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Summary 
 

     The behavior of an oxide film on a copper electrode in a 0.1 N NaOH solution has been 

studied by the in-situ photothermal spectroscopy (PTS) method using a polyvinylidene 

difluoride (PVDF) pyroelectric film as a thermal detector. This study is complemented by 

photocurrent spectroscopy, XPS, ERD, and cyclic voltammetry methods. 

 

     By PTS study, a simple one-dimensional heat transport model is chosen as a theoretical 

model to analyze the photothermal signal and has been partly proved by some experiments. 

The photothermal response varies linearly with film thickness and inversely proportional to 

the chopping frequency f.  

 

     From the variations of the PTS signal, the redox reaction of copper surface layers 

between Cu, Cu2O, and CuO/Cu(OH)2 at different potentials was observed. This proved that 

the PTS method using PVDF film as thermal-detector is a very sensitive and fast response 

method for measuring surface changes. This PTS method has the advantages of simplicity 

and versatility. It allows a more flexible sample cell arrangement and is free from external 

acoustic noise, comparing with PAS method. 

 

     The thermal effect in photocurrent measurement on copper electrode in 0.1M NaOH 

solution has also been studied by photothermal spectroscopy (PTS) method. That part of the 

photocurrent response due to thermal effect has been separated from the total photocurrent 

response, and the real part of photocurrent response due to photo effect has been obtained by 

deducting Ith from Itotal.  
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     By photocurrent study, the Cu2O layer is p-type and band gap energy is about 2.43 eV by 

the experiment of photocurrent dependence on photon energy of incident light. The flat band 

potential is about 0.3 mv by photocurrent spectrum and –341mv. The difference may be due 

to the deviation between theoretical equation and practical situation. 

 
     XPS and ERD study were performed on the surface oxide layer which formed at 

different potential corresponding to the anodic voltammetric peak. XPS result shows that 

CuO layer was formed round the anodic peak II, and a duplex layer of CuO and Cu(OH)2 

was formed round the anodic peak III. The element H in surface layer formed at potential 

round the anodic peak III could be detected by ERD. 

 
 
     The cyclic voltammetry at different potential window was carried out on Cu electrode in 

0.1 N NaOH solution. The results that peak I corresponds to the simple oxidation of Cu2O 

from Cu, peak II corresponds to the formation of CuO from Cu2O and direct from Cu, and 

peak III corresponds to the formation of duplex layer of Cu(II). Another experiment where 

the oxide layer formed at constant potential of peak II and III was cathodic scanned back to 

–1150 mv was performed. The result shows, combined with SEM on the surface layer 

formed in different potential for different time, that the major formation at peak I and III is 

completed within 15 min, while in peak II, the surface coverage increase with the time 

increasing and the major phase is CuO which was formed direct from Cu. 
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Chapter 1 

General Introduction 

 

 

1.1 In Situ Characterization of Electrochemical Process 

 

1.1.1 Overview 

     The infusion of multidisciplinary interest in electrochemical research in the recent past 

has given rise to new opportunities for innovation and research in application areas such as 

electrocatalysis, electrodeposition, corrosion, batteries, fuel cells, and rapidly developing 

semiconductor industrial. Alongside this, need for molecular level information on the 

structure of the electrode-electrolyte interface, mechanism and kinetics of electrochemical 

process on electrodes and electrolytes during the conduct of electrochemical reactions also 

has clearly been identified.  

 

     The electrode-electrolyte interface, often called the interphase, is the heart of 

electrochemistry. It is the site of enormous electric fields and chemical forces that determine 

electrochemical reactions. It is also the site of electron transfer, from a region in which only 

electrons move freely to a region where ions move freely and where electrons must travel 

“piggyback” on some molecule. The electrode-electrolyte interphase is the region where the 

properties of both phases differ from their bulk value. An essential element in understanding 

this interphase is the use of in situ spectroscopic methods to directly obtain molecular 

information about the interfacial region. Such techniques have not been as well developed 
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for the solid – liquid interface as they have been for the solid – gas (vacuum) interface, 

which, in comparison, has been extensively studied. This is partly because there are many 

sensitive surface techniques for the solid – vacuum interface, such as Auger electron 

spectroscopy (AES), ultraviolet and x-ray photoelectron spectroscopy (UPS and XPS), 

secondary ion mass spectrometry (SIMS), low-energy electron diffraction (LEED), and 

high-resolution electron energy loss spectroscopy (HREELS). However, such techniques 

require ultrahigh – vacuum environments. 

 

Although electrochemists can use electrochemical methods to study solid—liquid 

interfacial processes, the electrochemically measurable parameters, such as current and 

potential, yield information regarding only the rate of reaction, the influence of diffusion, 

concentration, temperature, and so on. They cannot give information about the chemical 

identity, structure, configuration, and orientation of surface species. Therefore, there is a 

great need for techniques that can probe both kinetic and structural characteristics of a 

surface reaction. Ideally, such a technique would be combination of an electrochemical 

system with a spectroscopic method capable of being used in situ, that is, while 

electrochemical process are taking place.  

 

     Following is the brief introduction to some of in situ spectroscopic techniques and their 

applications. 

 

1.1.2 Ellipsometry  



3 

     Ellipsometry is an optical technique for characterizing surfaces and thin films. The 

technique involves the reflection of polarized (generally monochromatic) light from the 

surface under study and the measurement of the change in the state of polarization caused by 

the reflection. The measurements usually involve elliptically polarized light, a fact that is 

recognized in the present name of the technique, and yield two parameters that characterize 

the change in the state of polarization.  

 

Ellipsometer measurements are often extremely sensitive to the presence of very thin 

surface layers (including fractional monolayers), to changes in their thickness (or coverage), 

and to changes in surface topography at an atomic scale. The range of film thicknesses that 

can be observed is very large (reaching to several wavelengths optical thickness), and the 

surfaces being studied may be immersed in any optically transparent medium, including 

liquids. These characteristics make the use of ellipsometry for electrochemical studies 

particularly attractive. 

 

     Although the reflection of polarized light has been studied for more than a century, as 

pointed out in the historical review by Hall [1], the term ellipsometry was not introduced 

until 1945, by Rothen [2], who described in his recollections [3] that he thought the 

otherwise appropriate term, Polarimetry, had been given a restricted meaning by chemists 

for the measurement of optical rotation. Significant early work by Vasicek employed the 

terms polarimetry or polarization spectroscopy [4,5]. 
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     The applications of ellipsometry cover a wide range of studies of electrochemistry, such 

as anodic oxidation [6], gas-phase oxidation [7], corrosion [8,9], cathodic metal deposition 

[10], reduction of oxides [11], adsorption process [12], electronic materials [13], and other 

studies.  

     Ellipsometry will continue to be used for measurements on surfaces, particularly solid—

liquid and solid—gas interfaces, for which its capabilities are unique. It will provide real 

time, in situ information on the formation, breakdown, and removal of surface layers or on 

the cleaning, etching, and annealing of solids. The spectroscopic properties of bulk solids 

and surfaces will be determined more readily to derive chemical composition, ordering, 

electronic structure, and the distribution of materials in composite and inhomogeneous 

systems. 

 

The combination of ellipsometer measurements with other techniques will be of 

continued interest for the detailed study of surfaces and thin films. 

 

1.1.3 Surface-Enhanced Raman Spectroscopy  

     The Raman effect is due to the interaction of photons with the vibrations of chemical 

bonds. These wavelengths are in the IR region but the excitation source for observation of 

the Raman effect is often in the visible region. The major part of incident light passes 

through the system without change of photon energy (Rayleigh effect); if there is energy 

exchange with the system the Raman effect is observed. 
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In 1974, Fleischmann et al. [14] first reported the surface Raman spectra of pyridine 

adsorbed on a silver electrode that had been electrochemically roughened. Fleischmann et al. 

also gave a possible model for the structure of the double layer between the silver electrode 

and its electrolyte solution contained pyridine and potassium chloride. These results were of 

great interest since they showed that Raman spectroscopy could be used in situ to obtain 

molecular information at an electrode surface. However, the fact that a giant surface 

enhancement was occurring was not realized until 1977, as noted in the work of Jeanmaire 

and Van Duyne [15] and Albrecht and Creighton [16]. They independently found that with 

only a single pretreatment voltage pulse or triangular sweep, the Raman signal per adsorbed 

pyridine molecule was roughly six orders of magnitude larger than that of an isolated 

molecule in solution. Thus, the signal from pyridine that Fleischmann et al. [14] had 

observed could not be attributed to only an increase in surface area of their roughened 

electrode. This surprising discovery touched off a flurry of experimental and theoretical 

activity. Since then SER scattering and other interactions of EM radiation with surfaces 

have been intensely studied.  

 

     The SERS effect has been observed for many different interfaces and environments. 

SER scattering in an electrochemical system, that is, electrode-electrolyte interface, has 

been most widely investigated. Most SER scattering studies have been obtained on silver 

because silver shows the largest enhancement. Copper  [17] and gold [18] have also shown 

SERS enhancements. In addition, some form of enhanced surface scattering has been 

claimed for platinum [19], nickel [20], aluminum [21], lithium and sodium [22-24], and 

semiconductors [25]. However, the giant Raman enhancement effect that is commonly 
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referred to as SERS is mainly limited to the coinage metals. With all the various 

possibilities for development in sensitivity, time resolution, the new SERS active substrates, 

it would appear that SERS will continue to be a field of spectroscopy with a great amount of 

activity. 

 
1.1.4 Ultraviolet – Visible Reflectance Spectroscopy  

     Specular reflectance spectroscopy has much in common with ellipsometry and while in 

theory it is a less informative technique, in practice it is certainly more versatile and has 

proved more useful to electrochemists. Its major advantages are its much faster response, 

and therefore greater suitability in kinetic studies, its optical simplicity, and the ease with 

which the wavelength may he varied. Like ellipsometry it has, until very recently, been 

restricted to the UV – visible spectral range and it is such studies that are discussed here. 

Recent developments in the extension of this technique to the study of vibrational 

spectroscopy will be considered later. 

 

     The essence of the reflectance spectroscopy experiment is to shine a monochromatic light 

beam, that is also usually plane polarized, at a defined angle of incidence at an electrode 

surface, and to measure the intensity of the reflected beam as a function of an experimental 

variable such as wavelength, potential, or time. The same model as is used in ellipsometry, 

i.e. substrate/interphase/ambient phase, is usually used to describe the reflecting interface 

and if the optical constants of these regions are known it is then a fairly simple matter, using 

the Fresnel equations, to calculate the reflectivity. For systems of electrochemical interest, 

e.g. specific ion adsorption, the reflectance changes will be small and virtually impossible to 
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detect and quantify by direct measurement. A number of approaches have therefore been 

followed to enhance the sensitivity. 

 

     Perhaps the simplest way of doing this is to use a cell configuration that permits multiple 

reflections between parallel working electrodes. This was first done by Takamura and co-

workers [26, 27] in the early 1970s, to investigate a number of processes on gold electrodes, 

including oxide formation, anion adsorption, and underpotential deposition. Relatively large 

reflectivity changes were observed but no quantitative data treatment was attempted. The 

reflectance spectroscopy also can be applied in the study of solution free species [28,29], 

adsorption studies [30], and underpotential deposition [31], etc.  

 

1.1.5 Infrared Reflectance Spectroscopy  

     The techniques discussed so far have been applied largely in the UV – visible region of 

the spectrum, and whilst these have revealed much interesting information they lack 

molecular specificity. A need therefore exists, particularly in the study of adsorbates, for a 

technique that can supply such molecular structural information; i.e. an in-situ vibrational 

spectroscopy. The extension of several UV – visible techniques into the infrared spectral 

region has been attempted but these attempts have been largely unsuccessful. Recently 

modulated reflectance spectroscopy has been successfully used in the infrared region. 

      

     The apparatus required is very similar to that for UV – visible studies except, of course, 

that glass optics cannot be used and therefore, for example, silica or silicon cell windows are 

required. The IR source is a Nernst filament and an IR detector replaces the photomultiplier 
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or photodiode. The first successful demonstration of this technique was by Bewick and co-

workers in 1980, [32] and since then several further reports have appeared from this group. 

The first studies were of the thionene radical cation, indole adsorption on Pt, and hydrogen 

adsorption on Pt. This last example is of particular interest and several further reports have 

appeared covering also adsorption on Rh [33-36]. 

 

     That any results can be obtained at all for this system is remarkable in view of the 

presence of the aqueous solution. However, by pushing the electrode hard against the 

window of the cell, trapping a thin electrolyte layer, there is an adequate spectral window. 

The changes in reflectivity caused by changes in an absorbate are very small and therefore, 

in order to obtain an adequate sensitivity, the lock-in amplifier output is not recorded 

directly but is signal averaged for many sweeps over a period of up to several hours. In the 

strongly hound hydrogen region, only an increase in reflectivity is detected, as is also seen in 

the UV – visible, but for the weakly bound hydrogen a band at 1.95 µm is observed. This is 

clearly at too high an energy for a Pt – H stretch and therefore, from isotopic substitution 

studies, it has been suggested that it arises from a v2 + v3 combination band, for an hydrated 

adsorbed proton. The predominant water species is identified as a dimer. 

       

     The other major area of study in Bewick’s group has been the electrocatalytic oxidation 

of small organic fuels, e.g. methanol in aqueous solution [37]. In particular they have 

identified the poisoning species as bridge-bonded CO whilst no COH was detected. In 

conjunction with this interest, they have studied CO adsorption on Pt, Rh, and Au electrodes 

[38] and have detected both linearly and bridge-bonded CO on these metals. 
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     The potential-modulated reflectance technique necessarily produces as its output the 

difference in the spectra at two potentials. An alternative approach, polarization modulation, 

permits the recording of a surface spectrum at a single potential. This technique relies on the 

surface selection rule that s-polarized radiation is insensitive to an adsorbed layer. The 

difference in spectra recorded with s- and p-polarized light may therefore be attributed to 

surface effects. Russell and co-workers [39] have used this approach to study CO adsorption 

on Pt and their results confirm those obtained by potential modulation. 

 

     A further recent development in this area is the use of FTIR to study adsorbed 

acetonitrile on Pt. Davidson and co-worker [40] have studied this system and have reported 

how the spectrum for the CN bond varies with potential. It is certain that IR-reflectance 

spectroscopy will receive much attention in the future and it will probably become a very 

widely applied technique. 

 

1.1.6 Surface X-Ray Absorption Spectroscopy, EXAFS and NEXAFS  

     Various structural probes of electrode surfaces and interfaces have been used in the past. 

Among these, x-ray absorption spectroscopy is a particularly suitable technique in that it is 

sensitive to short-range order about specific elemental species in disordered as well as 

crystalline materials. Since some of the thin films that form on electrodes are understood to 

be noncrystalline [41], this is a significant capability. Using this technique, radial 

distribution functions can be derived about one or more important atomic centers without 

solving the entire structure. It can be applied to the in situ examination of the electrode – 

electrolyte interface; it allows a determination of the changes that occur in the structure of 
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the films on electrodes ex situ when they are removed from the electrolyte; and it serves for 

the characterization of species in the electrolyte. 

 

     An x-ray absorption edge spectrum is usually divided into several regions. The first is the 

pre-edge region and includes the actual absorption edge. This region is where the near-edge 

absorption fine structure, or NEXAFS, is seen. It consists of spectral features within a few 

tens of electronvolts of the edge. These features are due to core electron transitions to 

unoccupied bound orbital and to effects such as excisions. The NEXAFS can be directly 

related to the absorbing atom’s density of final states multiplied by the transition probability 

to such states. In the second region, which extends to several tens of eV above the 

absorption edge, multiple scattering takes place. In the third region, which extends from 

approximately 50 to 1000 eV above the edge, the plane wave approximation, the restriction 

to single scattering paths, and the approximate treatment of inelastic scattering losses 

generally apply, and the extended x-ray absorption fine structure is seen. This fine structure 

is the EXAFS. It is due to the interference of the outgoing electron waves with the waves 

backscattered by the neighboring atoms in the photoionization process. This fine structure 

can be simply related to the atomic arrangement around the absorbing atom. 

 

     Because EXAFS and NEXAFS offer the possibility of examining electrode surface 

while electrochemical processes are taking place, the recent development of these 

techniques has resulted in their application to a number of important electrochemical 

problems, such as the passive films on Fe [42-46] and Mg [47-49], corrosion inhibitors [50-

52] and batteries [53, 54]. 



11 

1.1.7 Photothermal Deflection Spectroscopy  

     Photothermal deflection spectroscopy (PDS) is a versatile in situ surface-sensitive 

technique applicable to the study of electrochemical interfaces. This technique was original 

developed by Boccara, Fournier, and Badoz [55, 56]. PDS is also called photothermal beam 

deflection spectroscopy (PBDS) or mirage effect spectroscopy. PDS can measure the 

absorption spectrum of electrode surface species with submonolayer sensitivity, the 

absorption spectrum of electrolyte species, and the concentration gradients near the 

electrode surface. 

 

     Photothermal techniques are quite versatile. Besides the most common use, measuring 

either homogeneous-phase or interfacial absorption spectra, photothermal techniques have 

been applied to chromatography, fluid dynamics, and material characterization [57-61]. The 

principles of all the photothermal techniques are similar. Fig.1.1 shows a basic PDS system. 

The basis of PDS is the detection of refractive-index gradients in the electrolyte adjacent to 

the electrode. These gradients are measured by the deflections of a probe beam passing 

through the gradients. This section will discuss the aspects of PDS applicable to electrode 

surfaces. 

 

     PDS has several advantages compared to existing spectroelectrochemical techniques. 

First, PDS used a relatively low-intensity excitation light of approximately 10-2 W cm-2 to 

probe the interface. The risk of inducing changes in the surface chemistry is much smaller 

than with the high-intensity laser techniques using up to 105 W cm-2, e.g., Raman and 

Secondharmonic Generation (SHG). Second, PDS is applicable to any electrochemical 
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interface. The electrode surface is required to be only approximately planar; polished, 

smooth, porous, and rough surfaces can be studied. Last, the advantages of in situ techniques 

cannot be understated [62]. Only the in situ techniques can monitor transient processes. The 

in situ techniques do not require the removal of the electrode from the electrochemical 

environment, which can alter the identity or structure of the surface species. Armstrong and 

Muller [63] have studied copper electrodeposits with in situ scanning tunneling microscopy 

(STM) and have shown that the microtopography changes after I mm at open circuit. This 

demonstrates the problem of removal of electrodes from the electrochemical environment, a 

problem not encountered by in situ techniques. 

 

     PDS can be widely used in electrochemical systems, such as electrochemical oxidation 

and reduction of platinum in 0.1 M perchloric acid [64], copper in 0.1 M KOH [65,66], 

photocorrosion of CdTe single crystals in acidified SnCl2 electrolyte at open circuit [67], etc. 

      

The results discussed above demonstrate the versatility of the PDS technique for in situ 

and nonintrusive spectroelectrochemical measurements. The technique uses low-intensity 

illumination, which is safe for use with any photoinactive electrode, to measure the surface 

absorption spectrum. Changes in the interfacial absorption coefficient and concentration 

gradients attributable to the reaction of submonolayer quantities have been measured. 

      

PDS excels where reflection spectroscopies fail: As the reflectivity of the electrode 

decreases, as with dispersed platinum or carbon, the reflection signal decreases whereas the 

PDS signal increases. The ability to separate the electrolyte absorption from the surface 



13 

absorption based on the phase difference is a major advantage compared to reflection-based 

spectroscopies. 

 

PDS is a promising technique for obtaining in situ vibrational spectra of electrode 

surfaces. Raman spectrospcopy is an alternative method of obtaining vibrational spectra, but, 

because the Raman scattering selection rules are different than the absorption selection rules, 

an absorption technique is needed. Also, the surface enhancement required for monolayer 

studies by Raman methods is applicable only to certain metals. 

 

PDS is a relatively new spectroscopy and its application to electrochemical systems is 

even more recent. This chapter illustrates the wealth of information about electrochemical 

systems the technique provides. A goal for the future is increased sensitivity. This would 

allow faster electrochemical processes to be studied. 

 

1.1.8 Scanning Tunneling Microscopy   

     Several recent investigations have demonstrated scanning tunneling microscopy/micro-

scope (STM) to be a powerful new technique for electrode surface characterization with 

atomic resolution in situ at surfaces under potentiostatic control [68,69]. It is already well 

established in surface physics that the technique is unique in its ability to determine both the 

structural and the local electronic properties of surfaces of metals and semiconductors in 

ultra-high vacuum (UHV) [70,71]. 
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Understanding the electrochemical reactivity of noble metals such as platinum (Pt) and 

gold (Au) is very important in modern electrochemistry [72-76]. Although many structure 

sensitive methods on an atomic scale such as low-energy-electron diffraction (LEED) have 

been used to characterize electrochemically treated electrodes under UHV conditions [72-

76], it is always necessary to transfer the electrode from the electrolyte solution to the UHV 

environment. This ex-situ experiment may involve structural surface changes during the 

transfer of the electrode. 

 

Semiconductor/liquid interfaces are also interesting and important systems for 

characterization in the field of photoelectrochemistry [77,78]. Although tremendous efforts 

have been made during the last twenty years to obtain a better understanding of 

photoelectrochemical reactions, there is not much information available about structures and 

electric properties of semiconductor electrodes with atomic resolution in electrochemical 

environments. 

 

Since Hansma and co-workers first demonstrated that STM can operate in electrolyte 

solutions [79], much progress has been made in exploring the possibilities of STM for 

characterizing the solid/liquid interface with atomic resolution. The objective of this chapter 

is to briefly highlight some of the recent progress from this laboratory and others on in-situ 

STM with atomic resolution. It is not possible to review all of the published accounts of in-

situ STM results in this format. The reader is referred to more comprehensive reviews 

published elsewhere [68, 69]. 
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In the present work, we use the following in situ techniques, such as Photothermal 

Spectroscopy (PTS), Photocurrent Spectroscopy, and accompanied by some ex-situ surface 

analysis method, such as XPS, ERD, and SEM to study the oxide film of copper.  

 

 

1.2 Photothermal Spectroscopy  

 

1.2.1 Introduction 

     The search for spectroscopic methods whose can be used for opaque sample has led to 

investigations of techniques such as Photoacoustic Spectroscopy (PAS) and Photothermal 

Spectroscopy (PTS). We first discuss PAS here and later the PTS in chapter 2.  

 

     In 1880, Alexander Graham Bell studied the “optoacoustic” effect [80]. He discovered 

that when a periodically interrupted beam of sunlight shines on a solid in an enclosed cell, 

an audible sound could be heard by means of a hearing tube attached to the cell. Motivated 

by Bell’s discovery, Tyndall [81] and Rontgen [82] found that an acoustic signal could also 

be produced when a gas in an enclosed cell was illuminated with chopped light. Bell [83] 

subsequently experimented with a variety of solids, liquids, and gases and his work 

generated a brief flurry of interest. Later he renamed this effect the “photoacoustic effect” to 

distinguish it from “acousto-optic effect”. Unfortunately, the photoacoustic effect was 

evidently regarded as a curiosity of no practical value as was soon forgotten.  
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     Fifth yeas later, PAS since became a well-established technique for gas sample [84]. The 

use of this method on monophase samples is reviewed in the cited literature [85, 86]. From 

1975, PAS method has been used to study the electrochemical reaction at the interface 

between electrode and electrolyte.  

 

1.2.2 Principles 

     In PAS, the sample is illuminated by a modulated light source. The incident light is 

absorbed and through nonradiative processes heats the sample. Because the light is chopped, 

the temperature rise is periodic at the chopping frequency. It is this periodic temperature rise 

(<l0-3 K) at the surface of the sample causes the generation of elastic waves in the sample. 

This elastic wave can be detected by a microphone [87-90] or piezoelectric transducer [91] 

attached to the back of the sample. However, this signal is rather small and thus the 

background noise hides this “photoacoustic” signal. To overcome this problem, the signal 

can more easily be detected through a “lock in” technique. 

 

1.2.3 Experimental Setup 

     The experimental arrangement for PAS using different cell is similar, including light 

source, chopper, PAS cell with different detector, potentiostat, lock-in amplifier, and X-Y 

record. Fig. 1.2 shows the photoacoustic cell and the experimental setup for PAS [92] with 

piezoelectric transducer as a detector and Fig. 1.3 shows the PAS cell with microphone as 

detector [93]. Another PAS setup and cell are shown in Fig. 1.4 described by J. K. 

Dohrmann [94] using double-beam.  
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The light source in Fig.1.2 is an Ar ion laser. This type of laser has the advantage of 

emitting a coherent source of high intensity monochromatic light. However if we are 

performing spectrometric investigation, we need another optical source such as a dye laser. 

The most common light source for this spectrometric measurement is a Xe lamp, as shown 

in Fig.1.4, because of its high intensity of light as a wide variety of wavelengths. With the 

aid of a monochromater or interference filter, we can obtain monochromatic light. 

      

The incident light is chopped by a mechanical chopper for low frequency use (<1 kHz) 

or an acousto-optic modulator for high frequency use (>10 kHz). This chopped light 

illuminates the electrode surface through an electrolyte. Generated elastic wave can be 

detected by a piezoelectric transducer attached to the back of the sample that converts the 

elastic wave to a voltage signal. This voltage signal at the chopping frequency is attenuated 

by a “lock-in” amplifier. So through this process the signal-to-noise ratio can be enlarged. 

 

1.2.4 Applications 

     PAS can be applied to the solid/liquid interface. A. Fujishima and his co-workers [95] 

used PAS to investigate the oxidation and reduction of gold electrode in HClO4 solution. 

Under anodic polarization, an oxide film was formed on the Au electrode and the 

corresponding PAS signal shows an increase. While continuous cathodic polarization 

reduces the oxide film so the corresponding photoacoustic signal returns to the initial level. 

Other applications were done to electroplating, especially copper deposition on gold [96], 

nickel plating with scanning laser beam [97]. In situ PAS can also be used to investigate the 
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semiconductor electrode surface [98]. The working electrode was a CdS single crystal. 

Under cathodic polarization (-2.0 Vvs. SCE) in 1 M KCl, CdS decomposes as follows 

               CdS + 2e- → Cd + S2- 

Eventually Cd metal is deposited on the surface of the electrode. After cathodic polarization, 

PAS signal amplitude increases in the region of longer wavelengths. This is due to the 

absorption of deposited Cd. Thus through this technique, electrochemical decomposition of 

semiconductor electrode in dark can be estimated in situ. Similarly photoelectrochemical 

reactions can be estimated using PAS [99, 100]. 

 

 

1.3 Photocurrent Spectroscopy 

 

1.3.1 Introduction 

     Photoeffects in electrochemical systems have been recognized for a long time, and the 

phenomenon that an additional current can be stimulated by irradiation with light, the 

Bequerel effect, is named after its discoverer [101]. The electrodes with Bequerel effect 

were, in fact, metal electrodes that were covered with an oxide film. Since then, there have 

been continuous efforts to utilize this photoeffect in order to study properties of passive 

metal electrodes. Because of a limited understanding of the involved processes and also 

limited experimental means, results and interpretations were only qualitative and remained 

controversial. During the last 10-15 years, however, photo-electrochemistry with 

semiconductor electrodes has undergone an enormous advancement that has been largely 

due to the search for materials for liquid junction solar cells [102 – 105]. Besides affording a 
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much better understanding of a large number of systems and the processes involved in 

photoelectrochemical reactions, photoelectrochemistry emphasizes that solid-state properties 

are of great importance to electrochemical behavior. The application of photoelec-

trochemistry to the study of passive films is based on the recognition that even very thin 

films constitute their own phase with their specific properties. Consequently, 

photoelectrochemistry can be used as an in situ technique to characterize passive films with 

respect to their optical and electronic properties. 

 

     In this section an attempt will be made to give an overview of the possibilities 

photoelectrochemistry offers for the investigation of passive films. Relevant theoretical 

background will be described, including aspects of photoelectrochemistry of amorphous 

materials since passive films are often highly disordered. The literature will be reviewed 

with the object being to distinguish noble metals, on which usually very thin films are 

formed (which may not be categorized as passive films in a stricter sense), transition metals 

on which passive films of intermediate thickness are formed and which are of importance 

for corrosion studies, and valve metals, on which very thick films can be formed due to the 

possibility of high film formation potentials because of high breakdown potentials. 

 

1.3.2 Theory 

A photoelectrochemical reaction on a passive metal electrode can be described in the 

following simplified way. If light with a suitable energy hv is absorbed by the passive film, 

electrons can be excited from occupied electronic states into unoccupied ones, 

                                                            hv → e- + h+                                                    (1) 
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As a consequence, the charge distribution in the film is changed, which can result in a 

current at constant potential or a potential change at constant current which includes the 

open circuit condition where i = 0. The current results from an electrochemical reaction at 

the electrode/electrolyte interface. The changed charge distribution can also be measured as 

a change of the electrode capacity. 

 

     Depending on the properties of the passive film with respect to its conduction type, 

different energetic conditions can be distinguished for an n-type or p-type semiconducting or 

an insulating film. Fig.1.5 gives a schematic representation for crystalline films without, as 

yet considering any effects caused by an absorption that involves localized states. Under the 

conditions of a depletion layer built up at the film/electrolyte interface in a semiconducting 

film, the electron hole pair is separated in the electric field of the space charge layer. The 

condition of a depletion layer is the one where a photoeffect would be observed. In the case 

of a p-type semiconducting film (Fig. 1.5a), the electron migrates to the surface from where 

it can react with an unoccupied (acceptor) state in the electrolyte that is represented by an 

oxidized chemical species. The hole flows to the backside contact; the resulting current is 

cathodic. For an n-type film (Fig. 1.5b) the situation is reversed. The hole migrates to the 

surface, reacting with an occupied (donor) state while the electron moves to the backside 

contact: the photocurrent is anodic. In an insulating film (Fig l.5c) the potential gradient is 

constant within the film and depending on the sign of the field the photocurrent is anodic or 

cathodic. In general, a change in the sign of the field changes the sign of the photocurrent. 

The potential at which this sign change occurs is called the flatband potential, Ufb. It is 

consequently accessible by photoelectrochemical techniques and can be compared with 
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values obtained from capacity measurements. In addition to an excitation in the passive film, 

an excitation can happen in the underlying metal as well. For thin passive films and 

insulating films this has been observed and will be described later. Excitation occurs most 

probably from or to the Fermi level in the metal with a consecutive emission of a hot 

electron or hole. Internal photoemission into the passive film might also occur; it is 

illustrated in Fig. 1.5c for the emission of a hot electron. It should be emphasized that 

photoemission is not limited to insulating films but can also happen with n-type and p-type 

passive films. 

 

The following description of the photoresponse will be restricted to the photocurrent, 

although the measurement of photopotentials is equivalent. Since, however, most 

measurements nowadays are performed under potentiostatic control it has become more 

common to measure photocurrents. Disregarding any recombination, the photocurrent of a 

crystalline semiconductor can be expressed by [106,107] 

Iph = eqI0{1 —exp[ - αdsc(e/kT)1/2 (U —Ufb)1/2]/ (1+aL)}                                     (2) 

E denotes the electronic charge, q the quantum efficiency, I0, the incident photon flux 

disregarding any reflections at the electrode/electrolyte interface, a the absorption coefficient, 

U the electrode potential and Ufb the flatband potential. The Debye length, dsc is determined 

by important semiconductor quantities such as the dielectric constant, ε and the doping 

concentration, N, which is the donor concentration, Nd, for an n-type semiconductor and the 

acceptor concentration, Na, for a p-type material. It is given by 

                                   dsc = (eε0kT/e2N)1/2                                                                   (3) 

The diffusion length of the minority carriers, L, is expressed by 
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                                     L = (Dτ)1/2                                                                              (4) 

Where, D is the diffusion coefficient of the minority carriers and t is their lifetime. Equation 

(2) is derived under the assumption that the charge transfer at the electrode/electrolyte 

interface is not rate determining. Simplifications in Equation (2) are possible under certain 

conditions whose will be discussed later. 

 

The photoelectrochemical behavior of passive films is largely influenced by their 

electronic properties. These properties as obtained from other techniques, such as capacity 

measurements and electron transfer reactions, will be reviewed briefly. Then, characteristics 

of the absorption behavior of thin films will be discussed, followed by a more detailed 

description of the wavelength and potential dependence of the photocurrent for crystalline 

and amorphous films. 

 

Wavelength dependence of the photocurrent 

      The absorption coefficient, a, of a crystalline material depends on the photon energy in 

the following manner 

                            α = A (hv — Eg)n/hV                          (5) 

For allowed transitions which are the most likely to be observed in our case, n = 1/2 

describes direct transitions, and n = 2 is characteristic of indirect transitions, which require a 

phonon participation [108, 109]. The type of transition can also be determined from 

photocurrent spectra as long as iph ∝ α holds. The minimum energy required for indirect 

transitions, Ei
g, can be evaluated from (iPhhv)1/2 vs hv plots, and that for direct transitions, 

Ed
g, from (iph hv)2 vs hv plots. This information allows us to identify the material forming 
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the passive film. It also might be used to estimate to what extent the band structure in the 

passive film is developed with respect to bulk properties of the same material. (An example 

for the latter case will be given later for passive titanium.) 

 

Potential dependence of the photocurrent 

     At constant wavelength, where a is constant, Equation (2) describes the potential 

dependence of the photocurrent for a crystalline semiconductor. Under certain conditions 

simplifications of Equation (2) are possible. For a diffusion length much larger than the 

width of the space charge layer, L>> dsc(e/kT)1/2 (U —Ufb)1/2, the photocurrent becomes 

potential independent as can be seen from Equation (2). Such a behavior is commonly found 

with bulk semiconductor electrodes whose are either single crystals or well crystallized 

materials. For the reverse case, where α dsc(e/kT)1/2 (U —Ufb)1/2 << 1, the exponential 

function can be expanded, and Equation (2) changes to [107] 

                          iph = const. αdsc(e/kT)1/2 (U —Ufb)1/2                                  (6) 

Behavior in accordance Equation (6) can be identified from i2
ph  vs U plots. The slope 

depends on the photon energy since a is a function of hv and the extrapolation to iph = 0 

should yield the flatband potential Ufb. In several cases Ufb values obtained from such 

extrapolations were higher by several hundred millivolts than Ufb values obtained from 

capacity measurements. In the presence of surface states or when recombination is included 

in the derivation, different relations between photocurrent and electrode potential have been 

discussed [110-113]. Even for high recombination rates, the iPh(U) relation is at most linear 

for crystalline semiconductors[112]. 
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1.3.3 Experimental 

The experimental techniques used in photoelectrochemical studies of passive films 

commonly use a combination of equipment used for passivation studies and that used for 

photoelectrochemical research with semiconductors. In Fig. 1.6 a block diagram of a typical 

experimental set-up is outlined. It is shown for a potentiostatic measurement with a 

monochromatic light source in the form of a polychromatic lamp and monochromator. In 

order to measure photopotentials, a galvanostat can be used or open circuit conditions can be 

applied. The light source can also be polychromatic (usually xenon or tungsten lamps) for 

preliminary measurements, ie in order to test under what conditions photoeffects can be 

expected. The advantage of the polychromatic source is its usual high intensity and its 

spectrum covering a wide range of wavelengths. Disadvantages are that possible heat effects 

may exist, especially with high power lamps, which have to be distinguished from 

photoeffects. A high power monochromatic light source is the laser that has clear advantages. 

It can be applied to studies of the potential dependence of the photocurrent, especially where 

absorption coefficients are small, and to studies of sub-band gap or close-to-band gap 

responses. Measurements of spectra with a laser (dye laser) are usually tedious even if the 

equipment is available. Polychromatic sources, eg xenon lamps with quartz bulbs, which 

have a considerable output even below 250 nm, together with a modern monochromator 

with digitally addressable scan rate, 2. range etc. are more convenient. If the photoresponse 

is large enough it can be measured directly. A convenient way is to use slowly chopped light, 

e.g. 0.1 Hz. Currents under dark and illuminated conditions are both recorded and, in 

addition, any transient behavior pertinent for the given frequency will be shown as well. In 

most cases, however, photocurrents are fairly small requiring methods with a better signal-
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to-noise ratio, for instance the lock-in technique. In this case the frequency control of the 

chopper sends a reference signal, ji, to the lock-in amplifier and the current equivalent signal, 

I, feeds the input of the lock-in amplifier. Since lock-in amplifiers tend to pick up noise, 

usually measurements with and without light are necessary in order to make a base line 

correction. The output of the lock-in amplifier can be used for the measurement of 

photocurrent spectra and photocurrent potential curves. In order to obtain intensity-corrected 

spectra, the intensity vs wavelength of the light source has to be determined. This can be 

done by using a detector with known spectral response or a flat response in the desired 

wavelength range, e.g. a thermopile or a pyroelectric detector. Then the photocurrent can be 

transformed into quantum efficiencies with respect to incident radiation or, if the absorption 

is known, internal quantum efficiencies can be calculated. Because of various calibration 

curves and base line corrections, it is of advantage to use a microcomputer for data 

aquisition that also allows for an easier handling of the data 

 

1.3.4 Examples 

More recent work of photoelectrochemistry with passivated electrodes will now be 

reviewed (For older work the review of Kuwana [114] with its comprehensive bibliography 

should be consulted). Emphasis will be put on illustrative examples in order to demonstrate 

the various types of behavior of passive films. Some of the recent work that tries to point out 

the impact of an amorphous character of the passive film on photoelectrochemical behavior 

will be discussed. In the examples noble metals (including lb group metals), transition 

metals and valve metals will be distinguished. In the section on valve metals, passive films 
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modified by ion implantation will be included since they exhibit interesting structural 

properties those are reflected in their photoelectrochemical behavior. 

 

Copper. The first detailed results for passivated copper electrodes were obtained by 

Paatsch [115]. He studied the influence of inhibitors on the corrosion behavior of copper 

using photopotential and photocurrent measurements in 0.1 M NaOH. While it was not clear 

that anodic photocurrents occured, cathodic photocurrents, associated with the oxide 

reduction, were observed. Such photocurrents are observed in neutral and basic solutions 

after the Cu(II)-oxide [CuO/Cu(OH)2] reduction. The reduction of the Cu2O film in a cyclic 

voltammogram is enhanced under illumination [116]. This indicates, in accordance with 

bulk properties of Cu2O, that this film is p-type conducting. The absorption spectrum of 

Cu2O [117,118] shows an extensive peak structure which derives from a number of different 

bands contributing to the absorption spectrum. This is still reflected in a photocurrent 

spectrum which was obtained in I M NaOH after reduction of the CuO/Cu(OH)2 layer (Fig. 

1.7) [119]. The various peaks obtained in the photocurrent spectrum can be related to the 

peaks in the absorption spectrum of Cu2O [117]. Using the absorption data of Brahms and 

Nikitine [117] and combining it with the data in Fig. 1.6 (d = 2 nm), a quantum efficiency 

with respect to the absorbed number of photons can be estimated, which is approx. 2000. A 

similarly high value for oxide-covered gold electrode was estimated by Watanabe and 

Gerischer [120]. A recent study of copper in phosphoric acid by Pointu eL al. [121], which 

was mainly performed in the potential regime where polishing occurs, showed anodic 

photocurrents. The spectra, however, do not allow for an identification of the film because 

of a wavelength spacing of only about 50 nm which does not give a good enough resolution. 
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In a later interpretation, a band structure model was discussed with conductivity types 

changing within the film [122]. 

 

1.3.5 Conclusions 

In the given description of the background of the photoelectrochemical behavior of 

passive films, it was shown that the stoichiometry and structural properties of the film are 

well reflected in photoelectrochemical data. Amorphous and crystalline films are different in 

their spectral behavior as well as in the potential dependence of the photocurrent due to the 

participation of localized states in amorphous films. The question, therefore, as to whether 

the passive film is amorphous or crystalline should be answerable by means of 

photoelectrochemistry, the specific advantages being that the radiation used in the 

experiment is not damaging to the film and that it is an in situ technique. Some of the more 

recent examples reviewed from the literature demonstrate this. To further exploit this 

potential, more elaborate techniques such as time resolved laser pulse analysis, as was done 

very recently by Plieth and coworkers [123,124] for oxide-covered platinum and passive 

iron, respectively, the analysis of photocapacities or the development of surfaceimaging 

should be applied to passive films. 
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Fig. 1.1 A basic PDS system. The source provides broadband light that is dispersed by the 
monochromator. The narrowband excitation light leaving the monochromator is modulated 
by a mechanical chopper and focused onto the electrode. The probe beam passes parallel to 
the electrode surface. Deflections of the probe beam are detected with the position detector 
(PD). 
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Fig. 1.2 Schematic diagram of (a) the photoacoustic cell and (b) the experimental 
arrangement. 
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Fig. 1.3 PAS cell with microphone as detector 
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Fig. 1.4a Diagram of the double-beam PAS setup 
 

 

 
 

 
Fig. 1.4b PAS cell with microphone: (M) microphone, (WE) working electrode, (QW) 
quartz window. The counter and reference electrodes are not shown. 
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Fig. 1.5 Schematic representation of an illuminated p-type (a) and n-type (b) passive film 
under depletion conditions and of an insulating film under flat band conditions with a 
simultaneous excitation in the film (hv1) and in the underlying metal (hv2 ) (c). 
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Fig. 1.6 Schematic representation of an experimental set-up for photoelectrochemical studies 
of passive films 
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Fig. 1.7 Photocurrent spectrum of the passive film on copper electrode after reduction of the 
CuO/Cu(OH)2 film 
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Chapter 2 

 

In-situ Photothermal Spectroscopy of Oxide Film on Copper 

Electrode in NaOH Solution 

 

 

 

2.1 Introduction 

 

     Photothermal Spectroscopy (PTS) is a spectroscopic technique particularly useful for 

obtaining spectra of highly absorbent sample, e.g., metal or semiconductor electrode, by 

measuring directly the temperature change which occur upon absorption of radiation.  

 

     Photothermal Spectroscopy (PTS) and Photoacustic Spectroscopy (PAS) have the similar 

principles. When the light is absorbed by the surface of electrode, there is temperature 

change at the electrode/electrolyte interface and this temperature change will raise the elastic 

waves and then the pressure change. Measuring directly the temperature change is PTS, and 

measuring the pressure change is PAS. So PTS is more directly than PAS in terms of theory.  

 

     In 1977, Bard et al first introduced the technique of PTS where a thermistor in contact 

with a sample was employed to detect temperature changes caused by radiationless 

transitions resulting from the absorption of light by the sample [1]. Bard et al also reported 
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in 1977 their application on the characterization of various semiconductor materials (single 

crystal and polycrystalline) and the study of photoelectrochemical reactions at 

semiconductor electrodes [2]. Bard et al also successfully reported in 1980 the application of 

PTS to in-situ study on metals and electrodes [3,4]. Except the above study reports, there 

had been seldom other practical applications of PTS in electrochemical research in the 

following 10 years due to the limitation of sensitivity of this method, the lower limit for 

detection was of the order of 75-100 monolayers in some case [3] while the sensitivity for 

PAS was only several monolayers [5]. As Bard et al pointed out, the sensitivity of PTS 

could be improved by instrumental changes such as more intense light sources, e.g. laser, 

more sensitive thermal detectors, and light modulation or signal-averaging techniques [3].  

 

     In 1984, Mandelis developed a new PTS method using pyroelectric polyvinylidene 

difluoride (PVDF) film detector to investigate the properties of Ho2O3 powder and to 

monitor the kinetics of the chemical reaction of CuO with HCl [6]. Till 1989, Jiang et al 

began to report the new PTS experimental set up with PVDF as thermal detector to study in-

situ the surface properties of an electrode [7-10]. The method was similar to that used for the 

investigation of photo-oxidation of ions on semiconductor electrode introduced in 1990 by 

Dohrmann et al [11]. 

 

     The objective of this chapter is to present the PTS experimental set up with PVDF film 

as a thermal detector, the theoretical treatment of photothermal signal, and the application of 

investigation on the copper electrode. 
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2.2 Experimental 

 

2.2.1 Experimental Setup 

     The experimental set up for PTS using different cell is similar [3,9], including light 

source, chopper, PTS cell with different detector, potentiostat, lock-in amplifier, and X-Y 

record. Fig. 2.1 shows the experimental set up for PTS with PVDF film as a thermal-

detector. The light source was an Ar+ laser and the exciting rediation was 488.0 nm with 200 

mw power. The electrochemical, in-situ PTS measurement was carried out with an EG&G 

M273A Potentiostat/Galvanostat, an EG&G M5210 lock-in amplifier, and an EG&G M651 

light chopper 

 

2.2.2 PTS Cell 

     The PTS cell is shown in Fig. 2.2 [8]. The electrochemical cell was manufactured from a 

piece of Teflon bar. A copper foil (purity 99.95%) of thickness 0.025mm, a platinum wire 

and an Hg/HgO/0.1M NaOH were sued as working electrode, counter electrode and 

reference electrode, respectively. The reference electrode was located near the copper foil. 

The potentials reported in this paper are referred to this electrode. When the detector tube 

was assembled into the back hole of the cell, the upper face of the PVDF pyroelectric film 

was contact very close with the back side of the working electrode foil (Fig. 2.2b). Therefore, 

the heat produced at the front side of the electrode foil by absorption of incident light could 

be transported to PVDF film and then transformed into an electric signal, which was finally 

measured by a lock-in amplifier. 
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2.2.3 Chemicals 

     Copper foil used as substrate and electrode material (Goodfellow) was polished with 

#1200 of emery paper, alumina (0.3 µm), ultrasonic clean for 5 min, rinsed with D.I water, 

and then treated in 50 v/v% HNO3 for few second and thoroughly rinsed with 99.5% ethanol 

and D.I water before use. All reagents were A.R grade and the solutions were made up with 

deionized water. 

 

 

2.3 Results and Discussion 

 

2.3.1 Theoretical Model 

     Even though there are already a lot of reports of theoretical analyses on PAS [11-13], 

such analyses on PTS are comparatively lesser. R. Tom et al discussed the thermal diffusion 

in PTS in 1979 [14]. In some theoretical analyses of PAS, modeling of thermal diffusion 

can also be found [12,13]. In this experiment, metallic materials were used as electrode, thus 

light can only effect on its surface layer but not penetrate into its inner part, and hence a 

simple model can be proposed. 

 

     Suppose that the electrode surface is at position of x = 0, and its thickness is d. Light is 

directed perpendicularly to the electrode surface and the intensity at the electrode surface is 

Iλ. Because of chopping by a mechanical chopper, Iλ varies cosinoidally. 

                                     tII ωλ cos0=                                                     (1) 
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Where I0 is amplitude of the intensity of light, ω is angular velocity, and take the absolute 

value of the cosine part in the formula. Since the thermal conductivity of metals is much 

higher than that of liquids (Cu: λ = 380 w.m-1.K-1, H2O: λ = 0.6 w.m-1.K-1), thus it can be 

presumed that the heat generated on the surface travels into the metal part at a larger ratio. 

Apart from this, the electrode thickness is much smaller than its surface dimension, thus it 

can be regarded as a one-dimensional process of thermal diffusion. Under low frequency, 

thermal conduction of PVDF film is relatively better than that of under high frequency, 

hence the whole system could be approximated as a semi-infinite thermal diffusion process. 

 

     If the initial temperature of the specimen is assumed to be at standard zero level, and if 

the increasing temperature on the surface of the specimen at the initial stages is neglected, 

and only the stage at which equilibrium temperature is established on the specimen surface 

is considered, the surface temperature at this time is 

                                 )cos(00 θω −== tTTx                                                 (2) 

Where T0 is the amplitude value, θ is the phase difference. Under such condition, the 

temperature distribution of the inner part of the electrode can be obtained [15]. 

                            )cos( θω −−= − bxteTT bx
o                                            (3) 

Where                           ( ) 2
1

2α
ω=b                                                          (4) 

And                               c
k
ρα =                                                               (5) 

α is the thermal diffusion constant of the solid specimen, k is the thermal conductivity, ρ is 

density and c is the specific heat capacity. 
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     Under stable conditions, the heat energy generated by light absorption from the surface is 

equal to the heat energy conducted out. As mentioned previously, under our experiment, 

light is absorbed by either the surface of the metallic electrode or the oxide film on the 

surface. If it is assumed that the chopping speed of light is not fast enough, this will not 

affect the light-thermal conversion efficiency of the surface, then the heat generated H0 on 

the surface is directly proportional to Iλ,  

                               tIIH oo ωεε λ cos==                                                      (6) 

ε is the light-thermal absorption coefficient of the specimen for incident light. It is related to 

light absorption coefficient and surface reflectance. 

 

 If the portion of heat conducted into the liquid is neglected, the heat energy 

conducted from the surface to the inner part of the electrode can be obtained from heat 

conduction Fourier’s law 

                                     0)(' =∂
∂

−= xx
TkH                                                         (7) 

Substituting (3) into the above formula 

                        [ ])cos()sin(' 0 θωθω −−−−−−= − bxtbxtbekTH bx               (8) 

Since,                        )
4

cos(2cossin πααα +−=−                                    (9) 

Thus,                        )
4

cos(2' 0
πθω +−−= − bxtbekTH bx                           (10) 

When x = 0, we get,         )
4

cos(2' πθω +−= tbkTH o                                (11) 

Although there is phase difference between heat generated and heat diffused, their absolute 

values are the same, so the module of H0 and H’ are equal.  
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That is                                bkTI 00 2=ε .                                                     (12)            

Substituting into (3), and the temperature distribution of the inner part of the electrode is  

                             )cos(
2

θωε
−−= − bxte

kb
IT bxo                                          (13) 

For the case where heat energy is conducted into the liquid, the above formula should be 

multiplied with the distribution ratio coefficient of heat energy conducting into the 

electrode’s inner part. The temperature that the PVDF film detected is the temperature at the 

back surface (i.e. x = d).  

Here                   )cos(
2

θω
ε

−−= −
= bdte

kb
I

T bdo
dx                                        (14) 

the voltage output of the PVDF film is related to the temperature distribution inside the film. 

It is not only decided by the temperature to be detected, but also directly proportional to ω-1/2 

when the thickness of the film is larger than its thermal diffusion wavelength. If the thermal-

electricity conversion coefficient of thermal sensor is ξ, the voltage V of the thermal probe is 

                         )cos(
2 2

1 θω
ω

εξ
−−= − bdte

kb

IV bdo                                        (15) 

if the electronic materials is fixed, the voltage is the function of the optical property ε of the 

electrode’s surface substance. The property of the surface substance can thus be determined. 

In order to prove the above relationship, the following experiments are performed. 

 

The Relationship of ∇ and ω 

 

The module of V, ∇ can be obtained from lock-in amplifier. Substitute (4) into (15) and take 

the module of it 
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                                d
k
Io 2

12
1

)
2

(exp
α
ω

ω
αεξ

−=∇                                              (16) 

 

Where 
k

I 2/1
0αεξ

 is constant for the fixed system. Thus ∇ is proportional to 

d
a

2
11 )

2
(exp ωω −− . The different ∇ can be obtained by changing the chopping frequency f 

(ω = 2πf). Table 2.1 shows the experiment result. 

 

f/Hz 5 10 15 20 30 40 50 
1210 −× f  20 10 6.67 5.0 3.33 2.5 2.0 

ω = 2πf 31.4 62.8 94.2 125.7 188.5 251.3 314.2 

∇/µv 1840 780 570 360 130 75 62 

d
a

2
113 )

2
(exp10 ωω −× −  

31.3 15.5 10.3 7.69 5.09 3.79 3.02 

 

Tab.2.1 Value of ∇ at different ω, λ = 488.0 nm, d = 0.0025 cm. 

 

The α of Cu is 0.34 cm2.s-1 [9]. The thickness of Cu used is 0.0025 cm. The relationship of 

∇ and d
a

2
11 )

2
(exp ωω −−  is shown in Fig.2.3. In this experiment, d

a
2

1
)

2
(exp ω

−  ≈ 1 (Tab. 

2.2), therefore, ∇ is direct proportional to ω-1 or f-1 (ω = 2πf), which is shown in Fig.2.4. 

Both Fig.2.3 and Fig.2.4 show that the relationship is linear when ω is lower and the 

extended line passes through the origin. When ω is higher, the thermal conductivity of 
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PVDF film is reduced, and hence affects the existence of its semi-infinite thermal diffusion, 

the experimental values are deviated [9].  

 

f/Hz 5 10 15 20 30 40 50 

d
a

2
1

)
2

(exp ω
−  

0.983 0.976 0.971 0.967 0.959 0.953 0.948 

 

Tab.2.2 Value of d
a

2
1

)
2

(exp ω
− at different f, λ = 488.0 nm, d = 0.0025 cm. 

 

The Relationship of Photothermal Signal and Specimen Thickness d   

 

From (16),              
2

1
2

lg434.0lg
ω

εξ

kb

Ibd o+−=∇                                          (17) 

lg∇ and specimen thickness d is linearly related. By changing the number of pieces, N, used 

for the Cu electrode, the thickness (d = N x 0.0025) of the electrode can be changed. The 

result is shown in Table 2.3 and Figure 2.5, and good linear relationship is observed. Of 

course, this includes the influence of the air gap between two Cu pieces.  

 

N 1 2 3 4 5 

∇/µv 780 650 250 150 62 

lg∇ 2.89 2.81 2.40 2.18 1.79 

 

Tab.2.3 Value of lg∇ at different N. N is the number is copper foil, λ = 488.0 nm, f = 10 Hz 
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2.3.2 PTS Spectrum 

     Under the illumination of a laser, the in-situ photothermal spectrum, simultaneously with 

the cyclic voltammatry (CV) on copper electrode in 0.1 M NaOH solution were carried out, 

shown in Fig. 2.6.  

 

     The CV curve is similar to the reported behaviour of copper [17-21]. Three anodic peaks 

(I, II and III) and two cathodic peaks (IV and V) were observed, as shown in Fig.2.6 (a). 

Anodic peak I corresponds to the formation of a layer of Cu2O, peak II  corresponds to the 

formation of CuO on the Cu2O underlayer and peak III corresponds to the formation of a 

duplex layer of Cu (II) ( CuO and/or Cu(OH)2 ). On the reverse scan, the cathodic peak IV 

and V corresponds to the reduction of Cu (II) to Cu2O and Cu2O to Cu, respectively. 

 

     The in-situ PTS spectrum is shown in Fig.2.6 (b). It is very similar to the PAS spectra 

reported by J. K. Dohrmann and his co-workers [21]. The PTS signal is zero when the 

surface of copper is under dark and is about 17.0 (relative value) when it is under the 

illumination of a laser. This reflects the high temperature of the surface when the light is 

absorbed by the surface of copper. As the positive potential sweep, the PTS signal is kept 

the same value till anodic peak I where PTS signal starts to rise with the formation of Cu2O. 

This rising corresponds to the formation and growth of the Cu2O layer, because the light 

absorption of Cu2O is larger than that of Cu [21,22]. The initial decrease around anodic peak 

II can be attributed either to an initial oxidation of Cu2O to give less absoptive CuO or to an 

initial oxidative dissolution of the layer in the strongly alkaline electrolyte [21,22]. With the 

formation and growth of the duplex layer of Cu(II) ( CuO and/or Cu(OH)2 ) at around 
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anodic peak III, PTS signal gradually increased. During the reverse scan, the PTS signal 

remains constant and then rises at cathodic peak IV with the reduction of Cu(II) to Cu2O 

because of the larger absorption of Cu2O than that of Cu(II) [21,22]. At cathodic peak V, 

PTS signal goes down to the original value with the reduction of Cu2O to Cu.  

 

 

2.4 Conclusions 

 

     A photothermal spectroscopy (PTS) method using a polyvinylidene difluoride (PVDF) 

pyroelectric film as thermal-detector has been studied on theoretical model analysis and in-

situ application of oxide layer on a metal electrode. 

 

     The theoretical model, simple one-dimensional heat transport model, was used to analyze 

the photothermal signal and has been party proved by some experiments. The photothermal 

response is linear with film thickness and inverse proportional to the chopping frequency f 

when the frequency is lower. 

 

     From the variations of the PTS signal, the redox reaction of copper surface layers 

between Cu, Cu2O, and CuO/Cu(OH)2 at different potentials was observed. This proved that 

the PTS method using PVDF film as thermal-detector is very sensitive and fast response for 

measuring surface changes. This PTS method has the advantages of simplicity and 

versatility. It allows a more flexible sample cell arrangement and is free from external 

acoustic noise, compare with PAS method. 
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Fig. 2.1 Block diagram of the photothermal spectroscopy system 
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Fig. 2.2 Electrochemical cell. (a) Pyroelectric transducer: (1) PVDF film; (2,5) stainless 
steel; (3) lead; (4) Teflon; (6) BNC cable. (b) Photothermal spectroscopy electrochemical 
cell: (1) PVDF film; (2) working electrode; (3) counter electrode; (4) reference electrode; (5) 
quartz window; (6) silicon rubber ring; (7) Teflon; (8) pyroelectric transducer. 
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Fig.2.5 Relationship between lg ∇and specimen thickness d (d = N x 0.0025cm). N is the 
number of copper foils, λ = 488.0 nm, and f = 10 Hz. 
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E/V vs Hg/HgO/0.1M NaOH 

 
 

Fig. 2.6  Cyclic voltammogram (a) and PTS spectrum (b), on copper electrode in 0.1M 
NaOH. Potential scan rate = 5mv/s, f = 10 Hz, λ = 488.0 nm. 
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Chapter 3 
 
 

A Study of Thermal Effect in Photocurrent Measurement on 

Copper Electrode in NaOH Solution by In-situ Photothermal 

Spectroscopy Method 

 

 

3.1 Introduction 

 

     Copper has been extensively studied because of its relation to the field of corrosion and 

the electric industry. Although it has been studied for over half a century, the 

electrochemical behaviour of copper in alkaline solution continues to excite interest and 

controversy. During the past decades, in-situ spectrum techniques have been wildly used in 

this project. Photoelectrochemical method based on measurement of photopotential or 

photocurrent, mostly the photocurrent, due to illumination is one of them [1-9]. Photocurrent 

measurements have a distinct advantage in the determination of thin film electronic 

properties, such as type of conductivity, band gaps and nature of optical transitions. But the 

thermal effect which may confuse with electronic properties in photocurrent measurement 

has not been reported yet.  

 

     Photothermal Spectroscopy (PTS) and Photoacoustic Spectroscopy (PAS) are two useful 

in-situ techniques for surface analysis. PTS and PAS are under the same fundamentals. 

When light is absorbed by the surface of the electrode, the photo energy will be transferred 
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to thermal energy and there will be temperature change at the surface of the electrode. 

Making use of the measurement of the temperature change to study the surface of the 

electrode is the application of Photothermal Spectroscopy. If the thermal energy is further 

transferred to acoustic energy, that is the Photoacoustic Spectroscopy. So PTS is more 

directly than PAS in viewpoint of method of measurement. PAS was used to investigate in-

situ properties of surface layers formed on metal electrodes, such as those on copper [10]. 

PTS using a thermistor as thermometer was also used to study in-situ the properties of the 

electrode surface [11,12]. The thermistor was located near the working electrode and 

measured the temperature change of the electrode. However, the method was not completely 

successful because the sensitivity of the thermistor was not very high. 

      

     In 1984, Mandelis first reported his work on increasing PTS sensitivity by using PVDF 

film [13, 14] as a thermal detector [15]. From 1989, other experimental set up on PTS 

application by using PVDF film to study in-situ the surface properties of an electrode by 

Zhiyu Jiang [16-20] and Dohrmann [21].  

 

     In this chapter, we reported the study of thermal effect in photocurrent measurement on 

copper electrode in 0.1M NaOH with a laser as a light source by the in-situ thermal 

technique. 
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3.2 Experimental 

 

3.2.1 PTS Spectrum 

     The electrochemical cell and the test procedure for the in-situ PTS study have been 

described chapter 2. A copper foil (purity 99.95%) of thickness 0.0025cm, a platinum wire 

and an Hg/HgO/0.1M NaOH were sued as working electrode, counter electrode and 

reference electrode, respectively. The reference electrode was located near the copper foil. 

The potentials reported in this paper are referred to this electrode.  

      

     In order to get thermal signal, a pyroelectric PVDF film thermodetector was placed 

behind the working electrode. When light irradiated on the surface of the working electrode 

was absorbed with non-radiative relaxation, heat was produced. This heat was transported to 

the pyroelectric thermodetector and transformed to an electric signal that was finally 

measured by a lock-in amplifier. For PTS spectra, light was irradiated on interface of 

Cu/NaOH, as shown in Fig. 3.1(a). 

 

3.2.2 Photocurrent Measurement and Thermal Effect Study 

          Fig. 3.2 shows the photocurrent measurement set up. For the PTS and photocurrent 

measurement, the light was irradiated on the interface of Cu/NaOH, while for the 

experiment of determination of thermal effect, the light was irradiated on the interface of 

Cu/air, the opposite side of Cu/NaOH, as shown in Fig. 3.1(a) and (b).  

      

     The electrochemical, in-situ PTS and photocurrent measurement was carried out with an 

EG&G M273A Potentiostat/Galvanostat, an EG&G M5210 lock-in amplifier and an EG&G 
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M651 light chopper. A chopping frequency of 10 Hz was used in all experiments. The light 

source was an Ar+ laser and the exciting rediation was 488.0 nm with 200 mw.  

 

3.2.3 Chemicals 

     Copper foil used as substrate and electrode material (Goodfellow) was polished with 

#1200 of emery paper, alumina (0.3 µm), ultrasonic clean for 5 min, rinsed with D.I water, 

and then treated in 50 v/v% HNO3 for few second and thoroughly rinsed with 99.5 % 

ethanol and D.I water before use. All reagents were A.R grade and the solutions were made 

up with deionized water. 

 

 

3.3 Results and Discussion 

 

3.3.1 PTS Spectrum 

     Under the illumination of a laser, the in-situ photothermal spectrum, simultaneously with 

the cyclic voltammatry (CV) on copper electrode in 0.1 M NaOH, was carried out, shown in 

Fig. 3.3 (a) and (b). The CV curve is the same as that described in chapter 2 (p. 51) [1, 2, 4, 

22, 23]. 

 

    The in-situ PTS spectrum is shown in Fig. 3.3 (a). The detailed discussion in this 

spectrum is described in chapter 2 (p.51). The PTS signal is zero without light and is about 

17.0 (relative value) when it is under the illumination of a laser. The different value of PTS 
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signal at different peak reflects the different composition or structure of the surface and 

hence the different temperature [23, 24]. 

 

     During the whole cyclic scan, the high PTS signal, 17.0 or over than 17.0, reflects the 

high temperature of the surface of electrode when the light is absorbed by the surface of 

copper. As pointed by Arrhenius, k = A• exp(-Ea/RT), rising in temperature will make an 

exponential rising in the rate of reaction and so in the current response. The thermal effect in 

photocurrent measurement is due to this reason.  

 

3.3.2 Thermal Effect in Photocurrent Measurement 

          Fig. 3.3 (c) shows the photocurrent response on copper electrode in 0.1 M NaOH 

solution under the illumination of a laser. There are three peaks on positive scan and two 

peaks on the negative scan. It is believed, compared with cyclic voltammogram, that some 

of peaks correspond to the presence of p-Cu2O, while others reflect the reactions related to 

the cyclic voltammatry. This implies that there might be two kinds of effect in 

photocurrment measurement: photo effect and thermal effect. The former is due to the 

presence of p-Cu2O, and the latter is come from the high temperature at the surface when the 

light is absorbed by the surface of electrode. We refer to this photocurrent response 

including photo effect and thermal effect as total current and label it as I total.  

      

     In order to identify the photo effect and thermal effect in the photocurrent measurement, 

an experiment, shown in Fig. 3.1 (b), was carried out in which the current response only due 

to thermal effect was measured when the Cu/air interface (the opposite side of Cu/NaOH 
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interface) was under the illumination of a laser. Fig. 3.3 (d) and (a) shows this part of current 

response and simultaneous cyclic voltammogram. A comparison of these two curves shows 

that the current response obtained from such experiment should be due to the thermal effect, 

because every peak in curve (d) reflects the reaction related to curve (a). We refer to this part 

of current response as thermal current and label it as Ith. When photocurrent was measured 

where the Cu/NaOH interface is under the illumination of a laser, there should be the same 

thermal effect. In these two experiments, the thermal current response is some different due 

to the different surface. The surface in the determination of thermal effect is always Cu, 

while it varies from Cu to Cu2O and CuO/Cu(OH)2 with the potential sweep in photocurrent 

measurement. Comparing with PTS signal from zero (dark) to 17.0 (illumination), 17.0 (Cu) 

to 18.5 (Cu2O) are not much different. So it is believed that the current response (Ith) in these 

two experiments is almost the same.  

 

     The real component of the photocurrent, labelled as Iph, due to photo effect is obtained by 

deducting the Ith from Itotal as shown in Fig. 3.3 (e). A comparison of curve (e) and  curve (a) 

shows that, on the positive scan, the onset of the anodic photocurrent at – 0.30v reflects the 

formation of Cu2O. The disappearance of photocurrent response was observed at +0.3 v in 

Fig. 3.3 due to either the formation of Cu(II) from Cu2O or the flat-bank potential of p-Cu2O 

at +0.3 v [1, 4, 25], since a thin layer of Cu2O exists between the Cu(II) layer and the Cu 

electrode [5,22]. On the reverse scan, cathodic photocurrent begins at 0.30v which 

corresponds to the flat-band potential of p-Cu2O [1, 4, 25], and increases with the reduction 

of Cu(II) to Cu2O. Cathodic photocurrent is observed even at potential more negative than 

the reduction peak IV where Cu2O is reduced to Cu metal, because some unreduced Cu2O 
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layer still exists on the electrode between Cu metal and the surface copper formed in the 

process of Cu2O reduction [4, 26]. 

 

 

3.4 Conclusions 

 

     The thermal effect in photocurrent measurement on copper electrode in 0.1M NaOH 

solution has been studied by a photothermal spectroscopy (PTS) mehtod using a 

polycinylidene difluoride (PVDF) pyroelectric film detector. That part of the photocurrent 

response due to thermal effect has been separated from the total photocurrent response, and 

the real part of photocurrent response due to photo effect has been obtained by deducting Ith 

from Itotal. From our results, we suggest that the thermal effect be considered firstly when 

you want to use photocurrent spectra to study electronic properties of some semiconductor 

specimens. 
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Fig. 3.1 Diagram of measurement of (a) PTS and photocurrent 
response, (b) thermal effect in photocurrent measurement 
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Fig. 3.2 Block diagram of photocurrent measurement set up 
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E/V vs Hg/HgO/0.1M NaOH 
 

Fig. 3.3 PTS spectrum (a), Cyclic voltammogram (b), Total photocurrent (c), Thermal 
current (d), and Real component of photocurrent (e) on copper electrode in 0.1M NaOH. 
Potential scan rate = 5mv/s, f = 10 Hz, λ = 488.0 nm, p = 200 mw. 
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Chapter 4 

 

The Oxide Film on Copper Electrode in NaOH Solution: 

Photoelectrochemical Study 

 

 

4.1 Introduction 

 
     Semiconducting oxide layers formed on many metals by thermal oxidation, anodization 

and corrosion reactions have been investigated extensively in various photoelectrochemical 

(PEC) studies [1-3]. PEC measurements have often been used to characterize the electronic 

nature of the films with respect to their conductivity, optical transitions and interface 

energetics from the photocurrent and photopotential behavior of the semiconductor 

oxide/electrolyte interface, by anology with the Schottky barrier [4-6]. PEC studies provide 

reliable results if the photoeffects do not alter the composition and properties of the films 

drastically.  

 

     The oxide layer formed on copper electrode appears to consist of a simple Cu2O or a 

duplex layer Cu2O/CuO, Cu(OH)2 [7-9]. The p- or n-type semiconducting characters of bulk 

oxides or anodic films change appreciably with the conditions of their preparation [10]. 

Usually, the oxide layers display PEC behavior consistent with the p-type conductivity of 

the oxides known from their bulk solids. However, in some cases where Cu2O is the 

corrosion product layer, PEC studies have revealed anodic photocurrents, indicating n-type 
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conductivity [10,11].  Also, in some cases, a change from cathodic to anodic photocurrents 

was found with increasing electrode potential [10, 12, 13]. 

 

     In this chapter, a PEC study was performed on oxide layer formed in 0.1 N NaOH 

solution. From the potential and wavelength dependence of the photocurrent, the flat band 

potential and band gap are deduced.  

 

 

4.2 Experimental  

 

4.2.1 PEC Measurement    

     The photoelectrochemical cell, voltammetry, and photocurrent measurement have been 

described in chapter 2 and chapter 3, respectively. A copper foil (purity 99.95%) of 

thickness 0.0025cm, a platinum wire and an Hg/HgO/0.1M NaOH were sued as working 

electrode, counter electrode and reference electrode, respectively. The reference electrode 

was located near the copper foil. The potentials reported in this paper are referred to this 

electrode. The PEC measurement was carried out with an EG&G M273A 

Potentiostat/Galvanostat, an EG&G M5210 lock-in amplifier and an EG&G M651 light 

chopper. A chopping frequency of 10 Hz was used in all experiments. The light source was 

an Ar+ laser.  

 

4.2.2 Photoelectrochemical Properties Measurement 
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     Photocurrent dependence on the photon energy of the incident light (Eg) and dependence 

on the potential (φft) were carried out on Cu2O oxide film formed on copper electrode in 0.1 

N NaOH solution. The oxide film was grown potentiostated for 120 min at –320 mv, which 

corresponding to the formation of Cu2O film on copper electrode. 

 

4.2.3 Chemicals 

     Copper foil used as substrate and electrode material (Goodfellow) was polished with 

#1200 of emery paper, alumina (0.3 µm), ultrasonic clean for 5 min, rinsed with D.I water, 

and then treated in 50 v/v% HNO3 for few second and thoroughly rinsed with 99.5 % 

ethanol and D.I water before use. All reagents were A.R grade and the solutions were made 

up with deionized water. 

 

 

4.3 Results and Discussion 

 

4.3.1 Photocurrent spectrum 

     Under the illumination of a laser, the photocurrent spectrum, simultaneously with the 

cyclic voltammatry (CV) on copper electrode in 0.1 M NaOH, was carried out, shown in Fig. 

4.1. 

          

     The CV curve is similar to the reported behavior of copper (described in chapter 3 and 

the reference therein). Three anodic peaks (I, II and III) and two cathodic peaks (IV and V) 

were observed, as shown in Fig. 4.1(a). Anodic peak I corresponds to the formation of a 



77 

layer of Cu2O, peak II corresponds to the formation of CuO on the Cu2O underlayer and 

peak III corresponds to the formation of a duplex layer of Cu (II) (CuO and/or Cu(OH)2). On 

the reverse scan, the cathodic peak IV and V corresponds to the reduction of Cu (II) to Cu2O 

and Cu2O to Cu, respectively. 

      

Photocurrent spectrum was shown in Fig. 4.1 (b). This spectrum, as described in chapter 

3 at p.67 [9, 13-17] is the total photocurrent response. The real component of the 

photocurrent is shown in Fig. 4.1 (c).  

 

     The polarity of the photocurrent was also tested by use of light interrupt method as 

shown in Fig. 4.2. The light was interrupted every 20 second when measuring Iph with 

anodic scan at potential of -0.2 v to 0.0 v. When the light was on, the oxide current 

decreased. It means that photocurrent is cathodic photocurrent, which reflects the p-type 

semiconductor properties of Cu2O layer.  

 

4.3.2 Photocurrent Dependence on the Photon Energy of Incident Light ((Eg) 

     Pure Cu2O oxide film was formed at potential of –320 mv. The photoelectrochemical 

properties at this potential are only result from Cu2O. Tab. 4.1 shows the experiment data of 

photocurrent dependence on photon energy of incident light.  

 

Where, λ is the wavelength of incident light, p is the power of incident light, Vph is 

reading in lock-in amplifier, and Iph is the photocurrent. 
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λ/nm p/mw Vph/mv I/Ax103 Iph/Ax107 ηx105 hυ/eV (ηhυ)2x109

457.9 20 0.63 7.38 6.3 8.54 2.71 53.6 

476.5 100 2.7 38.4 27 7.03 2.60 33.5 

488.0 380 8.4 149 84 5.63 2.54 20.5 

496.5 70 1.1 28.0 11 3.93 2.50 7.17 

501.7 15 0.2 6.07 2.0 3.30 2.47 6.66 

514.5 280 1.8 116 18 1.55 2.41 1.40 

 

Tab. 4.1 Photocurrent dependence on photon energy of incident light, R = 1kΩ 

     Calculation: 

     photon energy (u) = h υ = h c/λ                                                   (1)  

     incident light density (I0) = p/(u)                                                 (2)  

     incident light current (I) = e I0 = ep/u                                          (3) 

     photocurrent (Iph) = Vph/R                                                            (4) 

     photocurrent quantum efficiency (η) = Iph/I                                 (5) 

The plot of (h υ) vs (η h υ)2 is shown in Fig. 4.3. The band gap energy Eg of the surface layer 

of Cu2O was determined from the intercept on the curve. It is about 2.43 ev, which agrees 

with the Eg value reported for p-type thin film of Cu2O [9, 13,15].  

 

4.3.3 Photocurrent Dependence on the Potential (φfb) 

     In order to get flat band potential of Cu2O film, a measurement of photocurrent 

dependence on potential was carried out on oxide firm also formed at potential of –320 mv, 

which corresponding formation of Cu2O. Tab. 4.2 shows experiment data.  
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The plot of Iph
2 vs φ is shown Fig. 4.4 and φfb was determined as potential when Iph = 0. It 

is about –341mv, which is not agree with the value of φfb = 0.3 mv in Fig. 4.2. This may be 

due to the deviation between theoretical equation and practical situation. Many researchers 

have reported their study on the modification of the equation [18-23].  

 

φ/mv Vph/mv Iphx106 Iph
2x1012 

-350 2.4 2.4 5.76 

-375 3.1 3.1 9.61 

-400 3.9 3.9 15.21 

-425 4.9 4.9 24.01 

-450 5.8 5.8 33.64 

-475 6.2 6.2 38.44 

-500 7.1 7.1 50.41 

-525 7.4 7.4 54.76 

-550 7.9 7.9 62.41 

-575 8.4 8.4 70.56 

-600 8.8 8.8 77.44 

 

Tab.4.2 Photocurrent dependence on potential, λ = 488.0 nm, p = 380 mw, R = 1 kΩ 

 

 

4.4 Conclusions 
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     The photoelectrochemical study was carried out on Cu2O oxide surface layer formed on 

copper electrode in 0.1 N NaOH solution. The Cu2O layer is p-type and band gap energy is 

about 2.43 eV by the experiment of photocurrent dependence on photon energy of incident 

light. The flat band potential is about 0.3 mv by photocurrent spectrum and –341mv. The 

difference may be due to the deviation between theoretical equation and practical situation. 
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E/V vs Hg/HgO/0.1M NaOH 

 

 

Fig. 4.1 Cyclic voltammogram (a), Total photocurrent (b), and Real component of 
photocurrent (c) on copper electrode in 0.1M NaOH. Potential scan rate = 5mv/s, f = 10 Hz, 
λ = 488.0 nm, p = 200 mw. 
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Fig. 4.2 On and Off current  
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Fig. 4.3 Photocurrent dependence on photon energy of incident light, R = 1kΩ 
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Fig. 4.4 Photocurrent dependence on potential, λ = 488.0 nm, p = 380 mw, R = 1 kΩ 

 

 

 

 

 

 

 

 



86 

Chapter 5 

 

The Oxide Film on Copper Electrode in NaOH Solution: 

XPS and ERD Studies 

 

 

5.1 Introduction 

      

     Anodic oxidation of copper in alkaline solutions has attracted a great deal of attention 

due to its relevance to the understanding of corrosion mechanisms of copper. The 

characterization of oxidation and reduction of copper using in-situ techniques and the 

composition of oxide films on copper are two of the most interesting topics in the study of 

corrosion of copper. 

 

     Photothermal Spectroscopy (PTS) is one of the useful in-situ techniques for surface 

analysis. When light is absorbed by the surface of the electrode, the photo energy is 

transferred to thermal energy and there is temperature change at the surface of the electrode. 

Making use of the measurement of the temperature change to study the surface of the 

electrode is the application of Photothermal Spectroscopy. Chapter 2 described the details of 

PTS and its in-situ application on characterization of oxidation and reduction of copper 

electrode by using PVDF film as a thermometer. 
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     Although a lot of work has been done in the composition of oxide films, it continues to 

excite interest and controversy. There are three copper oxide and hydroxide compounds 

whose are known to be stable as bulk solids at ambient temperatures. They are Cu2O 

(cuprous oxide), CuO (cupric oxide), and Cu(OH)2 (cupric hydroxide). All three of these 

materials have been suggested as being present in various forms on copper electrode 

surfaces in alkaline solutions indicate that at least one monovalent and two divalent soluble 

copper species are expected to be formed in alkaline electrolytes. S. T. Mayer et al reported 

their studies using Raman spectroscopy that the formation of Cu2O occurs at potentials 

corresponding to the first anodic voltammetric peak, and a porous layer of Cu(OH)2 

composed of fine needle-like crystals is formed at the second voltammetric peak [1].  H.-H. 

Strehblow et al reported their XPS and ISS studies that a duplex structure of the oxide is 

found with copper (I) oxide at the metal surface covered by copper (II) hydroxide for 

sufficiently positive potentials [2]. D. T. Schwartz and co-workers pointed out by use of 

Raman spectroscopy that a thin Cu2O film formed as oxidation of the copper surface was 

initiated, increasing the potential produced a Cu(OH)2 layer on top of the Cu2O film, and 

further oxidation at higher potentials converted the Cu2O film to a CuO underlayer that 

coexisted with the Cu(OH)2 overlayer [3].  

 

     X-ray photoelectron spectroscopy (XPS) is one of the most commonly used surface 

analysis technique used to study the oxide film. Beside XPS, ion-beam analysis has been 

demonstrated to be a powerful technique for sensitive measurements of the atomic 

composition and impurity concentrations in the near-surface regions of solids. The most 

commonly used techniques are ion-backscattering and nuclear reaction analysis. 
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     Rutherford Backscattering Spectrometry (RBS) is the most famous in ion-backscattering 

techniques. In ion-backscattering analysis, light ions such as H or He with energies of ∼ 1-3 

MeV are incident on the sample under investigation and ions backscattered at some well-

defined angle are detected. Analysis of the energy distribution of these backscattered ions 

yields the near-surface depth distribution of atomic species with masses greater than that if 

the projectile beam. Hydrogen (1H) is the most difficult atomic species to profile. Because of 

its light mass, ion-backscattering can not be used. While forward-scattering elastic recoil 

detection (ERD) analysis can provides accurate measurements of 1H concentration in the 

near-surface region of solid using 3 MeV tandem accelerator. The experimental arrangement 

we used for ERD is illustrated schematically in Fig. 5.1 [4].  

 

     The purpose of this study was to determine the composition of oxide films at different 

potentials. Besides the XPS study, Elastic Recoil Detection (ERD) were performed in this 

study. ERD is the unique surface analysis method that can detect the hydrogen element in 

thin films. We hope the results of XPS and ERD are consistent. 

 

 

5.2 Experimental 

 

5.2.1 Electrochemical Cell and Cyclic Voltammetry 

     The electrochemical cell and the test procedure for cyclic voltammetry study in this 

experiment have been described in chapter 2. A copper foil (purity 99.95%) of thickness 

0.025mm, a platinum wire and an Hg/HgO/0.1M NaOH were used as working electrode, 
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counter electrode and reference electrode, respectively. The reference electrode was located 

near the copper foil. The potentials reported in this paper refer to this electrode. Cyclic 

voltammetry were carried out with EG & G M273A Potentiostat/Galvanostat. 

 

5.2.2 XPS and ERD 

          The three oxide film samples were grown potentiostated on copper foils for 120 min 

at –320mv, -120mv and 200mv, respectively. Then the foils were kept in 99.5% ethanol 

before XPS and ERD study. 

 

     The surface electronic states of oxide film on copper were detected by XPS performed by 

the Perkin Elmer PHI 5000C ESCA system with the Al Kα radiation (1486.6ev) at a base 

pressure of 1.0× 10-9 Torr. The dimension of the samples was approximately 10 mm 

diameter. They were degassed in the pretreatment chamber for 2.0 h and then they were 

transferred to the test chamber for XPS study. The charging effect of the samples was 

corrected by using the contaminant carbon (C1s=284.6ev).  

 

     The element H in oxide films on copper was detected by ERD performed on a 3 MV 

tandem accelerator at Fudan University. Fig. 5.2 shows the schematically experimental 

apparatus. Details of the system for this ERD study were reported by Zhao et.al. [5].  

 

5.2.3 Chemicals 

     Copper foil used as substrate and electrode material (Goodfellow) was polished with 

#1200 of emery paper, alumina (0.3 µm), ultrasonic clean for 5 min, rinsed with D.I water, 
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and then treated in 50 v/v% HNO3 for few second and thoroughly rinsed with 99.5 % 

ethanol and D.I water before use. All reagents were A.R grade and the solutions were made 

up with deionized water. 

 

 

5.3 Results and Discussion 

 

5.3.1 PTS Spectrum and Cyclic Voltammogram 

          The cyclic voltammogram (CV) on copper electrode in 0.1 M NaOH is shown in 

Fig.5.3. The CV curve is similar to the reported behaviour of copper [6-10]. Three anodic 

peaks (I, II and III) and two cathodic peaks (IV and V) are observed, as shown in Fig. 5.3. 

(a). It is generally accepted that the anodic peak I corresponds to the formation of a layer of 

Cu2O, peak II and peak III corresponds to the formation of a douplex layer of Cu (II) ( CuO 

and/or Cu(OH)2 ) on the Cu2O underlayer. On the reverse scan, the cathodic peak IV and V 

corresponds to the reduction of Cu (II) to Cu2O and Cu2O to Cu, respectively. 

      

5.3.2 XPS 

          Fig.5.4 (a), (b) and (c) show the Cu2p and O1s XPS spectra of oxide films formed at 

potential of anodic voltammetric peak I, II and III, respectively. The Cu2p3/2 peak at 932.0 

ev and O1s peak at 530.5 ev in Fig.5.4 (a) correspond to the copper in Cu2O and oxygen in 

Cu2O [11], while the O1s peak at 532.6 ev may to due to the oxygen in adsorbed water [12-

14]. So the oxide film formed at potential of anodic peak I is mainly composed of Cu2O. The 
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binding energy values of separate peaks and the corresponded compounds are showed in the 

following Table. 

 

     For the XPS spectra of film formed at potential of anodic peak II in Fig.5.4 (b), the 

binding energy values at 932.0 ev (Cu2p3/2) and 530.7 ev (O1s) represent Cu2O [11], 933.4 

ev (Cu2p3/2) and 529.5 ev (O1s) represent CuO [11], while 532.6 ev (O1s) represent Oad [12-

14]. So the composition of the surface layer of oxide film formed at potential of anodic peak 

II is Cu2O and CuO, which is summarized in Tab.5.1. 

 

     Fig.5.4 (c) is the Cu2p and O1s spectra of oxide film formed at potential of anodic peak 

III. The two peaks at binding energy of 933.4 ev (Cu2p3/2) and 935.2 ev represent CuO and 

Cu(OH)2 [11], while 529.7 ev (O1s), 531.1 ev and 532.7 ev (O1s) represent CuO, Cu(OH)2 

and Oad [12-14]. Hence the surface layer of oxide film formed at potential of anodic peak III 

is the duplex layer of CuO and Cu(OH)2.  

 

 

Table 5.1 Cu2p3/2 and O1s binging energies of separate peak and related compounds 

Sample I II III 

Cu2p3/2     932.0 ⎯  Cu2O     932.0 ⎯  Cu2O 

    933.4 ⎯  CuO 

933.4 ⎯  CuO 

935.2 ⎯  Cu(OH)2 

 
O1s 

    530.5 ⎯  Cu2O 
 

    532.6 ⎯  Oad 

 

    529.5 ⎯  CuO 
 
    530.7 ⎯  Cu2O 
 
    532.6 ⎯  Oad 

 
 

529.7 ⎯  CuO 
 
531.1 ⎯  Cu(OH)2 

 

532.7 ⎯  Oad 
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5.3.3 ERD 

          Fig. 5.5 shows the ERD spectrum of oxide film formed at potential of anodic peak III. 

Element H was detected only in the film formed at potential of anodic peak III. This result 

was in good consistent with XPS which told that Cu(OH)2 was formed only at potential of 

anodic peak III. 

 

 

5.4 Conclusions 

 

     XPS and ERD study were performed on the surface oxide layer which formed at 

different potential corresponding to the anodic voltammetric peak. XPS result shows that 

CuO layer was formed round the second peak, and a duplex layer of CuO and Cu(OH)2 was 

formed round the third peak. The element H in surface layer formed at potential round the 

peak III could be detected by ERD. 
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Fig. 5.1 Schematic illustration of the ERD experimental arrangement 
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Fig. 5.2 Schematic diagram of the experimental apparatus of ERD analysis 
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E/V vs Hg/HgO/0.1 M NaOH 

 

Fig.5.3  Cyclic voltammogram on copper electrode in 0.1M NaOH. 
Potential scan rate = 5mv/s 
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Fig.5.4 XPS spectra of oxide film formed at potential of (a) anodic peak I, (b) anodic 
peak II, and (c) anodic peak III. 
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                     Fig. 5.5 ERD spectrum of film formed at potential of anodic peak III 
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Chapter 6 

 

The Oxide Film on Copper Electrode in NaOH Solution: 

Voltammetry and SEM Studies 

 

 

6.1 Introduction 

 

     The electrochemical behavior of copper in alkaline has been investigated on many 

occasions since the first work of Muller [1]. Form detailed examination by electrochemical 

and surface analytical methods, this oxide layer appears to consist of a simple Cu (I) or a 

duplex layer of Cu (I)/Cu (II) film [2, and references therein]. Most detailed electrochemical 

studies have been concentrated on the first stage of copper oxidation [3-6] when surface 

products are formed containing Cu (I) only. The second stage of oxidation is more complex, 

involving the formation of a mixture of oxides and hydroxide in Cu (I) and Cu (II) stages. 

Although this topic has been extensively studied [7-12], no general agreement has been 

reached pertaining to the phases formed during anodic polarization in the Cu (II) region.  

 

     In this chapter, the identity of the formation of the oxide film has been investigated by 

voltammtry method and scanning electron microscope (SEM) method.  
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6.2 Experimental  

  

6.2.1 Voltammetry  

     The photoelectrochemical cell and voltammetry measurement have been described in 

chapter 2 and chapter 3, respectively. A copper foil (purity 99.95%) of thickness 0.0025cm, 

a platinum wire and an Hg/HgO/0.1M NaOH were sued as working electrode, counter 

electrode and reference electrode, respectively. The reference electrode was located near the 

copper foil. The potentials reported in this paper are referred to this electrode. The 

voltammetry measurement was carried out with an EG&G M273A Potentiostat/Galvanostat. 

 

6.2.2 SEM 

          The oxide film samples were grown potentiostated on copper foils for 5, 15, 30, 60, 90, 

and 120 min at –320mv, -120mv and 200mv, respectively. Then the foils were kept in 

99.5% ethanol before SEM study. 

 

6.2.3 Chemicals 

     Copper foil used as substrate and electrode material (Goodfellow) was polished with 

#1200 of emery paper, alumina (0.3 µm), ultrasonic clean for 5 min, rinsed with D.I water, 

and then treated in 50 v/v% HNO3 for few second and thoroughly rinsed with 99.5 % 

ethanol and D.I water before use. All reagents were A.R grade and the solutions were made 

up with deionized water. 
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6.3 Results and Discussion 

 

6.3.1 Voltammetry 

     In order to understand the behaviors of the copper electrode, it is necessary to explore the 

correspondence between the anodic and cathodic peaks. Cyclic voltammograms at different 

potential window were obtained on copper electrode in 0.1 N NaOH solution and shown in 

Fig. 6.1.  Curve (a) shows the CV of potential window at –1150 to – 400 mv. It indicates a 

simple oxidation – reduction system, oxidation peak I at – 470 mv corresponds to the 

formation of Cu2O [13-17], 

2 Cu + 2 OH- - 2e → Cu2O + H2O                  (peak I) 

Reduction peak V at –700 mv corresponds to the reduction of Cu2O to Cu [13-17], 

Cu2O + H2O + 2e → 2 Cu + 2 OH-                 (peak V) 

Fig. 6.1 (b) shows the CV of potential at –1150 to –200 mv. Oxidation peak II corresponds 

to the formation of CuO (chapter 5), combined with formation of Cu2O, 

2 Cu + 2 OH- - 2e → Cu2O + H2O                  (peak II) 

Cu + 2 OH- - 2e → CuO + H2O                      (peak II) 

Reduction peak IV corresponds to the reaction of CuO to Cu2O as follows, 

2 CuO + H2O + 2e → Cu2O + 2 OH-               (peak IV)  

Reduction peak V corresponds to the reactions  

CuO + H2O  + 2e → Cu + 2 OH-                     (peak V) 

Cu2O + H2O + 2e → 2 Cu + 2 OH-                  (peak V) 
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Fig. 6.1 (c) and (d) show the CV curves of potential window at –1150 to –100 mv, and –

1150 to +450 mv, respectively. Oxidation peak III corresponds the formation of complex 

Cu(II) oxidation layer. 

Cu2O + 2 OH- - 2e → 2 CuO + H2O                 (peak III) 

Cu2O + 2 OH- + H2O - 2e → 2 Cu(OH)2          (peak III) 

The reduction reactions in peak IV and V could be the followings, respectively. 

2 CuO + H2O + 2e → Cu2O + 2 OH-                  (peak IV)  

2 Cu(OH)2 + 2e → Cu2O + H2O + 2 OH-           (peak IV)  

and that in peak V: 

Cu2O + H2O + 2e → 2 Cu + 2 OH-                      (peak V) 

 

     In order to study the behavior of oxidation layer in potential at peak II and III, an 

experiment that formed a oxide layer at potential of peak II and III for different time of 5, 15, 

30, and 60 min and then linear sweep reduction back to –1150 mv was carried out in 0.1 N 

NaOH solution. Fig. 6.2 shows the reduction curves that the oxide layer was formed at –240 

mv which corresponding to the formation of Cu2O/CuO and then linear sweep back to –

1150 mv. The reactions corresponding to peak IV and V are mentioned above. The potential 

difference between Fig. 6.1 and Fig. 6.2 may be due to the different composition and 

structure of oxide layer in those two oxide situations. Fig. 6.2 shows that peak IV is almost 

the same in (a) to (d), while the potential in peak V shifted from –1000 mv in (a) to –1100 

mv in (d) and also the quantity increased from (a) to (d). This means that major oxidation in 

peak II is the formation of CuO directly from Cu, not from Cu2O as the time increased. 
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Otherwise the quantity of peak IV should increase with the time from 5 min to 60 min. SEM 

(next section) also shows such result. 

 

     Fig. 6.3 shows the reduction curves that oxide layer was formed at 100 mv which 

corresponding to the formation of duplex layer of CuO/Cu(OH)2 for 5, 15, 30, and 60 min 

and then linear sweep reduction back to –1150 mv. It shows that there is no significant 

difference with time increasing. That means the major oxidation is completed within 5 mins. 

SEM also shows the same result. 

 

6.3.2 SEM  

     SEM was carried out for oxide layer potentiostated formed at different potential 

corresponding to peak I, II, and III for different forming time of 5, 15, 30, 60, and 120 min. 

Fig. 6.4 compares the morphology of oxide layer formed at different potential but for the 

same time of 5 min (a, b, and c), and 120 min (d, e, and f), respectively. SEM results show 

that the size and morphology of the surface crystals are dependent of potential no matter the 

minimum coverage at 5 min or the maximum coverage at 120 min. This means that the 

oxide layer formed at different potential has different composition.  

 

     The changes surface coverage for various time at constant potential are shown in Fig. 6.5 

for peak I, Fig. 6.6 for peak II, and Fig. 6.7 for peak III, respectively. The SEM result in Fig. 

6.5 shows that there is no significant change in surface coverage for oxide layer formed in 

peak I from range of 15 to 120 min, though there is some changes from the range of 5 to 15 

min. It means that the major formation of Cu2O from Cu is completed within 15 min. The 
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similar situation occurred in Fig. 6.7. It means that the major formation of duplex layer of 

Cu(II) is completed within 15 min, which is inconstant with the result shown in Fig. 6.3. Fig. 

6.6 shows the different situation. The crystal phase which represents Cu2O increases with 

the time and because the major phase after 30 min. It is inconstant with the result shown in 

Fig. 6.2. 

 

 

6.4 Conclusions 

      

     The cyclic voltammetry at different potential window was carried out on Cu electrode in 

0.1 N NaOH solution. The results that peak I corresponds to the simple oxidation of Cu2O 

from Cu, peak II corresponds to the formation of CuO from Cu2O and direct from Cu, and 

peak III corresponds to the formation of duplex layer of Cu(II). Another experiment where 

the oxide layer formed at constant potential of peak II and III was cathodic scanned back to 

–1150 mv was performed. The result shows, combined with SEM on the surface layer 

formed in different potential for different time, that the major formation at peak I and III is 

completed within 15 min, while in peak II, the surface coverage increase with the time 

increasing and the major phase is CuO which was formed direct from Cu.  
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Fig. 6.1 Cyclic voltammetry in different potential window on copper electrode in 0.1 N 
NaOH solution, (a) –1150 to –400 mv, (b) –1150 to –200 mv, (c) –1150 to 100 mv, and (d) 
–1150 to 450 mv, potential scan rate = 5 mv/s,  
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Fig. 6.2 Linear potential sweep reduction for oxide layer formed in –240 mv for (a) 5 min, 
(b) 15 min, (c) 30 min, and (d) 60 min on copper electrode in 0.1 N NaOH solution, 
potential scan rate = 5 mv/s.  
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Fig. 6.3 Linear potential sweep reduction for oxide layer formed in +100 mv for (a) 5 min, 
(b) 15 min, (c) 30 min, and (d) 60 min on copper electrode in 0.1 N NaOH solution, 
potential scan rate = 20 mv/s from 100 to –350 mv and 5 mv/s from –350 to –1150 mv. 
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(a)-peak I (d)-peak I  
  

(b)-peak II (e)-peak II 
  

(c)-peak III (f)-peak III 
 
 
Fig. 6.4 SEM x5000 of oxide layer formed on copper electrode in 0.1 N NaOH solution for 
same time of 5 min at different potential of (a)-peak I, (b)-peak II, (c)-peak III; and 120 min 
of (d)-peak I, (e)-peak II, (f)-peak III 
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(a) (b) 

 

 

 

 
(c) (d) 

 

 
(e) 

 
Fig. 6.5 SEM x5000 of oxide layer formed at potential of peak I on copper electrode in 0.1 
N NaOH solution for different time, (a) 5 min, (b) 15 min, (c) 30 min, (d) 60 min, and (e) 
120 min 
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(a) (b) 
  

(c) (d) 
 

 
(e) 

 
 
Fig. 6.6 SEMx5000 of oxide layer formed at potential of peak II on copper electrode in 0.1 
N NaOH solution for different time, (a) 5 min, (b) 15 min, (c) 30 min, (d) 60 min, and (e) 
120 min 
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(a) (b) 
  

(c) (d) 
 

 
(e) 

 
 
 
Fig. 6.7 SEM x5000 of oxide layer formed at potential of peak III on copper electrode in 0.1 
N NaOH solution for different time, (a) 5 min, (b) 15 min, (c) 30 min, (d) 60 min, and (e) 
120 min             
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