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ABSTRACT 

Significant advances in the experimental verification of the 

role of surface roughness and its associated surface electronic 

structure to the electrochemical SERS mechanism have been made in this 

research. In particular, the SERS intensity of specifically adsorbed 

chloride ions at Ag electrodes whose surface morphologies vary 

dramatically has been investigated. Reasonable control of the Ag 

electrode surface morphology is afforded by the controlled 

electrochemical rate of oxidation and reduction of the Ag surface prior 

to SERS experiments. It was found that the SERS intensity increases as 

the diameter of the surface roughness features decreases and the 

two-dimensional surface concentration of roughness features increases. 

This observation is in agreement with certain theoretical predictions 

based on an electromagnetic enhancement model for SERS. Scanning 

electron microscopy is used to determine surface morphology on these 

differently roughened electrodes. 

The excitation dependence of v(Ag-Cl) SERS has been studied as a 

function of electrochenrically-controlled electrode surface morphology. 

In general, the excitation profiles can best be described as oscillatory 

for all the morphologies studied. An electromagnetic enhancement 

mechanism, as opposed to an adsorbate enhancement, does not provide a 

X 
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good explanation for the oscillatory behavior of the excitation 

profiles, nor for the lack of profile change as roughness feature size 

is varied. 

The effect of laser illumination during the oxidation-reduction 

cycle (ORG) on SERS was studied. Experiments reported here were 

performed by varying the wavelength and power of ORG laser illumination. 

The SERS intensity - power density profiles were found to be wavelength-

dependent. The data presented here strongly suggest that the 

enhancement from ORG illumination is due to a photoeffect. 



CHAPTER 1 

INTRODUCTION 

Spectroscopic Techniques for the Study of the Electrode 
- Electrolyte Surface 

Much of the understanding of the electrode/electrolyte interface 

has come from equilibrium properties such as surface tension and 

interfacial capacitance. The earliest studies of the double layer 

involved the dropping mercury electrode, and most of the knowledge came 

from studies of the interfacial tension of the mercury/electrolyte 

interface. The capacitance techniques applied to the study of 

electrochemical systems provided two major advantages. Measurements can 

be made with high precision, and, depending upon the experiment, may be 

in a steady state which allows for long time signal averaging. 

Secondly, the measurements can be treated by linearized 

current-potential theory. The basis for this is that an electrochemical 

cell is an impedance when an ac signal is applied to it. Consequently, 

the cell's behavior under sinusoidal excitation can be represented by an 

equivalent circuit of resistors and capacitors. 

Although much can be learned from these measurements, they do 

not provide information regarding surface electronic states, bonding, 

adsorption sites and solvent condition adjacent to the electrode. Work 

1 
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has in recent years been carried out using various electron, photon, and 

ion spectroscopic techniques to obtain this type of information. 

Spectroscopies such as UV-visible and infrared reflectance have been 

used to probe the electrode/electrolyte interface in situ (1-3). To 

date, however, the physical mechanisms necessary to describe these 

optical techniques have not been completely understood, so that their 

impact on the electrode/electrolyte interface model has not been fully 

realized. Molecular information regarding the interfacial region can be 

obtained spectroscopically by three basic approaches: 

1. direct in situ spectroscopic measurements 

2. ex situ measurements on the electrode surface before and after 

electrochemical measurements 

3. complementary ex situ experiments at solid-vacuum and solid-gas 

interfaces designed to provide information regarding the interaction 

of molecular and ionic species with electrode surfaces 

Methods that pertain to the type of work presented in this 

thesis are those in the first category of approaches in which 

spectroscopic measurements are made in the electrochemical system. A 

partial list of in situ spectroscopic techniques used to study the 

electrode/electrolyte interface is given in Table 1 (4). 

Most of the UV-visible and infrared studies depend on intensity changes 

upon reflection from the electrode/electrolyte interface in the external 

or internal attenuated total reflection modes. Specular and diffuse 

reflection techniques have been used with the external mode. Although 
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Table 1. In situ techniques for the study of solid/electrolyte 
interfaces 

I. Optical 

A. UV-visible, infrared 

a. specular reflectance spectroscopy: external, internal 

b. ellipsometry 

c. diffuse reflectance spectroscopy 

B. Raman spectroscopy 

C. Photoassisted processes, including photoemission 

II. Mossbauer spectroscopy 

III. Acoustoelectrochemical measurements 

a. shear wave generation 

b. compressional wave generation 
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the reflectance changes associated with electrode potential change are 

small, high sensitivity detectors and extensive signal averaging 

alleviate this problem. Reflectance techniques have, in recent years, 

been used to study electrode surface charge, adsorption isotherms, 

solvent state in the compact layer, underpotentially deposited layers, 

surface structure and electronic properties of anodic films and 

passivation layers on metals (1-3). 

Ellipsometry has been used to investigate the optical properties 

of layers such as passivation films on electrode surfaces as functions 

of wavelength and potential, and to study the effective optical 

thickness of these layers (5,6). What is lacking at this time is a 

theory to quantitatively interpret experimental results. The 

penetration depth of the optical measurements limits the information 

which can be obtained despite modulation of the electrode potential to 

localize, at least partially, the changes to the interface. The 

ellipsometer is sensitive enough to follow optical changes associated 

with the formation of even a fraction of a monolayer of an adsorbed 

species. However, these optical changes are not localized to the 

adsorbed species, but also result from electronic changes in the 

electrode phase adjacent to the surface and the restructuring of the 

solvent in the compact layer. The simple three-layer optical model 

incorporating two continuous phases with an intermediate thin layer 

seems to work only for layers that are greater than one monolayer (6,7). 

Mossbauer spectroscopy has been applied to in situ studies of 

adsorbed layers on electrode surfaces that contain elements that are 
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either absorbers or emitters. Under favorable conditions, Mossbauer 

spectra can provide information about spin states and nearest neighbor 

interactions. Work in this area has not been extensive, and has dealt 

mainly with passivation layers of iron (8). This restriction to iron 

passivation layers is indicative of the inherent limitations of 

Mosebauer spectroscopy to the study of the electrode/electrolyte 

interface. Mossbauer spectroscopy involves the resonant absorption of a 

Y-ray photon by a nucleus, and the experiment requires an isotope of the 

analyte as a source of radiation. The technique is limited to certain 

nuclides such as 57Fe for which the primary source of an isotope is 57co 

which decays slowly to form an excited nuclear state*of 57Fe. Hence, 

the number of electrode surfaces that can be studied with Mossbauer 

spectroscopy is severely limited. 

In a previous section, the effect of an alternating potential on 

electrode capacitance was discussed. An ac signal, when applied to an 

electrode/electrolyte interface, produces both shear and compressional 

acoustical waves. The shear waves result from the modulation of the 

interfacial tension and are sensed in the solid electrode with a shear 

sensitive transducer attached to the electrode (9,10). The 

compressional waves are generated by modulation of the volume of the 

double layer, especially the compact layer, and are detected in solution 

with a hydrophone (11,12). Both the compressional and shear 

acoustoelectrochemical effects are sensitive to species adsorbed to the 

electrode surface and can be used to monitor adsorption and desorption. 
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The in situ spectroscopic techniques provide information that is 

sometimes similar to, but more often an extension of, that which can be 

obtained from electrochemical measurements. An example of this is 

molecular specificity, which is lacking in the surface tension and 

impedance methods of analysis. However, it is the strength of surface 

vibrational spectroscopic techniques. Two variations of infrared 

spectroscopy have been used to study the interfacial region; 

electrochemically modulated infrared spectroscopy, EMIRS, and infrared 

reflection absorption spectroscopy, IRRAS (13-15). 

The electrode potential in the EMIRS experiment is modulated as 

a square wave between two values. The signal is processed with a phase 

sensitive detector gated by the modulated waveform. The strength of 

EMIRS lies in a surface selection rule in addition to the normal 

selection rules. The surface selection rule states that s-polarized 

radiation has an intensity that is virtually zero at the metal surface 

and will therefore not detect oscillating dipoles on the surface (16). 

Radiation that is p-polarized has an intensity that is non-zero at the 

surface, but interacts only with species that have a non-zero component 

of the dipole derivative normal to the surface. Therefore, the 

orientation of the adsorbate can be determined by comparison of relative 

intensities of surface vibrational modes to those of thesame species in 

solution. The IRRAS technique employs modulation of the polarization of 

the incident radiation rather than the electrode potential (17). 

Absorption by both solution and surface species occurs for p-polarized 
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radiation whereas only solution species absorb s-polarized radiation. A 

difference spectrum is obtained, using phase sensitive detection, which 

correlates to only those species on the surface that have a dipole 

moment component perpendicular to the surface. 

A major drawback of the use of infrared spectroscopy for the 

study of the electrode/electrolyte interface is that most solvents used 

in electrochemical systems are strong infrared absorbers. This is true 

of both aqueous and nonaqueous solvents. Raman spectroscopy can provide 

the same type of molecular specifity through vibrational information as 

does infrared spectroscopy. However, the radiation is in the visible 

region of the spectrum so that the problem of absorption by the solvent 

is avoided. In addition, the Raman scattering cross-section of water is 

low, and is therefore ideal for the analysis of water soluble species. 

It is for these reasons that the analysis of the electrode/electrolyte 

interface by Raman scattering, and surface enhanced Raman scattering 

(SERS) in particular, is of such great interest. 

Surface Enhanced Raman Scattering (SERS) 

Surface enhanced Raman scattering (SERS) is defined as large 

increases in the Raman scattering cross sections observed for atomic and 

molecular species in close proximity with particular metal surfaces. At 

present, the distance from a surface at which enhancement is no longer 

observed is still being debated. In addition, the reasons for which 

some metals yield more intense SERS than others while some metals 

exhibit no enhancing ability at all are only partially understood. It 
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will not be until more definitive answers to these problems are found 

that SERS will realize its full potential as a surface analytical 

method. Nevertheless, SERS is used as a qualitative analytical 

technique, and the desire to develop its quantitative capabilities 

arises from the advantages of Raman spectroscopy discussed in the 

previous section. 

The first report of a Raman spectrum of pyridine adsorbed on a 

silver electrode in aqueous chloride media was reported by Fleischmann, 

Hendra and McQuillan (18). That the spectrum was associated with 

species adsorbed to the electrode surface was confirmed by the fact that 

the intensity was significantly greater than that expected from solution 

species and changes in electrode potential produced changes in spectral 

peak position and intensity. Furthermore, this potential sensitive 

spectrum could only be obtained after electrochemical roughening of the 

electrode surface. Roughening was carried out by electrochemically 

oxidizing the electrode and subsequently reducing it to reformed silver 

in the same solution in which the Raman analysis is done. The early 

interpretation of this surface enhancement was that the electrochemical 

roughening increased the electrode surface area and consequently 

adsorbate concentration (18), Jeanmaire and VanHuyne, however, showed 

that the intensity of this spectrum was five to six orders of magnitude 

greater than what would be expected for the same number of molecules in 

bulk solution (19). The enhancement could not be attributed to 

increased surface area. What ensued, and continues today, have been 
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many studies seeking a physical, chemical or combination explanation of 

the SERS phenomenon. A brief review of these studies is presented in 

the section on enhancement mechanisms. 

Signal enhancements as great as 10^ for species at the electrode 

surface make possible the prospect of completely characterizing 

electrochemical processes. This applies to the identification of an 

adsorbate, its surface orientation, and the structure of the 

electrode/electrolyte interface (20). In addition, electrochemical 

intermediates and products, and the kinetics of faradaic electrode-

processes can be studied using SERS (21). 

Weaver and coworkers have carried out studies in which SERS 

signals from specifically adsorbed simple anions were correlated to 

differential double-layer capacitance measurements (22). Surface 

concentrations of chloride, bromide, iodide, thiocyanate, azide and 

cyanide obtained from impedance measurements were compared with SERS 

intensities as a function of electrode potential. The SERS and 

impedance experiments were done independent of each other, but under the 

same or similar experimental conditions. The purpose here was to 

quantitatively characterize the electrode/electrolyte interface using 

SERS. They observed marked decreases in the Raman peak frequencies for 

both surface-adsorbate and internal adsorbate vibrational modes as the 

electrode potential was made more negative. These frequency shifts are 

claimed to be associated with bond weakening as the electronic surface 

charge is made more negative (23). However, a direct correlation of 
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potential dependent frequency changes with surface coverage, which 

restricts frequency to solely adsorbate-surface interactions, cannot be 

made for the following reasons. Recent theoretical calculations predict 

decreases in peak frequencies with lower surface concentrations due to 

changes in adsorbate-adsorbate interactions (24). An additional problem 

is that the SERS signals decay irreversibly upon the application of more 

negative potentials. No such hysteresis is observed in the capacitance 

data. Nevertheless, close correlations with SERS intensity, peak 

position and adsorbate concentration do exist. These two problems of 

frequency shift analysis and hysteresis demonstrate the necessity of 

understanding the mechanism of SERS, not as yet completely understood, 

if it is to be used as a surface analytical technique. 

An area of study of the interfacial region for which SERS is 

especially well suited is that of solvent structure. Water has a low 

Raman scattering cross section resulting in a very weak Raman signal. 

Consequently, enhancement at the electrode surface allows interfacial 

solvent analysis despite its enormous bulk concentration. Solvent 

structure at the electrode/electrolyte interface has long been thought 

of in terms of solvation shells about either specifically adsorbed 

cations or anions (25). Fleischmann and Hill have obtained SERS spectra 

of water from a series of solutions that varied in terms of halide ion 

and alkali metal cation content (20). Their results indicate that the 

SERS of water, obtained at potentials at which halide ions are adsorbed, 

is dependent upon the identity of the metal cation. The SERS of water 
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obtained from a series of one molar iodide solutions in which the metal 

cation was varied is illustrative. Two different types of spectra were 

observed. Broad bands that peak at 3538 and 3571 cm~l are observed for 

Li"*" and Na"*", respectively. Narrower double peaks at 3552 and 3493, 3556 

and 3496, and 3496 with a shoulder at ca. 3560 cm~l are observed for K"*", 

Rb+ and Cs+, respectively. 

The spectroscopic results are interpreted to indicate adsorption 

of ion pairs in the double layer. The lithium ion, because of its large 

charge density, is believed to possess two or three strong solvation 

spheres. The sodium ion has two spheres and the attraction of K"*", Rb+ 

and Cs+ for the secondary sphere is progressively weakened. Fleischmann 

and Hill have accordingly assigned the OH vibration at ~3490 cm-1 to the 

primary solvation sphere and that at ~3550 cm-1 to the secondary 

solvation sphere. For a given potential, the stripping of outer 

solvation layers becomes energetically more favorable with decreasing 

charge density of the metal cation. The sharpness of the OH vibrational 

bands is thought to be a result of electrostatic interaction of the 

solvation shells with adsorbed anions, and that only those water 

molecules between ion pairs are sampled. The bands observed for Li"*" and 

Na"*" are broader because secondary hydration spheres are sampled. These 

spheres are significantly less tightly bound than those in the primary 

solvation sphere. However, the secondary sphere of Li"*" is more tightly 

bound that that of Na"*". Consequently, a band is observed at lower 

frequencies. Such detailed information regarding solvation spheres and 
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ion pairing in the interfacial region have not been obtained using 

strictly electrochemical techniques. 

Studies of the interfacial region in nonaqueous electrochemical 

systems have recently been carried out by Pemberton (66). Spectra of 

adsorbed pyridine and bromide at Ag electrodes in pyridine solutions 

containing tetra-£-butylammonium bromide were obtained. Surface 

enhanced bands at 940, ca. 1003, and 1065 cm-1 in addition to bulk 

pyridine bands were observed. They represent the first demonstration of 

SERS of solvent molecules in a nonaqueous electrochemical system. The 

relative peak intensities, frequencies, and bandwidths of these show a 

clear potential dependence. A frequency shift from 1004 to 1002 cm-1 

occurs in the potential region between -1.0 and -1.2 V vs. Ag wire. The 

application of more negative potentials between -1.6 and -1.8 V causes a 

frequency shift back to 1004 cm-1. These results were interpreted to 

indicate the reorientation of the interfacial pyridine. Specific 

orientations of surface pyridine species could not be made on the basis 

of the preliminary data. However, the reorientation concept is 

consistent with previous models of interfacial nonaqueous solvent in 

terms of potential dependence (67,68). 

The use of SERS in the study of the interfacial region is not 

limited to investigations of specific adsorption at the electrode 

surface. Loo and Lee have used SERS to study Faradaic electrode 

processes. In particular, they have studied the anodic reactions of 

halide solutions at platinum electrodes (21). The experimental method 
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involves the acquisition of SERS data for a sequence of applied 

electrode potentials. Mention should be made, however, of the fact that 

there is some debate about whether the spectroscopic signals are indeed 

SERS, or actually resonance or normal Raman (29,69). At an applied 

potential of 0.3 V versus SCE in a solution of 0.1 M KI, no oxidation 

occurs and no SERS signals were observed. Anodic current flows at 0.4 V 

and a SERS band with a broad shoulder is detected at 115 cm-1. The 

intensity of this band increased as the potential was made more positive 

and the anodic current increased. At potentials more positive than 

0.7 V, two sharp bands at 181 and 190 cm-1 were detected. The peaks at 

181 and 190 cm-1 match those of crystalline I2 which occur at 180 and 

188 cm-1 (26). The presence of adsorbed I2 in a crystal-1 ike structure 

on the electrode surface is indicated. The 115 cm~l band is assigned to 

the symmetric vibration of I3 (27). 

A mechanism for the electrochemical oxidation of I- on the Pt 

electrode was proposed by Loo and Lee which is consistent with their 

SERS data. Initially, I" is oxidized at the electrode surface to form 

I2. In the presence of excess I", I2 reacts rapidly to form I3. 

However, at more positive potentials, production of I2 becomes 

diffusion-controlled. As a result, I" in the vicinity of the electrode 

surface may be depleted. Under these conditions, I2 can be present at 

the electrode surface in addition to I3. The use of SERS for the study 

of electrochemical mechanisms has recently been extended beyond systems 

with reactants that are as simple as in the case cited above. 
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A recent SERS study was made of paramolybdate and paratungstate 

A adsorbed on copper (28). The SERS spectra were used to develop a 

model which suggests that these molecules interact with a copper surface 

through oxygens that are terminal in the solution species. These 

molecules are important because they function as localized corrosion 

inhibitors. Surface vibrational spectroscopic information can provide 

answers to some important scientific and financial (i.e. corrosion) 

problems. An understanding of the enhancement mechanism and how the 

mechanism is affected by experimental parameters is essential, if SERS 

is to be used as a surface analytical technique and provide answers to 

these problems. That understanding is still in the process of 

development. 

The Enhancement Mechanisms 

A great deal of research has been carried out in order to 

understand the mechanism, or combination of mechanisms, of SERS. A 

review of these mechanisms and some important experimental facts about 

SERS follows. The reader is referred to the cited literature for more 

detailed accounts (29-33).-

Probably the most significant characteristic of SERS is the 

magnitude of the enhancement. That for pyridine has been determined to 

be -^106 at 5145 A (34). Enhancements for surface-adsorbate vibrations 

such as v(Ag-Cl) cannot be determined because there is no solution 

standard. The surfaces that produce the largest enhancements are Ag, 

Cu, Au and their alloys (29,31). Recent studies in which surface 
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roughness, excitation frequency, adsorbate coverage and electrode 

potential were optimized indicate that enhancements of all three metals 

are equivalent to within a factor of two (33). SERS has been reported 

at other metallic and semiconductor substrates. However, there is no 

question that Ag, Cu and Au give the greatest enhancements. 

The dependence of enhancement on excitation frequency is related 

to the nature of the adsorbate, surface morphology and substrate 

dielectric properties. The importance of dielectric properties is 

demonstrated by the decay in SERS intensities at Cu or Au relative to 

that at Ag for excitation frequencies greater than ~16,000 cm-1. This 

decay tracks a sharp rise in the imaginary part of the dielectric 

constants of both Cu and Au above ~16,000 cm-1 (35). The excitation 

profile for pyridine bands rises gradually from blue to red frequencies 

(36). Other studies have shown a sharp peak enhancement at a frequency 

that depends on the sizes and shapes of the roughness features (37). 

SERS has been observed at interfaces other than the 

electrochemical solid/liquid one, such as solid/UHV (38), solid/air 

(39), and solid/solid tunnel junctions (70). However, it does appear at 

this time that the magnitude of the enhancement is highly dependent upon 

the type of interface. The solid/liquid interface yields significantly 

greater enhancements than does the solid/UHV or solid/air interface. 

Likewise, SERS has been observed for a variety of adsorbates indicating 

that the SERS phenomenon is a general one. If an adsorbate is Raman 

active, and even if it has a low Raman cross-section, one can expect to 

observe SERS. 
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The last in this list of SERS characteristics to be discussed is 

surface roughness. In order to observe significant SERS from adsorbed 

ions or molecules at Ag, Cu or Au surfaces in electrochemical systems, 

an oxidation-reduction cycle (ORC) pretreatment of the electrode surface 

must first be performed (19). The ORC causes a roughening of the 

electrode surface. The determination of an optimum surface morphology 

for the various substrates and interfaces available to SERS has been the 

goal of much theoretical research, although not nearly as much 

experimental work has been done along these lines. Surface roughness 

features whose shapes are hemispheroidal and whose diameters range from 

100-1000 A appear to be optimal for Ag (40). In addition, atomic scale 

roughness features are created by the ORC. It has been proposed that 

these atomic scale features, adatoms, form coordination complexes with 

the adsorbate (71). The proposed enhancement mechanism involves 

electromagnetic surface resonances which couple to the resonances within 

the surface complexes. Further discussion of the role of atomic scale 

roughness features is presented in the treatment of chemical mechanisms 

of SERS. 

The role of surface roughness features, and the substrate 

dielectric properties discussed above, in surface enhancement can be 

explained in terms of electromagnetic interactions. The term 

"electromagnetic interaction" is defined as any interaction between the 

ion or molecule and the substrate that results in a change in.spectral 

intensities without requiring electronic overlap between the ion or 

molecule and substrate. 
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An electromagnetic enhancement mechanism which can be correlated 

with the SERS characterization discussed above is the excitation of 

surface plasmon modes of the metal which couple in the excited state 

with the vibrational modes of the adsorbed ion or molecule. Surface 

plasmons are associated with collective excitation of the surface 

conduction electrons in metals. At the plasmon frequency the surface 

becomes highly polarizable, which leads to large field induced 

polarizations and therefore large fields in the vicinity of the surface. 

Enhancement occurs because Raman intensity is proportional to the square 

of the applied field at the ion or molecule (30). The enhancement 

depends on surface morphology and its associated surface electronic 

structure because the frequency of the surface plasmon resonance depends 

on these parameters. An electromagnetic model of a surface with 

hemispheroids protruding from a flat conducting plane, predicts that 

metals with large negative real components of the dielectric function 

and small imaginary components will show large polarizability and 

therefore large enhancements for SERS (41). These are the conditions 

for excitation of the surface plasmons and accounts for the fact that 

SERS intensities at Cu or Au decay at frequencies greater than 

~16,000 cm-1, i.e. red laser light is necessary to observe SERS at Cu or 

Au. 

The relationship between surface morphology and SERS intensity 

can be understood mathematically by consideration of equations 1 and 2. 
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y = a • Ep(r,Vo) 

Ep(r,Vo) = E^(r,Vo) + Es(r,vo) 

(1) 

( 2 )  

The induced dipole moment is represented by y, a is the 

polarizability tensor, and Ep is the primary electric field sensed by 

the Raman scatterer at some distance, r, away from the surface, and at 

the excitation frequency vq. The polarizability tensor is 

characteristic of the Raman scatterer, but the primary electric field 

will vary with experimental conditions. As Ep varies, so does the 

magnitude of u, and therefore SERS intensity. Ep can be thought to 

consist of two components; that due to incident radiation, Ei(r,vo)» and 

that due to elastically scattered radiation from the surface, Es(r,vo), 

which is described by Lorenz-Mie theory (42,43). It is the size and 

shape of the roughness feature that determines Eg, which contributes to 

Ep, and consequently affects SERS intensity. It is in this way that the 

surface electronic structure, or in other words the optical properties, 

is affected by the surface morphology. 

The electromagnetic enhancement mechanism discussed above 

accounts for a number of SERS characteristics, including the need for 

electrochemical roughening. However, calculations show that the 

electromagnetic model can account for an enhancement of ~103. This 

falls short of the overall enhancement of ~106. It is therefore 

believed that there are other sources of enhanced local fields that 

contribute to field dependent electromagnetic interactions, and that a 

combination of mechanism fully describes SERS. 
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One such source of local fields are the high-curvature edges of 

surface irregularities. The application of a potential to the electrode 

causes a polarization in the external electric field which produces a 

strong local field in the vicinity of such edges. The effective field 

strength near these edges will be significantly greater than the average 

field strength. If this surface field strength is included in the 

determination of the primary electric field, 

Ep = Ei(r,vo) + Es(r,vo) + Esurf. (3) 

then the magnitude of p, and hence SERS intensity, will be many times 

greater than that for an ion or molecule in the absence of the surface 

field according to Gersten (44). This is commonly known as the 

"lightning rod" effect, and can in principle cause enhancements of 106 

or greater (44). However, the actual number of these sites available 

for specific adsorption is expected to be small so that its contribution 

to the overall enhancement will be much less than 106 (31,33). 

The enhancement models discussed above involve electromagnetic 

interactions without requiring electronic overlap between the ion or 

molecule and substrate, and hence, are called physical mechanisms. 

Chemical mechanisms incorporate contributions to the enhancement that 

require electronic overlap between the ion or molecule and the 

substrate. Chemical interactions are by necessity over short distances, 

so that SERS mechanisms that incorporate chemical interactions postulate 

the existence of a surface-related resonant electronic state in 

producing the enhancement. One such model is the charge-transfer 
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excitation mechanism, which invokes adsorption-induced chargertransfer 

states that provide the resonant intermediate (45-47). More 

specifically, a photon excites an electron to produce an electron-hole 

pair, which may give rise to charge-transfer from the surface to the 

adsorbate or from the adsorbate to the surface. Otto has proposed that 

special sites of atomic scale roughness, or adatoms, are important in 

promoting a charge transfer mechanism (48). The model involves 

electron-hole pair excitation by the incident radiation followed by 

electron transfer to an adsorbate-localized charge-transfer excited 

state where interaction with the vibrational state brings about 

recombination of the electron-hole pair which leads to emission of a 

Raman shifted photon. 

Another chemical mechanism, surface-induced resonance Ranan 

scattering (SIRRS), suggests that the electronic energy levels of an 

adsorbate could be shifted into the visible region of the spectrum, 

which would then make resonance Raman excitation possible (49,50). The 

theory claims that the broadening and shifting of the electronic energy 

levels of the adsorbate is dependent upon the distance of the adsorbate 

from the surface, which is modulated by the vibration of the chemisorbed 

adsorbate-metal bond. The frequency of this vibration is in the 

200-400 cm-1 range, whereas the visible adsorption band will lie between 

15,000 and 20,000 cm"l. The difference in timescale between these two 

regions is ca. lOOX. The adsorbate-metal vibrations are slow 

compared with the electronic excitation timescale, and so a large 
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broadening of the electronic energy levels with respect to the 

vibrational timescale is expected. This model predicts a changing 

excitation profile for SERS in which one or more narrow peaks occur in 

the visible region of the spectrum. 

The distinction made between the physical and chemical mechanism 

for SERS is based on electronic overlap between the ion or molecule and 

the substrate, or in other words, adsorbate-metal distance. The 

important point here is that the chemical and electromagnetic 

enhancement mechanisms are not easily distinguished. Consequently, it 

has not been possible to completely isolate the contributions of 

different mechanisms in the experimental results, resulting in 

experimental enhancement estimates with a high degree of uncertainty. 

The problem is further complicated by a lack of uniformity among 

researchers in experimental procedures for SERS. Nevertheless, Metiu 

and Das claim that "this is an area that needs a lot of experimental 

work, since reliable theoretical predictions concerning the optical 

properties of chemisorbed molecules are not available" (30). 

Objectives of the Research 

There are essentially two goals of the research reported in this 

thesis. The first goal is to develop a systematic electrode 

pretreatment for SERS. The second is to experimentally demonstrate the 

relationship between surface morphology and its associated surface 

electronic structure, and the mechanism in electrochemical SERS. These 

two goals are quite compatible with each other, because a systematic • 
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electrode pretreatment has been developed which is used to control the 

surface morphology. To achieve these objectives, the SERS intensity of 

specifically adsorbed chloride at silver electrodes, whose surface 

morphologies vary dramatically, has been investigated. The sizes and 

shapes of the surface roughness features are controlled by the rate at 

which the electrode is oxidized and reduced prior to the acquisition of 

the SERS spectrum. 

A variety of methods for performing an oxidation-reduction cycle 

(ORG) pretreatment of Ag electrode surfaces in aqueous chloride media 

have been reported in the literature (51,20). Potential sweep 

techniques have been used extensively wherein the potential of the Ag 

electrode is swept to anodic values such that oxidation of the surface 

to form AgCl occurs. At a predetermined charge, potential, or time 

value, the direction of potential scan is reversed and the AgCl surface 

is reduced to give a roughened surface of reformed Ag. Roughened 

electrode surfaces can be obtained by using a double potential step 

method or by controlled current electrodeposition in dilute(<10-2 M) 

solutions of a Ag salt or complex (52). Furthermore, the SERS intensity 

from species adsorbed on silver electrodes has been shown to be 

critically dependent on whether the electrode is laser illuminated 

during the ORG used to pretreat the electrode (53). 

This assortment of ORG techniques leads to a variety of 

electrode surface morphologies. Moreover, the surface morphology 

obtained using a particular ORG method can vary if an experimental 
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parameter, such as the amount of charge passed, is altered (54). The 

surface morphology is of critical importance in the SERS experiment, 

because the sizes and shapes of the roughness features affect the 

associated surface electronic structure, and hence, the optical 

properties of the metal surface (42). The work presented in this thesis 

correlates the electrode pretreatment with surface morphology, surface 

electronic structure, and electrochemical SERS intensity. Specific 

objectives are: 

1. To understand the role of the electrochemical oxidation rate of Ag 

in determining large scale surface morphology in SERS. 

2. To understand the role of the electrochemical reduction rate of AgCl 

in determining large scale surface morphology in SERS. 

3. To understand the role of photochemistry in influencing the 

electrochemical oxidation and reduction of Ag surfaces, and their 

subsequent SERS response. 

The results presented in this thesis help define experimentally 

the role of surface roughness features in electrochemical SERS in 

agreement with theoretical predictions. Furthermore, the electrode 

pretreatment has been characterized, both with and without laser 

illumination, in a manner such that the surface morphology can be 

controlled electrochemically. This work may provide a basis for further 

studies aimed at bringing uniformity to experimental procedures for 

SERS. Experimental consistency is essential if SERS is to be fully 

exploited as a surface analytical technique. 



CHAPTER 2 

EXPERIMENTAL 

A schematic of the SERS spectroelectrochemical system is shown 

in Figure 1, and critical portions of this system are discussed in 

detail in this chapter. A detailed account of the use of the scanning 

electron microscope is also presented. 

Electrochemical Instrumentation 

Many spectroelectrochemical cell designs have been reported in 

the literature, and all have been constructed in house because none are 

commercially available. The cell used for these experiments was a 

modified version of a previously reported design (73). A diagram of 

this modified cell and the working electrode is shown in Figure 2. The 

most important characteristic of this cell is its versatility. That is, 

it can be used to carry out a variety of conventional three electrode 

electrochemical experiments under quiet solution conditions, and be used 

for surface Raman scattering experiments. The convenience of this is 

that the ORC can be performed in the cell. 

The cell consists of components that are sandwiched together. 

The great advantage of this sandwich design is that the cell is easily 

24 



FNCTN 

GEN 

REF 

AUX 

M. 

Mr 

-C TUNABLE 

DYE LASER 

M 

4 cfj_. 

WORK 
'WVO 

R\ 

PMT 

H 
PMT 

COOL 

0 
A C S  

X-Y 
PLOTTER 

SPECTROELECTROCHEMICAL 

CELL 

DOUBLE 

MONOCHROMATOR 

MICRO 

COMPUTER 

I 
DIGITAL 

PLOTTER CRT 

Ar* LASER 

S 

P O 
• R 

DUAL 

FLOPPY 

Figure 1. Schematic of the SERS spectroelectrochemical system: 
A = analyzer, C = collection lens, S = scrambler 

ro 
cn 



Figure 2. Schematric of spectroelectrochemical cell, L-frame and 
working electrode 

a) micrometer working electrode 
b) contact shaft 
c) set pin 
fl) threaded teflon shroud 
e) Lucite plate 
f )  0-ring for seal of teflon shroud 
g) Lucite plate 
h) cell body O-ring 
i) hole for straight bore valve not shown in this 

diagram 
j) Kel-F or Lucite cell body 
k) right angle valve 
1) Pt counter electrode 
m) glass frit 
n) counter electrode compartment with stopcock 
o) cell body O-ring 
P) pyrex glass circular cell window 
q) face plate with hole for analysis 
r) L-frame 
s) hole for teflon shroud 
t) holes for mounting to X-Y-Z-0-translator 
u) holes to attach cell body 
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Figure 2. Schematic of spectroelectrochemical cell, L-frame and 
working electrode 



27 

taken apart and the cell body and window can be thoroughly cleaned. 

Also, the cell window can be changed if another window material is 

desired. The cell window used for work reported in this thesis was made 

of pyrex glass. Another important feature of this design is the L-frame 

to which the cell body is mounted. The frame secures the working 

electrode in place and assures reproducible positioning of the working 

electrode within the cell. The L-frame, with the cell attached, is 

mounted to an X-Y-Z-0 translator which itself is mounted to the 

spectrometer adjacent to the collection optics. The translator allows 

control of the cell position, and therefore, the electrode position, and 

laser beam angle of incidence to within ± 1 mm and ± 1°, respectively. 

The working electrode position within the cell body is 

reproducibly controlled by the micrometer shaft to which the Ag 

electrode is connected. A teflon shroud, with threads tapped inside, 

surrounds the end of the shaft and the electrode is screwed in until 

electrical contact is made with the shaft. The silver electrode 

consists of a small brass screw, the head of which has been machined 

flat and onto which a 7 mm diameter polycrystalline Ag (Johnson Matthey, 

99.999%) planar disk has been silver soldered. That part of the 

electrode that protrudes from the shroud is insulated from the 

analytical solution with Parafilm such that only a planar Ag surface is 

exposed. The geometric area is ca. 0.24 cm2, and when microscopic 

roughness is taken into consideration the surface area is ca. 0.60 cm^. 

The distance of the working electrode from the cell window is controlled 
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by the micrometer. For all work reported here the electrode was 

positioned 100 micrometer divisions, equal to 2.5 mm, away from the cell 

window. The micrometer setting at which the electrode is flush against 

the window was determined by half-filling the cell with solution and 

dialing the electrode towards the cell window until a liquid seal is 

observed between the electrode surface and window. This method of 

determining the flush position prevents the electrode from accidentally 

being pushed through the cell window. 

The cell components and L-frame are made of Lucite. Two 

identically constructed cell bodies were used in the course of this 

work. One is made of Lucite and the other, Kel-F. The body is a 1.5 

inch square in which a 0.75 inch diameter hole has been drilled that 

constitutes the cell compartment. The cell volume, with the working 

electrode inserted, is approximately 5 ml. Grooves for 0-ring seals are 

machined on both faces of the cell body. The 0-rings are used to seal 

the cell window to the front of the cell, and seal plates for centering 

the working electrode to the back of the cell. Teflon incapsulated 

Capfe 0-rings made by Ace Glass and ethylene propylene type E66-60 made 

by National 0-Ring were used. The Capfe O-rings were much harder and 

the cell needed to be held together so tightly to prevent leaks that the 

cell window would occassionally develop a crack. The much softer 

ethylene propylene O-rings were later used to avoid this problem. The 

material of which the O-rings are made is also an important 

consideration because they can be a source of impurities. This is 
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demonstrated by the three SERS spectra shown in Figure 3. All three 

spectra were obtained with a silver electrode immersed in 1.00 M NaCl 

taken from the same storage bottle. However, spectrum 3a was obtained 

using a ceramic spectroelectrochemical cell sealed with Viton 0-rings, 

and clearly shows no signs of carbonaceous impurities. Spectrum 3b was 

acquired with the Lucite cell sealed with O-rings whose identity was 

unknown. The source of the impurities was revealed by the fact that by 

placing the unknown O-rings in the ceramic cell, spectrum 3c was 

obtained and is an identical match of the original impurity spectrum 3b. 

No further impurities were observed using the Lucite cell after it was 

soaked in nitric acid and the Capfe and E66-50 O-rings were used. A 

Hamilton right angle inert valve with inner Luer-lok fittings is press 

fit into one side of the cell, and a Hamilton straight bore inert valve 

is press fit into the top of the cell. These fittings allow the cell to 

be filled with the sample while it is sealed and the working electrode 

is inserted. The right angle valve also serves as a connector for the 

reference electrode. A glass compartment that houses a Pt wire counter 

electrode is fastened with Buehler epoxy resin into the side of the cell 

opposite the side with the straight bore valve. The auxiliary 

compartment is separated from the cell body by a medium porosity glass 

frit. 

Two Ag/AgCl reference electrodes were used in the course of this 

work. Early experiments were performed with a Ag/AgCl wire inserted 

into an open ended glass tube that was connected to the right angle 
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Hamilton valve and was filled with the test solution. The second 

reference electrode consisted of a 5 mm diameter glass tube that was 

ca. 3 cm long and narrowed at the bottom to form a ground glass inner 

joint within which a Pt wire had been sealed for electrical and ionic 

contact to the test solution. The reference electrode tube is inserted 

in a smaller glass connecting tube that has an outer ground glass joint 

at the top and an outer Luer glass joint at the bottom which is 

connected to the right angle valve. The reference tube contains aqueous 

saturated KCl and saturated AgCl, and the Ag/AgCl wire is held in place 

by and the tube sealed by a rubber septum. Although the reference 

electrode is not in close proximity with the working electrode as is 

generally desired, this arrangement has been shown to be acceptable and 

deviations from electrochemical response minimal (56). The second 

reference electrode was preferred because it created a seal such that 

the entire cell was closed to the atmosphere. 

The electrochemical instrumentation used for the SERS studies 

consisted of a three-electrode potentiostat and a coulometer. The 

potential was controlled with an ECO instruments model 551 potentiostat. 

A Princeton Applied Research model 379 digital coulometer was used to 

monitor the amount of charge passed during the ORC. A triangle wave 

generator constructed in-house (57) was interfaced to the potentiostat 

to provide a potential sweep for the Pb underpotential deposition (UPD) 

experiments. Chronocoulograms and voltammograms were recorded on a 

Hewlett-Packard Model 7015B x-y recorder. 
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The cell used for the Pb UPD experiments was a conventional two 

compartment cell in which the reference compartment is connected to the 

main compartment via a Luggin capillary. The analytical solutions were 

deaerated by bubbling nitrogen through a coarse frit into the main 

compartment prior to the experiment. During the experiment, nitrogen 

was passed over the top of the quiet analytical solution. The counter 

electrode consisted of a coiled Pt wire which encircled the Luggin 

capillary, thereby allowing uniform current distribution at the working 

electrode (58). The reference electrode used was a saturated calomel 

electrode. 

The Ag electrode was mechanically polished to a mirror finish 

with successively finer grades of Buehler alumina slurries from 1 um 

down to 0.05 urn, followed by rinsing with copious amounts of distilled 

water. It is important to point out here that this polishing procedure 

was carried out before each ORG. Therefore, for every individual SERS 

experiment, the electrode was subjected to only one ORG electrode 

pretreatment. 

The ORCs were carried out in the spectroelectrochemical cell 

containing aqueous 1.00 M NaGl via symmetric double potential steps that 

ranged from ±25 mV to ±225 mV. Specifically, the electrode potential is 

stepped from the open circuit value to a particular value associated 

with the oxidation of Ag to AgCl. After a predetermined amount of 

charge has been passed (20 mC cm-2), the polarity, but not the potential 

magnitude, is reversed, and the electrode surface will undergo reduction 
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to Ag. A value of 20 mC cm~2 was chosen because Van Duyne has found 

that the passage of 20-30 mC cm"2 of charge yields optimal SERS intensity 

(72). Subsequent to reduction, the electrode potential is adjusted to 

-200 mV and SERS spectral data are then collected. A potential of 

-200 mV is applied, because it is positive of the PZC of silver, -650 mV 

vs. Ag/AgCl (59), thereby bringing about specific adsorption of chloride 

ions. 

The charge integrator output of the coulometer is connected to 

the y-axis input of the x-y recorder, and the x-axis is set to a 

variable time base interval to the recorder. A chronocoulogram, total 

amount of charge passed as a function of time, of the ORG is recorded 

using this arrangement. These chronocoulograms are essentially linear 

with time for both the oxidation and reduction processes. The currents 

for both processes were obtained by measuring the slopes of each portion 

of the ORG chronocoulogram. The ORG charge recovery was calculated from 

the chronocoulogram by dividing the amount of charge passed during 

reduction by that passed during oxidation. Typically, 97% of the charge 

passed during the oxidation portion of the cycle is recovered during 

reduction. 

The electrode surface area determinations were made by 

underpotentially depositing Pb on Ag immediately following the ORG. The 

electrode was subjected to a symmetric double potential step ORG in 

1.00 M NaGl. The electrode was then transferred to a solution 

containing 1.00 x 10-3 m Pb(N03)2 3"^ 0*10 I^Cl. The potential sweep 
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rate for the UPD experiments was 5 mV s"l, and scan reversal was done 

before the onset of bulk Pb deposition. The amount of charge passed 

associated with the underpotentially deposited Pb monolayer was 

determined from the area under the UPD stripping wave. Area 

measurements were made using a Lietz No. 3651-30 planimeter. The 

electrode area is obtained from the amount of charge passed under the 

assumption that one monolayer of Pb on Ag corresponds to 310 pC cm-2 as 

reported by Dickertmann, Koppitz and Schultze (60). 

Instrumentation and Conditions for Surface Raman Scattering 

A Coherent Radiation Innova 90-5 Ar"*" laser provides excitation 

for some of the work reported here. A prism allows wavelength selection 

of a single Ar"*" line mode at 5145, 5017, 4965, 4880, 4765, 4727, 4658 or 

4579 A. Plasma lines from the laser output at 5145 and 4880 A were 

removed by Pomfret Research Optics laser line filters No. 55-5145-1 and 

No. 55-4880-1, respectively. Plasma lines observed in spectra for 

excitation wavelengths other than 5145 and 4880 A were removed digitally 

at the computer terminal. Laser powers were measured at the 

spectroelectrochemical cell with a Coherent Radiation Model 210 

broadband power meter. 

A Coherent Radiation Model 590 broadband jet-stream dye laser 

was also used in this work. The Innova 90-5 Ar"*" laser set at 5145 A was 

used to pump the dye laser. The dye used in this work was Rhodamine 6G 

which has a useful lasing output between 5700 and 6500 A. Wavelength 

selection is accomplished using a birefringent filter mounted on the dye 
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laser. However, a broadband superradiant emission emanates from the dye 

laser along with the birefrinyent filter-selected wavelength. The 

superradiant emission is ca. 10"^ times weaker than the selected 

wavelength beam (55). Nevertheless, the superradiant intensity at 

wavelengths less than ca. 5900 A is on the order of that from v(Ag-Cl) 

surface Raman scattering, thereby swamping out the signal. 

Consequently, only excitation at wavelengths greater than 5900 A was 

used. 

The exact wavelength of the dye laser line is determined by 

setting the entrance and exit slits to 20 ym and scanning over the 

frequency region within which the dye laser line is estimated to be. It 

is extremely important when doing this that the slit widths be narrow 

and that the laser beam pass directly through the optics onto the 

ceiling, i.e. no directly reflected light must strike the slits. Severe 

damage to the PMT may occur if this procedure is not followed with 

extreme caution. 

The Raman system used for these studies consists of a Spex 1403 

double monochromator with 1800 grooves mm"l holographically ruled 

gratings. The spectrometer is interfaced to a Spex Datamate dedicated 

microcomputer which controls the monochromator, stepper motor and 

detector, and performs data acquisition, analysis and plotting. Data 

were stored on floppy disks and plotted on paper using a Houston 

Instruments Hiplot digital plotter. The detector is a high sensitivity 

GaAs photocathode RCA C31034 photomultiplier tube (PMT) which is 



thermoelectrically cooled to ca. -25°C and" operated at a voltage of 

-1850 V. The quantum efficiency of a primary electron emitted from the 

photocathode is wavelength dependent. A plot of this function for the 

RCA 31034 is shown in Figure 4 (61). The PMT response between 4500 and 

6300 A, the wavelength region used in this work, is relatively flat. 

However, error that can be attributed to PMT response for a comparison 

of SERS intensities at various excitation wavelengths within this 

particular region is ca. 10%. 

The Spex 1403 double monochromator, shown in Figure 5 (62), 

consists of entrance and exit slits, middle slits marked S2 and S3, five 

mirrors, and two gratings. The entrance and exit slits, for all the 

work presented here, are set to 400 pm which corresponds to a bandpass 

of 5 cm"l. The middle slits S2 and S3, which constitute the exit from 

the first and the entrance to the second monochromator, must be slightly 

wider in order to allow for small mechanical imperfections in the 

alignment of the two monochromators and were set to 480 pm. The use of 

the middle slits at once improved the resolution of the v(Ag-Cl) feature 

and reduced the background scattering, but this was accomplished at the 

cost of reduced SERS intensity. These steps were necessary because the 

v(Ag-Cl) vibrational feature reaches a maximum at ca. 240 cm"l, and the 

SERS background continuum is very strong this close to the laser line. 

The focusing of the scattering light onto the entrance slits is 

of critical importance. A proper focus for SERS experiments will yield 

an image of scattered light on the entrance slits such as is depicted in 
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Figure 6. This image is obtained by adjustment of the x, y and z 

translator parameters and the light collection mirrors adjacent to the 

sample compartment. The fourth translator parameter, 0, the angle of 

incidence, was set to 60° for all experiments. Here, 0 is defined as 

the angle between the laser beam and a vector normal to the electrode 

surface. An angle of 60° has been shown to yield optimal SERS intensity 

(62). Once the scattered light has been focused the cell can be 

removed from the translator and remounted for a series of experiments 

without having to refocus. As a result, differences in SERS intensities 

due to imprecise electrode polishing or positioning for a given set of 

experiments were minimized in this work as demonstrated by the fact that 

spectra taken prior to the ORG were nearly identical from trial to 

trial. This is more clearly demonstrated by the background spectra 

shown in Figure 7. 

The laser beam impinged upon the approximate center of the 

electrode for all work reported here. Also, a beam splitter was used 

for data acquisition (acquisition mode 7) so that fluctuations in the 

laser beam will not appear in the SERS spectra. Spectral data were 

acquired at 0.5 cm-1 intervals over a 1.0 second integration time, and 

were collected both before and after the ORG. The resultant SERS 

spectra were obtained by digital subtraction of the former from the 

latter. Peak areas were determined digitally by forming a straight line 

between the limits of 180 and 270 cm-1 and taking the sum over the 

enclosed area. No smoothing operations were performed prior to the peak 

area determination. 
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Figure 6. Image of focused scattered light 
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Figure 7. Two background spectra obtained prior to two individual experiments 
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The precision with which the peak areas could be obtained for a 

particular set of experimental parameters is ca. 10%. This is true for 

a given set of experiments; in other words, for experiments done without 

interruption over a time period unbroken by laser shutdown or 

spectrometer use by another worker. The necessity of having to,reset 

the system can lead to a multitude of minor alterations that result in 

differences in SERS intensities with those obtained from identical 

experiments performed at a previous time. (The terms intensity and peak 

area are used interchangably here.) Although the absolute intensities 

varied, the trends of the results obtained as one experimental parameter 

was varied were consistent"throughout. Consequently, every individual 

data set of a group of data sets was normalized against one data set 

member of the group. This procedure for data normalization can be 

further illustrated by an example. Consider two sets, A and B, of SERS 

peak areas obtained on different days for which the peak areas were 

monitored as a function of ORC current densities. Let us suppose that 

the peak area obtained after an ORC of 9 mA cm-2 in set B is 1.3 times 

the peak area of the identical ORC current density in set A. Every peak 

area in set A would then be multiplied by 1.3, thus normalizing set A 

against set B, and the entire data group is then plotted as a whole. 

This procedure is valid because the trends, that is the derivatives of 

the plots of individual data sets, are found to be approximately equal. 

This type of normalization was used for the excitation profiles 

and for the study of SERS intensity as a function of wavelength and 
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power density during a laser illuminated ORC. For the illuminated ORC 

studies, the peak area obtained after a nonilluminated ORC carried out 

at the same fixed rate for all of these particular experiments was used 

as the standard. In a similar manner, the excitation profile standards 

were acquired by obtaining peak areas for a particular ORC rate with 

5145 A excitation. The normalization factor is determined by comparison 

of this standard with peak areas from identical experiments previously 

carried out, i.e. a working curve. 

An additional normalization factor for the excitation profiles 

is necessary because 200 nW at the sample could not be obtained for all 

wavelengths studied. Clearly, if the SERS intensity is to be monitored 

as a function of wavelength, then all experimental parameters including 

power at the sample must be held constant. To address the problem of 

maximum powers less than 200 irtJ at certain wavelengths, we note that 

SERS intensity has been reported to be linear with laser power (63). 

This has been tested in our laboratory for v(Ag-Cl) and it was found 

that SERS intensity is proportional to laser power as shown in Figure 8. 

Consequently, the peak area normalization factor for laser power is 

given by 

Np = 200 nW V P (4) 

where Np is the laser power normalization factor and P is the laser 

power measured at the cell. 

Final comments are made here regarding the illuminated ORC 

studies. Although the wavelength and power of laser illumination during 
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the ORC were varied, all SERS spectral analyses were carried out at 

5145 A and 200 iflM. The experiments were performed in this manner so as 

not to convolute an excitation profile with ORC illumination effects. 

No mirror adjustments were necessary when the various Ar"*" lines were 

used. However, the use of the dye laser during illumination 

necessitated the movement of mirrors for SERS spectral analysis with the 

Ar+ laser. The concern here is that analysis be done at the same 

position on the electrode surface that was illuminated during the ORC. 

To assure this, adjustable apertures were mounted ca. 2.5 feet apart in 

front of the spectrometer entrance on the optical table. In essence 

these two aperatures create a line, so that by adjusting the mirrors 

such that the laser beam passes cleanly through the apertures, identical 

positioning of the dye laser beam and Ar+ laser beam is assured. This 

procedure is facilitated by a second set of beam elevators, one for the 

Ar"*" laser and one for the dye laser, such that beam switching and 

focusing are accomplished by a mere interchange and positioning of these 

mounted pairs of mirrors. 

An adjustable aperture was also used to measure the beam 

diameter after it has passed through the last spectrometer lens before 

impinging on the electrode surface. The beam diameter was measured at 

0.10 cm, and this value was used to calculate power densities reported 

in this thesis. 
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Scanning Electron Microscopy of Electrode Surfaces 

An International Scientific Instruments ISI-DS130 scanning 

electron microscope (SEM) was used to obtain micrographs of the 

electrode surfaces. The voltage at the electron gun ranged from 20 to 

30 kV. Voltages near 30 kV were necessary to resolve features at 

magnifications > 42,000x. The microscope tilt angle was 0°. 

A series of Ag working electrodes were prepared similarly to 

that described in the Electrochemical Instrumentation portion of this 

chapter. The only differences are that 1 mm thin Ag disks are mounted 

to the brass screws with copper epoxy as opposed to a 5 mm thick Ag disk 

soldered to the brass. Having at least seven electrodes made it 

possible to perform a set of experiments and make an immediate 

comparison of surface morphology with the variation of an experimental 

parameter. The electrodes were thoroughly rinsed with water and allowed 

to air dry before being placed in the microscope. No noticeable effects 

were observed if as many as 24 hours were allowed to lapse between the 

time of the electrochemical experiment and microscopic analysis. No 

coating of the electrode surface or other form of pretreatment was used 

for microscopic analysis. The electrode was held in place in the 

microscope by an aluminum disk 1.5 cm in diameter and 1 cm thick into 

which threads had been tapped to hold the electrode. 

Average nodule widths were obtained from micrographs by 

measuring the breadth of ten nodules and calculating the average. The 

ten nodules selected were determined by visual inspection, to be midway 
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in size between the largest and smallest found on the micrograph. Two 

dimensional surface concentrations of nodules were determined by 

blocking off a unit area on the micrograph, that was equal to the square 

of the micrograph calibration bar, and counting the number of nodules 

within that area. Average interfeature distances were obtained from 

micrographs by measuring the distance between ten pairs of adjacent 

nodules and calculating the average. 

A description of how the scanning electron microscope was used 

is presented here. A drawing of the second stage specimen chamber, in 

which the electrode was placed for analysis, is shown in Figure 9 as a 

visual aid. To prepare for analysis the cold trap must first be filled 

with liquid nitrogen. Making sure that the high tension button is off, 

the electrode is placed in the microscope chamber. To do this, the 2nd 

stage air button must be engaged and the chamber door will open. The 

electrode and disk are then placed in the sample stage and held securely 

in place by three small set screws. The stage clamping knob must be 

turned fully clockwise towards the undamped position. The Z axis 

should then be adjusted so that the electrode does not strike the bottom 

of the lens. The chamber door should now be held shut as the 2nd stage 

air button is disengaged until the vacuum seals the door. After several 

minutes of vacuum, the HT Ready light will come on and valves 2 and 3 

will open. The system is now clear for high voltage, and the HT button 

is pressed. 
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Figure 9. Schematic of the SEM second stage specimen chamber 
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Procedures to saturate the filament are now followed. The high 

voltage should be set to 20 kV or other desired voltage by adjusting the 

thumbwheels below the right screen on the console. Engage the line scan 

mode, waveform monitor A, and SI. At this point the SEI knob may need 

to be adjusted to obtain a waveform in the middle of the left screen. 

The filament knob should now be turned clockwise until the waveform on 

the left screen no longer rises. The filament is now just into 

saturation. The filament knob should never be turned past the 3:00 

position because this will drastically shorten the life of the electron 

gun. In a similar manner, the x and y tilt of the gun alignment should 

be individually adjusted to maximize the waveform. The waveform monitor 

A button is now disengaged and the PIC button depressed. The microscope 

is now ready for viewing the electrode surface. 

The brightness and contrast should be adjusted as dictated by 

the image on the screen. Because the roughness features on the 

electrode are small with respect to the microscopes ability to resolve 

images, the SEM needs to be set for short working distances. To 

accomplish this the working distance knob is set to 15 and the coarse 

focus knob to 7.50. The proper distance between the lens and electrode 

surface is set by adjusting the Z control until a well focused image 

appears on the screen. For work at high magnification, it is necessary 

to clamp the stage in order to minimize vibrational noise. This is done 

by turning the stage clamping knob fully counterclockwise. However, 

this must be undamped to change electrodes, or to adjust tilt or 
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working distance. The image is now brought into focus using the fine 

focus knob. 

If a micrograph of a particular area of the electrode surface is 

desired, the image should be focused at a magnification ten times that 

at which the photograph is to be taken. The R2 mode is helpful here in 

that it presents only a portion of the total viewing screen, and 

therefore, puts less strain on the operator's eyes while focusing. SI 

will automatically disengage if R2 is engaged. At this point the X and 

Y stigmator knobs must be adjusted until the image no longer smears in 

any particular direction. The brightness, contrast, and waveform now 

need to be adjusted. Engage SI and adjust the waveform with the 

brightness and contrast controls so that the peaks and troughs lie 

within the markers on the screen. The waveform directly corresponds to 

the image of the electrode surface as it is being rastered across the 

right screen. Waveform monitor A should now be disengaged. The camera 

lens should be set to 5.6 for Polaroid type 55 film which is used here. 

With the camera lever set to L, the film is inserted into the camera 

until it clicks. The sleeve of the film is then pulled out until it 

catches on the camera. The P button is depressed for a photograph to be 

taken. Upon completion of the photograph raster, the sleeve is pushed 

back into the camera until it is flush with the back. The camera lever 

is now to be moved from L to P. The entire packet should now be pulled 

out smoothly, and set on a table for at least 25 seconds. After the 

recommended time has passed, the two sleeve tabs are separated and the 
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print is quickly removed. The mask paper is pulled away from the 

negative and the metal tab is torn off. The yellow pod should be 

removed and the negative immersed in water. The print should be smeared 

with the coating that comes with the film. The negatives must be rinsed 

in running water for one hour and then placed in the clearing solution 

for one minute. Afterwards, the negatives are rinsed again in running 

water, but this time for only one minute, and then placed in hardening 

solution for one minute. Then the negatives are rinsed in water for 

five to thirty minutes followed by immersion in photo-flo for thirty 

seconds. Afterwards they are hung to dry. 

To remove the electrode from the chamber, disengage the HT 

button and engage the 2nd stage air button. If the system is to be shut 

down the chamber door should be closed and the chamber evacuated. 

Materials 

The Ag/AgCl reference electrode was prepared by one of the 

methods recommended by Sawyer and Roberts (64). A Ag wire was first 

cleaned with 3 M nitric acid. After rinsing with water, the Ag wire was 

placed in a beaker containing 0.1 M HCl. This beaker was in electrical 

and ionic contact with another beaker through a U-shaped tube, all 

containing 0.1 M HCl. A platinum wire that served as the cathode was 

placed in the second beaker. The working and counter electrode leads of 

the ECO 551 in the galvanostat mode were connected to the Ag and Pt 

wires, respectively. A current of 0.6 mA, which corresponded to 

0.4 mA cm-2 for this particular electrode, was passed for 30 minutes. 



The color of the AgCl coating was pale tan. The wire was then sealed in 

the reference electrode housing in a solution containing saturated KCl 

and saturated AgCl. The electrode was allowed to equilibrate for 

several days after which a potential of -42.9 mV vs. SCE was measured. 

This is in excellent agreement with the standard at 25°C of -45 mV 

vs. SCE (65). 

The laser dye was prepared by dissolving 1 g of Exciton 

Rhodamine 590 in 50 ml of EM Science reagent grade methanol. This dye 

solution was then mixed with 750 ml of Fisher brand certified ethylene 

glycol and poured in the Coherent model 591 dye pump module. The excess 

was stored in a nalgene container, A concentrated solution of 2 g of 

Rhodamine 590 dissolved in 100 ml of methanol was used to optimize dye 

laser output. This was also stored in nalgene.' 

Solutions of 1.00 M NaCl and 1.00 x 10~3 M Pb(N03)2 "i" 

0.10 M KCl were prepared using doubly distilled water. The second 

distillation was from basic permanganate solution. Fisher brand 

certified A.C.S. NaCl, and MCB brand certified A.C.S. Pb(N03)2 and KCl 

were used without further purification. 



CHAPTER 3 

THE EFFECT OF SURFACE MORPHOLOGY ON SURFACE ENHANCED RAMAN 
SCATTERING (SERS) AT ROUGHENED SILVER ELECTRODES 

SERS Response to the Oxidation-Reduction Cycle (ORC) Rate 

A variety of methods for performing an ORC pretreatment of Ag 

electrode surfaces in aqueous chloride media has been reported in the 

literature (51,20). Potential sweep techniques have been used 

extensively wherein the potential of the Ag electrode is swept to anodic 

values such that oxidation of the surface to form AgCl occurs. At a 

predetermined charge, potential, or time value, the direction of 

potential scan is reversed and the AgCl surface is reduced to give a 

roughened surface of reformed Ag. Roughened electrode surfaces can be 

obtained by using a double potential step method or by controlled 

current electrodeposition in dilute (<10-2 m) solutions of a Ag salt or 

complex (52). 

This assortment of ORC techniques leads to a variety of 

electrode surface morphologies. Moreover, the surface morphology 

obtained using a particular ORC method can vary if an experimental 

parameter, such as the amount of charge passed, is altered (54). The 

surface morphology is of critical importance in the SERS experiment, 

53 
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because the sizes and shapes of the roughness features affect the 

associated surface electronic structure, and hence, the optical 

properties of the metal surface (42). A study is presented in this 

thesis that correlates the electrode pretreatment with surface 

morphology, surface electronic structure, and electrochemical SERS 

intensity. 

The electrochemical oxidation of Ag to AgCl and its subsequent 

reduction to Ag has been studied previously (74-77). In addition, the 

dependence of AgCl surface morphology on anodic current density has been 

demonstrated (78). It is demonstrated here how constant current 

density, and therefore, constant rate of electrode oxidation and 

reduction, can be controlled potentiostatically. Furthermore, by 

maintaining constant current density during the ORC, the resultant Ag 

surface morphology can be controlled. 

In order to understand how the rate of the oxidation and 

reduction can be controlled electrochemically, consider a potential 

sweep voltammogram of a Ag electrode in aqueous chloride media as shown 

in Figure 10. The anodic wave is approximately linear and does not 

limit or peak within the realm of charge passed for chloride 

concentrations used in these SERS experiments. Thus by stepping the 

potential from the open circuit value to a particular potential 

associated with the anodic process, the current, and therefore the 

oxidation rate, can be controlled by the magnitude of the potential 

step. After a predetermined amount of charge has been passed 
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Figure 10. Cyclic voltammogram of a Ag electrode in aqueous l.OOM 
NaCl; scan rate = 20 mV s"i 
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(20 mC cin-2), the polarity, but not the potential magnitude, is 

reversed, and the electrode surface will undergo reduction. If the 

potential applied during the cathodic portion of the ORG is more 

negative than -75 mV versus this reference electrode system, the rate of 

reduction will also be constant. 

The amount of charge passed is monitored as a function of time 

with a coulometer from which chronocoulograms are obtained. An example 

is shown in Figure 11. These chronocoulograms are essentially linear 

with time for both the oxidation and reduction processes. A family of 

chronocoulograms that have the same profile can be generated by varying 

the magnitude of the double potential step. Only the slopes of both the 

oxidation and reduction portion will vary with the potential magnitude. 

The derivative at any point on a chronocoulogran is equal to the current 

at that time. Therefore, the current, which is equal to the magnitude 

of the slope, is constant. Consequently, the rate of the ORC is 

controlled and maintained at a constant value. 

The ORC potential steps that were applied range from ±25 to 

±225 mV which generates anodic current densities ranging from 0.44 to 

27 mA cm"2, respectively. Typically, 97% of the charge passed during 

the oxidation portion of the cycle is recovered during reduction. It is 

well known that ORCs performed under laser illumination yield SERS 

signals that are more intense than those obtained after an ORC done in 

the dark (53,79). However, by performing the ORC in the dark, 

electrochemical control of the roughening process is maintained without 



(D 
O) 
L. 
(TJ 
JC 
U 

Time 
Figure 11. Typical chronocoulogram obtained from a symmetric double potential step ORC. 

Qa = 20 mC cm"2 
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a localized photochemical or thermal effect. Therefore, only the 

electrochemical rate controls the resulting electrode surface morphology 

and surface electronic structure in these studies. 

Spectra of the v(Ag-Cl) region for specifically adsorbed CI" at 

Ag were obtained subsequent to ORCs carried out at different rates. 

Representative spectra are shown in Figure 12. All spectra were 

obtained following electrode polishing and one double potential step 

ORC. Spectral data were taken prior to and immediately following the 

ORC. Subtraction of the former from the latter provides a much improved 

SERS intensity for the v(Ag-Cl) feature by removing much of the Rayleigh 

tail. Differences in SERSintensities due to imprecise electrode 

polishing or positioning were minimized in these experiments as 

demonstrated by the fact that spectra taken prior to the ORC were nearly 

identical from trial to trial. 

The data in Figure 12 demonstrate that as the oxidation rate 

increases, the resulting SERS intensity of both the v(Ag-Cl) feature and 

the background increases. The peak area of this vibrational feature can 

be determined above the background scattering by assuming a straight 

line background between the limits of 180 and 270 cm"l. A plot of 

v(Ag-Cl) peak area as a function of anodic current density is shown in 

Figure 13. 

Low intensity SERS spectra are obtained at low oxidation rates. 

With increasing oxidation rate, an increase in the intensity of the SERS 

spectra is observed up to ca. 14 mA cm~2. Beyond this rate, the SERS 
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150 225 300 
Wavenumber (cm"^) 

Figure 12. SERS spectra of O(Ag-Cl). S is the normalized full scale of 
Raman intensity 

a) S = 1, j(a) = 1.0 mA cm-2, j(c) = 2.1 mA cm-2; 
b) S = 2, j(a) = 3.5 mA cm-2, j(c) = 4.3 mA cm-2; 
c) S = 3, j(a) = 6.6 mA cm-2, j(c) = 7.6 mA cm-2; 
d) S = 4, j(a) = 18 mA cm-2, j(c) = 28 mA cm-2 
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intensity is reasonably independent of rate to the largest rate of 

27 mA cm-2 used in this study. 

There is no a priori reason to expect that the SERS intensity 

should be a function of the oxidation rate of the Ag electrode. The 

relationship between these two parameters comes from the dependence of 

surface morphology on the ORG rate of the Ag electrode. The importance 

of roughness feature size and shape to electrochemical SERS has been 

debated for some time. However, it is accepted that large-scale 

roughness plays an important role in the SERS mechanism through 

electrodynamic enhancement of the electric field at the surface. In 

order to address the issue of large-scale surface morphology and its 

relation to ORG rate, and therefore SERS intensity, scanning electron 

microscopy (SEM) was performed on electrodes roughened over the same 

range of current densities for which SERS experiments have been 

performed. 

A micrograph of an electrode subjected to a symmetric double 

potential step at an anodic current density of 1.0 mA cm-2 and cathodic 

current density of 2.1 mA cm-2 is shown in Figure 14a. Large, elongated 

features ca. 6000 A in length predominate. These features are clustered 

and exhibit three-dimensional growth into the solution. Smaller 

features of ca. 2000 A diameter are present although the larger forms 

dominate the surface. A two-dimensional surface concentration of Ag 

nodules from surfaces oxidized and reduced at low rates cannot be 

determined because of the depth of the formations. The pits in the Ag 



Figure 14. Scanning electron micrographs of Ag electrodes subjected to 
symmetric double potential step ORC's. The calibration 
bar represents a distance of 1 jcm 

a) j(a) = 1.0 mA cm-2, j(c) = 2.1 mA cm-2, magnification 
26,000 X; 

b) j(a) = 3.5 mA cm-2, j(c) = 4.4 mA cm-2, magnification 
26,000 X; 

c) j(a) = 9.8 mA cm-2, j(c) = 9.8 mA cm-2, magnification 
26,200 X; 

d) j(a) = 18 mA cm-2, j(c) = 20 mA cm-2, magnification 
28,100 X 



Figure 14.a. j(a) = 1.0 rnA cm-2, j(c) = 2.1 rnA cm-2, magnification 
26,000 X; 
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Figure 14.b. j(a) = 3.5 rnA cm-2, j(c) = 4.4 rnA cm-2, magnification 
26,000 X; 
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Figure 14.c. j(a) = 9.8 rnA cm-2, j(c) = 9.8 rnA cm-2, magnification 
26,200 X; 
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Figure 14.d. j(a) = 18 rnA cm-2, j(c) = 20 rnA cm-2, magnification 
28,100 X 
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surface, which appear as dark areas in the micrographs, are formed 

during the anodic dissolution process (75). The pit edges are sites for 

deposition during the reduction portion of the ORG yielding the final 

roughened Ag surfaces. 

A micrograph of a silver surface oxidized at 3.5 mA cm-2 and 

reduced at 4.4 mA cm-2 is shown in Figure 14b. The surface 

concentration of roughness features is approximately 10 nodules um-2. 

This value should be considered only a rough estimate, because a small 

fraction of the surface features are elongated, although the 

three-dimensional growth does not appear to be as pronounced as in 

Figure 14a for the slower oxidation rate. The surface consists of 

elongated features ca. 3400 A long and less numerous hemispheres of 

ca. 1600 A diameter. Surface pits are clearly seen, and it appears 

that the reformed Ag occurs along the pits and cracks in the surface. 

An increase in anodic and cathodic current density to 

9.8 mA cm-2 yields an increased surface concentration of roughness 

features to 33 nodules ijm-2 as shown by the micrograph in Figure 14c. 

At this current density, the surface consists of hemispheres of 

ca. 1300 A diameter, and elongated features that range from 2200 to 

2600 A in length. These two types of features are present in 

approximately equal amounts. No three-dimensional growth is observed at 

this rate, and the reformed Ag is spread uniformly across the surface. 

The Ag reformation appears more random and does not occur only along 

pronounced surface pits and cracks. 
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Figure 14d shows a micrograph of a Ag electrode subjected to an 

anodic current density of 18 mA cm"2 and a cathodic current density of 

20 mA cm"2. The surface concentration of roughness features on this 

surface has risen to 54 nodules iim~2. Small hemispheres of ca. 1000 A 

diameter predominate. The elongated features ca. 1800 A long make up 

less than one-half of the Ag deposits. There exists virtually no 

three-dimensional growth, and the surface concentration of roughness 

features and interfeature distance are greater than that in Figure 14c 

for a slower rate. An increase in both the concentration of roughness 

features and the interfeature distance is explained by the smaller 

nodule size. 

In general, these data suggest that increasing interfeature 

distance, increasing surface concentration of roughness features, and 

smaller nodules coincide with increasing ORG rate. Furthermore, surface 

pits and cracks appear to provide Ag deposition sites for all ORG rates 

examined. It should be noted, however, that at greater ORG rates, 

deposition becomes more random and does not occur only at pronounced 

surface pits and cracks. 

Surface morphological information from micrographs of electrodes 

roughened over the sane range of current densities for which SERS 

experiments have been performed is presented in Table 2. The results 

confirm that increased ORG rates correspond to an increase in surface 

concentration of roughness features and interfeature distance and a 

decrease in nodule size. At low rates, large elongated nodules 
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Table 2: Ag Surface Morphological Data from SEM as a Function of Anodic 
Current Density for a Symmetric Double Potential. Step ORC 

Average 
Nodule Width (nm) Interfeature 

Ja (mA cm-2) Largest Smallest Average Distance (nm) e (nodules pm'^) 

1.0 370 110 190±20 Clustered 3d Growth 

3.5 300 75 160±10 CI ustered 3d Growth 

5.3 520 70 180±20 Clustered 3d Growth 

6.6 390 75 150±10 30±10 21 

9.8 260 75 130±10 39±13 33 

12 210 60 140±10 41±6 44 

15 210 50 100±5 51±6 54 

18 180 40 100±10 62±5 54 
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predominate that tend to form clusters with large, barren patches of 

electrode surface that separate them. In addition, three-dimensional 

type grov/th out into solution occurs. At higher rates, the nodules are 

significantly smaller, predominantly hemispherical, distributed more 

evenly across the surface, and demonstrate no three-dimensional growth. 

The morphological data pertaining to reformed silver in Table 2 

is presented as a function of anodic current density, because it is 

believed that the rate of oxidation dictates the surface morphology in a 

symmetric double potential step ORG. Two types of experiments were 

performed to test this hypothesis. First, single potential step 

oxidations were carried out over the same range of current densities for 

which SERS experiments had been performed and scanning electron 

micrographs were obtained. 

A micrograph of an electrode subjected to a single potential 

step at an anodic current density of 0.61 mA cm-2 is shown in 

Figure 15a. Clusters of AgCl cubic features ca. 7200 A in width 

separated by large barren patches of Ag electrode predominate. These 

clusters exhibit three-dimensional growth into the solution. Also, 

large single cubic features ca. 12,000 A in width are intermingled with 

the clusters. These single features demonstrate significantly greater 

three-dimensional growth than do the clusters as indicated by the 

contrast. This conclusion is drawn, because features on a micrograph 

that appear much brighter than others protrude much further from the 

surface. A two-dimensional surface concentration of AgCl cannot be 



Figure 15. Scanning electron micrographs of Ag 'electrodes subjected to 
single potential step oxidations. The calibration bar repre 
sents a distance of 5 ^m in a) and b), and 1/tm in c) and d). 

a) j(a) = 0.61 mA cm-2, magnification 6,000 X; 
b) j(a) = 2.1 mA cm~2, magnification 6,000 X; 
c) j(a) = 12 mA cm-2, magnification 18,000 X; 
d) j(a) = 17 mA cm-2, magnification 18,000 X. 
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Figure 15.a. j(a) = 0.61 rnA cm-2, magnification 6,000 X; 
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Figure 15.b. j(a) = 2.1 rnA cm-2, magnification 6,000 X; 
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Figure 15.c) j(a) = 12 rnA cm-2, magnification 18,000 X; 
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Figure 15.d) j(a) = 17 rnA cm-2, magnification 18,000 X. 
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determined because of the depth of the formations. Surface scratches 

from electrode polishing and pits in the surface formed during the 

anodic dissolution process are sites for the deposition of AgCl. 

^ micrograph of a silver surface oxidized at 2.1 mA cm-2 is 

shown in Figure 15b. The formation of AgCl clusters is not as 

pronounced as in Figure 15a. Nevertheless, three-dimensional growth is 

significant enough such that a two-dimensional surface concentration 

cannot be determined. The surface consists of cubic features ca. 5600 A 

and less numerous hemispheres of ca. 3400 A diameter. The large 

protruding single features observed at slower oxidation rates are not 

seen here. Deposition appears to occur at surface pits and scratches, 

although not as predominantly as in Figure 15a. 

An increase in anodic current density to 12 mA cm-2 yields AgCl 

nodules that appear to be more hemispherical and more evenly distributed 

across the surface as shown by the micrograph in Figure 15c. The 

two-dimensional surface concentration of AgCl roughness features is 

15 nodules ym-2. At this oxidation rate, three-dimensional growth is no 

longer observed. The surface consists of hemispheres of ca. 1700 A 

diameter and larger cubic features that range from 3000 to 4000 A in 

width, that are present in approximately equal amounts. The AgCl 

deposition appears more random and does not occur only along pronounced 

surface pits and cracks. 

The micrograph in Figure 15d is of a Ag electrode oxidized to 

form AgCl at a current density of 17 mA cm-2. The surface concentration 
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of roughness features has risen to 18 nodules ym"2. Small hemispheres 

of ca. 1500 A predominate. Much larger cubic features ca. 3100 A wide 

are present, but are few in number. The surface concentration of 

roughness features and interfeature distance are greater than that in 

Figure 15c. The tiny bright spots that appear on the AgCl nodules are 

Ag that formed while viewing the sample. At higher magnifications, the 

electron beam reduces the AgCl to produce Ag. 

Morphological information on these electrochemically fabricated 

AgCl surfaces is presented in Table 3. The dimensions of the AgCl 

features are larger than those of the corresponding reformed Ag features 

as indicated by the data in Tables 2 and 3. However, the trend in 

surface feature size with rate is the same for surfaces subjected to a 

full ORC and those subjected to oxidation only. Large AgCl nodules, 

clusters, and three-dimensional growth are observed at low oxidation 

rates for the oxidized Ag surfaces. As the rate is increased, smaller 

AgCl nodules, larger interfeature distances, and larger two-dimensional 

surface concentration of AgCl features are observed. In addition, the 

AgCl nodules are more evenly distributed at high oxidation rates. These 

data suggest that the oxidation rate plays the major role in determining 

the surface morphology of a silver electrode subjected to a symmetric 

double potential step ORC, 

A second type of experiment to verify the critical role played 

by oxidation rate was also performed. The effect of reduction rate on 

the surface morphology was determined by carrying out asymmetric double 
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Table 3: AgCl Surface Morphological Data from SEM as a Function of 
Anodic Current Density for a Single Potential Step Oxidation 

Average 
Nodule Width (nm) Interfeature 

jg (mA cm~2) Largest Smallest Average Distance (nm) 9 (nodules um~^) 

0.61 1200 340 720±50 Clustered 3d Growth 

2.1 860 340 560±40 Clustered 3d Grov/th 

4.8 630 170 330±30 Clustered 3d Growth 

9.3 310 170 270±10 110±25 13 

12 400 110 170±10 130±20 15 

17 310 110 150±10 160±20 18 

23 340 86 130±20 170±10 19 
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potential step ORCs in which the oxidation rate was kept constant and 

the reduction rate varied. Morphological data taken from micrographs of 

these surfaces are shown in Table 4. The electrodes in these 

experiments were oxidized at 12 mA cm"2, and the rate at which they were 

reduced was varied from 0.44 to 22 mA cm"2. This anodic current density 

is approximately midway between the upper and lower current limits which 

yield the extremes of surface morphology. Therefore, effects due to 

reduction rate should be revealed by these experiments. As the data in 

Table 4 suggest, the surfaces reduced at the slower rates have slightly 

larger roughness features than those reduced at all of the other rates. 

However, the surface morphology is largely independent of the reduction 

rate. The independence of surface morphology over nearly the entire 

cathodic current density range studied further supports the contention 

that the oxidation rate is primarily responsible for determining the 

surface morphology of a Ag electrode subjected to a double potential 

step ORC. 

The SEM data presented above clearly establishes the dependence 

of surface morphology on oxidation rate. Specifically, the average 

nodule size, interfeature distance, and two-dimensional surface nodule 

concentration change as a function of oxidation rate. Plots of average 

nodule size, average interfeature distance, and two-dimensional surface 

concentration as a function of oxidation rate are shown as Figure 16a, b, 

and c, respectively. 
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Table 4: Ag Surface Morphological Data from SEM as a Function of 
Cathodic Current Density at Constant Anodic Current Density* 

Average 
Nodule Width (nm) Interfeature 

jc (mA cm-2) Largest Smallest Average Distance (nm) e (nodules um"^) 

0.44 540 140 180±10 Low Aspect — 

2.1 360 140 160±20 60±10 22 

3.7 220 120 160±20 60±10 19 

5.2 210 100 150±10 60±10 21 

10 210 80 170±10 60±10 22 

16 180 80 150±10 55±5 23 

22 210 80 150±10 50±7 25 

*ja=12±2 mA cm"2 



Figure 16. Surface morphology as a function of Ag elecxtrode oxidation 
rate 

a) Average nodule width. 
b) Average interfeature distance, and 
c) Average two-dimensional surface nodule concentration 
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Figure 16.a. Average nodule width. 
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Figure 16.c. Average two-dimensional surface nodule concentration. 
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An understanding of the relationship between surface morphology 

and oxidation rate comes from consideration of the chemical mechanisms 

associated with the ORC process. Katan and coworkers have extensively 

studied the electrochemical oxidation of Ag to AgCl, and have proposed a 

mechanism that consists of the following steps (75): 

Ag + Ag"*" + e- (dissolution) (5) 

Ag"*" + (n+l)Cl" t AgCln+i (complex formation) (6) 

-n -n  
AgCln+l(a) • AgCln+l(b) (solution transport) (7) 

AgCln+1 * AgCl(s) + nCl" (deposition & growth) (8) 

It has been proposed that at lower oxidation rates, equation (8) is the 

rate determining step. Under these conditions, deposition takes place 

at energetically more favorable sites of continued AgCl growth. 

Consequently, the roughness features are large and develop outward into 

solution. The large elongated features seen in Figure 14a support this 

hypothesis. 

At faster oxidation rates, these researchers conclude that 

equation (7) is the rate determining step. The imposition of a "high 

rate" potential in the experiments reported here would decrease the time 

allowed for the solution transport step such that the number of AgCl 

nodules would increase. This reasoning would lead to the further 

conclusion that the nodules would be smaller and that the distance 

between them would increase. The micrograph in Figure 14d supports • 
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these results. The changes in surface morphology reflected by the data 

in Table 3 are consistent with equation (8) as the rate determining step 

at low rates and equation (7) as the rate determining step at high 

rates. Furthermore, if either equation (5) or (6) were the rate 

determining step, the amount of charge recovery of the reduction step 

might not be expected to approach 100%, because these solution AgClp+i 

species would have time to diffuse away from the surface into the bulk 

solution. This is clearly not the case since the charge recovered on 

the reduction portion of the ORG is equal to or greater than 97% of the 

charge passed during the oxidation portion. Furthermore, the high 

chloride ion concentration drives step (6), thereby making it unlikely 

that it would be the rate determining step. 

Jaenicke and coworkers (80) and Briggs and Thirsk (81) have 

proposed that the reduction of AgCl deposited on a Ag electrode surface 

takes place at the Ag/AgCl interface and at the AgCl grain boundaries. 

The independence of surface morphology with respect to reduction rate, 

as indicated by the data in Table 4, agrees with this reduction model. 

That is, no effects of solution transport are observed, except at an 

extremely low reduction rate. Therefore, it is the oxidation process 

that controls the surface morphology developed during the reduction 

process. Consequently, the SERS intensity depends on the rate at which 

the Ag electrode is oxidized. Hence, the surface morphology is quite 

uniform and can be predicted and controlled according to previously 

established electrochemical rate theory. 
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The relationship between electrochemical rate and surface 

morphology has been established. Therefore, the relationship between 

the ORC conditions and the resulting SERS intensity for specifically 

adsorbed Cl~ can be addressed. One issue that deserves comment is the 

question of whether or not the different ORC conditions produce surfaces 

of different surface areas. An increase in surface area would allow a 

higher population of CI" species to be adsorbed at the Ag surface. 

This, in turn, would allow a greater number of Raman scatterers to be 

sampled during the SERS experiment yielding a larger SERS intensity. 

The total anodic charge passed during all of the ORC pretreatments 

presented here was kept constant. Therefore, the surface area of the Ag 

surfaces should remain constant. Verification of this assumption comes 

from the underpotential deposition (UPD) of Pb monolayers onto the 

various Ag electrodes produced for the SERS experiments. Underpotential 

deposition of foreign metal monolayers is the formation of the monolayer 

on the substrate electrode at potentials positive of the reversible 

Nernst potential for the metal couple at which bulk deposition of the 

metal onto the monolayer occurs. A significant potential difference 

usually separates the underpotential and bulk deposition processes. 

This feature is shown by the cyclic voltammogram for the UPD of Pb onto 

a roughened polycrystalline Ag electrode from 

1.00 X 10-3 M Pb2+/0.1 M KCl in Figure 17. The surface area of the Ag 

electrode is calculated from the amount of charge required to strip the 

Pb monolayer from the Ag surface. In these calculations, a value of 
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Fiqure 17. Cyclic volt ammo gratfi of Pb UPD at a roughened polycrystal line 
Ag electrode in aqueous 1.00 x 10"' M Pb' and 0.100 M KCl; 
scan rate = 5 mV s"l. 
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310 yC cm"2 for the formation of a Pb monolayer was used as determined 

previously by Dickertmann, Koppitz, and Schultze (60). 

The results of UPD experiments in which the surface area of Ag 

electrodes subjected to double potential step ORCs giving a series of 

rates for which SERS experiments were performed are shown in Table 5. 

These data confirm the expectation that the surface area of the Ag 

electrodes remains reasonably constant and independent of the rate at 

which the ORC is performed. Small fluctuations in the electrode area 

are observed. However, these fluctuations are not large enough to 

account for the approximate two orders of magnitude difference in the 

SERS intensity measured for these electrodes as shown in Figure 12. 

These results clearly indicate that increased surface area is not the 

cause of the increased SERS intensity observed with an increase in ORC 

rate. 

The data presented in this report can be interpreted in terms of 

an electromagnetic model for SERS. Theories have been proposed for SERS 

which suggest that large electromagnetic fields associated with the 

oscillations of conduction band electrons of small metal particles or 

surface roughness features are, at least partially, responsible for the 

surface enhancement phenomenon (44,82). Furthermore, interaction 

between small metal particles due to the Coulombic fields of their 

electric dipole moments yields an even greater enhancement (83). 

Calculations of this effect predict an optimum distance between the 

small metal particles or roughness features of a particular size at 
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Table 5: Ag Electrode Surface Area by UPD of Pb as a Function of ORG 
Rate 

True 
Lead UPD Electrode 

Ja (mA cni-2) jc ("lA cm-2) Coverage (mC) Area (cm^) Roughness Factor* 

1.0 1.6 150±4 0.50 2.1 

3.fi 3.8 160±2 0.53 2.2 

9.9 9.8 180±4 0.60 2.5 

18 17 180±4 0.60 2.5 

25 22 140±0 0.47 1.9 

•Roughness factor calculated as ratio of true electrode area determined 
from Pb UPD to geometrical electrode area of 0.24 cm^. 
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which the maximun enhancement is obtained (83). In the limit of a 

two-dimensional concentration of roughness features on a flat dielectric 

medium, a relatively smooth surface is produced, and the enhancement 

decreases accordingly. It is important to note from Table 2 and 

Figure 16 that an increase in the surface concentration of roughness 

features for the surfaces studied here is accompanied by an increase in 

the interfeature distance and a corresponding increase in the SERS 

intensity. These data suggest that an electromagnetic enhancement 

mechanism may be responsible for the observed trends. 

Further evidence for the role played by electromagnetic 

enhancement in these data comes from consideration of the SERS intensity 

as a function of average nodule width as plotted in Figure 18. The 

nodule widths used in this plot were obtained from the working curve in 

Figure 16a, which provides a correlation to the SERS intensities as a 

function of anodic current density in Figure 13. Calculations based on 

electromagnetic theory for small, isolated Ag spheres of different sizes 

have been made previously by Kerker and coworkers (42). The physical 

model used to characterize Raman scattering of a molecule or ion 

at or near the surface of a spherical particle is based on a 

previously established model for inelastic luminescence by species 

embedded within such particles (94). 

The molecule or ion, treated as if it were an electric dipole, 

is located at some position, r, either on or away from the surface. The 

primary electric field, Ep, sensed by the Raman scatterer consists of 
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Figure 18. SERS Peak area of (Ag-CI) feature (• ) and calculated 
enhancement factor for a single, spherical Ag particle 
(Kerker and coworkers, reference 42) ( ) as a function of 
average particle diameter. 
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two components; that due to incident radiation, Ei (r,vo)t and that due 

to elastically scattered radiation from the particle, Es(r,Vo). (See 

equations 1 and 2 in Chapter 1.) Therefore, the observed Raman 

radiation, E, is comprised of Raman scattering, Er^t , caused by the 

incident radiation and of Er^s» caused by elastically scattered 

radiation from the particle. 

ER = ER,i + ER,S (9) 

Enhancements are obtained via a comparison of the calculated 

Raman signals in the presence and absence of the particle. The 

calculated enhancement factors as a function of Ag sphere diameter of 

these workers are also shown in Figure 18 for 514.5 nm excitation. Good 

agreement between the SERS intensities obtained on the electrochemically 

prepared, roughened Ag electrodes used in this study and the calculated 

enhancement for isolated Ag spheroids is evident in Figure 18. This 

coincidence between experimental data from electrochemically fabricated 

Ag surfaces and electromagnetic theory has not been previously 

established in the literature. However, these data clearly suggest that 

the ORG functions to fabricate Ag surfaces with defined morphologies 

which affect SERS intensities, at least in part, through electromagnetic 

enhancement. 

From a purely theoretical basis, it is difficult to predict what 

combination of nodule size, nodule surface concentration, and 

interfeature distance will produce the maximum enhancement. Previous 
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calculations on noninteracting Ag spheroids have demonstrated that the 

field enhancement decreases rapidly as the size of the spheroid 

increases (42,84). As discussed above, the data presented in this 

thesis are consistent with these calculations. However, correlations 

between these data and calculations on the interaction between surface 

roughness features is, unfortunately, not as straightforward. Metiu has 

suggested that surface nodules in close proximity form a grating, 

thereby yielding a smaller enhancement than a single, segregated surface 

feature (85). However, an optimal distance between surface roughness 

features is known to produce an increase in the surface enhancement due 

to interaction between the enhanced electric fields of each feature. 

Therefore, the effect of interaction between nodules would be to 

maximize the enhancement for a "low" concentration of surface roughness 

features. The enhancement would decrease if the roughness features were 

brought too close together to form, in Metiu's terminology, a grating. 

The term low concentration implies a greater internodule 

distance. The data in Table 2 suggest that interaction between the 

surface roughness features is important in electrochemical SERS. The 

surfaces that give rise to the largest SERS intensity are those 

possessing the largest internodule distance. The sizes and shapes of 

the roughness features are also important considerations in 

understanding the response of these surfaces as discussed above. The 

enhancement factor may vary by as much as two orders of magnitude 

depending on the size and shape of the roughness features (42,85). A 



92 

critical feature of the data presented here is that the enhancement 

associated with roughness feature size and internodule distance cannot 

be differentiated by these experiments, because both parameters change 

with different ORG rates. 

One final feature of these experiments must be emphasized. The 

changes in SERS intensity have been associated with large scale 

roughness features only. However, the possible effects of "atomic" or 

small scale roughness features cannot be discounted, because the 

scanning electron microscope used for these experiments is unable to 

resolve features smaller than 400 A. It is conceivable that changes in 

surface roughness at this level also contribute to the results presented 

in this thesis. 

The Excitation Dependence of v(Ag-Cl) SERS 

A number of studies, both theoretical and experimental, of Raman 

excitation profiles for different molecules adsorbed on roughened metal 

surfaces have been carried out in order to identify SERS mechanisms 

(86-90). The SERS mechanisms that have been advanced, predict different 

dependencies on the excitation wavelength. The absorbates studied have 

included those that exhibit strong absorption in the excitation region 

examined (88,89,95), and those that do not, i.e. UV absorbers (86,89). 

The experiments are designed to determine the extent to which adsorbate 

resonance and surface resonance contribute to Raman enhancement. 

Unfortunately SERS excitation profiles do not lend themselves to 
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interpretation such that an unequivocal distinction can be made between 

surface and adsorbate resonance. 

The SERS intensity of adsorbed pyridine at a silver electrode 

increases with decreasing excitation frequency with a maximum between 

650 and 750 nm, depending on experimental conditions (86,89,96). This 

is markedly different from the dependence of normal Raman scattering 

intensity. Adsorbate resonance is an unlikely explanation of the 

pyridine excitation profile, because the longest wavelength electronic 

transition of pyridine occurs at 368 nm (97). Furthermore, Creighton 

and coworkers have obtained excitation profiles of Raman bands of 

pyridine, triphenylphosphine, and cyanide adsorbed at silver electrodes, 

and observe an increase in SERS intensity with increasing wavelength. 

The maxima in these profiles lie between 650 and 750 nm (89). The 

similarity of these profiles for species of significantly different 

electronic structures suggests that the excitation is primarily of the 

metal surface and not of the adsorbed species or a complex formed by 

chemisorption. 

In contrast to the little correlation between species identity 

and excitation profile cited above, Weitz and coworkers, in their SERS 

studies of the dye rhodamine 6G adsorbed to silver-island films, show a 

direct correlation between the SERS excitation spectrum and the rhoda

mine 6G absorption spectrum (88). Similarly the SERS excitation profile 

of ruthenium red {Ru302(NH3)i4}6+ closely resembles its solution reso

nance Raman profile (89). Indeed, the results of the studies cited 
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above suggest that there are both physical and chemical effects on the 

observed excitation profiles, and that the chemical effects will differ 

in magnitude for different adsorbates. The total surface Raman enhan

cement, therefore, consists of a surface electromagnetic field enhan

cement and a variety of chemical effects whose nature and magnitude are 

dependent on the identity of the adsorbate. 

Preliminary studies of the excitation profile of v(Ag-Cl) were 

carried out to provide further insight into the electromagnetic effects, 

and to detect possible chemical effects correlated to the various 

electrochemically-controlled electrode surface morphologies discussed in 

the previous section. An adsorbate resonance effect similar to that 

observed for ruthenium red or rhodamine 6G would not, as a first 

assumption, be expected, because the absorption coefficient of pure AgCl 

is <10"2 at wavelengths greater than 450 nm (91). However, a chemical 

resonance effect involving "active sites" or "adatoms" must be 

considered. Active sites are thought to be either a single metallic 

atom or a cluster of metallic atoms which form a chemical bond with the 

adsorbate. The active site-adsorbate complex can have energy levels 

that do not exist for the bulk metal or the free adsorbate. Therefore, 

excitation profiles obtained at electrodes whose surface morphologies 

vary can provide information about physical and chemical mechanisms of 

enhancement. 

The electrode pretreatment consisted of a double potential step 

ORG that was discussed in detail in the previous section. SERS spectra 

were acquired after ORCs in which the anodic current densities were 2.9, 
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11, 19, 27 and 34 mA cin-2 that, from Figure 16a, correspond to average 

nodule widths of 177, 121, 90, 76 and 70 nm, respectively. SERS spectra 

were acquired at 4579, 4765, 4880, 5017, 5145, 5929, 6048, 6151 and 

6210 A excitation for each of the electrode surface morphologies 

described above. All spectra were obtained at an applied potential of 

-200 mV vs. Ag/AgCl. All other experimental details can be found in 

Chapter 2. 

The v(Ag-Cl) excitation profiles obtained at various surface 

morphologies are shown as Figures 19a-e, respectively. The data in the 

region from 4500 to 5200 A were obtained using Ar+ laser lines. The 

large gap between 5200 and 5900 A marks the region between the Ar+ lines 

and the useful lasing output of Rhodamine 66. In general, the 

excitation profiles of these two regions can be described as oscillatory 

for all the morphologies studied. The most notable deviations are 

observed at the morphological extremes. At nodule widths of ca. 180 and 

70 nm, SERS is not observed at 4579 A. Furthermore, the dip in the 

profile at 4880 A for the 180 nm nodule surface is not as pronounced as 

those observed at 4880 A for the other profiles. Oscillatory behavior 

is also observed in the region from 5900 to 6250 A. However, the 

magnitudes of these oscillations are much greater than those observed in 

the blue region. The magnitude of the oscillation in the red region 

increases with decreasing nodule width until ca. 76 nm, at which point 

the oscillation magnitude decreases with decreasing nodule size. 

Because of the preliminary nature of these data, the oscillatory 

boundaries discussed here should only be considered approximations. 



Figure 19. SEKS peak area of •O(Ag-Cl) feature as a function of 
excitation wavelength. Average surface nodule widths are 

a) 177 nm; 
b) 121 nm; 
c) 90 nm; 
d) 76 nn; 
e) 70 nm. 
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Figure 19.a.  177 nm. 
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Figure 19.b.  121 nm. 
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Figure 19.c .  90 nm. 
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Figure 19.d.  76 nm. 
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Figure 19.e .  70 nm. 
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An electromagnetic enhancement mechanism, as opposed to an 

adsorbate enhancement, does not provide an adequate explanation for the 

oscillatory behavior of the excitation profiles, nor for the lack of 

profile change as roughness feature size is varied. No agreement is 

found between these excitation profiles and the reflectance of Ag as 

a function of incident wavelength as there is for pyridine on a Ag 

electrode. The excitation profiles reported in this thesis show no 

correlation with the optical properties of a Ag surface. 

Furthermore, consideration of the surface roughness features, within the 

framework of an electromagnetic enhancement, does little to explain the 

experimental results observed here. 

It is important, when discussing the enhancement of roughness 

features, to differentiate between large (>10 nm) and atomic-scale 

(<10 nm) sizes. Barber and coworkers have carried out electromagnetic 

calculations of the electric fields on the surfaces of both larye and 

atomic scale Ag spheroids in water (84,98). The calculations for large 

scale roughness predict that an increase in feature size should be 

accompanied by a significantly reduced enhancement, a much broader and 

asymmetrical excitation profile with a maximum at longer wavelengths, 

and the appearance of a pair of sharp excitation peaks located in the UV 

and violet regions of the spectrum. The excitation profiles presented 

here may be interpreted as having two maxima; one in the blue-green and 

the other in the red. However, to interpret the excitation profiles in 

terms of an electromagnetic enhancement which can be attributed to large 
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scale roughness would be a serious error because of the absence of a 

broad maximum in the red and the lack of proximity of the "two maxima". 

The interpretation of the excitation profiles in terms of an 

electromagnetic enhancement attributed to atomic scale roughness features 

is even less satisfying. Electrodynamic calculations predict a sharp 

single enhancement peak located in the blue-green whose intensity and 

position will vary with feature size. The greatest enhancement reported 

in this work is in the red. Nevertheless, the most striking indication 

of the contribution of an enhancement mechanism other than an 

electromagnetic one is the absence of a significant variation in the 

excitation profiles with change in electrode surface morphology. 

Theoretical excitation profiles based on electromagnetic calculations 

are critically dependent upon surface roughness feature size. Clearly, 

enhancements other than those that originate from an electromagnetic 

mechanism must be explored. 

The interpretation of the excitation profiles reported in this 

thesis in terms of a chemical effect deserves consideration. A review 

of some of these chemical mechanisms can be found in Chapter 1. 

Unfortunately, the SERS chemical enhancement mechanisms are less 

amenable to such quantitative theoretical treatments as are the 

electromagnetic mechanisms. Therefore, extensive experimental results 

will probably be necessary to formulate proper interpretations. A study 

of the chemical effects of atomic scale roughness features should be 

pursued. Initial experiments should include excitation profiles of 
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adsorbates whose chemical properties differ markedly. The profiles 

should be obtained for a range of surface morphologies. A comparison of 

the wavelength responses for such adsorbates as pyridine, ruthenium red 

and thiocyanate at various morphologies may provide insight to SERS 

chemical effects. 

A major obstacle in attempting to study the chemical effect of 

atomic scale roughness features is that they cannot be resolved by an 

SEM. Consequently, attempting to control atomic-scale surface 

morphology by an electrochemical ORG can be likened to working in the 

dark. A possible alternative would be carefully controlled vapor 

deposition of Ag islands on thin films that can be examined by 

transmission electron microscopy (TEM) which has resolution capabilities 

of approximately 1 nm. 

Conclusions 

A study has been performed in which the SERS intensity of the 

Ag-Cl" stretch is found to increase with increasing anodic current 

density up to a limit of approximately 14 mA cm-2, beyond which the SERS 

response is independent of oxidation rate. The ORG was carried out via 

a double potential step for which at least 97% of the charge passed 

during the oxidation step Is recovered during reduction. 

Chronocoulograms indicate that the current is constant during both 

portions of the ORG. 

Scanning electron micrographs of the electrode surfaces reveal 

different surface morphologies that are dependent upon the ORG rate. 
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At low oxidation rates, the roughness features are large, elongated, 

clustered, and grow out into bulk solution. Very weak SERS intensities 

are obtained at these low rates. As the oxidation rate is increased, 

the features become smaller, hemispherical and well separated from each 

other. Also, the two-dimensional surface concentration of roughness 

features and the interfeature distance increases. It is this latter 

surface structure that yields the most intense electrochemical SERS 

response. 

A relationship between the ORC rate and surface morphology has 

been shown to exist. Furthermore, it appears that the oxidation process 

determines the surface morphology, surface electronic structure, and 

SERS intensity subsequent to reduction. A correlation between SERS 

intensity and surface morphology has been interpreted in terms of an 

electromagnetic enhancement mechanism. Through electrochemical control 

of the rate of roughening, the surface morphology and surface electronic 

structure necessary for SERS can be regulated. 

The excitation dependence of v(Ag-Cl) SERS has been studied as a 

function of electrochemically-controlled electrode surface morphology. 

In general, the excitation profiles can best be described as oscillatory 

for all the morphologies studied, with the slight deviations occurring 

at the morphological extremes. An electromagnetic enhancement mecha

nism, as opposed to an adsorbate enhancement, does not provide a good 

explanation for the oscillatory behavior of the excitation profiles, nor 



for the lack of profile change as roughness feature size is varied. 

Further experiments need to be carried out to explore chemical enhan

cement mechanisms. 



CHAPTER 4 

THE EFFECT OF LASER ILLUMINATION DURING THE OXIDATION-REDUCTION 
CYCLE ON SURFACE ENHANCED RAMAN SCATTERING AT 

ROUGHENED SILVER ELECTRODES 

Review of PRC Laser Illumination 

The electrochemical effects of the ORC on SERS were discussed in 

the previous chapter. Here, a study of the effects of laser light wave

length and power density, incident upon the electrode surface during the 

ORC, is presented. The effect of laser illumination during the ORC upon 

the resultant SERS intensity has been previously reported (99-103). 

Common to all of these reports is the observation that greater SERS 

intensities are observed if the electrode is illuminated by laser light 

during the ORC. However, the mechanism by which ORC illumination 

produces an enhancement has not been unequivocally determined. 

Furthermore, disagreement exists over the morphological effects of 

illumination and the dependence of ORC wavelength and energy upon the 

resultant SERS intensity. 

The first report of a surface morphological effect resulting 

from ORC laser illumination involved a Q-switched Nd:YAG laser with an 

output wavelength of 1064 nm (104). Murphy and coworkers reported peak 

potential shifts in their voltammograms as a result of laser 

illumination. Devine and coworkers compared the surface morphology of 

silver electrodes subjected to an ORC with and without illumination 

106 
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using scanning electron microscopy (100). Electrode illumination was 

carried out with a He-Ne laser (632.8 nm) at a power density of 

approximately 10 W cm"2. They report that a visible surface mark 

appears on the electrode surface at the position of laser illumination. 

This position is reported to have a density of Ag surface nodules higher 

than the surrounding area as determined by scanning electron microscopy. 

Chen and coworkers have shown that ORG illumination at 514.5 nm produces 

surface morphological effects that depend upon the supporting 

electrolyte (102). In their study of pyridine and halide solutions, 

they report a surface morphological photoeffect only for KI solutions. 

Electrodes immersed in KI solutions exhibit anodic shifts in the 

reduction peak and a different electrode surface morphology if 

illuminated during the ORG. Moreover, 25% less charge is passed during 

reduction when illuminated. Chen's study was strictly electrochemical 

and does not include spectroscopic results that might be correlated to 

the electrochemical and surface morphological effects. 

A study complementary to that of Chen and coworkers of the 

effect of ORG laser illumination was carried out by Macomber, Furtak and 

Devine (101). They report the appearance of a surface mark which they 

attribute to ORG laser illunination which was carried out over a range 

1-40 W cm-2. This is the highest reported ORG illumination power 

density. SERS intensities of Pyridine, thiourea and water in various 

electrolytes (C1-, Br-, I- and SO4) under dark and laser illuminated ORG 

conditions are reported. They observed that spectra obtained from 
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electrode positions other than at the laser mark yield intensities ca. 

one-tenth of those obtained at the site of ORC illumination. The 

magnitude of the ORC illumination enhancement was found to be dependent 

upon the electrolyte. In particular, the enhancement of SERS intensity 

of the OH stretch mode in IM KBr due to ORC laser illumination was 10. 

In IM KI, the ratio was found to be 3. These results are not what one 

would expect based on Chen's findings that the greatest electrochemical 

and morphological effects from illumination were obtained in iodide 

solution. However, the assumption upon which Chen's study is based is 

that scattering enhancement brought about by laser illunination occurs 

as a result of macroscopic changes in the surface morphology. 

Maccmber and cov/orkers argue that the enhancement is due to 

microscopic surface structure. They suggest that the effect of ORC 

illumination is to photoreduce the silver halide, and in so doing, to 

generate more silver nuclei than are generated by electrochemical 

reduction alone. The process is analogous to the photographic effect. 

The silver halide precipitate formed during the oxidation portion of the 

ORC absorbs photons to create electron-hole pairs. The AgCl is 

essentially transparent to light of 514.5 nm. However, phonon-assisted, 

non-direct transitions are still possible for wavelengths greater than 

390 nm (105). The electron-hole pairs can recombine, or they can migrate 

and become trapped at dislocation sites whereupon they can combine with 

a silver ion to form a silver atom. This silver atom then acts as a 

site for further photoreduction of silver ions to form a silver cluster. 
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These clusters act as nucleation and growth sites during the 

electrochemical reduction of silver halide. This is essentially the 

same model of latent image formation used in silver halide photographic 

chemistry. 

To test the validity of the photoenhancement postulate, Macomber 

and coworkers studied a system involving a non-halide electrolyte. No 

enhancement of the C=S stretch mode of thiourea in sulfate electrolyte 

was observed following a laser illuminated ORC. However, an 

illumination enhancement did occur when the supporting electrolyte was 

iodide. The importance of the electrolyte was further demonstrated by 

carrying out the ORC without pyridine present. Pyridine was added 

subsequent to the ORC and an illumination enhancement was observed. 

Macomber and cov/orkers concluded that it is only the electrolyte, and 

not the Raman active species, that is part of the photochemical process 

that leads to a further SERS enhancement. 

A logical question raised by these studies is whether all SERS 

bands are.equally enhanced by ORC laser illumination. In other words, 

do selection rules exist for roughness features strictly associated with 

ORC illumination enhancement? Weaver and coworkers have addressed this 

question by studying the effects of ORC laser illumination on SERS of 

CI" and SCN- with 514.5 nm illumination (99). They found that the 

v(Ag-Cl) mode and v(CN) mode of SCN" were enhanced, but the SCN" angle 

bending mode was not. A followup experiment with laser illumination at 

647.1 nm resulted in an enhancement of v(Ag-Cl), but no effect on either 
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the v(CN) or angle bending SCN" modes. Illumination during the ORC with 

laser powers as high as 600mW (12 W cm"2) had no effect on SCN" 

scattering . Weaver also reports obtaining enhancement following 

illumination with focused light from a tungsten lamp. An increase in 

SERS intensity due to increasing ORC illumination power up to 500 was 

observed. They report that the effect saturates at powers greater than 

500 ntW. The conclusion drawn from these studies is that the ORC is 

sensitive to wavelength. Further, they suggest that the formation of 

SERS active sites during the illuminated ORC may be similar to latent 

image formation in silver halide grains exposed to light. 

An apparent drawback in the work described above, hov/ever, is 

that the results are convoluted, because the same wavelength is used for 

ORC illumination and SERS analysis. It was shown in the previous 

chapter that the SERS excitation profile is not flat. The correct way 

to isolate the effect of ORC illumination wavelength is to use a 

constant wavelength for SERS analysis. The ORC illumination experiments 

reported here were performed by varying the wavelength and power of 

laser illumination during the ORC but recording all SERS spectral 

analyses at 514.5 nm and 200 rrW. The experiments were done in this 

manner so as not to convolute an excitation profile with ORC 

illumination effects. 

Relationship of SERS Intensity and Surface Morphology 
to ORC Laser Illumination 

The first experiments to be discussed were carried out at an ORC 

illumination wavelength of 514.5 nm. A symmetric potential step ORC was 
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carried out such that j(a)=15. ± 0.3 tnA cni-2. This current density was 

chosen, because an appreciable SERS signal can be obtained even with a 

non-illuminated ORG at this rate. The electrode was illuminated during 

the entire ORG, after which the laser power was set to 200 mW for all 

analyses presented here. A delay time of perhaps 2 minutes passed 

between completion of the ORG and SERS sampling. This was the amount of 

time required to adjust the laser power following the ORG. Spectra were 

acquired and peak areas determined as discussed in Chapter 2. A plot of 

SERS intensity as a function of ORG power density is shown in Figure 20. 

The leftmost data point corresponds to a non-illuninated ORG. 

Increasing the ORG illumination power to 26 W cm"2 yields a steady 

increase in SERS intensity. Illumination powers greater than 26 VJ cm-2 

cause progressively weaker SERS signals. In fact, at powers greater 

than approximately 85 W cm"2, the SERS signal is less than that obtained 

with a non-illuminated ORG. Given that the ORG rate affects the 

morphology, which in turn affects SERS intensity, the effect of ORG 

illumination on electrode surface morphology needed to be examined for a 

possible correlation with the data in Figure 20. 

Scanning electron micrographs were obtained of illuminated 

electrode surfaces, four of which are shown in Figure 21. The 

micrographs were taken of electrodes subjected to power densities of 0, 

19, 26 and 38 W cm-2. The most striking observation is that there appear 

to be no significant differences in the large scale surface 

morphologies. The micrographs were taken in the same approximate area 

that was illuminated during the ORG. The exact illumination position 
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Figure 20. SERS peak area of -^(Ag-Cl) feature as a function of ORC 
power density for )s(ORC) = 514.5nm 



Figure 21. Scanning electron micrographs of Ag electrodes subjected to 
symmetric double potential step ORC's at j(a) = 8.0 mA cm-2 

and j(c) = 15 mA cm-2, j^e calibration bar represents a 
distance of IvJn. Magnification is 37,000 X. Illumination 
power densities at 514.5 nm are: 

a) 0 W cm-2; 
b) 19 W cm"2; 

c) 26 W cm-2; 
d) 38 W cm"2* 
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Figure 2l.a. 0 W cm-2. 
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Figure 21.b. 19 W cm-2. 
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Figure 21.c. 26 W cm-2. 
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could not be determined based on the morphology because of its 

uniformity over the entire electrode surface. By placing a small pen 

mark at the position of ORG illumination, it was possible to 

subsequently locate the illumination area when carrying out scanning 

electron microscopy. The morphological characteristics of these 

surfaces are more quantitatively presented in Table 6. The data showed 

no significant variation in nodule width, average interfeature distance 

or nodule surface concentration. The experimental evidence indicates 

that the large scale surface morphology is controlled by the 

electrochemical and not the photochemical parameters. 

The above findings imply that the illuminated ORG enhances Raman 

scattering through microscopic surface features. The absence of large 

scale surface morphological photoeffects support the postulate of latent 

image formation proposed by Macomber, Weaver and others. However, 

another possible source of enhancement is the localized heating of the 

electrode during illumination. Experiments carried out by von Gutfeld 

(106) and Romankiw (107) have shown that the kinetics of electrochemical 

plating are significantly increased by laser illumination, and that this 

enhancement is due primarily to the heating of the electrode substrate. 

Their major findings are that laser energy is absorbed by the electrode-

electrolyte interface. Consequently, there is a shift in the rest 

potential, an increase in the charge transfer rate, strong microstirring 

of the solution due to thermal gradients, and strong local boiling due 

to high laser power densities. Back illumination of the electrode 
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Table 6: Ag Surface Morphological Data from SEM as a Function of Laser 
Power Density for a Double Potential Step ORG 

Nodule Width (nm) Average 
Interfeature » 

Pore {W/cm2) Largest Smallest Average Distance (nm) 9 (nodules/pm^^ 

0 180 55 110 55 36 

13 180 55 100 55 30 

19 180 55 100 45 32 

26 170 40 100 45 35 

32 170 55 110 55 25 

38 260 55 110 55 30 

ja=8.0 ± 0.5 mA/cm^ jc=15 ± 1 mA/cm^ 
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yields the same current enhancement as does front illumination, thereby 

excluding the possibility of a photocatalytic effect. They postulate 

that the increased rate of electrodeposition is due to a temperature 

shifted normal potential and double layer solution agitation caused by a 

large thermal gradient at the electrode-electrolyte interface. Von 

Gutfeld reports rate enhancements from 600 to 1000 for nickel 

electroplated on tungsten. There is justification, therefore, to regard 

a thermal effect as a possible cause of illuminated ORG enhancement. 

SERS Response as a Function of PRC Laser Illumination Wavelength 

A way to differentiate between thermal and photoeffects is to 

vary the wavelength of the ORG illumination while keeping the 

illumination power density constant. This method can only be valid if 

the amount of energy absorbed by the electrode material is independent 

of wavelength. Given that the absorption coefficient of pure AgCl is 

<10"2 at wavelengths greater than 450 nm (91), the assumption is made 

that for a constant power density in the visible region heating will be 

both low and independent of wavelength. If the enhancement is due to a 

thermal effect, a family of SERS intensity versus laser power profiles 

for a variety of wavelengths should be identical, whereas a photoeffect 

would result in variations as a function of wavelength. To test this 

hypothesis, experiments were carried out in which ORG illumination was 

provided at discrete wavelengths between 457.9 nm and 621.0 nm at 

various powers. All Raman analyses subsequent to these ORCs were 

carried out with 514.5 nm excitation at 200 ml\l. The experimental 

parameters are discussed in Chapter 2. 
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Plots of SERS intensity as a function of power density for ORC 

illumination at 457.9, 488.0, 496.5, 592.9, 604.8, 615.1, and 621.0 nm 

are shown in Figure 22. The SERS response is clearly dependent upon ORC 

illumination wavelength. Low wavelength ORC illumination at low power 

densities provide the greatest enhancement. In fact, of all the data 

presented in this thesis, illumination during the ORC with 3 mW of 

488.0 nm light provided the most intense SERS. The profile at 514.5 nm 

is similar to those at lower wavelengths except that the maximum 

enhancement occurs at a lower power density for lower wavelengths. The 

profiles obtained at 592.9, 604.8, 615.1 and 621.0 nm do not resemble 

those obtained at blue and green wavelengths. The red wavelength 

profiles have no pronounced maxima and the illumination enhancement is 

significantly less than that obtained at lower wavelengths. The 

fluctuations in the red wavelength profiles are not significant enough 

to assign any importance to them. 

These results differ from those alluded to by Barz and coworkers 

(99). They report preliminary results from two laser experiments that 

are seemingly identical to those reported in this chapter. They state 

that ORC illumination enhancement is greatest with yellow light. They 

show no data to support this claim and cite the work as being in 

preparation. To the best of my knowledge they have never published the 

full study. Consequently, it is difficult to make a critical comparison 

of both the results and experimental methods. 

The data indicate that the ORC illumination enhancement is 

wavelength dependent and energy independent. The enhancement from ORC 
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Figure 22. SERS peak area of -OlAg-Cl) feature as a function of ORG 
power density for X(ORC) at: 

a) 457.9 nm; 
b) 488.0 nm; 
c) 496.5 nm; 
d) 592.9 nm; 
e) 604.8 nm; 
f) 615.1 nm; 
g) 621.0 nm. 
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Figure 22,b. 488.0 nm. 
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Figure 22.c. 496.5 nm. 
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Figure 22.d. 592.9 nm. 
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Figure 22.e. 604.8 nm. 
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illumination with 488.0 or 514.5 nm light is ca, 3 times greater than 

that obtained from illumination with yellow or red light. Furthermore, 

lower illumination powers provide greater enhancements at lower 

wavelengths. The sensitivity of the ORG to blue and green illumination 

supports the latent image formation postulate. That is when an ORG is 

carried out under laser illumination, the electrochemical growth of 

silver occurs preferentially at the many photochemically produced silver 

nuclei. Gonversely, the ORG appears to be relatively insensitive to 

yellow and red wavelengths, A strong conclusion can be drawn that the 

enhancement is a photoeffect and not a thermal effect. 

Localized Enhancement 

Macomber and coworkers report that SERS obtained from electrode 

positions other then at the "laser mark" yield scattering intensities 

ca. one-tenth those obtained at the site of ORG illumination. Given the 

uniformity of the large scale surface morphology of an electrode 

illuminated during the ORG, a variation in SERS intensity as a function 

of electrode position may be related to differences in microscopic 

roughness features in the presence and absence of illumination during 

the ORG. Controlled movement of the electrode was easily carried out by 

the X-Y-Z-0 translator. 

A potential step of ± lOOmV versus Ag/AgCl with corresponding 

current densities of j(a)=2.8 mA cm-2 and j(c)=10. mA cm-2 was carried 

out under 200mW illumination of 514.5nm light. The amount of charge 

passed was 20 mG cm-2. Analyses were performed with 200iiW laser power 

at the sample. After an illuminated ORG, the electrode was moved 



laterally along the X axis, parallel to the plane of the collection 

optics, thereby keeping the angle of incidence and collection constant. 

SERS intensity measured at 241 cm~l as a function of both time and 

electrode position is shown in Figure 23. The SERS intensity recorded 

between 0 and 105s was measured at the approximate center of the 

electrode, the position illuminated during the ORG. The signal remains 

constant during that time span. At the 105 s point the cell and 

electrode were moved with the X translator such that the laser beam was 

incident upon the left edge of the electrode. A significant change in 

SERS intensity occurs as a result of sampling at an electrode position 

that was not under direct illumination during the ORG. The SERS signal 

falls to a level 30% of that at the site of illumination. The cell was 

then translated such that the laser beam was incident upon the right 

edge of the electrode. The SERS signal remains at this reduced level at 

all positions other then that of ORG illumination. The spikes at 300 

and 500 s correspond to the laser impinging on the illumination site. 

Beginning at 600 s the electrode is moved in steps back to the original 

site of ORG illumination. The exciting laser beam is moved very near to 

the ORG site at 408 s, and the signal is roughly two-thirds that at the 

ORG site. Full signal intensity is recovered as the exciting beam is 

returned to the ORG position. The enhancement is clearly specific to 

only that portion of the electrode that was illuminated during the ORG. 

A selective enhancement of only that position on the electrode 

that was illuminated during the ORG is in agreement with the results of 
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Macomber and coworkers who found that SERS signals were 10 times greater 

at the point of ORC laser inumination than at any other position on the 

electrode surface (101). The absence of an ORC laser mark on the 

electrode surface suggests that the experimental procedures of Macomber, 

Furtak, and Pevine and those used here may be sufficiently different as 

to make a direct comparison of our results problematic. Nevertheless, 

the exclusion of the illumination enhancement to the ORC illumination 

site is consistent with the photo-mechanism postulated by Macomber. A 

localized enhancement, it is argued, supports the postulate of a 

photoeffect through a latent image formation mechanism by direct 

illumination. 

Conclusion 

The data presented in this chapter strongly suggest that the 

enhancement from ORC illumination is due to a photoeffect and confirms 

the results of previous investigations of ORC illumination. This study 

goes beyond previous investigations in that it quantitates the effect of 

illumination wavelength and power density on the resultant SERS signal. 

The SERS intensity - power density profiles are clearly wavelength-

dependent. Moreover, a fixed ORC power density for a given wavelength 

does not yield the same SERS enhancement. A better understanding of the 

illumination enhancement mechanism could be gained by carrying out 

experiments in which the electrode is illuminated during selected 

portions of the ORC. The resultant SERS enhancements would reveal that 

point in the ORC at which the enhancement is realized. On a more 
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practical note, it would provide insight for the development of optimal 

roughening procedures for greater sensitivity.. This is of great 

importance when trying to study materials that are not as Raman active 

as pyridine. 
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