UðtmaxÞ dn

dC

l

n

� �
2tfðEÞ � 1½ � QðEÞ

neF

� �
: (10.34)

If the plot of NPVD(E) vs. Q(E) is not a straight line, it is possible to detect

potential ranges where a simple ion flux exists and obtain the transference number

(tf (E)) for each ion. If it is a straight line, the slope could be nonunitary, indicating

Fig. 10.10 Simulated curves

for pulse potential

deflectometry of a nernstian

system (upper plot). Plot of y
(E,t) for a nernstian
discontinuous process (lower
plot). Profile of NPVD(E) for
the process described above
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that a mixed exchange exists and a common (tf (E)) value could be calculated using
Eq. (10.34).

Similarly, the differential pulse deflectometry (DPVD(E)) of a surface species

represents a capacity of ion movement and is related with the electric capacitance

and the voltammetric current by

DPVD(EÞ ¼ UðtmaxÞ @CsðEÞ
@E

¼ tf
neF

@Q

@E
¼ tf

neF
Cele ¼ tf

neF

iðEÞ
v

(10.35)

where Cele is the electrical capacitance in farads, tf is the ion transference number,

and v is the scan rate of the cyclic voltammogram (it is assumed thin layer

conditions for the electroactive layer, in practice a small enough scan rate (v))
measured in the same experience. Equations (10.34) and (10.35) are equivalent, but

it would be simpler to compare the cyclic voltammogram (normalized with v) with
the DPVD(E) profile. This could be done by numerical differentiation of NPVD(E).

However, such procedure decreases the signal/noise ratio. An alternative procedure

to obtain DPVD(E) implies experimentally measuring the PBD signal during pulses

with a fixed potential step and shifting initial potentials. The difference between

PBD signals at each state is in fact DPVD(E).

From Eq. (10.34), it is possible to obtain the dependence of NPVD(E) (and

DPVD(E)) with the potential for any known dependence of Cs(E) with E. In the

case of Nernst equation, the deflection would be

NPVD(EÞ ¼ yðEÞt¼tmax
¼ UðtmaxÞ l

n

dn

dC

� �
Cion

e�
nF
RT E�EYð Þ

1þ e�nF
RT E�EYð Þ

 !

: (10.36)

In that way, the reversibility or ideality of a given system could be evaluated

from PBD measurements. Similar equations could be obtained for other known

(CS(E)) dependences (e.g., Butler/Volmer equation).

10.3.3 Current Step Chronodeflectometry

Another possible perturbation is a current pulse. The theory was developed by

Decker and coworkers [14]. Passing through the cell a current density (j) at t ¼ 0,

the mass flux in x ¼ 0 is fixed by the current [Eq. (10.6)].

The concentration profile will be

Cðx; tÞ ¼ j

neFD
2

ffiffiffiffiffi
Dt

p

r

e
x2

4Dt

� �
� x erfc

x
ffiffiffiffiffiffiffiffi
4Dt

p
� �" #

(10.37)
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where ne is the number of electrons exchanged. Differentiating (10.37) with respect

to x and combining with (10.1) gives the expression for PBD signal at constant

current:

yðx; tÞ ¼ l

n

dn

dC

� �
j

neFD
erfc

x
ffiffiffiffiffiffiffiffi
4Dt

p
� �� �

: (10.38)

In Fig. 10.11a are shown the PBD profiles at different current values, and in

Fig. 10.11b at different beam-electrode distances. As before, decreasing the beam-

electrode distance makes the signal larger. The signal is also proportional to the

current, which gives a way to measure with better signal/noise ratio. It is also

possible to know the concentration profile as a function of distance, at constant

time. In that way, the behavior of technologically interesting systems, such as

battery electrodes or metal deposition cells, could be investigated. Since such a

study has been extensively made by interferometry [15], it is worthy to compare the

capability of PBD in that field. The concentration profile is obtained by PBD

integration in distance:

CðxÞ ¼ l

n

dn

dC

� ��1 ðx

0

yðxÞdx: (10.39)

Fig. 10.11 Calculated PBD

time profiles when the current

is varied (a), or the beam-

electrode is changed at

constant current (b)
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To calculate it experimentally, it is necessary to measure the PBD signal while

the beam-electrode distance is varied. This can be done by scanning the beam, using

the refraction in a moving glass slab [16], or moving the cell, using a driver, while

the beam is kept stationary.

10.3.4 Alternating Current Deflectometry (ACD)

A stationary perturbation is a sinusoidal current of potential. Decker and coworkers

[17] developed the theory for alternating current.

When an alternating current density j ¼ j0 sin(ot) is applied to the electrode, the
concentration on the electrode surface, applying Fick’s law for semi-infinite diffu-

sion on a flat electrode, will be

Cðx; tÞ ¼ C0 þ j0

neF
ffiffiffiffiffiffiffi
Dw

p
� �

e �
ffiffiffi
o
2D

p
xð Þ sin ot�

ffiffiffiffiffiffi
o
2D

r
� p

4

� �
(10.40)

where o is the angular frequency of the sinusoidal perturbation. Differentiation

with respect to x and combining with Eq. (10.1) give the expression for PBD signal:

yðx; tÞ ¼ � l

n

dn

dC

� �
j0

neF
ffiffiffiffiffiffiffi
Dw

p
� � ffiffiffiffiffiffi

o
2D

r
e �

ffiffiffi
o
2D

p
xð Þ sin ot�

ffiffiffiffiffiffi
o
2D

r
� p

4

� �
: (10.41)

The amplitude of the signal is proportional to the perturbation amplitude (j0)
according to

yðx;wÞj j ¼ � l

n

dn

dC

� �
j0

neF
ffiffiffiffiffiffiffi
Dw

p
� � ffiffiffiffiffiffi

o
2D

r
e �

ffiffiffi
o
2D

p
xð Þ: (10.42)

The logarithm of amplitude and phase is linear with the beam-electrode distance

(x), with a slope m ¼ � ffiffiffiffiffi
o
2D

p
. From that slope, diffusion coefficients have been

evaluated.

10.3.5 Cyclic Voltadeflectometry

Unlike the previously described case, it is not possible to obtain an analytical

expression for the relationship between PBD signal and potential when the potential

is scanned linearly (E ¼ Einitial + vt) at a constant scan rate (v ¼ dE/dt). In such

experiment, potential and time are changed simultaneously, which is equivalent to

cross at same angle (defined by the scan rate) the deflection-potential-time surface

Fig. 10.10 (upper plot). Therefore, cyclic voltadeflectometry (CVD) experiments,
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where the PBD signal is monitored along the cyclic voltamperogram, could not be

simulated analytically. A similar situation exists with cyclic voltamperometry,

where a closed form does not exist.

An additional problem of voltadeflectometry resides in the diffusional delay. It is

caused by the fact that the probe beam is at a finite distance (x > 0), and the

concentration perturbation takes some time to reach the beam. In CVD, the delay

appears as a potential difference between the peak in voltadeflectometry and the

corresponding peak in voltamperometry. In simple systems, such delay does not

impede the analysis of the data. However, in some systems, it is observed a PBD

signal of zero magnitude in a potential range where the current is not zero. This

could be due to null ion flux (equal fluxes of opposite magnitude) or caused by the

delay. To be able to compare current and PBD, the delay has to be eliminated. One

possible way to do that involves measuring at very low scan rates, to minimize the

potential delay. However, the magnitude of PBD signal, as any diffusion controlled

flux, is proportional to the scan rate. Therefore, at low scan rates, the PBD signal

will be small, and the signal/noise ratio will deteriorate.

In an analogue fashion to voltammetry, two methods could be used to overcome

those problems (a) digital numeric simulation and (b) convolution of the experi-

mental signal. Both methods could be used to simulate the PBD signal (at a beam-

electrode distance, x), to compare with the experimental PBD data, or to transform

the experimental PBD signal into a flux at the electrode surface (x ¼ 0), to be

compared with the current signal.

10.3.5.1 Digital Numeric Simulation

This is a more general approach but more difficult to be carried out. Mathias used

orthogonal collocation to simulate the ion exchange of poly(1-hydroxyphenazine)

in a binary electrolyte (HClO4) [4]. The ion fluxes at the electrode surface (x ¼ 0)

were calculated from the PBD data, using the binary diffusion coefficients of the

mobile species.

As it was stated before, in electrolytes containing two ions (binary electrolytes),

ion diffusion is coupled to ion migration. Therefore, the interpretation of the PBD

data is straightforward. On the other hand, in electrochemistry, it is customary to

add supporting electrolyte to assure enough ionic conductivity and minimize

migration effects on the mass transport. The interpretation of the PBD data becomes

more complex, and different simulations have been performed to evaluate the

effect. Vorotyntsev and Vieil [18] calculate the effect in the chronodeflectometric

experiments which can be treated analytically. More recently, Garay and Barbero

used digital simulation to evaluate the effect for chronodeflectometry [19, 20] and

cyclic voltadeflectometry. The digital simulation program uses finite differences, a

well-proven method to simulate electrochemical experiments [21, 22]. The

resulting program was applied to simulate the current and deflection behavior

during cyclic voltammetry experiments, with consideration of the effect of the

supporting electrolyte (SE) on the deflection signal (Figs. 10.12 and 10.13) [23].
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Figure 10.12a shows a theoretical cyclic voltammogram where only one electron

is reversibly exchanged between the electrode and a given electroactive redox

species. The sweeps are started at the positive potential limit, and the reducing

current is considered as negative.

Fig. 10.12 Theoretical cyclic voltammogram (a) and cyclic voltadeflectograms (b) calculated for

x0 ¼ 100 mm, Einitial ¼ 0.5 V, D ¼ 1.0 � 10�5 cm2 s�1, dn/dC ¼ 1 for all species, ne ¼ 1,

v ¼ 1 mV s�1 [O]/[SE] ¼ 103. The different curves in PBD were calculated with varying values

of beam-electrode distance

Fig. 10.13 Theoretical cyclic

voltadeflectogams calculated

for x0 ¼ 100 mm,

Einitial ¼ 0.5 V, [O]/

[SE] ¼ 103, ne ¼ 1, dn/
dC ¼ 1 for all species. Scan

rate is decreased from 100 to

1 mV s�1

10.3 Probe Beam Deflection Techniques 187



Figure 10.12b shows theoretical cyclic deflectograms calculated together with

the current function with different values of beam-electrode distance. The maxi-

mum values (peaks) of the cyclic deflectograms, in the forward scan, depend

linearly on the square root of the beam-electrode distance. The latter is valid for

reduction scans irrespectively on the amount of supporting electrolyte and on the

scan rate of experiment. Such linear behavior can be observed during the backward

(oxidative) scan but depends on the time spent at negative potentials. Furthermore,

the separation between the positive and negative peak potentials of deflection

curves is bigger as the beam is more separated from the electrode surface.

Figure 10.13 shows the calculated effect of the scan rate on the deflection

responses. As it was pointed above, the shape of deflectograms is similar to the

one of voltammograms when the scan rate is slow. However, cyclic voltade-

flectograms cannot be normalized with v as for the case of current profiles because
the shape depends on v. All the curves present positive deflection signals, but the

deflection peaks shift to less negative potentials when the scan rate is decreased. An

equivalent effect is observed during the positive potential scan, but in this case, the

deflection do not start from zero, and the peaks are shifted to more negative

potential values as the value of v is decreased. Both behaviors are the result of

the intrinsic delay between the electrochemical reaction at the surface and the

detection by the probe beam. In chronodeflectometry, it shows as a time delay

while in cyclic voltadeflectometry shows as potential shift. It is noteworthy that the

curve calculated at the larger scan rate (0.1 V s�1) shows a crossing over of the

curve. That is, the CVD profile of the backward scan crosses the forward scan and

has more positive value than the forward scan. Such behavior is often observed in

experimental CVD measurements when the scan rate or the beam-electrode dis-

tance is too large. It can be avoided by diminishing one of them or both.

The calculations were validated against experimental data (Fig. 10.14) [24].

As it can be seen, good agreement between simulation and experimental data is

observed. The diffusion coefficients (DFeðCNÞ3�6 ¼ 7:3� 10�6 cm2 s�1 and

DFeðCNÞ4�6 ¼ 6:4� 10�6 cm2 s�1) were obtained from chronoamperometry. The

diffusion coefficients of the supporting electrolyte ions (DCl� and DK+ ¼
2.0 � 10�5 cm2 s�1) were calculated from their respective individual ionic

conductivities [25]. The program calculates the individual ion concentration

gradients, which can be used to interpret the reaction mechanism. The lower plot,

measured at the larger beam-electrode distance, shows the predicted crossing over.

It is noteworthy that the program was used to calculate the third scan with good

agreement.

10.3.5.2 Laplace Transform

The PBD response, during voltammetric studies of redox active species irreversibly

adsorbed on a flat electrode surface, was analyzed using Week’s numerical inverse

Laplace transform algorithm. Excellent agreement was found between the
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time-resolved profiles calculated based on this approach and those obtained via

digital simulation [26]. It is noteworthy that the experimental data could be processed

using numerical Laplace transform and compared to the simulated data in the Laplace

space as it has been done to interpret purely electrochemical data [27].
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Fig. 10.14 Cyclic

voltammogram (CV, open
circles) and cyclic

voltadeflectograms (CVD,

open squares) obtained for

a solution of K3Fe(CN)6
(1.3 mM in KCl 0.1 M),

Einitial ¼ E2 ¼ 0.5 V,

E1 ¼ �0.2 VSCE, scan rate

¼ 6 mV s�1. The CVD

profiles were measured at

different beam-electrode

distances, which are depicted

in the plots. The full lines are
theoretical calculations

10.3 Probe Beam Deflection Techniques 189



10.3.5.3 Numerical Convolution

The convolution approach to data process experimental data in order to take into

account diffusion effects is well known in electrochemistry. It was developed, to

process cyclic voltammetry data, independently by Saveant and coworkers[28] and

Oldham and coworkers [29]. The approach was applied to evaluate concentrations

at a finite distance from the electrode, which is necessary to simulate or process

PBD data, by Engstrom and coworkers [30] and Oldham and coworkers [31]. The

numerical method could be used either to process experimental data or to simulate

PBD profiles.

Data Processing by Convolution

The convolution method was proposed to process PBD data by Vieil and coworkers

[32]. The idea is to calculate, from the experimental PBD data, a flux at the

electrode surface which can be directly compared with the flux of electrons at the

electrode, which is the electrochemical current. As it has been discussed above,

the PBD data does not represent the flux of ions at the surface (x ¼ 0) but at a finite

distance. The method chosen implies convolution of the current to produce a

calculated flux at a nonzero beam-electrode distance (x ¼ x0) and comparison

with the measured PBD data.

To apply the method to cyclic voltadeflectometry data, the following assumptions

are made:

1. Electron flux is directly linked to ion flux.

2. Electron exchange and ion exchange occur simultaneously.

3. All ion exchange occurs in a time period significantly lower than the time that

takes the gradient to reach the electrode. This one is, in fact, the definition of a

discontinuous or instantaneous process.

The measured electronic current, i(t), is equal to the sum of ionic fluxes in the

electrode-solution interface:

iðtÞ ¼ FA
X

zkJkð0; tÞ: (10.43)

There is a contribution k for each ion exchanged, and Jkð0; tÞ represents the flux
of each species at x ¼ 0. Each mole of substance exchanged carries a charge: zkF.
To evaluate the flux of each ion at a given distance and time (Jkðx; tÞ), the

convolution product of a mass transfer function is applied to the flux at the electrode

surface.

Jkðx; tÞ ¼ Hðx; tÞ � Jkð0; tÞ (10.44)
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where * indicates the convolution product. For a mass transport (in a binary

electrolyte) from/to an electrode with semi-infinite diffusion, the solution of

Fick’s law gives the mass transfer function:

Hðx; tÞ ¼ x

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiðpDt3Þp e

� x2

4Dt : (10.45)

Applying Eq. (10.45) and combining with Eq. (10.1) render the deflection

profile:

yðx; tÞ ¼ l

n

dn

dC

� �
1

D

� �
x

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiðpDt3Þp e

� x2

4Dt

 !
� iðtÞ

" #

: (10.46)

The procedure was validated using the silver deposition/stripping [33]. It is

noteworthy that applying Eq. (10.46) to the concentration profile at t ¼ 0, x ¼ 0

in the case of potential pulse experiments would render the y(t) profile described

before. However, in that case, it is better to apply the analytical solution than

numerical convolution since the concentration profiles for pulse potential present

a singularity that makes the numerical procedures unstable. In fact, numerical

calculations have been applied to the chronocoulometric profile, instead of the

chronoamperometric one, to avoid such numerical unstability [34].

Using the method, Vieil et al. perform a quantitative analysis of the redox

coupled ion exchange between poly(phenylene) films and a binary electrolyte

[35]. They apply convolution to the experimental current and compare the convo-

luted current with the experimental PBD data. Vieil and Lopez used the method to

compare the redox coupled ion exchange in polypyrrole and poly(pyrrolesulfonate)

[36]. The flux of co-ions, together with counterions, was detected through the

comparison of ion flux with the current. The profiles of PBD signal and EQCM

have also been combined by measuring in the same electrode [37].

A parameter necessary to apply the procedure is the diffusion coefficient of the

species exchanged. In a binary electrolyte, only one diffusion coefficient exists (D).
One strategy to do that consists in measuring the voltadeflectogram at different

distances and to compare it with the calculated PBD signal. Using literature values

for dn/dC, the value of x
ffiffiffiffi
D

p

which fits the experimental data is evaluated. Another

strategy implies measuring the chronodeflectometric profiles at different distances

and obtaining D and x0 from Eq. (10.30).

If a good fitting of the current with the convoluted PBD signal is obtained, the

ion exchange model (kind and number of ions) represents the system. Otherwise,

some potential ranges where a different ion flux is present could be detected. An

experimental drawback of the convolution method is that the potential window for

voltadeflectometry is smaller than the one for voltamperometry, due to the potential

gap produced by the diffusional delay. Since the extreme potentials are defined by

other constraints, such as electrode or electrolyte stability, some information could

be lost.
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Simulation by Convolution

An alternative use of convolution, closer to digital simulation, implies the calcula-

tion of the PBD signal by convolution of an ideal current-potential profile. It is

unlikely that a perfect match between experimental and simulated data could be

achieved for surface films. This is due to nonidealities of the current-potential

experimental profiles which also do not allow fitting cyclic voltamperograms with

their ideal simulations. However, the simulations give insight on the effect of

experimental parameters on the CVD profiles. It is well known that semi-integral

(convolution with t1/2) processing of adsorbed redox could render the diffusion-

controlled voltammogram [38].

Using this approach, it is possible to propose a mechanism of reaction in the

surface-confined redox system involving multiple electron transfer, interaction

between redox centers, etc. Then, the experimental parameters such as scan rate,

diffusion coefficients, and beam-electrode distance are measured and used to

simulate the PBD profiles, which are then compared with the experimental data.

To assess the simulation capabilities, in Fig. 10.15, the simulated CVD profiles

for an ideal one-electron/one-ion process are shown. In Fig. 10.15a, the effect of

scan rate is shown, while in Fig. 10.15b, the effect of beam-electrode distance is

shown. As it can be seen, increasing the scan rate or the beam-electrode distance

Fig. 10.15 Simulated cyclic

voltadeflectograms of an

immobilized coupled for one-

electron/one-ion process.

CS ¼ 1, DO ¼ 1.0 �
10�5 cm2 s�1. (a) Profiles

calculated at different scan

rates. The dotted line is the
corresponding cyclic

voltammetry signal.

x ¼ 50 mm. (b) Profiles

calculated at different beam-

electrode distances. Scan rate

¼ 0.050 V s�1
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produces a shift in the CVD peak potential. In extreme cases, a crossing of the

backward with the forward scan could be observed. Another interesting parameter

in surface redox species is the existence of multiple electron steps. When the cyclic

voltammogram shows a broad peak, it could be due to multiple electron steps or

interaction between redox centers [39]. In those cases, the CVD profile could easily

show two different processes if the ion fluxes in each process have opposite sense.

In Fig. 10.16, the simulated CV and CVD of a two successive electron steps are

shown, with opposite ion exchanged in each redox step. While in the CV the two

steps could not be distinguished, the CVD clearly shows two different redox

processes. It is interesting to note that the simulated CVD shows two steps in the

forward scan but only one in the backward scan. This feature is related with the fact

that ion fluxes corresponding to the forward and backward scan are combined during

the latter and occurs when the redox potential for both steps is close to each other.

This feature has been observed experimentally in the ion exchange of poly

(o-aminophenol) [40]. A qualitative analysis would lead us to believe that the ion

exchange during oxidation is different to that of reduction. However, the simulation

points out that an ideal two-electron transfer system which presents the same ion

exchange (anion + cation) during oxidation and reduction will show a CVD profile

similar to the one obtained. This result suggests that simulations of ideal systems

could indeed provide great insight into the interpretation of CVD data.

It is noteworthy that simulation by convolution is quite straightforward because

it uses commercial numerical convolution routines [41], unlike digital simulation

where special programs have to be written. While less flexibility exists on the ion

movement simulation, the method easily considers complex redox and ion

exchange mechanisms in the films.

Fig. 10.16 Simulated cyclic

voltammogram (dotted line)
and cyclic voltadeflectogram

(full line) for an electroactive

film with a nernstian two-

electron processes. The first

redox process involves cation

exchange, and the second,

anion exchange
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10.3.6 Water Concentration Effects

The movement of ions in solution implies changes in the water concentration since

most ions are hydrated. These changes should affect the PBD signal [1]. However,

water concentration effects have never been detected in PBD experiments. It should

be borne in mind that water concentration is quite high, and while PBD is sensitive

to the concentration gradient (dn/dC) and it does not depend on the base value, the

effect of water movement is an addition/subtraction of the water concentration

(55.5 M). It is unlikely that small changes of water concentration could alter the

water concentration.

10.3.7 Thermal Effects

Electrochemical reactions produce thermal gradients due to resistive (Joule) or

entropic (Peltier) effects. Those thermal gradients will appear as refractive index

gradients and could be detected by the probe beam (see Chap. 5). However, thermal

diffusivities (equivalent to the mass transport diffusion coefficient) are two orders

of magnitude (kwater ¼ 1.36 � 10�3 cm2 s�1 [42]) larger than the diffusion coeffi-

cient of ions. Therefore, the contribution due to thermal gradients will be negligible

at the times used to measure concentration gradients. However, probe beam deflec-

tion can be used to measure cell calorimetry, under appropriate conditions [43].

10.4 Experimental Probe Beam Deflection Setup

In Fig. 10.17, a scheme of the PBD setup installed in our laboratory is shown, which

is similar to the one described before [44].

The basic components of the PBD system are a He–Ne laser and a bicell position

sensitive detector. The laser beam is focused by a 50-mm lens to a diameter of

roughly 60 mm in front of the planar electrode. The actual beam/electrode distance

is estimated by measuring chronodeflectometric pulses at different relative

distances (x) and using the relationship between the time of maximum signal and

distance (Eq. 10.30). The electrochemical cell is an optical glass cuvette, which is

mounted on a 3 axis tilt table. The working electrodes can be any flat conductive

solids such as polished glassy carbon plates, Pt plates, Au films on glass, ITO/glass

transparent electrodes, and carbon aerogel plates, etc. The counter electrode is a

coiled Pt wire, and the reference electrode is a conventional SCE connected with

the cell by a plastic tube. The counter electrode and reference connecting tube are

situated facing the working electrode outside the path of the beam. A micrometric

translation stage allowed for controlled positioning of the sample with respect to the

laser beam in small (mm) steps. The position sensitive detector is placed at some
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distance (e.g., 25 cm) behind the electrochemical cell. The deflection signal was

processed using a position monitor. The signal of the two photodiodes making the

bicell detector was subtracted and normalized to the overall signal in order to

minimize the effect of laser intensity fluctuations. All parts of the system were

mounted on an optical rail, resting on a stable optical breadboard. The electrochem-

ical control of probe beam deflection experiments is performed using a potentiostat.

The entire setup is controlled by a PC, through an AD/DA card.

Positive deflections correspond to a decrease of ion concentration in the solution

near the electrode, indicating ion insertion in the film. For oxidation, when positive

charges are created in the film, it means that anions are inserted. During reduction,

the opposite is true. Negative deflections correspond to a decrease of ion concen-

tration in the solution near the electrode, indicating ion expulsion from the film. For

oxidation, when positive charges are created in the film, it indicates that cations are

expelled.

An important point is the alignment of the probe beam with the electrode

surface. A similar problem exists in PDS. The ideal situation is for the probe

beam to travel parallel to the electrode surface. In that way, the whole path length

will sample the concentration gradients. Misalignment of flat surfaces with the

beam is possible. The best solution will be to use a cylinder as an electrode and

setup it perpendicular to the probe beam. Therefore, the sampling region will be

always the same. However, the sampling region is only the tangent of the circle and

is quite small.

Fig. 10.17 Scheme of a probe beam deflection setup
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10.5 Values of the Variation of Refractive Index with

Concentration

Table 10.1 Variation of refractive index with concentration for common ionsa

Species dn/dC 103 Species dn/dC 103 Species dn/dC 103

CH3COOH 39.9 H3PO4 8.35 O2 �14.4b

HONH4 0.91 KHCO3 9.78 H2 �12.8b

ClNH4 9.47 KHC8H4O4 37.64 NaH2PO2 22.1c

(NH4)2SO4 18.54 KBr 13.71 Na2HPO3 10.7c

BaCl2 28.35 K2CO3 21.56 LiClO4 6.69c

CaCl2 23.96 KCl 9.6 NaCl 9.55

CsCl 12.47 K2CrO4 38.37 NaClO4 7.36

CoCl2 26.58 K2Cr2O7 51.86 HClO4 6.8c

CuSO4 26.33 K3Fe(CN)6 51.64 NaOH 9.76

FeCl3 41.14 K4Fe(CN)6 70.55 NaHCO3 10.48

FeCl2 31.25 CH3COONa 10.63 H2SO4 11.05

HCOOH 2.52 KOH 10.07 Na2CO3 21.25

HCl 7.94 KI 21.05 NaCr2O7 50.4

Pb(NO3)2 36.43 KNO3 8.98 Na4Fe(CN)6 71.74

LiCl 8.36 K2C2O4 20.96 Na2MoO4 34.06

MgCl2 20.4 KH2PO4 14.15 NaNO3 8.64

MgSO4 20.8 KHPO4 24.95 Na3PO4 37.48

MnSO4 23.7 K2SO4 19.51 Na2HPO4 25.01

NiSO4 29.21 KSCN 17.3 NaH2PO4 14.4

HNO3 7.8 AgNO3 17.28 Na2SO4 19.24

Na2S2O3 29.69 Na2C4H4O6 30.35 NaBr 13.56

CCl3COOH 19.5 ZnSO4 25.55 SrCl2 27.09

H2O2 1.4c CO2 �14.0d

aThe values are valid for concentrations below 2 M and were obtained from the refractive index

data [7], unless otherwise stated in the table
b[8]
cAuthor’s laboratory measurements
dO’Brien RN, private communication, 1994
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Chapter 11

Application of Probe Beam Deflection

Techniques to the Study of Surface-Confined

Electrochemical Systems

11.1 Introduction

As it was stated before (Chap. 10), the interpretation of PBD results, when the

concentration of several ions is changing, is difficult. On the other hand, when only

one ion concentration is changing and the electrolyte is constituted by only two ions

(binary electrolyte), the interpretation is straightforward. PBD studies on redox

couples in solution could not meet the criteria, unless one of the redox forms is

insoluble. On the other hand, if the redox couples are confined at the electrode

surface, only exchanged ions are moving and can be detected by PBD. Therefore,

PBD techniques are specially suited to study surface-confined systems, including

monolayers and multilayers. Accordingly, most of the published data on the use of

PBD techniques have been devoted to this subject.

11.2 Noble Metal Electrode Surfaces

Probably, the most thoroughly studied electrochemical system is the surface of

polycrystalline Pt in aqueous media. This system was initially studied by PBD by

Rudnicki et al. [1], using multiple cycles and averaging to improve the signal/noise

ratio. Then, it was studied by Kersetz et al. using single cycle but with a platinized

Pt electrode with a bigger area (roughness ¼ 17) [2]. The cyclic voltammogram

and the corresponding PBD signal are observed in Fig. 11.1. During oxidation, the

concentration of protons increases (negative deflection) due to the oxidation of

adsorbed hydrogen to protons, followed by a region with negligible signal in the

double layer region and a clear increase of concentration (negative deflection)

coming from the metal reaction with water to form the oxide:

Pt H2ð Þads���!�2e
�
Ptþ 2Hþ; (11.1)

G.G. Láng and C.A. Barbero, Laser Techniques for the Study of Electrode Processes,
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Ptþ H2O���!�2e
�
PtOþ 2Hþ: (11.2)

During reduction, the opposite reactions seem to occur, as the opposite PBD

signal is observed.

Other systems studied are gold electrodes in acid media [3]. In this metal,

hydrogen adsorption is minimal. Only the signals due to oxide formation:

Auþ H2O���!�2e
�
AuO þ 2Hþ (11.3)

are detected. In such system, the adsorption of anions in the double layer region

was also detected. The PBD signal switch sign at the potential of zero charge

(Epzc ¼ �0.2 VSCE).

Fig. 11.1 Cyclic voltamperogram (CV) and voltadeflectogram (PBD) of a polycrystalline Pt

electrode in 1 M HClO4. v ¼ 100 mV s�1
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11.3 Carbon Materials

Carbon materials show a more complex chemistry than noble metals. Electrochem-

ical oxidation at high anodic potentials (>2.0 VRHE) produces the irreversible

formation of oxide layers, with their own electrochemical response [4]. The most

commonly used electrode material, glassy carbon, was also studied by PBD [3].

In this case, the polished electrode has a weak current and PBD signal. However,

after electrochemical activation (oxidation at 2.0 VSCE in acid media during 3 min),

a broad current peak and a related PBD signal are observed. During oxidation,

a negative deflection is measured (proton concentration increases), with the oppo-

site signal during reduction. The surface reaction is assigned to

QH2���!�2e
�
Qþ 2Hþ; (11.4)

where Q and QH2 are the quinone and hydroquinone surface groups, respectively.

The groups are created during electrochemical activation [5]. The fluxes observed

in polished electrodes are in the same direction, suggesting that the polished surface

is covered by a thin layer of native oxide.

PBD has been also used to study the intercalation of anions in graphite [6]

and in thin films of fullerenes [7]. In the latter system, each redox peak is correlated

with cation insertion in the film, but anion contribution is also detected.

11.4 Underpotential Deposition

An interesting electrochemical system involves the deposition of metals, on noble

metal surfaces, at potentials more anodic than the standard potential for the

reduction of the metal ions (underpotential deposition, UPD). The UPD of copper

on Pt was studied using PBD [2]. As it can be seen in Fig. 11.2, it is possible to

detect the different forms of metals adsorption (shown as peaks in CV and CVD

profiles). As it can be seen, the current peaks due to hydrogen desorption and PtO

formation have a similar magnitude than those due to Cu desorption (Fig. 11.2a).

On the other hand, the CVD peaks due to Cu desorption (Fig. 11.2b) are several

orders of magnitude larger than the ones due to Pt surface electrochemistry.

Therefore, CVD is much more sensitive than CV, being able to detect 2% of a Cu

monolayer. It is likely that the higher value of dn/dC for CuSO4 than for H2SO4

(Table 10.1) bears some responsibility on the increased sensitivity.
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11.5 Anion Adsorption on Metals

The charging of the double layer of an electrode involves the adsorption of ions

from the solution onto the electrode surface. Besides the double layer process,

specific adsorption of ions could occur. The ion adsorption driven by the potential

will appear as a discontinuous consumption/production of ions in front of the

electrode which could be detected by PBD. However, since the maximum coverage

is only one monolayer of ions (ca. 10�9 mol cm�2), the signal is weak. Bidoia

et al. [8] were able to detect the anion adsorption on platinum during a cyclic

voltammetry experiment. Also, they measure the potential-dependent extent of

adsorption of various anions including ClO4
�, H2PO4

�, and Cl� on the Pt electrode
surface. If a rough electrode is used instead of a flat one, the signal/noise ratio

would be larger and the detection of anions by PBD easily performed. We have

used a mesoporous Pt electrode (MP-Pt) to study the adsorption of anions [9]. The

PBD response, measured along the cyclic voltammogram, of an MP-Pt electrode

in HClO4 is shown in Fig. 11.3.

In principle, the features in the cyclic voltadeflectogram can be interpreted

in terms of the production and consumption of protons at the Pt interface. The

following reactions have to be considered:

Between 0.05 and 0.40 V, the hydrogen adsorption/desorption occurs:

Fig. 11.2 Cyclic

voltamperogram (a) and

voltadeflectogram (b) for a

Pt electrode in 0.1 M HClO4.

Scan rate ¼ 100 mV s�1.
The broken lines represent
the measurement in absence

of Cu2+, while the full lines
show the measurement in

presence of 10�3 M Cu2+
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Pt� Hð Þ þ H2O���!�e
�

Ptþ H3O
þ: (11.5)

Between 0.40 and 0.75 V is the double layer region, where water and hydroxyl

ions adsorb on the surface without faradaic transfer, but partial electron transfer

occurs at E > 0.60 VRHE corresponding to the reaction [7]

Ptþ 2H2O���!�e
�

Pt� OHð Þ þ H3O
þ: (11.6)

At potential more anodic than 0.75 V occurs the platinum oxide formation:

Pt� OHð Þ þ H2O���!�e
�

Pt� Oþ H3O
þ: (11.7)

During the positive potential scan, reactions (11.5), (11.6), and (11.7) take place

to the right. Accordingly, in Fig. 11.3, the production of protons causes increasing

acid concentration next to the electrode surface, inducing a negative beam deflec-

tion. A sharp decrease occurs from 0.05 to 0.50 V where the highest proton

production takes place. Then, the signal increases as the diffusion of protons from

the surface is the dominant process, and diminishes when the adsorption of

hydroxyl ions and oxide formation begin. The change of PBD signal with the

potential turns positive (deflection away the electrode surface) during the reverse

Fig. 11.3 Cyclic

voltammogram (a) and cyclic

voltadeflectogram (b) of an

MP-Pt in 1 M HClO4. Scan

rate ¼ 0.01 V s�1
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potential scan, where protons are consumed. The curve describes the opposite

behavior than in the positive sweep.

On the other hand, while the CV shows a similar feature, the CVD is quite

different in 1 M H2SO4 (Fig. 11.4).

An analysis of the PBD data obtained in sulfuric acid (Fig. 11.4) can be made in

a similar way. The CV shows the typical peaks of hydrogen (strongly and weakly

adsorbed) adsorption/desorption (Fig. 11.4a). During the potential scan in the range

0.05–0.125 V, the probe beam deflects toward the electrode surface indicating

hydrogen desorption (Fig. 11.4b). Afterward, a positive change of PBD with the

potential occurs between 0.125 and 0.30 VRHE, indicating a deflection away from

the electrode surface (at the same potential than the first Had desorption peak in the

CV). These results can be interpreted assuming that the Had desorption is not the

sole reaction that takes place in this potential range, but the adsorption/desorption

of sulfate species (HSO4
�/SO4

2�). It is noticeable that in perchloric acid, where

anions do not adsorb, the change in the sign is observed at 0.25 VRHE. The onset for

anion adsorption can be considered at 0.01 V, and (HSO4
�)ad is the predominant

species on the surface at low potentials (maximum adsorption at ca. 0.40 VRHE).

Conversion to adsorbed SO4
2� (maximum adsorption around 0.70 VRHE) occurs as

the potential becomes more positive [10]. Therefore, it is concluded that the

positive deflection between 0.125 and 0.30 VRHE in Fig. 11.4b is related mainly

with the adsorption of sulfate species. In the reverse potential scan, the PBD curve

continuously increases for E < 0.27 VRHE, but a change in the slope is apparent at

0.125 VRHE, the same potential for the change in the positive-going sweep.

In the double layer region, a charged solid is in contact with the liquid phase,

consisting of molecules of solvent, ions, and dipolar species, which become

organized near the solid surface under the orienting force of the static electric

field [9]. In the positive-going potential run, the deflection increases between 0.33

and 0.55 V indicating that adsorption of sulfate species prevails. After that, in the

0.55–0.80 V range, the metal surface is more positively charged, and the conversion

of adsorbed bisulfate to adsorbed sulfate occurs, generating protons at the surface

(11.7). Moreover, the electron donor character of water enhances, and reaction

(11.6) takes place, also producing protons which are responsible for the decrease in

the deflection signal. The explanations for the shape of the PBD in the negative scan

direction in this potential range are similar than before but assuming the consump-

tion of protons and the adsorption of bisulfate. The absence of these features in

perchloric media (Fig. 11.3) confirms that they have to be related to the presence of

adsorbed anions.

11.6 Electroactive Thin Films

The PBD signal depends on amount of ions exchanged by the surface species. In a

monolayer, the maximum coverage of redox groups is of about 10�9 mol cm�2. On
the other hand, the signal will increase if multilayers of redox groups are used as
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electrodes. Like current, also related to a flux, the deflection will measure the

contribution of the entire electrode in the region sampled by the probe beam.

Therefore, thin films will show strong PBD signals, and this is the main area of

application of PBD techniques. It has to be borne in mind that thick films will show

an ion exchange controlled by the ion flux in the solution and ion flux inside the

film. Qualitative interpretation of ion exchange is still possible. However, if

the experiment is designed for the thin film to obey the condition of discontinuous

process, the data can be quantitatively analyzed. In the case of electroactive

films, such condition imply the use of thin film where all the material inside

is transformed in a time period much smaller than the duration of the PBD

measurement.

11.6.1 Electrochromic Oxides

The coloration/bleaching process in electrochromic oxides involves oxidation/

reduction of the oxide film. Therefore, an insertion/expulsion of ions is necessary

to maintain charge electroneutrality inside the oxide layer. PBD could then be used

to study the ion exchange coupled to coloration.

Fig. 11.4 Cyclic

voltammogram (a) and cyclic

voltadeflectogam (b) of an

MP-Pt in 1 M H2SO4. Scan

rate ¼ 0.01 V s�1
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11.6.1.1 Tungsten Oxide (WO3)

Thin films of WO3 were produced by electrochemical oxidation of tungsten in acid

media. The electrochemical response during oxidation (bleaching) is coupled with a

positive deflection (ion expulsion) [11]. The flux could be explained by the reaction

occurring during bleaching:

WO3 þ xHþ ���!þxe
�
WO3Hx: (11.8)

11.6.1.2 Anodic Iridium Oxide Films

Iridium oxide thin films (IrOx) were prepared as anodic iridium oxide films

(AIROF) by electrochemical oxidation of iridium plates in acid media [12]. In the

same media (1 M HClO4), the oxidation (coloration) is accompanied by negative

deflection, indicating proton expulsion, like in WO3. On the other hand, in basic

media (1 M NaOH), the coloration (oxidation) is accompanied by ion insertion

(Fig. 11.5), suggesting that the ion flux corresponds to OH� insertion:

Region 0 < pH < 3

IrðOHÞn���!�xe
�
IrOx OHð Þn�x þ Hþ: (11.9)

Region 4 < pH < 12

Ir OHð Þn þ xOH����!�xe� Ir OHð Þn�x: (11.10)

The chronodeflectometric measurements of AIROF could be fitted as a discon-

tinuous process. Using the relationship between the beam-electrode distance

and the time of the maximum (see Chap. 2), a diffusion coefficient of

1.7 � 10�5 cm2 s�1 is measured in basic media and of 3.8 � 10�5 cm2 s�1 in

acid. The values agree closely with those calculated for the binary electrolytes

(NaOH and HClO4, respectively) [13]. If a supporting electrolyte is added, diffu-

sion coefficients of 5.8 � 10�5 cm2 s�1 and 9.3 � 10�5 cm2 s�1 in basic and acid

media (respectively) are measured. These values of diffusion coefficients agree

well with those previously reported for OH� and H+, respectively [10].

It seems that the supporting electrolyte ions dominate migration due to its

significant excess compared with the ions involved in the surface reaction. There-

fore, the PBD data become dominated by the ions moving by diffusion. As it was

discussed before, using pulse deflectometry, it is possible to compare the

voltammetric and deflectometric responses without diffusional delay.

The DPVD(E) peaks (Fig. 11.6) qualitatively track those on the CV (Fig. 11.5a).

However, the relative intensity of the peaks is different in DPVD and CV,

suggesting a different ion transference number for each peak. The apparent

switching point for the kind of ion exchanged is between pH 3 and 4. Since the
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measurements between pH 3 and 11 are made using buffer solutions, the exact

value is less certain. However, the fact that the ion exchange changes at a pH

different than 7 implies that a surface property (e.g., pKa of the oxide) is measured

and not the trivial predominance of the ion in higher concentration. Plichon and

Fig. 11.5 (a) Cyclic

voltamperogram and (b)

cyclic voltadeflectogram of

a anodic iridium oxide film

(AIROF) in 1 M NaOH.

(v ¼ 50 mV s�1)

Fig. 11.6 Differential pulse

voltadeflectometry (dPVD

(E)) of AIROF in 1 M NaOH
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coworkers study the ion exchange on iridium oxide in anhydrous propylene car-

bonate [14].

11.6.1.3 Cobalt Oxide

Cobalt oxide/hydroxide thin films were deposited by potentiodynamic oxidation of

CoII ions in pH 4 media [15]. Since the CoIII oxide is insoluble, it is possible to grow

a thin film by cycling the electrode in a Co+2 solution of the appropriate pH [15].

The ion exchange of cobalt oxides was studied by PBD in basic media and found to

be mainly OH�. The chronodeflectometric response (Fig. 11.7) could be simulated

with the theoretical profile of a discontinuous process. The square root of the time

for the maxima depends on the beam-electrode distance (Chap. 10), and the binary

diffusion coefficient for KOH was obtained, confirming that OH� is exchanged.

11.6.1.4 Other Oxides

Using current chronodeflectometry, the contribution of OH� to the ion exchange of
nickel oxide films [16] was found to be dominant but with a contribution of co-ions

(cations). By combination of PBD with EQCM, the role of ions and solvent was

demonstrated [17]. Recently, NiOx films for supercapacitor applications have been

studied by different techniques, including PBD [18]. The technique has also been

used to study the ion exchange of thermally prepared ruthenium oxide [19].

Fig. 11.7 Chronodeflectogram of a cobalt oxide film deposited onto a glassy carbon substrate.

Solution ¼ 0.1 M KOH. Full line is experimental data, and gray line was simulated with

Do ¼ 1.7 � 10�5 cm2 s�1 and x ¼ 75 mm
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11.6.2 Inorganic Complex Films

PBD techniques have also been utilized to study the redox coupled ion exchange in

mixed salts [ferric ferrocyanide (Prussian blue)] [20], cupric ferrocyanide [21],

indium ferrocyanide [22, 23], and lutetium diphtalocyanine [24]. In all cases, the

ion exchange was found to be dominated by transport of cations, but some contri-

bution of anion transport to the charge compensation was detected.

11.6.3 Electroactive Polymer Films

This is the area where most extensive use has been made of PBD techniques.

A pioneering study of the ionic exchange related to redox processes in several

polymers (poly(4-vinylpiridine-Ru(bpi)2Cl), polyaniline and poly(1-hydroxy-

phenazine)) was presented by Haas [25] and coworkers [26]. The ion exchange

in polythiophene was then studied [27]. After those initial studies, several more

electroactive polymer films have been studied. The results, clearly the main appli-

cation of PBD techniques, will be described below.

11.6.3.1 Redox Polymers

Poly(1-hydroxyphenazine)

A quite complex redox polymer, poly(1-hydroxyphenazine) (pOHPh), could be

produced by electrochemical oxidation of 1-hydroxyphenazine [28]. The ion

exchange of the polymer, in acid media, was studied by a combination of PBD

(Fig. 11.8) and EQCM [29].

Both PBD and EQCM results suggest a two-step mechanism, with a coupled

protonation, similar to polyaniline:

pOHPhð ÞH2 A�Hþð Þx �����������
þxHþþxA�

����������!�xHþ�xA�
pOHPhð ÞH2������!�e�þ A�

pOHPhð ÞH2
þ A�ð Þ; (11.11)

pOHPhð ÞH2
þ A�ð Þ����������!�e��Hþ�HA

pOHPh: (11.12)

The reaction is clearly described in Scheme 11.1.

Chronodeflectometric measurements allow detecting kinetic effects during

the ion exchange. A detailed analysis of the EQCM data shows that the mass

exchanged does not scale up with the anion mass. Therefore, it was proposed
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that a counterflux of solvent accounts for the lost mass. Since PBD does not detect

solvent, the PBD evidence of anion exchange allows to make the assumption that

cation exchange is negligible.
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Poly(vinylferrocene)

This system, which has been extensively studied by other techniques (EQCM,

radiotracers, etc. [30]), was also investigated by PBD [31]. Thin films, deposited

from a solution of the polymer in toluene, were studied in aqueous and nonaqueous

media. In nonaqueous media (LiClO4/ACN), only negative deflection accompanies

oxidation. The ion exchange mechanism is the expected:

PVF��������!�e�þClO�4
PVFþ ClO�4

� �
: (11.13)

A similar behavior is observed in aqueous media when some acids (C6H5SO3H)

are used as electrolyte (Fig. 11.9). Using the method proposed by Vieil [32], the

current–potential data (Fig. 11.9a) were convoluted, assuming a single anion

exchange. The calculated PBD gives excellent agreement with the experimental

PBD data (Fig. 11.9b), suggesting that only anions are exchanged. However, in

other aqueous media (e.g., HClO4), a more complex mechanism is observed. On

oxidation, a negative deflection (ion expulsion) prepeak is followed by a broad

positive (ion insertion) deflection peak.

Fig. 11.9 Cyclic voltamperogram (a) and voltadeflectogram (b) of a poly(vinylferrocene)

film on GC in 0.1 M CH3C6H4SO3H/H2O. v ¼ 50 mV s�1. The points in (b) were calculated

using the convolution technique, with xo ¼ 58 mm and Do ¼ 2.8 � 10�5 cm2 s�1
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Therefore, the ion exchange mechanism seems to involve two steps:

PVF Hþð Þ A�ð Þ ��!� xe�
PVFxþ
� �

A�ð Þx þ xHþ; (11.14)

PVFxþ
� �

A�ð Þx þ 1� xð ÞA� �����!�ð1�xÞe�
PVFþA�: (11.15)

Moreover, if the same polymer is studied in HBF4, only negative deflection (ion

expulsion) is found during oxidation (Fig. 11.10). The results obtained in several

different electrolytes are summarized in Table 11.1.

In Table 11.1, the values for the interaction coefficient between redox centers

(f) are also reported, obtained from the width of the voltammetric peak (FWHM).

It can be seen that negative values of f (repulsive interaction) correspond to anions

exchange, while positive values of f (attractive interaction) correspond to cation

exchange. It seems that electrolyte is incorporated during the initial wetting of the

polymer in the aqueous media. Then, the kind of ion exchanged is not related with

the ion availability in the solution but with the interaction of anions with the

positive charge inside the polymer. Therefore, the interaction between positive

charges, shielded by the anions, is related with the kind of ion exchanged. PBD

was also combined with electroacoustic EQCM to investigate redox coupled ion

exchange in polyvinylferrocene (PVF) [33]. It was found that the effect of the

anions on the polymer internal interactions also influences the viscoelasticity of the

polymer films. It is also known that the first oxidation cycle (after waiting a certain

Fig. 11.10 Cyclic

voltagram (a) and cyclic

voltadeflectogram (b) of

a poly(vinylferrocene) film,

deposited on GC, in 0.1 M

HBF4/H2O. Scan

rate ¼ 50 mV s�1
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time in the reduced state) of PVF shows a voltammogram different from the ones

observed during continuous cycling. The first cycle shows lower peak current and a

more anodic peak potential than the following ones. This phenomenon has been

called secondary “break-in” effect [34] or history effect [35]. The effect was tested

using PBD. The deflection signal tracks the current (with opposite sign), and lower

PBD signals are associated with lower currents. The potential of the PBD peak also

shifts in the same direction as the current peak. Similar results were observed for all

the acids studied, even when anions were the dominant ions exchanged.

Ladder Redox Polymers

PBD was used to study ion exchange of electroactive ladder polymers. Oyama et al.

polymerize o-phenylenediamine to produce a ladder polymer with phenazine units

[36]. Thin films of poly(o-phenylenediamine) were deposited by electropoly-

merization. The study of ion exchange using PBD [12] shows that only cations

(protons) are exchanged during oxidation/reduction in acid media. The CVD results

were confirmed by measurements of the diffusion coefficient of the exchanged ion

(proton) using chronodeflectometry. It seems that the oxidation involves two one-

electron redox steps with the same ion exchange.

Barbero et al. electropolymerize o-aminophenol to form an electroactive poly-

mer with ladder structure of phenoxazine units [37]. The redox coupled ion

exchange of poly(o-aminophenol) was studied using PBD [38]. The response is

shown in Fig. 11.11. As it can be seen, the poly(o-aminophenol) film exchanges

protons during the first oxidation step and anions during the second oxidation step.

To ascertain the process, the PBD response was simulated using convolution of a

two electrons/two ions surface process.

11.6.3.2 Conductive Polymers

Polypyrrole

Polypyrrole is an extensively studied conductive polymer. Since it remains

electroactive at neutral pH, unlike polyaniline, it is ideally suited to be applied in

biological environments [39]. PBD measurements allow to find a clear effect of the

Table 11.1 Effect of solution electrolyte on the ion exchange mechanism and redox center

interactions

Counterion Species exchanged FWHM (V) Interaction coefficient (f/M�1)

CH3C6H4SO3
� Anion 0.160 �0.25

ClO4
� Anion + Cation 0.150 �0.21

CF3SO3
� Anion + Cation 0.100 �0.026

BF4
� Cation 0.080 0.046

PF6
� Cation 0.075 0.064
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size of the anion on the ion exchange of polypyrrole (PPy) [40]. In presence of small

anions (Cl�), polymer oxidation is linked to positive deflection (ion insertion),

according to the reaction

PPy0��������!�e�þCl�
PPyþð Þ Cl�ð Þ: (11.16)

If the solution only contains big anions, like toluenesulfonate, a negative deflec-

tion was found, according to the mechanism

PPy0 TsO�ð Þ Naþð Þ��������!�e��Naþ
PPyþð Þ TsO�ð Þ: (11.17)

A similar case occurs when dodecylsulfate is used as counterion. Further studies

using PBD confirm the trend and identify the role of the co-ions (cations) in the

exchange [41–43]. In phosphate buffer solutions, PPy prepared with dihydrox-

ybenzene disulfonate anions also exchanges cations [44]. The controlled release

of an anticancer drug (5-fluorouracil) from PPy films was also demonstrated using

PBD [45]. Novak et al. [46] used PBD to study the ion exchange of PPy in different

nonaqueous media. It was found that the kind of ion (cation or anion) exchanged

Fig. 11.11 Cyclic

voltammogram (a) and

voltadeflectogram (b) of a

poly(o-aminophenol) film

deposited onto GC.

Solution ¼ 1 M HClO4. Scan

rate ¼ 50 mV s�1. Beam-

electrode distance ¼ 65 mm
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depends on the solvent. While anions are mainly exchanged in ACN, cations are

exchanged in PC.

11.6.3.3 Polythiophene

PBD was used to early used to study the formation of radical cations in poly(3-

methylthiophene) [25]. While dominant anion exchange was observed, evidence of

some contribution of cations was found. The technique was also used to study the

deposition of poly(3-methylthiophene) [47] and poly(alkylterthiophenes) [48].

Correia et al. [49] investigated the electropolymerization of 3-methyltiophene

using PBD and multiflux convolution data processing.

11.6.3.4 Polynaphthols

The electropolymerization of 1-naphthol in nonaqueous media produces an

electroactive polymer with fused naphthalene and furane rings [50]. The ion

exchange of the polymer, studied by PBD, reveals a strong effect of the cation

size on the exchange. While anions are exchanged in presence of tetrabuty-

lammonium perchlorate, cations are mainly exchanged in presence of LiClO4. In

the latter system, using CVD and chronodeflectometry, a clear kinetic effect is

detected. At high scan rates (short times), anions are exchanged, while at slow scan

rates (long times) cations are exchanged [51]. The same effect was detected by

chronodeflectometry. During the oxidation pulse, a main negative peak (cation

exchange) is preceded by a sharp positive peak (anion exchange) at short times.

The results were confirmed by combination with in situ infrared spectroscopy

(MIRFTIRS). The combined technique (PBD with MIRFTIRS) was also used to

study ion exchange in poly(5-amino-1-naphthol) [52] and poly(5-amino-1,4-

naphthoquinone) [53]. In the former case, a clear effect of the solvent on the ion

exchange was observed. While protons are exchanged in aqueous solution, anions

are exchanged in nonaqueous media (ACN) irrespective of the acid concentration in

the electrolyte.

11.6.3.5 Polyaniline (PANI)

Polyaniline is one of the most widely studied conducting polymers. The ion exchange

has been studied by a plethora of different techniques, including EQCM, ring-disk

voltammetry, UV–vis spectroelectrochemistry, and radiotracer (see Chap. 14).

However, PBD studies were the first to provide direct in situ evidence of

simultaneous proton-anion exchange in PANI [54]. The CVD and CV responses

of a PANI film, in 1 M HCl, are shown in Fig. 11.12. During the first voltammetric

oxidation peak, a negative deflection prepeak (proton expulsion) is observed first,

followed by a positive deflection peak (anion insertion). In the potential range of the
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second peak, a negative deflection peak (ion expulsion) is observed. In the reduc-

tion scan, the behavior is the opposite [55]. A possible scheme to explain the ion

exchange is depicted in Scheme 11.2.

In acid media (e.g., pH ¼ 1) the reduced state of PANI (leucoemeraldine) is

partially protonated. The oxidation to emeraldine is accompanied initially by

proton expulsion. When all the available protons are expelled, anions are inserted

to maintain charge electroneutrality inside the film. If the proton concentration

in the solution is increased, an increasing percentage of leucoemeraldine is

protonated, and the negative deflection signal increases, while the positive signal

decreases. The ratio

fPBD ¼ yð�Þ
yð�Þ þ yðþÞð Þ (11.18)

is directly related to the amount of reduced PANI protonated. The plots of fPBD as

a function of proton concentration show profiles similar to titration curves.

The inflection point of the curve (equivalent to a pKa) depends on the nature of

the acid used because the process implies the formation of a solid salt (LE(H+A�)x)
and the stability of the salt depends of the anion properties.

Fig. 11.12 Cyclic voltamperogram (a) and voltadeflectogram (b) of a polyaniline (PANI) film on

GC in 1 M HClO4/H2O. v ¼ 50 mV s�1
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During the second oxidation process, the emeraldine salt state is converted into

pernigraniline base or salt, depending on the pH. At pH 1, pernigraniline is

deprotonated, and the oxidation process is accompanied by deprotonation with

loss of protons and anions. This mechanism accounts for the observed ion expul-

sion. The addition of salt affects the ion exchange mechanism because it decreases

the Donnan potential between the film and the solution [56].

In nonaqueous media, the polymer exchanges anions during both redox pro-

cesses [57]. The ion exchange has been studied in other media using PBD [58, 59].

In all cases, PBD shows that protons are exchanged during the first oxidation

process of PANI in acid media.

On the other hand, in a highly cited paper, Orata and Butry [60] were not able to

detect a proton signal by electrochemical quartz crystal microbalance (EQCM).

It was argued that protons are exchanged unsolvated by the film, and the low mass

(1 g mol�1) makes them difficult to be detected. Based on the PBD data, the

experiments were looked at in specific conditions (high concentrations of acid) by

EQCM, being able to detect the protons [61]. The results suggest that proton

exchange is accompanied by a counterflux of solvent (water), effectively canceling

the mass change at medium acid concentration (1 M).

If the polymer is prepared in presence of a polyelectrolyte, like poly(vinyl-

sulfonate), the ion exchange is altered [62]. The polyelectrolyte, retained inside

the polymer, compensates the positive charge on oxidation. Therefore, a dominant

ion exchange of cations is observed. However, both the protonation equilibria of PANI

and the polyelectrolyte have to be taken into account to explain the observed ion

fluxes. Interestingly, the presence of the polyelectrolyte seems not to affect the

exchange in nonaqueous solvents (PC, ACN) which remains dominated by anion

exchange. A similar effect on the ion exchange mechanism is induced by retention of

redox heteropolyacids (e.g., phosphotungstic acid), inside the polyaniline film [63].
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11.6.3.6 Sulfonated Polyaniline

Another way to alter the ion exchange mechanism involves adding negative charges

covalently linked to the polymer backbone. The incorporation of sulfonate groups,

to produce sulfonated polyaniline, could be effected by electrophilic sulfonation

of PANI [64], copolymerization of aniline with aminosulfonic acids [65], or

nucleophilic addition [66]. In all cases, the ion exchange is altered. In aqueous

media, both redox steps present negative deflection on oxidation. This suggests that

both redox processes involve proton expulsion, being the negative charge

compensated by the covalently linked anions. It is interesting to note that EQCM

data show decreasing frequency (increasing mass) during oxidation. These results

could indicate that anions are inserted during oxidation, in contrast to the PBD

results. However, a more detailed study using different anions and cations shows

that mass increase is independent on the mass of the anion and depends on a 10% on

the mass of the cation present in the electrolyte. This effect suggests that anions are

not involved, and only a 10% of cations (other than protons) are exchanged at

pH ¼ 1. The observed mass increase is likely to be due to a counterflux of solvent

(water) occurring when the protons are expelled on oxidation [67]. PBD also

reveals proton exchange during both redox processes in the copolymer of aniline

with aminosulfonic acid. The results were confirmed using EQCM. In nonaqueous

media, both redox processes in sulfonated polyaniline (SPAN) show a dominant

cation flux. This is surprising since the sulfonating degree (50%) is lower than the

100% necessary to compensate for all the positive charge. It seems apparent that

solution counterions (ClO4
�) form ion pairs with sulfonate and lithium, being

retained upon polymer reduction. The mechanism was confirmed by EQCM.

11.6.3.7 Poly(N-alkylanilines)

While incorporation of anionic groups should alter the ion exchange mechanism

during the first oxidation process, alkylation of the amine nitrogen should block the

deprotonation altering the second redox process. Indeed, poly(N-methylaniline),

a polymer where each amino nitrogen is blocked, shows a CVD with a positive

deflection during the second oxidation process, indicating that anions are inserted

during the second oxidation process (11.20) when two anions and a proton are

expelled in PANI [68] (see Scheme 11.2). The proposed mechanism

PNMANI������!�e�þA�
PNMANIþ A�ð Þ (11.19)

PNMANIþ A�ð Þ������!�e�þA�
PNMANIþþ A�ð Þ2 (11.20)

was confirmed by EQCM. The same effect is observed in poly(N-ethylaniline)
(PNETANI). An interesting point is that unlike polyaniline, the voltammetric

response of PNMANI and PNETANI is strongly affected by the anion present in
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the electrolyte [69], much alike PVF. However, in these polymers, the ion

exchange mechanism is not affected by the anion present in the solution. It seems

that the changes of the voltammetric response are related with the hydration

energy of the anions and not with the interaction between positive charges, as it

seems to be the case in PVF.

11.6.3.8 Other Polyanilines

Hillman and coworkers have studied the redox coupled ion exchange in poly

(o-toluidine) (POT). Using the convolution method, they could separate the flux

of anions and cations in the ion exchange. The study of POT using simultaneous

measurement of PBD and EQCM [70] allows to detect hysteresis effects and to

separate the solvent fluxes from ion exchange [71]. Besides, the temporal resolution

of ion and solvent exchange was achieved in POT/HClO4 films [72]. Thin films of

an aniline copolymer poly(aniline-co-(2-aminobenzoic acid)), deposited from

ammonia solution onto GC, show a voltammetric response similar to polyaniline

[73]. Probe beam deflection measurements show mainly proton expulsion on

oxidation up to pH 4 while PANI films exchange mainly anions at pH > 1 [74].

It seems that –COO� groups are present at low pH and compensate, like –SO3
�

groups in sulfonated polyaniline, the charge in the emeraldine salt state. This is

surprising since carboxylic acid groups has a pKas in the range 3–4 (e.g., pKa of

benzoic acid 4.19 [75]). However, the electronic effect of the amino group could

affect the pKa since the o-aminobenzoic acid has a pKa of 2.05 [76]. PBD was also

used to ascertain the alteration of the ion exchange mechanism produced by

modification reactions on polyaniline like nucleophilic addition of sulfite, electro-

philic addition of SO3, and the coupling of diazonium salts [77]. In all the cases, the

incorporation of –SO3
� groups to the polyaniline chain favors cation exchange due

to Donnan exclusion effect [78]. Yanez-Heras et al. studied the ion exchange of

very thin layers of substituted polyanilines deposited onto thin layers of polyaniline

using EQCM, PBD, and XPS [79]. Polyanilines functionalized with anionic groups

retain electroactivity at neutral pH, unlike polyaniline or thicker layers of the

same polymers.

11.6.4 Other Electroactive Polymers

PBD has also been used to study ion exchange in other conductive polymers, such

as poly(phenylene) [80, 81].

Pham and coworkers electropolymerize juglone (5-hydroxynaphthoquinone) to

form a conductive polymer which can be modified with oligonucleotides to deter-

mine DNA [82]. To understand the mechanism of detection, the ion exchange of

polyjuglone should be ascertained. In Fig. 11.13, the current and deflection

measured during electrochemical oxidation/reduction of a polyjuglone film on
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GC are shown. As it can be seen, the positive current due to polyjuglone oxidation

(Fig. 11.13a), a negative PBD, is detected (Fig. 11.13b). This result indicates that

protons are expelled upon oxidation, as expected for the oxidation of hydroquinone

(QH2) to quinone (Q) groups.

11.7 Nanostructured Systems

11.7.1 Determination of the Potential of Zero Charge of Porous
Carbon

As it was described before, the double layer charging of metal electrodes has been

qualitatively studied using cyclic voltadeflectometry. A more quantitative evalua-

tion of ion adsorption/desorption by cyclic voltadeflectometry is difficult due to the

small signals involved. A way to overcome that involves the use of electrodes with

high ratio of electrochemical active area to geometric area (high roughness).

A simple way to obtain high roughness involves nanostructuring of the electrode

[83]. An interesting kind of nanostructured systems is the high surface area carbon

electrodes, commonly used in supercapacitors [84]. Using PBD could be possible to

study the double layer charging/discharging processes in those materials.

Fig. 11.13 Cyclic

voltammogram (a) and

voltadeflectogram (b) of

a polyjuglone film

(deposited on GC) in HClO4

1 M. Scan rate ¼ 15 mV s�1
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In Fig. 11.14a, the PBD signal obtained during charging the double layer of

a carbon aerogel in NaF is shown. As it can be seen, the experimental profile could

be fitted by the equation of a discontinuous process. Even that the electrochemical

process takes time, by measuring at a distance far away from the minimum

(300 mm), it is possible to shift the time of the maxima to bigger values (>10 s).

In that way, the assumption of a negligible time span is fulfilled.
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Fig. 11.14 (a) Chronodeflectometry of high surface area carbon (aerogel) electrodes in 0.1 M

NaF/H2O solution. x ¼ 350 mm. Experimental data (open triangles) and simulation with

Eq. (10.24) (full line). (b) Normal pulse voltadeflectometry of the same system
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Since the system could be fitted with the chronodeflectometric profile, the

normal pulse voltadeflectometry technique could be used to measure the relation-

ship between the surface concentration of ions and the electrode potential.

The NPVD(E) plot for an aerogel electrode in NaF solution is shown in

Fig. 11.14b. A parabolic shape could be seen, with a minimum at the potential of

minimum charge of the material [85]. This value agrees closely with the minima of

the low frequency capacitance, measured by AC impedance spectroscopy, as

expected for a simple double layer model. A similar agreement between PBD

and capacitance data is observed in a nonaqueous electrolyte (LiClO4/ACN). It is

noteworthy that this is a direct measurement of the potential of minimum charge of

a solid material, which could only be inferred by other methods.

11.7.2 Determination of pzc of Nanostructured Pt

Typical chronodeflectometric responses, obtained using Pt nanoparticles (NPtC) in

1 M H2SO4 [86], are shown in Fig. 11.15. As it can be seen, the sign of the CD

signal changes when the potential is stepped around 0.2 VRHE. A similar behavior is

observed when CD measurements were performed at MP-Pt electrodes. The

Fig. 11.15 Chronodeflectometric profiles measured while stepping the electrode potential

between the values described in the figures. Electrolyte ¼ 1 M H2SO4. NPtC electrode. The

gray lines show the profiles simulated using Eq. (10.24) and the appropriate parameters
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chronodeflectometric profiles were simulated using Eq. (10.24) (Chap. 10). The

general parameters used in the simulation are D ¼ 2.6 � 10�5 cm2 s�1 (sulfuric
acid binary electrolyte [87]) and dn/dC ¼ 0.011 (Table 10.1). The concentration of

active sites (Cs) used was Cs ¼ 1.62 � 10�3 mol cm�2 and x ¼ 96 mm. The good

fitting indicates that the double layer charging occurs in a negligible time compared

with the CD measurement.

The integral variation between an initial potential and different final potentials is

estimated (Fig. 11.16). In that way, the PBD signal will be proportional to the

amount of ion exchanged from the initial potential to the final potential. If the

potentials are stepped inside the double layer region, the ions exchanged will

correspond to the changes in the ion population inside the double layer. At

potentials more negative than the potential of zero charge (pzc), the amount of

cations will decrease when the potential is stepped in the positive direction, while at

potentials positive to the pzc, the amount of anions will increase for the same

potential step. At the pzc, the curve should show a minimum [88]. As it can be seen,

while they have some differences, the profiles obtained in both electrodes reveal

a minimum value of ca. 0.22 � 0.05 VRHE. This value corresponds to the potential

of zero charge of Pt in the media, and it agrees reasonably with the value reported in

the literature, for flat polycrystalline electrodes, of 0.20 VRHE [89].

Fig. 11.16 Dependence of NPDV(E), calculated from CD profiles as depicted in Fig. 11.15, for

MP-Pt (circles, dashed line) and NPtC (squares, full line). All points were measured in 1 M H2SO4
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11.7.3 Double Layer Charging of Monolithic Nanoporous Carbon

Using the measurement setup developed with carbon aerogels, the chronodeflec-

tometric response of mesoporous carbon monoliths was evaluated. These materials

are obtained by template-controlled pore formation in resorcinol–formaldehyde

resins [90].

A similar behavior is observed in the case of carbon aerogels. However, instead

of a discontinuous process, a continuous process of ion insertion to the carbon

materials is observed (Fig. 11.17).

It seems that charge insertion in the porous electrode double layer, related to ion

adsorption, is controlled by ion diffusion inside the pores. This result is confirmed

by a Cottrell analysis of the chronoamperometric data (see below). As it can be

seen, diffusion control of the ion transport is observed. It has to be taken into

account that mesogels are monolithic materials with thickness in excess of 500 mm.

On the contrary, the carbon aerogels used previously are supported by fibers, and

the effective thickness of the porous layer is less than 20 mm.

11.7.4 Hierarchical Porous Carbon Structures

The comparative study of carbon aerogels and mesoporous monolithic carbon using

PBD suggests that in the latter, the pore length is large and the ions take a long time

(>1,500 s) to enter the monolith. However, the materials have different origin, and

other properties could be responsible of the different behavior. To overcome that

Fig. 11.17 Chronodeflectometry of high monolithic porous carbon electrodes in 1 M H2SO4.

Beam-electrode distance ¼ 300 mm
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limitation, a carbon material bearing mesopores, and macropores should be made.

This has been made by impregnation of a cellulosic fiber cloth with RF resin

and carbonization of the ensemble [91]. The chronodeflectometric response of the

carbon material (Fig. 11.18) shows data in agreement with the simulation for

a discontinuous process while it differs clearly from the simulation of a continuous

process. Therefore, in less than 100 s, the electrode double layer is charged.

The charging/discharging process of the monolithic porous carbon is controlled

by the diffusion of ions inside the carbon. Therefore, it should obey Cottrell

equation [92]. A comparison of the Cottrell plots (extracted from the chronoam-

perometric measurements) of a monolithic and a hierarchical porous carbon shows

that the plot obtained in monolithic carbon obeys the equation up to 1,000 s, while

the one measured in hierarchical carbon departs after ca. 400 s. The mass transport

model proposed is confirmed, and a way to fabricate electrodes for fast super-

capacitors is devised.

11.7.5 CO Oxidation on Nanostructured Pt Electrodes

To produce noble metal electrodes with large surface areas, there are two ways

(1) fabricate metal monoliths with large porosity and (2) synthesize metal

Fig. 11.18 Chronodeflectometric response of a composite mesoporous carbon in aqueous media

(0.5 M KNO3). The potential of the electrode is switched between 0.3 and 0.25 VSCE
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nanoparticles supported on conductive solids. CO adsorption on platinum family

metal electrodes is a subject of great importance for the application of such

materials in fuel cell electrodes.

11.7.5.1 CVD of COads Oxidation Using Mesoporous or Nanoparticulated Pt

PBD has been applied to study the oxidation of adsorbed CO in saturated CO

perchloric acid solution at a polycrystalline Pt electrode. Gas production (by

oxidation of CO to CO2) should involve a positive beam deflection as dn/dC < 0

for gases and dn/dC < 0. However, an unexpected negative value of PBD was

observed during oxidation of COad to CO2 [93]. We investigated the electrochemi-

cal system using a mesoporous Pt electrode (Fig. 11.19). The large electrochemical

roughness of the electrode assures a good signal/noise ratio. The reaction for the

electrooxidation of adsorbed CO can be written as

Pt� COþ Pt� OHð Þ þ H2O���!�e
�
CO2 þ H3O

þ þ 2Pt: (11.21)

In the reaction, only CO2 and H3O
+ could be detected by PBD since surface

species (e.g., Pt-OH) does not change the refractive index of the solution, and the

Fig. 11.19 Cyclic

voltammogram (a) and

voltadeflectogram (b) for

COads oxidation in 1 M

H2SO4 at MP-Pt.

v ¼ 15 mV s�1
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large value of water self-diffusion coefficient makes the corresponding profiles

negligible at the experimental values of beam-electrode distances. Fig. 11.19b shows

the corresponding signal for the probe beam deflection during CO stripping. In the

positive potential scan, at E > 0.50 VRHE, the deflection decreases, indicating that

reaction (6) takes place. Subsequently, a sharp change in the deflection occurs at

0.67 VRHE, increasing PBD up to a maximum at 0.75 VRHE for MP-Pt.

In this potential region, all reactions coexist, but the production of CO2 in the last

one seems to determine the net sign of the PBD. This could be due to the fact

that dn/dC for CO2 is negative and larger (Table 10.1) than dn/dC for H3O
+. Note

that the peak potential in PBD is shifted due to the time delay between the surface

reaction and the detection at the laser at several (50–100 mm) away.

11.7.5.2 Dynamic Effects in COads Oxidation on Mesoporous Pt Electrodes

Previous studies on the electrochemical oxidation of CO adsorbed on MP-Pt

electrodes using chronoamperometry have shown that the oxidation follows

a profile typical of a nucleation and growth process [94].

The characteristic curve describes broad current maxima after the initial current

spike has decayed. Such feature is clearly seen during the oxidation of CO previ-

ously adsorbed on MP-Pt (Fig. 11.20). Since PBD is a technique nearly as fast as

electrochemistry, in contrast with other techniques like in situ FTIR, such dynamic

effects can be easily studied. As it is displayed in Fig. 11.20a, the nucleation step,

denoted by a sharp current spike, is correlated with a small negative deflection peak

(Fig. 11.20b). The broad current feature is related to a broad positive deflection

peak. It has been proposed that the negative deflection is related with the proton

expulsion due to Pt oxide formation while the positive deflection peak corresponds

to CO2 formation (solute concentration increases with negative dn/dC) due to COad

oxidation. Therefore, it is likely that the fast oxide formation occurs with nucleation

in specific catalytic sites while the COad oxidation happens through reaction

(11.21), reducing the oxide. Its electrochemical regeneration is responsible for the

slow “growth” process. The results give direct evidence in support to the early

proposition by McCallum and Pletcher [95] that CO oxidation rate is determined

by the rate of nucleation and growth of oxide islands in the CO monolayer at

a polycrystalline platinum electrode.

The small prepeak could also be due to a time delay between different fluxes,

as it has been shown before in other systems [96, 97]. To clarify this point, the

chronodeflectometric signal in Fig. 11.19 was simulated (Fig. 11.21) taking into

account the contributions due to CO2 and H3O
+, which are produced during COad

oxidation in reaction (11.21). For this simulation, CD profiles plot are calculated as

the addition of two PBD signals, where each PBD profile obeys Eq. (10.24), with

the parameters of each mobile species. As CO2 is uncharged, no migration effects

have to be considered, and the electrolyte remains binary. The diffusion coefficient

of proton used is that of the binary electrolyte (2.6 � 10�5 cm2 s�1) [87], while the
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diffusion coefficient of CO2 is 2.2 � 10�5 cm2 s�1 [98]. The beam-electrode

distance is 176 mm, the dn/dC of H3O
+/HSO4

� is 0.011, and of CO2 is 0.014

(Table 10.1). A good fitting of the whole curve is obtained assuming a multiflux

(see Chap. 10). Therefore, the fluxes observed are only slightly dominated by the

CO2 flux, and the CD technique is able to separate the contribution. It is noteworthy

that the plot contains features which only can be explained by multiflux. First of all,

the prepeak (see insert in Fig. 11.21) can only be explained by a multiflux.

Additionally, if the beam-electrode distance is calculated from the maxima in the

PBD signal using Eq. (10.24), a value of 226 mm is obtained, which is away from

the true value of 176 mm. Finally, the magnitude is almost half the one expected for

a flux of only one species. Therefore, the CD profile contains data which unambig-

uously lead to the reaction mechanism.

It is clear that CD measurements reveal a more clear picture of the actual

dynamics of the ion exchange processes than CVD.

Fig. 11.20 Chronoamperometric (a) and chronodeflectometric (b) profiles of an MP-Pt electrode

with fully covered with adsorbed CO. The potential is stepped from the equilibrium adsorption

potential of CO (0.25 VRHE) to the oxidation to 0.80 VRHE where all CO is oxidized to CO2.

Electrolyte: 1 M H2SO4
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11.7.6 Layer-by-Layer Self-Assembled Monolayers

Another nanostructured system studied by PBD is the layer-by-layer (LBL) self-

assembled multilayers containing redox species. Such multilayers are built by

sequential adsorption of oppositely charged polyelectrolytes onto a solid surface

[99]. In the case of redox active multilayers [100], the charge of the constituent

polyelectrolytes can be altered by oxidation–reduction of redox centers after film

buildup. This may result in changes of ion or salt population within the multilayer

(extrinsic charge compensation) [101]. To maintain the electroneutrality inside the

film, anion or cation ingress or release from the film or a combination of both ion

fluxes should occur. However, the fraction of redox charge compensated by either

ion cannot be determined in electrochemical experiments alone since only the total

charge exchanged with the electrolyte can be monitored.

Chronodeflectometry was therefore used to evaluate the ion exchange of

a (PAH–Os)x(PSS)y multilayer (Fig. 11.22). The solid lines in Fig. 11.22 corre-

spond to the best fit of the sum of two ion pulses (anion and proton) shifted in

time (dotted and gray lines). The time difference between processes could be due to

the different diffusion coefficient for the ions, inside the film, or other kinetic

constraints. In Fig. 11.22, it could also be seen that the simulation fits well the

Fig. 11.21 Comparison of the experimental (open triangles) chronodeflectometric profiles

depicted in Fig. 11.20, together with the simulation of fluxes due to H+ and CO2. The gray full
line corresponds to the contribution of H3O

+, while the black dotted line corresponds to the

contribution of CO2. The full black line describes the overall flux. In the inset, the region of the

prepeak is expanded
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profile of both oxidation and reduction pulses. The PBD profiles strongly depend on

whether the multilayer is capped by PAH–Os (positive) or PSS (negative). It seems

that the films capped by negative layers show a bigger relative contribution of

cation exchange. These results could be due to an adsorption of opposite charges

ions on the film surface or internal effects. The results show clearly that PBD could

render valuable information on the ion exchange of self-assembled multilayers

containing redox centers. It is noteworthy that there are few techniques to monitor

ion exchange which are fast enough to detect this kind of kinetic effects.
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Chapter 12

Application of Probe Beam Deflection

to Solution Electrochemical Systems

12.1 Introduction

The interpretation of probe beam deflection (PBD) data obtained in electrochemical

systems containing soluble redox species (eq. 12.1) is difficult since the concentra-

tion of both Osol and Rsol changes during the experiment.

Osol þ ne� ! Rsol (12.1)

Therefore, it is not possible to relate the overall refractive index change,

measured by PBD, with the concentration gradients. Additionally, the charge of

the redox species involved in the reaction is altered and the charge has to be

compensated by transport of ions of the supporting electrolyte. Therefore, the

concentration of two more mobile species could be changed, with a related refrac-

tive index change. The problems in data interpretation have made the application of

PBD to solution electrochemical systems much limited.

12.2 Ferricyanide Fe CNð Þ6
� �3�

Reduction

As it has been discussed before, the study of redox systems in solutions is difficult due

to inherent complexity of the concentration profiles. However, soluble redox systems

have been used to test the techniques. The chronodeflectometry presents a positive

peak with a small prepeak. The response seems to be due to the sum of

the ferrocyanide and ferricyanide PBD profiles [1]. Being the dn/dC higher for

ferrocyanide than for ferricyanide (Table 10.1), the first dominates the overall

PBD signal. The prepeak is caused by the difference of diffusion coefficients

for Fe CNð Þ6
� �3�

(D ¼ 9.4 10�6 cm2 s�1) and Fe CNð Þ6
� �4�

(D ¼ 7.4

10�6 cm2 s�1). The minor contributor to the PBD signal is faster and dominates at

G.G. Láng and C.A. Barbero, Laser Techniques for the Study of Electrode Processes,
Monographs in Electrochemistry, DOI 10.1007/978-3-642-27651-4_12,
# Springer-Verlag Berlin Heidelberg 2012

237

http://dx.doi.org/10.1007/978-3-642-27651-10#Tab1_10


short times. The cyclodeflectometric signal observed during oxidation of ferrocyanide

shows a positive peak with a potential shift (due to the time delay) with respect to the

peak in voltamperometry [2]. Garay and Barbero use the system to test the effect of

supporting electrolyte on PBD data and to validate a finite difference simulation of

chonodeflectometry [3] and cyclic voltadeflectometry [4].

Figure 12.1 shows the current (Fig. 12.1a) and probe deflection signal (Fig. 12.1b)

response measured during ferricyanide electrochemical reduction. The PBD signal

is negative during reduction, like the current. This seems reasonable since the

concentration of ferrocyanide increases at the electrode surface, rendering a nega-

tive deflection. However, unlike the case of surface-confined couples (Chap. 11), in

this case, the ferricyanide concentration decreases at the same time [4]. If the dn/dC
of ferricyanide and ferrocyanide would be the same, the PBD signal will be null.

Therefore, the PBD signal is negative because the effect of ferrocyanide concentra-

tion gradient dominates refractive index gradient due to its larger dn/dC.

12.3 Ferric Ion (Fe3+) Reduction

To test the assumption that PBD signal of soluble couples depends strongly on the

relative values (of Osol and Rred) of dn/dC, a cyclovoltadeflectogram was measured

with Fe3+/Fe2+.

Fig. 12.1 Cyclic

voltammogram (a) and cyclic

voltadeflectograms (b)

obtained with a gold film

planar electrode in a solution

of K3Fe(CN)6 (1.3 mM in

KCl 0.1 M),

Eini ¼ E2 ¼ 0.5 V,

E1 ¼ �0.2 V, scan

rate ¼ 6 mVs�1. The CVD

profile was measured at a

beam-electrode distance of

68 mm
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The redox couple has a dn/dCO (FeCl3¼ 0.04114)> dn/dCR (FeCl2 ¼ 0.03125)

(Table 10.1). Figure 12.2 shows the cyclic voltammogram (Fig. 12.2a) and

voltadeflectogram (Fig. 12.2b) measured during the electrochemical reduction of

Fe3 on a gold electrode. As seen in the figure, a negative current (reduction)

corresponds to a positive deflection due to the fact that the decrease of Fe3 concen-

tration dominates the refractive index gradient.

12.4 Oxygen Reduction

A more interesting system is the reduction of oxygen. The reduction of oxygen on

Au in basic media (0.1 M KOH) was studied by PBD [5]. In the voltammetric curve,

two waves are observed corresponding to

O2 þ H2O���!þ2e�
HO2

� þ OH�; (12.2)

HO2
� þ H2O���!þ2e�

3OH�: (12.3)

Fig. 12.2 Cyclic

voltammogram (a) and

voltadeflectogram (b)

obtained with gold film

electrode in a solution of

Fe (NO3)3 (0.7 mM in HCl

0.1 M). Eini ¼ 0.85 VRHE,

E2 ¼ 0.15 VRHE. Scan

rate ¼ 3 mV s�1. Beam-

electrode distance, 85 mm
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The deflection would depend on the concentration gradients of O2, HO2
�, and

OH�. In the experimental data, a single wave at ca. +0.4 VRHE is observed. Taking

into account the dn/dC values [KOH ¼ 0.0097, H2O2 ¼ 0.0014, and O2 ¼ �0.014

(Table 10.1)], it is apparent that the latter will dominate the signal. Then only O2

reduction is observed. As it can be seen, the study of soluble species is of complex

interpretation.

12.5 Oxidation of Small Organic Molecules

While oscillatory phenomena are quite complex in their own, PBD could be used to

evaluate the role of solution species in the oscillations. One case of electrochemical

oscillatory phenomena is the galvanostatic oxidation of organic molecules [6]. The

system was studied using PBD [7]. A clear correlation of the potential oscillations

with deflection oscillations was observed, suggesting a role of solution species in

the oscillations. To clarify the issue, the oxidation of formic acid is studied using

PBD. During the oxidation (E > 0.45 VSCE), a positive deflection is observed. Such

flux could be assigned to CO2 generation (CO2, as a gas, has a negative dn/dC). It
seems that the electrode initially becomes poisoned, then the potential increases,

and the poison is oxidized, allowing the potential to decrease. During the oxidation

of the poison, CO2 is not produced, as the PBD decreases.

12.6 Metal Deposition and Corrosion

Cairns and coworkers studied the oxidation of Cu in basic media using PBD and

photothermal deflection spectroscopy (PDS) [8, 9]. Eriksson studied the concentra-

tion profiles during Cu and Ag deposition [10, 11]. PBD has also been used to study

electroless deposition of nickel [12]. Brolo and Sharma studied the dissolution of

Ag in a chloride-containing solution [13]. Quantitative analysis using convolution

allows elucidating the corrosion mechanism. A similar study using bromide solu-

tion shows the formation of AgBr anodic film [14].

12.7 Silicon Corrosion

Decker and coworkers studied the electrochemical dissolution and passivation of Si

in alkaline media [15]. The PBD technique was combined with the measurement of

the bending of the electrode (beam bending method, BBM), discussed in Part 1 of

this monograph. The PBD technique permits a monitoring of dissolution and

passivation (oxide formation) processes. It also provides an estimate of the oxide

etch times during the open circuit (no electrochemical control) corrosion process.
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Then, the same group studies the dissolution of Si in HF solution [16]. In this case,

the current oscillates due to the passivation of the surface followed by dissolution of

the passive oxide layer. The PBD signal follows closely the current signal,

indicating that both formation of oxide (production of protons) and its dissolution

(consumption of protons) are related to the oscillations.

12.8 Thiophene Polymerization

Vieil and coworkers studied the 3-methylthiophene oxidation and polymerization

using PBD [17]. To separate the contribution of the different species, they data

process the experimental data using diffusional convolution. [18]
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Chapter 13

In Situ Electrochemical Photothermal

Deflection Techniques

13.1 Basic Principles

The basis of an in situ photothermal deflection spectroscopy (PDS) is the generation

of temperature gradients by nonradiative decay of the energy of the light absorbed

on the species under study. In electrochemical systems, the species could be the

electrode surface, a film over it, or a substance in solution which changes during the

electrochemical experiment. Additionally, in the case of semiconductors, the light

could penetrate some distance under the surface of the interface electrode/solution.

On the other hand, if part of the light absorbed is reemitted (e.g., fluorescence

process), this amount of light will not be present in the photothermal signal. In that

way, the fluorescence quantum yield of the material can be calculated. Indeed,

photothermal beam deflection spectroscopy can be used to measure in absolute way

the extinction coefficient (a) of solids transparent to the probe beam (e.g., inorganic

[1, 2] and organic semiconductors [3]). Therefore, it is useful in photoelectro-

chemistry [4]. Figure 13.1 shows a scheme of the geometry of the PBDS measure-

ment. The setup is called transversal since pump and probe beam are set in 90o

angle. The pump beam travels through the measurement fluid and illuminates the

sample, which can be situated over a substrate. The energy of the absorbed light is

converted into heat. Heat is transported from the illuminated region to the other

parts of the experimental system. Part of the heat originates a temperature gradient

in the electrolyte solution, in front of the electrode. A probe beam travels parallel to

the electrode surface and suffers a deviation y due to the refractive index gradient,

associated with the temperature gradient. The interaction zone between the pump

and probe beam has a length L, defined by the size of the pump beam. The heat

associated with light absorption can flow to the fluid or to the sample substrate. To

increase the signal/noise ratio, the substrate should have low conductivity. This is

quite difficult in electrochemistry because electrical conductivity is usually

accompanied by thermal conductivity. On the other hand, if thin films of conductive

materials are used, most of the heat will transfer to the solution.
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The sample is set onto a substrate and receives a pump beam of wavelength l.
The probe beam enters the solution at a beam-electrode distance (x) and is deflected
by the thermal gradient. The sample, of width L, has an extinction coefficient [a(l)].

The deflection equation is

yðx; tÞ ¼ L

n

dn

dT

� �
@Tðx; tÞ

@x

� �
: (13.1)

The refractive index gradient is related to the temperature gradient.

The photothermal experiment can be analyzed using the heat transport theory.

The power dissipated as heat will be

PðtÞ ¼ IðtÞð1� �ÞeðlÞCabs; (13.2)

where I(t) is the intensity of the incident light, � is the quantum yield of emission,

e(l) is the absorptivity coefficient, and Cabs is the concentration of the absorbing

species.

Assuming that the heat quantity P is all transferred to the electrolyte (x > 0), the

heat transfer will obey the equation:

@2T

@x2
¼ 1

kf

dT

dt
; (13.3)

where kf is the thermal diffusion coefficient in the fluid [5].

The boundary conditions are

Tðx; 0Þ ¼ Tf for all x (13.4)

and

lim
x!1Tðx; tÞ ¼ Tf for all t; (13.5)

where Tf is the temperature in the bulk of the fluid.

Fig. 13.1 Geometry of the

photothermal deflection

spectroscopy experiment
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The other boundary condition implies that all the heat flow into the fluid:

kf
dT

dx

����
x¼0

¼ � PðtÞ
rfCpf

; (13.6)

where kf, rf, and Cpf are the thermal diffusivity, density, and heat capacity of the

fluid.

The light can be modulated in different ways. The most common are continuous

(applying a light intensity step at t ¼ 0), periodic modulation (mechanically chop-

ping or electronically modulating the pump beam), and short pulse (flash or pulsed

laser light). In the following, we describe the equations that define the profile of

deflection signal as a function of time (continuous or pulsed excitation). In that way,

we can discuss the effect of experimental parameters on the signal. Then, we made

the same discussion for periodic excitation, where the signal depends on the

excitation frequency.

13.2 Photothermal Deflection Techniques

13.2.1 Continuous Excitation

In the case that a pump beam illuminates the electrode continuously, it is assumed

that I(t) ¼ 0 for t < 0 and I(t) ¼ constant for t > 0. Applying this boundary

condition in Eqs. (13.3)–(13.7), we obtain

Tðx; tÞ ¼ P0

kfrfCpf

� �
2

ffiffiffiffiffiffi
kf t
p

r

ex
2=kf t � xerfc

x
ffiffiffiffiffiffiffiffi
4kf t

p
� �" #

: (13.7)

Differentiation with respect to x gives the temperature gradient; combining with

Eq. (13.1) renders the deflection profile:

yðx; tÞ ¼ L

n

dn

dT

� �
P0

kfrfCpf

� �
erfc

x
ffiffiffiffiffiffiffiffi
4kf t

p
� �� �

: (13.8)

The profiles are shown in Fig. 13.2. As it can be seen, the intensity of the

deflection increases when the beam is closer to the electrode.

13.2.2 Pulsed Excitation

Pulsed excitation is easily achieved either by using a flash lamp or a pulsed laser.

Nowadays, it is also possible to modulate the light intensity by electrically
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modulating a light-emitting diode (LED) light source. Since those sources are

nearly as monochromatic as lasers and high intensities can be easily obtained,

they can be used with profit as PBDS pump beams. In this case, all light absorption

occurs during a short time lapse (t) which is much smaller than the time required for

the thermal gradient to reach the probe beam. Therefore, it can be assumed that all

the heat (P0) is produced at t ¼ 0. The temperature-time profile will be

Tðx; tÞ ¼ Tf þ P0

rfCpf

� �
e�x2=4kf t

ffiffiffiffiffiffiffiffiffi
pkf t

p ; (13.9)

where P0 is energy of the pump beam. Differentiating Eq. (13.9) against x and

combining with Eq. (13.1), we obtain the deflection profile:

yðx; tÞ ¼ L

n

dn

dT

� �
P0

rfCpf

� �
x

2kf t
e�x2=4kf t

ffiffiffiffiffiffiffiffiffi
pkf t

p : (13.10)

If P0 remains constant, between pulses, it is possible to average the signal

obtained during successive pulses, improving the signal/noise ratio. The deflection

signal will show maxima (Fig. 13.3).

The deflection signal maximum occurs at a time (tmax) which depends on the

beam-electrode distance (x):

tmax ¼ ðx� x0Þ2
6kf

: (13.11)

Measuring the deflection signal after light pulse and changing in a known way

the beam to electrode distance, it is possible to calculate the thermal diffusivity of

the fluid (kf) and the initial beam to electrode distance (x0).

Fig. 13.2 Photothermal

deflection signal recorded

during continuous irradiation

of a surface. The insert shows
the shape of the light intensity

perturbation
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13.2.3 Sinusoidal Periodic Perturbation

If a periodic perturbation is applied, by modulation of the pump beam intensity, the

thermal gradient will show as a signal at acoustic frequencies (o > 20 Hz) being

the basis for photoacoustic spectroscopy. Solving the heat transfer equations

(13.2)–(13.4) for the case of a periodic excitation of frequency (o).

PðtÞ ¼ P0½1þ sinðotÞ�: (13.12)

After an initial transient equilibration time, the temperature will obey the

equation:

Tðx; tÞ ¼ Tf þ P0

rfCpf
ffiffiffiffiffiffiffiffi
kfo

p
� �

eð�x
ffiffiffiffiffiffiffiffiffi
o=2kf

p
Þ sin ot� x

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
o
2kf

� p
4

r� �
: (13.13)

Differentiating against x and combining with Eq. (13.1) gives the deflection

profile:

yðx; tÞ ¼ L

n

dn

dT

� �
P0

rfCpf
ffiffiffiffiffiffiffiffi
kfo

p
� �

oeð�x
ffiffiffiffiffiffiffiffiffi
o=2kf

p
Þ sin ot� x

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
o
2kf

� p
4

r� �
: (13.14)

Equation (13.14) has been experimentally verified [6]. It allows calculating the

effect of measurement parameters on the signal. The amplitude of the signal is

proportional to P0, giving a way to measure the absorption of light by the sample.
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Fig. 13.3 Photothermal

deflection signal as a function

of time, after a light pulse is

applied to the electrode

surface. The insert shows the
time profile of the light

intensity perturbation
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The logarithm of amplitude or phase will be proportional to the beam-electrode

distance (x) with a slope m:

m ¼ �
ffiffiffiffiffiffiffi
o
2kf

r
: (13.15)

In that way, the diffusivity of the fluid (kf) can be measured.

13.3 Probe Beam Deflection Spectroscopy

13.3.1 General Principles

In this technique, the heat dissipated (P0) is measured as function of the wavelength

of the light in the pump beam. It is assumed that the properties of the fluid and the

base substrate are constant during the measurement. The thermal properties of the

material do not depend on the wavelength; therefore, P0 is proportional to the light

absorption. If the pump beam is normal to the surface, the optical pathlength does

not depend on the wavelength. Sometimes, the pump beam is shined obliquely to

the surface to increase the optical pathlength. In that case, a certain dependence of

the pathlength with the angle exists. There are several possible systems: thermally

thick sample, thermally thin sample, etc. The temperature profile for each case has

been analytically expressed and could be quite complex [7]. Besides, the PDS

signal could be measured from the front or rear side of the electrode. In electro-

chemistry, it is simpler to measure from the front side, as no special cell needs to be

designed. The electrode is supposed to absorb or reflect all incident light, and the

sample is considered to be thermally thin [8].

The parameter to measure is the deflection amplitude, which depends on the

perturbation signal. For a sinusoidal periodic perturbation:

yðlÞj j ¼ � dn

dT

e�ð1= ffiffiffiffiffi2kf
p Þ

nrfCpf
ffiffiffiffiffi
kf

p
 !

e
�x

ffiffiffiffio
2kf

p� 	
ffiffiffiffi
o

p
 !

LI0ð Þ 1� �½ �eðlÞCabsð Þ: (13.16)

The first term in Eq. (13.16) contains the fluid parameters, thermal diffusivity

(kf), change of refractive index with temperature (dn/dT), density (rf), and calorific
capacity (Cpf). The second term contains the parameters which can be adjusted

experimentally: beam-electrode distance (x) and perturbation frequency (o). The
third term contains the incident light intensity (I0) and the optical pathlength (L).
The latter parameter will depend on the thickness of the film deposited on the

electrode or, if the film is thicker than the attenuation length, could be considered a

constant. The last term contains the materials parameter: optical absorptivity [e(l)],
quantum yield for emission (�), and the concentration of absorbing entities (Cabs).
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To increase the signal/noise ratio, some parameters can be optimized. The

frequency has a complex effect on Eq. (13.7). As it can be seen in Fig. 13.4,

where the normalized y signal is plotted as a function of frequency, there is an

optimum frequency for the measurement. The optimum value depends on the beam-

electrode distance (x). The beam-electrode distance can be diminished down to the

radius of the probe beam (usually 30 mm).

It can be seen that the signal drops abruptly at low frequencies. This is due to the

fact that the PDS signal is proportional to the thermal gradient which decreases with

increasing time. On the other hand, at very high frequencies, the signal also

decreases since the probe beam is not able to probe most of the thermal gradient.

13.3.2 Square Wave Periodic Perturbation

The sinusoidal perturbation can only be achieved if the light intensity is electrically

modulated. This can only be achieved experimentally by electrical modulation of

the light source in the case of lasers or LEDs. An alternative is to mechanically

chopping a continuous pump beam. From Eq. (13.10), Eq. (13.17) can be obtained:

yðlÞj j ¼ dn

dT

1

nrfCpf2kf3=2

� �
erfc

x
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4kf=Fc

p

 !" #

LI0ð Þ ð1� �ÞeðlÞCabs½ �;

(13.17)

where Fc is the frequency of the pulses and I0 is the light intensity.
In that way, it is possible to measure changes in the optical properties of the

materials [e(l)], the concentration of chromophores (Cabs), or on the relationship

between absorption [e(l)] and radiative emission n(�).
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Fig. 13.4 Plot of the PDS

signal as a function frequency

for different beam-electrode

distances. The insert shows
the profile of the light

intensity perturbation
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A simplified form of Eq. (13.16) or Eq. (13.17) is

yðlÞj j ¼ KfluidKexp I0ðlÞ 1� �½ �eðlÞCabsð Þ; (13.18)

where Kfluid contains all the constant of the fluid and Kexp all the parameters of the

experimental setup. Therefore, the amplitude is proportional to the optical

properties of the material. Kfluid and Kexp depend on the solution and experimental

parameters. To maximize the signal, it is convenient to work at low frequencies (see

Fig. 13.6), with the beam as close as possible (small x), high light intensity (I0), and
large pathlength (L). However, if L is increased, the beam-electrode distance has to

be increased to maintain the beam parallel to the electrode (see Fig. 13.2). If a lamp

is used as light source, its image is usually larger than the width of the probe beam.

Therefore, lasers are preferable as light sources. The availability of tunable laser

light will be useful to make spectroscopic measurements.

The parameters in Kfluid ¼ ðdn=dTÞð1=nrfCpf2kf3=2Þ are defined for the solvent

used in the experiment (see Table 13.1). While in general application of PDS [11] it

is possible to select the fluid with the best thermal properties to obtain large signal/

noise ratio, in electrochemistry, the solvent is defined by the electrolytic media.

Therefore, it should have a large enough dielectric constant to dissolve the electro-

lyte and have low enough electrical resistance. Carbon tetrachloride (which is the

fluid of choice in PDS due to its high Kfluid) is not a suitable solvent for electro-

chemistry. On the other hand, water has a Kfluid one order of magnitude lower than

the other solvent due to the structured nature of water. Therefore, it should be

replaced with other electrochemical solvents such as alcohols or acetonitrile.

Indeed, it has been shown that replacing water by alcohol improves significantly

the signal/noise ratio [12].

An advantage of PDS, like other photothermal and photoacoustic techniques, is

that the detector sensitivity does not depend on the wavelength. Therefore, as far as

a radiation source is available, the PDS signal could be recorded. This behavior

contrasts with conventional photodetectors, like photomultipliers, which could not

be used in the near-infrared range [13].

Table 13.1 Photothermal parameters of common solvents [9, 10]

Solvent rf
(103 g cm�3)

Cpf
(J g�1 K�1)

n k (107 m2 s�1) dn/dT
(104 K�1)

Kfluid

(109)

Water 1.00 4.19 1.3325 1.36 0.87 0.15

Ethanol 0.79 2.45 1.3611 0.90 3.7 2.60

Methanol 1.17 2.50 1.3288 1.00 3.9 1.59

Acetonitrile 0.78 2.14 1.4409 1.70 4.6 1.36

CCl4 1.59 0.85 1.4664 0.82 5.8 6.23

CH2Cl2 1.43 1.26 1.3348 0.83 5.4 4.69

Nitrobenzene 1.20 1.50 1.5530 0.80 4.6 3.64
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13.4 Photothermal Monitoring of Concentration Gradients

In the previous discussion, it has been assumed that only the solid absorbs light and

the solution is transparent to the pump and probe beams. However, if some species

which are produced or consumed during the electrochemical experiment absorbs

light, it would be possible to detect the changes in concentration of those species.

Such determination, as it will be discussed below, is of great interest to understand

electrochemical phenomena. It is possible to use a reflective electrode, which does

not absorb the pump beam. Therefore, the thermal gradients will originate only on

the solution species. If low-frequency (or even continuous) illumination is used, the

signal will be proportional to all the substance produced or consumed. In that way,

the technique would not show advantage to monitoring the colored species by UV-

visible spectrophotometry. On the other hand, if the pump beam is modulated at a

high enough frequency, the thermal gradient will only come from the region close

to the probe beam. It has to be borne in mind that thermal diffusivities (kf) are in the
order of 10�7 m2 s�1 (see Table 13.1) while mass diffusivities (diffusion coefficient

in a diffusion-controlled system) are in the order of 10�10 m2s�1 [14]. Therefore,

the effect of thermal gradient on the refractive index could be measured without

interference by the concentration gradient. Pawliszyn et al. [15, 16] used the

procedure to monitor the reduction of benzoquinone in DMSO. They were able to

record the spectrum of the products. Then, Pawliszyn developed a theoretical

framework of the technique which was experimentally tested [17].

The advantage of this method over the measurement of refractive index

gradients due to concentration gradients is that it is possible to monitor only one

chemical species in the presence of others which do not absorb the pump beam. The

technique is more feasible now using high-intensity and monochromatic lasers or

LEDs as pump beams which can be electrically modulated at high frequency. In

principle, a collinear PBDS where a laser pump beam illuminates a region coinci-

dent with the probe beam, as it has been widely used in photochemistry, is possible.

However, up to now, the technique has not been developed further.

13.5 Experimental Setup

The experiment requires a pump beam, which is absorbed by the electrode and

creates a thermal gradient in front of it, and a probe beam which measures the

deflection signal due to the refractive index gradient related with the thermal

gradient.

In Fig. 13.5, the scheme of a typical PBDS setup is shown.

The electrochemical potential of the working electrode (W) is controlled by the

potentiostat with respect to the reference (R) while passing a current between the
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working and counter electrode (C). The pump beam is chopped to produce light

pulses, if necessary. Using a lock-in amplifier, it is possible to measure the

deflection signal at the frequency of the chopper (Fc) to obtain the signal amplitude

(|y|). Alternatively, the deflection signal [y(t)] is directly measured by an AD/DA

converter at the PC. The light source could be a polychromatic lamp, a laser, or a

LED. In the former case, the light has to be monochromatized to measure the

absorption of light from defined regions of the wavelength range. A slit will define

the wavelength bandwidth. Since only a small portion of the lamp output will

illuminate the electrode, high-intensity lamps (>500 W) have to be used. The

advent of affordable lasers and cheap LEDs makes them the source of choice for

monochromatic measurements. While continuous pumping is of simple setup, it

suffers from the interference of background thermal noise. On the other hand,

periodic light perturbation (by chopping of a continuous pump beam or electrical

modulation of the source) allows to synchronously detecting small signals using a

lock-in amplifier. In this case, the frequency of the modulation has to be maintained

low (see Figs. 13.4 and 13.5). The region sampled by the probe beam has to

coincide with the region illuminated by the pump beam, requiring a precise

focusing with a planar lens. Using an oscilloscope, it is possible to monitor the

deflection signal and adjust the focus and the beam-electrode distance to get the

maximum signal. The beam-electrode distance is adjusted using a positioning stage

which also allows tilting the cell with respect to the probe beam, assuring that the

probe beam is parallel to the electrode surface. The usual probe beam is a He–Ne

gas laser, which has a wavelength where most solutions are transparent. Affordable

He–Ne lasers have good pointing stability (<20 mrads) and show Gaussian beam

shape which optical behavior is well known. The deflection signal is measured

Fig. 13.5 Experimental setup for photothermal deflection experiment
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using a differential position detector (PSD) which is sensitive to the changes of light

spot position, related directly with the deflection. The most common PSD is a bicell

device with two photodiodes. The light spot is set to illuminate both photodiodes for

a zero signal. After deflection of the signal, the illumination is unbalanced and a

positive or negative signal is measured. To overcome for intensity variations in the

laser, the output of the PSD is processed according to Eq. (13.19).

Signal ¼ Cell1 � Cell2

Cell1 þ Cell2

� �
: (13.19)

Usually, this is done by an analog amplifier, but it is possible to perform the

calculation by a computer after analog to digital conversion. Other ways to measure

deflection involve using a graded photodetector. In this case, the response is linear

with the deflection. A simple system uses a knife edge which blocks half of the light

beam in the null position. The displacement of the spot shows as a change in

light intensity. To overcome light intensity variations, a second photodiode is

illuminated with a fraction of the light beam diverted by a beam splitter. The

ratio of both signals is directly related with the deflection.

To measure the absolute absorption spectrum of the electrode [absorbance(l)], it
is necessary to use lamps as light sources which are passed through a monochro-

mator. The light source has an emission spectrum where the emitted light intensity

I0 depends on l. Upon measurement of the PDS spectra of an electrode material, the

PDS signal will show a convolution of the emission spectra of the source and the

material spectrum. In optical spectroscopies based on transmitted light, it is possi-

ble to measure in absence of sample [I(l) ¼ I0(l), i.e., absorbance(l) ¼ 0] and

record the spectra of sample and detector to subtract from the measured spectra as

background. In the case of PDS, the background spectra should be measured in the

condition of absorbance(l) ¼ 1. Such measurement requires a blackbody sample

replacing the electrode. Alternatively, the light intensity spectrum [I0(l)] could be

measured by a calibrated photodiode.

On the other hand, if only the variations of the optical spectrum due to electro-

chemical changes are required, the difference spectrum could be calculated. Since

the spectrum of the source does not depend on the electrochemical potential, the

result will show the changes in absorption spectra.

13.6 Photothermal Deflection: Experimental Results

PDS has been extensively used to measure optical properties of solution species or

solid-state materials. However, it has been seldom used to monitor soluble species

or thin films in an electrochemical environment.
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13.6.1 In Situ PDS of Soluble Species

Royce et al. studied the photocorrosion of ZnSe by PDS [18, 19]. Mendoza-Alvarez

et al. studied the optical properties of CdTe and its photocorrosion [1]. Pawlyszin

used PDS to monitor the oxidation of hydroquinone, with spatial resolution [16].

Cairns and coworkers study the dissolution of Cu by a combination of PBD and

PDS. They were able to detect the solution species produced during Cu oxide

dissolution [20]. Rudnicki et al. studied the electrochemical oxidation of uranium

oxide [21]. The use of PDS to measure optical absorption of soluble species allows

localizing the species with respect to the electrode but requires data processing to

know if the species is located between the probe beam and the electrode surface or

at a distance to the electrode larger than the probe beam-electrode distance.

13.6.2 In Situ PDS of Surface Films

As discussed before, there are two modes to measure the in situ spectra: relative to a

blackbody reference, rendering absolute spectra, or as a difference between states,

rendering a differential spectrum. Examples of each mode will be presented.

13.6.2.1 Electrochromism of Tungsten Oxide (WO3)

In Fig. 13.6 are shown the spectra of a tungsten oxide (WO3) film at different

applied potentials.

Fig. 13.6 In situ absolute photothermal deflection spectra of a WO3/W/glass in 1 M H2SO4.

Reduced (full line) and oxidized (dashed line). Chopping frequency ¼ 11 Hz. Illumination:

Xe lamp of 250 W
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The film was produced by voltammetric cycling of a thin W film, evaporated

onto a glass between �0.25 V and 1.3 VSCE in 1 M H2SO4. The reference

blackbody was a thin film of Vulcan XC-72 carbon microparticles, attached onto

an epoxy layer, deposited onto the same glass support of the W films, where the

metal was removed by chemical attack. In that way, by displacing the glass support,

it is possible to expose the reference or the WO3 film to the pump and probe beam.

The spectra were measured by chopping the light of a Xe lamp at 11 Hz and

measuring the signal amplitude synchronously with a lock-in amplifier. The light

was monochromatized with a diffraction grating setup and a slit with a resolution of

20 nm. The spectra show a clear electrochromism, with higher absorption, in the

visible range, at the reduced state (�0.2 VRHE) than at the oxidized state (0.5 VRHE).

Both spectra show absorption at ca. 380 nm, corresponding to the forbidden band of

amorphous WO3 [22]. The spectrum taken in the reduced state shows an additional

band at ca. 450 nm, corresponding to the absorption band of doped tungsten oxide,

produced by the reaction [23]

WO3 �������������!þxe�þxHþþzH2O WO3Hx H2Oð Þz: (13.20)

The spectra obtained are in agreement with those measured by transmission

spectroscopy [24].

13.6.2.2 Electrochromism of Anodic Iridium Oxide Film

A film of anodic iridium oxide (AIROF) was formed by cyclic voltammetry

between �0.25 and 1.2 VSCE in 1 M H2SO4 [25]. In Fig. 13.7, the differential

PDS spectrum of AIROF/Ir/glass electrode in 1 M HClO4 is shown. The spectrum

was taken at 1.25 VSCE (oxidized state), while the one at 0.25 VSCE (reduced state)

is taken as reference.

A band at ca. 610 nm is observed, with a shoulder at 450 nm. The band at 610 nm

has been observed in transmission [26] and modulated reflectance measurements

[27]. The bands are superimposed onto a baseline which increases absorption upon

oxidation. The electrochromism in AIROF has its ground on the shift of the Fermi

level of the oxide from the valence band (reduced film) into the t2g band for the

oxidized material [28]. Since the t2g is partially filled, optical transitions in the

visible or near-infrared range are allowed.

13.6.2.3 Electrochromism of Polyaniline (PANI)

Conductive polymers suffer a change in optical absorption when their oxidation

state is altered [29]. This effect has been used to build electrochromic devices [30]

and have been measured by ex situ PDS [31, 32]. Here, we describe its application

to in situ measurement of optical absorption changes.
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In Fig. 13.8 are shown the differential spectra of a PANI film, electrochemically

deposited onto a thin (200 nm) gold film supported on a glass slide.

The film was produced by cycling (between�0.25 and 0.8 VSCE) at 50 mVs�1 in

a 0.1-M aniline solution in 1 M HClO4. The raw PDS spectrum at �0.2 VSCE

(reduced state) is used as reference.

The main feature observed (Fig. 13.8) is a broad band at ca. 830 nm (1.5 eV)

which is assigned to the delocalized polarons in the polyaniline (emeraldine state)

chain [33]. At more anodic potentials, both the concentration of oxidized rings and

the delocalization increase. The intensity of the optical absorption follows a

Nernstian law (Fig. 13.9a). The energy of the transition increases, with a

hypsochromic shift of the band (Fig. 13.9b). As it was discussed before, the

whole wavelength range [including the near-infrared range (l > 800 nm)] can be

measured without changing detectors.

13.6.3 Voltammetric Absorptiometry

When the PDS signal is measured at a single wavelength during a voltammetric

scan, there is no need for a reference spectrum, and the optical absorption is directly

measured as function of the applied potential. The method does not give direct

spectroscopical information but allows monitoring the electrochromism of thin

solid films. The data analysis involves the measurement of optical absorption

[PDSl(E)] to be compared with the measurement of electron flux [i(E)] and/or

charge [Q(E)]. Since the PDS signal is measured during the scan, kinetic effects can

Fig. 13.7 Differential photothermal deflection spectrum of an AIROF/Ir/glass electrode. The

spectrum was taken at 1.25 VSCE (oxidized state), while the one at 0.25 VSCE (reduced state) is

taken as reference. Solution: 1 M HClO4. Chopping frequency ¼ 31 Hz. Xe lamp of 250 W

256 13 In Situ Electrochemical Photothermal Deflection Techniques



be also measured. Since spectral measurements (PDS) require a finite time to scan

the wavelength, usually kinetic effects could not be measured. On the other hand, if

the electrochemical system has high reproducibility (i.e., the electrochemical

response is the same during multiple cycles), it is possible to record the PDS signal

during multiple cycles while varying the wavelength between cycles. In that way,

the variation of optical spectra during cycling can be calculated.

Fig. 13.8 Differential photothermal deflection spectra of a PANI/Au/glass system in 1 M HClO4.

Chopping frequency ¼ 11 Hz. Reference spectrum taken at 0.0 VRHE

Fig. 13.9 Dependence of

PANI optical absorption with

potential (calculated from the

spectra depicted in Fig. 13.8).

(a) Maximum value of the

PDS signal (band at ca.

810 nm) as a function of the

electrode potential.

(b) Wavelength of the

maxima (lmax) as a function

of the electrode potential
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13.6.3.1 Anodic Iridium Oxide Film

An anodic oxide iridium film was prepared by anodic oxidation (1.2 VSCE, 30 s) in 1

M H2SO4. The film was subjected to a cyclic voltammetry scan (20 mV s�1),

between 0.1 and 1.3 VSCE, in 1 M HClO4.

The PDS signal, measured at 560 nm, shows a sigmoid profile which is typical of

concentration-dependent optical absorption (Fig. 13.10a). A comparison of the

current signal (full line, Fig. 13.10b) with the derivative of the PDS signal against

potential (dashed line, Fig. 13.10b) reveals that the main redox process is directly

related with the coloration.

13.6.3.2 Sulfonated Polyaniline

In the previous example exists a monotonic relationship between the optical

absorption and charge. However, in conducting polymers, it is also possible to

detect intermediate species. Figure 13.11 shows the PDS signal measured during

voltammetric excursions of a sulfonated polyaniline film. Monitoring the PDS

signal at two different wavelengths, different potential dependence of the optical

absorption can be detected.

The film was prepared by a postfunctionalization method. First, a polyaniline

film was deposited by electrochemical oxidation of aniline. Then, the film was

Fig. 13.10 (a) Photothermal

deflection signal amplitude

measure on an AIROF/Ir/

glass electrode, during a

voltammetric scan. The scan

was performed between 0.1

and 1.3 VSCE, at 20 mV s�1,

while the light is chopped at

31 Hz. (b) Cyclic

voltammogram (full line) of
an AIROF film compared

with the derivative of the

signal depicted in Fig. 13.9a

(dashed line)
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treated with a bisulfite ion, under potential control [34]. The resultant film bears

fixed sulfonate groups (–SO3
�). Then, the potential was scanned between while the

PDS signal measured at 795 nm shows a monotonically increasing signal, which is

directly proportional to the charge; the one at 425 nm shows a maximum at ca. 0.45

VSCE (forward scan) and 0.375 VSCE (backward scan). This result indicates that at

425 nm has its optical absorption an intermediate species which increases concen-

tration up to ca. 0.4 VSCE, to decrease at more anodic potentials. The most likely

species is a localized radical cation, which converts to the delocalized polaron at

more anodic potentials [35]. On the other hand, at 795 nm, it seems to absorb the

delocalized polaron which increases concentration monotonically [36].

13.7 Conclusions

In situ electrochemical photothermal deflection techniques can be used to deter-

mine optical properties of both soluble and surface-confined electrochemical

systems. They have some advantages over conventional transmission or reflectance

spectroscopy such as the capability to measure rough electrodes or the wide

wavelength range of measurement with only one detector. However, probably

due to the lack of commercial instruments, they have been used sparingly. Like

PBD techniques, the application to surface-confined redox systems seems to arise

more interest than its application to solution electrochemical systems.

Fig. 13.11 Photothermal deflection signal amplitude measure on a SPAN/Au/glass electrode,

during a voltammetric scan. The scan was performed between 0.1 and 1.3 VSCE, at 20 mV s�1,

while the light is chopped at 31 Hz
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Chapter 14

Comparison of Probe Beam Deflection

Techniques with Other Methods to Monitor

Fluxes of Mobile Species

14.1 Introduction

Probe beam deflection (PBD) techniques are able to detect fluxes of mobile species

(ions, neutral compounds) during electrochemical experiments. Other experimental

techniques have been applied to the same goal. Those techniques have been used to

study similar systems than PBD and, sometimes, have been used together with PBD

in the same work.

Since concentration measurement is the main goal of instrumental analytical

techniques, most of them can be used to monitor fluxes as far as local concen-

trations can be evaluated.

14.2 Electrochemical Techniques

Solution electrochemical systems involve changes of concentration of electroactive

soluble species away from the electrode surface. Therefore, electrochemical

methods applied to second electrode (detector) could be used to measure the

concentration gradients induced by a first electrode (source). Any pair of electrodes

could be used. However, if both electrodes are of similar size, they will influence

each other. Therefore, small electrodes (ultramicroelectrodes) have been used as

detectors (e.g., scanning electrochemical microscopy), or a forced flux of solution is

set up between both electrodes (rotating ring-disk electrochemistry). Besides solu-

tion electrochemical systems, redox-active species which redox state is not changed

at the source electrode (e.g., protons) but are consumed or produced at the source

electrode, can also be determined. A variant of electrochemical detection involves

using potentiometry to measure the concentration. In this case, not only the flux of

redox-active species can be determined but any species measurable by ion-specific

electrodes.

G.G. Láng and C.A. Barbero, Laser Techniques for the Study of Electrode Processes,
Monographs in Electrochemistry, DOI 10.1007/978-3-642-27651-4_14,
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14.2.1 Ring-Disk Voltammetry

A rotating disk electrode (RDE) is a hydrodynamic working electrode used in an

electrochemical system to control the mass transport [1]. The electrode rotates

during experiments, inducing a flux of analyte to the electrode which is determined

by the rotation speed. The electrode includes a conductive disk embedded in an

inert nonconductive material that can be attached to an electric motor, or similar

controlled speed device, that could have fine control of the electrode’s rotation rate.

The electric motor could be analogue with optical feedback or a fast stepping

motor, driven by a high-frequency pulse train. As the electrode turns, some of the

solution is dragged by the spinning disk, and the resulting centrifugal force expels

the solution away from the center of the electrode. New solution flows from the

bulk to the electrode, perpendicular to the electrode. The result is a laminar flow of

solution toward and across the electrode surface. The rate of the solution flow can

be controlled by the disk’s angular velocity. In that way, conditions in which the

steady-state current is controlled by the solution flow can be achieved. The mass

transport rate is larger than the one given by diffusion and does not change in time.

If the rotating piece is made of a center disk and an outer ring, with a small gap

(0.1–0.5 mm) of insulating material between them, the system constitutes a rotating

ring-disk electrode (RRDE) [2]. Soluble species produced or consumed in the disk

will reach the ring and could be detected there. In that way, a source (disk) and

detector (ring) electrode is set up. The time delay between production/consumption

and detection is determined by the width of the gap and the electrode rotation speed.

The potential of disk and risk electrode can be controlled independently using a

bipotentiostat. The current measured in the ring electrode is used to measure the

flux of redox-active species produced/consumed at the ring electrode. The RRDE

takes advantage of the laminar flow created during rotation. As the system is

rotated, the solution in contact with the disk electrode is driven to the side of the

electrode and crosses the ring electrode and goes back into the bulk of the solution.

Since the flow in the solution is laminar, the solution transport between disk and the

ring occurs in a very controlled manner. The resulting currents are dependent on the

electrodes’ potentials, their areas, and the width of the gap, as well as the rotation

rate [3]. There are other experimental schemes, like a solution jet impinging on a

wall electrode, which can be used for the same purpose [4].

RRDE has been used to detect extensively to study the mechanism of oxygen

reduction [5–8], a key factor in fuel cell operation. It has been also used to study a

variety of electrocatalytic systems [9, 10]. It can also be used to monitor nonelectro-

chemical redox reactions like those occurring on redox enzymes [6]. The

underpotential deposition of Cu was studied by RRDE [11], and PBD [12], giving

complementary information. The diffusion coefficient of an electroactive species

can be measured by chronodeflectometry without prior knowledge of electrode

surface area or the number of electrons exchanged (see Chap. 2) [13]. Using

chronoamperometry at RRDE systems, it is possible to determine independently

the diffusion coefficient and the number of electrons exchanged [14]. The system
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has been used to study thin electroactive films. Specifically, it has been used to

study the polymerization, redox-coupled ion exchange, and degradation of conduc-

tive polymers [15, 16]. The system was then studied using PBD techniques [17],

giving complementary information. The time delay between the current detected

signal measured in the disk and ring electrode is related the mass transport across

the ring-disk surface. In cyclic voltammetric experiments, the time delay is

observed as an apparent potential shift in the current-potential plot. The behavior

is similar to the shift observed in cyclic voltadeflectometry due to the distance

between the probe beam and the electrode surface. Cyclic deflectometry data has

been data processed by deconvolution to allow direct comparison of current and

deflection data [18, 19]. A similar procedure has been used to process the ring

current and be able to directly compare with the disk current [20]. It has to be borne

in mind that the transfer function used is different since mass transport occurs by

diffusion in PBD and by hydrodynamic controlled convection in RRDE.

14.2.2 Scanning Electrochemical Microscopy

This technique involves the scanning of an ultramicroelectrode (diameter below ca.

100 mm) in front of the working electrode surface. It has been extensively reviewed

[21–26]. In a similar fashion than RRDE, the macro working electrode acts as

source which produces/consumes soluble redox species, and the scanning

ultramicroelectrode is the probe which measures the fluxes [27]. Besides its ability

to probe the redox species in solution, an ultramicroelectrode gives additional

properties. On one side, its small size allows the concentration gradients in the

source electrode to develop undisturbed. Additionally, the high perimeter-to-area

ratio of ultramicroelectrodes creates a spherical diffusion layer in front of the probe

[28]. When the probe is close to the source, the diffusion layer is blocked and the

mass transport changes. In that way, the probe-source distance can be controlled

and/or evaluated [29]. In fact, to simply monitor the fluxes on flat electrodes, the

imaging capabilities of the instrument are not required. Indeed, Engstrom et al. use

a microelectrode to measure concentration gradients inside the diffusion layer

without scanning [30, 31]. The electrochemical oxygen reduction was also studied

by SECM [32]. SECM was used to study the ion exchange occurring during

oxidation/reduction of electroactive films [33, 34]. The study of polypyrrole ion

exchange gives similar results PBD measurements [35] but requires the use of

redox-active anions (ferrocyanide, bromide) to be able to detect changes in concen-

tration with the ultramicroelectrode [36]. The ion exchange in polyaniline, a subject

thoroughly studied by PBD [37], was investigated using SECM [38], supporting the

same ion exchange mechanism.

Besides typical soluble redox ions, the fluxes of other analytes have been

determined using amperometric SECM, such as gaseous oxygen [39] and protons

[40]. Additionally, it is possible to scan potentiometric electrodes in front of a

source electrode [41, 42]. This measurement method should allow to detect almost
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any ion [41] using the ultramicroelectrode form of ion-selective electrodes as

detector [43]. However, it should be borne in mind that the measurement involves

quantifying a potential difference (down to tens of millivolts) between a

ultramicroelectrode and a reference electrode inside an electrochemical cell

where a potential gradient is established between the working (source) electrode

and the counter electrode. The approximation of the detector electrode implies

moving it inside the potential gradient. Therefore, it could be difficult to ascertain

the origin of the potential measured.

In the case of ion transfer trough membranes or liquid-liquid interfaces, it is

possible to use a nanopipette to measure the ion conductance [44–46]. The subject

should be ideally suited to apply PBD techniques, but it has not been investigated

so far.

SECM measures concentration in the solution in a direct way, like PBD, but it

has the specificity which PBD lacks. On the other hand, the specificity of SECM

requires knowing the ion to be determined prior to the evaluation, while PBD can be

applied without such prior knowledge. Therefore, both techniques should be

complementary.

An ion-sensitive sensor placed close to the working electrode will be able to

detect the changes of ion concentration during the electrochemical experiment [47].

A drawback is the effect of the size of the detector in front of the electrode.

A solution involves the use of microelectrodes as sensors (see Sect 14.2.2).

14.3 Electrochemical Quartz Crystal Microbalance

Quartz crystal microbalance (QCM) and related methods [48] are based on the

measurement of characteristic resonance of piezoelectric systems [49]. In QCM, a

quartz thin crystal is set between two metal electrodes, and a sinusoidal perturbation

potential is applied between the electrodes, producing a mechanical oscillation due

to the piezoelectric effect. The system will show a characteristic resonance fre-

quency which can be detected by an electronic resonance circuit or measured by a

high-frequency impedance analyzer. The frequency depends on parameters of the

system, including mass. If one of the metal electrodes is used as working electrode

of an electrochemical system, the mass of the electrode during electrochemical

processes can be measured. The technique is called electrochemical quartz crystal

microbalance (EQCM). The actual behavior is more complex because the presence

of the fluid (electrolyte solution) dampens the mechanical oscillation of the crystal.

For an ideal system (smooth electrode with a thin rigid film), the frequency change

obeys the Sauerbrey [50] equation:

Df ¼ � 2f 20
A

ffiffiffiffiffiffiffiffiffiffirqmq
p Dm; (14.1)
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where f0 is the resonant frequency (Hz), Df is the frequency change (Hz), Dm is the

mass change (g), A is the active crystal area (area between electrodes, cm2), rq is the
density of quartz (rq ¼ 2.648 g/cm3), and mq is the shear modulus of quartz for AT-

cut crystal (mq ¼ 2.947 � 1011 g/cm s2). The equation was derived for crystals in

gases, but it has demonstrated its validity in fluids [51, 52].

Additionally, if the mass of attached films has to be measured, those films should

be rigid or additional damping occurs. Initially, EQCM was used to measure the

deposition of metals [53, 54], and the effect of temperature and viscosity of the

solution was evaluated [55]. Then, different electrochemical phenomena were

studied, including anion adsorption [56–59], neutrals adsorption [60–63], and

underpotential deposition [64, 65]. Then, the technique was used to monitor the

exchange of ions and other mobile species occurring during electrochemical oxida-

tion/reduction of thin electroactive films [66]. Among them, electroactive oxides

[67], solid metal complexes [68], redox polymers [69], and conductive polymers

[70, 71]. Its high sensitivity allows to measure ion exchange by self-assembled

monolayers [72]. Additionally, the electrochemistry of novel porous carbon

materials has been also studied using EQCM [73, 74].

CO adsorption and oxidation on Pt surfaces, an important subject in fuel cell

operation, has been studied using EQCM [75]. As discussed in Chap. 3, the same

process in Pt nanostructured electrodes has been studied using PBD [76]. It seems

that PBD produces information on the dynamics of CO oxidation, due to its intrinsic

fast response, while EQCM gives more quantitative information.

The method determines the amount of mass which become bonded to the

electrode. Therefore, the measurement of movement of mobile species is indirect.

Additionally, the method measures the movement of all mobile species at the same

time. An important factor is the solvent movement which could make the interpre-

tation of the mass changes difficult. As discussed in Chap. 11, the technique has

been used together with PBD measurements as independent measurements [77] or

as an in situ combined technique [78]. Since PBD measures the ion fluxes outside

the electrode and EQCM measures the changes of ion concentration inside the

electrode, the combination gives unique insight on the electrochemical processes.

Additionally, PBD is nearly insensitive to solvent transfer, and its response does not

depend on the mass of the ion exchanged. Therefore, PBD allows clarifying the

information provided by EQCM. As an example, early studies of ion exchange

coupled to redox processes in polyaniline (PANI) were unable to detect the

expulsion of protons during oxidation in acid media [79]. It was assumed that the

low mass of proton (1 g/mol) makes it difficult to be detected by EQCM. However,

the successful detection of proton expulsion during PANI oxidation by PBD,

prompts to investigate again the system by EQCM [80, 81]. Proton expulsion

was clearly detected, and it was found that protons move as hydronium ions

(H3O
+) with a more detectable mass (19 g/mol). It seems that the expulsion of

hydronium ions is accompanied by solvent influx (mass gain) which compensates

the mass loss due to hydronium ion expulsion. Such effect of solvent exchange on

the EQCM response was quantitatively ascertained in an electroactive polymer

(poly(1-hydroxyphenazine)) [82].
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In the case of sulfonated polyaniline, PBD measurements clearly indicate that

positive charge formation during polymer electrochemical oxidation is mainly

compensated by proton expulsion. However, EQCM shows mass gain during

oxidation, suggesting anion insertion is used for charge compensation [83]. A

more detailed EQCM study shows that the mass gain does not scale up with the

anion mass, suggesting that protons are expelled during SPAN oxidation, but water

influx shows up as mass gain [84–86].

The technique was able to detect ion flux oscillations occurring during oxidation

of formic acid [87]. The ion flux oscillations were then confirmed independently by

PBD [88]. When adsorption of ions or neutral mobile species on the electrode is

involved in solution electrochemical processes, EQCM could also provide insight

into the mechanism [89].

EQCM has been applied extensively to the study of ion exchange between

electrode and the solution. However, it has some drawbacks such as the unknown

amount of solvent exchanged along the ions. Additionally, it has been recognized in

the last years that Sauerbrey equation is only obeyed when thin rigid films with low

roughness are attached to the EQCM electrode surface [90]. In other situations, the

electrode shows significant damping, and the measured frequency is not linear with

the mass change. While it is possible to evaluate the viscoelastic parameters of the

electrode using electroacoustic measurements, both the measurement and the

interpretation of the data become more complex [91].

14.4 Spectroelectrochemistry

Spectroelectrochemistry is the application of spectroscopic techniques to in situ

monitoring electrochemical processes [92]. The techniques could be applied to

monitor changes at the electrode surface or absorption changes in the solution.

Usually, the conditions of reflectance spectroscopy are set to increase the sensitivity

to surface species. Indeed, p-polarized light is used since the dipole moment is

perpendicular to the surface and the selection rule only allows absorption of surface

species [93]. Therefore, special measurement setup is used to monitor solution

species by spectroelectrochemistry.

14.4.1 UV–Visible Spectroscopy with Indicator Dyes

When measuring the absorbance [94–96], or fluorescence [97], of indicator dyes, it

is possible to evaluate (e.g., proton) concentration of ions in the solution. In a grid

electrode, the absorption will occur in the region between wires, allowing early

detection of ion fluxes.

Besides processes where ions are exchanged, electrode reactions where ions

are involved, such as oxygen reduction, could be also detected [98]. Indeed, the
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detection of protons by fluorescence has been used in the high-throughput screening

of electrocatalysts for methanol oxidation [99]. Using a confocal microscope and

fluorescent pH indicators, it has been also possible to map the diffusion layer of a

flat electrode [100]. Usually, the absorbance of the whole cell is measured. How-

ever, spatial resolution measurements have been performed [101]. If a laser is used

as light source and the beam travels parallel to the electrode surface, a combination

of absorption and refraction, like in PBD, will occur. McCreery and coworkers

imaged the diffusion layer when a colored product is formed, using a laser which

suffers diffraction and absorption [102–106]. Only species absorbing at the wave-

length of the available lasers can be monitored.

14.4.2 In Situ FTIR Spectroscopy

While external reflectance in situ FTIR could in principle be used to monitor ion

fluxes in solution, the high infrared absorption of common electrochemical solvents

makes difficult the measurement. Usually, the fact that p-polarized light has higher

sensitivity to surface species than s-polarized light is used to obtain spectra only of

adsorbed species [107, 108], losing information of concentration gradients in

solution [93]. Therefore, it has been seldom used to study electrochemical process

in solution [109–111]. However, the technique provides plenty of information on

the processes occurring at the surface [112].

On the other hand, using attenuated total reflectance (ATR), it is possible to

measure from the back of the electrode. The spectra will contain information about

the changes of absorption in the solution because ATR samples a region of several

micrometers [113, 114]. It has been used to study concentration gradients in

electrochemical systems [115–121]. The signal could be increased by surface

enhancement (SEIRAS) [122]. The technique was used to monitor the oscillatory

phenomena occurring when small organic molecules are electrochemically

oxidized on Pt [123], a subject previously studied by PBD [88]. The results of

each technique are complementary, given the different information they provide.

It could also be applied to surface-confined electrochemical systems, where it

will monitor the changes of ion content in the film and solution [124]. The inter-

pretation could be complex because the ion gain by the film is a loss at the solution.

Using ions with a defined IR signature, it is possible to separate the contribution of

each species to the spectra [125]. It has been used to study the ion exchange in

polyaniline [126–128]. The results obtained agree with the ones obtained by PBD

[129], inasmuch that only cations can be detected by FTIR-ATR while PBD detects

anion and cation fluxes.

The technique was combined with PBD to study the ion exchange in

poly(1-naphtol) [130], poly(5-amino-1-naphtol) [131], and poly(5-amino-1,4-

naphtoquinone) [132]. The PBD data allows to interpret the observed FTIR

spectral changes unambiguously.
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14.4.3 In Situ Raman Spectroscopy

Raman spectroscopy uses a visible or near-infrared light to measure vibrational

states of molecules and materials. Therefore, it does not suffer of the high absorption

by solvent. On the other hand, the small scattering cross section of Raman absorbers

makes difficult to detect small changes of concentration in solution. While it has

been used to measure ion transport in membranes [133–136], its use in electrochem-

ical system have been scarce. On the other hand, using confocal Raman microscopy

is possible to map the concentration gradients in front of an electrode [137].

14.5 Radiotracer Detection

A way to detect ion movement in an electrochemical system involves the use of

radioactive isotopes [138]. Using a small concentration of the mobile species which

contain a radioactive isotope, it is possible to detect the nuclear emission (a, b, or g
rays) occurring during the decay. The method has been used to study ion adsorption

[139], and organic molecules [140], on metal electrodes. It has also be used to study

ion exchange during oxidation/reduction of electroactive films, such as solid metal

complex [141], redox [142], and conductive polymers [143, 144]. The detected ion

fluxes in solid metal complexes were also studied by PBD techniques [145]. Indeed,

the radiotracer detects the exchange of co-ions (ions with positive charge) during

the oxidation/reduction of polyvinylferrocene [146]. The phenomena were then

confirmed by PBD [147] and EQCM [148]. It has been used in combination with

EQCM [149].

In a similar way, the ion exchange of a solid metal complex (indium

hexacyanoferrate) was studied using radiotracers, and the transport of anions was

detected [150]. Using PBD, with convolution data processing, it was possible to

assess the amount of anion contribution to charge compensation [145]. The specific

adsorption of ions on metal electrodes, under potential control, was studied using

radiotracers [151]. The same phenomenon has been studied using PBD techniques

[152, 153], giving less quantitative data but easier choice of anions.

The technique was used to study ion exchange in polyaniline [144] and

polypyrrole [154]. The results agree with those obtained by PBD [35, 129]. It is

noteworthy that radiotracer technique, like PBD, can monitor fluxes of anions and

cations.

14.6 Surface Plasmon Resonance

Surface plasmons are surface electromagnetic waves that propagate in a direction

parallel to the metal/dielectric (or metal/vacuum) interface. Since the wave is on

the boundary of the metal and the external medium (e.g., air or water), these
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oscillations are very sensitive to any change of this boundary, such as the adsorption

of molecules to the metal surface or the refractive index of the solution in contact

with the metal. Using light to excite surface plasmon waves, in the Kretschmann

configuration, a thin metal film is evaporated onto the glass block. The polarized

laser light illuminates the glass block, and an evanescent wave penetrates through

the metal film. The plasmons are excited at the outer side of the film, sensing the

refractive index of the solution and the presence of adsorbed species. The simplest

configuration of surface plasmon resonance (SPR) uses the thin metal film as

electrode, allowing monitoring of the changes in refractive index related to electro-

chemical reactions of solution species [155]. An alternative setup uses a glass fiber,

covered by metal at the tip, placed close to the electrode surface as SPR sensor,

allowing sensing of the refractive index gradient in front of the electrode

[156–158], like PBD. It is noteworthy that the technique is not specific, like PBD,

and detects the concentration gradients of all species present, including that of

the supporting electrolyte. Therefore, the mass transport model has to include

all the species involved. For example, as discussed in Chaps. 2 and 4, if ferrocya-

nide ½Fe(CNÞ6�4� ion is oxidized to ferricyanide ½Fe(CNÞ6�3�, the SPR signal will

depend of the dn/dC of both ions and not only of the oxidized species. Additionally,

the contributions of the supporting electrolyte have to be considered. As in PBD,

the use of surface-confined systems with binary electrolytes would allow straight-

forward interpretation. Fortunately, the entire theoretical framework devised for

PBD [159] could be used to evaluate the SPR signal. Indeed, a digital simulation

method to calculate the refractive index gradients, like those measured by

SPR, under potentiostatic [160] and potentiodynamic conditions [161] has been

described.

The SPR has been used to monitor the doping/dedoping of polyaniline [162],

obtaining results in agreement with PBD because the measurable quantity is

essentially the same. A similar situation was observed when the copolymers of

aniline and 2-aminobenzoic acid were investigated by SPR [163]. It is found that

the ion exchange mechanism is affected by the presence of the �COOH groups, as

observed using PBD [164].

14.7 Interferometry

Optical interferometry is based on the detection of refractive index gradients,

related to concentration or thermal gradients, through the observation of an inter-

ferometric pattern produced in front of the electrode surface [165]. It has relatively

low sensitivity, slow response, and both complex experimental setup and analysis

[166, 167]. Therefore, it was used mainly to study metal electrodeposition in

electroplating cells and similar systems [168, 169]. The results are equivalent to

those obtained by Eriksson [170], using PBD, but the latter technique shows faster

response [171].

14.7 Interferometry 271

http://dx.doi.org/10.1007/978-3-642-27651-4_2
http://dx.doi.org/10.1007/978-3-642-27651-4_4


Kragt et al. used an interferometric microscope to measure concentration

gradients in front of an electrode [172]. A similar experimental scheme was used

by Plichon and coworkers [173] and applied to study the ion exchange in ruthenium

oxide films, producing similar results than PBD. The microscope has imaging

capabilities (ca. 5-mm resolution), while imaging ability is not available in PBD

techniques.

14.8 Conclusions

There are several methods, direct and indirect, to measure flux of mobile species

(ions, neutrals, solvent) during potential experiments. Some of them have been used

extensively, such as EQCM and scanning electrochemical microscopy. The former

is indirect and has been combined with success with PBD to study various electro-

chemical systems. Scanning electrochemical microscopy measures the same con-

centration gradients in solution but determines specific mobile species. Surface

plasmon resonance, measured from the back of the electrode or with a fiber optical

probe in front of the electrode, measures essentially the same information than

PBD. This is a disadvantage for exploratory studies but an advantage in deeper

studies of fluxes. PBD detects all the ions and neutrals, with low specificity.

A combination of specific and unspecific techniques could be advantageous to

elucidate different electrochemical phenomena.
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Győző G. Láng
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