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m Abstract Over the past three decades, surface-enhanced Raman spectroscopy
(SERS) has gone through a tortuous pathway to develop into a powerful surface di-
agnostic technique for in situ investigation of surface adsorption and reactions on
electrodes. This review presents the recent progress achieved mainly in our labora-
tory on the improvement of detection sensitivities as well as spectral, temporal, and
spatial resolutions. Various surface roughening procedures for electrodes of different
metals coupled with maximum use of a high-sensitivity confocal Raman microscope
enable us to obtain good-quality SER spectra on the electrode surfaces made from net
Pt, Ni, Co, Fe, Pd, Rh, Ru, and their alloys that were traditionally considered to be
non-SERS active. A novel technique called potential-averaged SERS (PASERS) has
been developed for the quantitative study of electrochemical sorption. Applications
are exemplified on extensively studied areas such as coadsorption, electrocatalysis,
corrosion, and fuel cells, and several advantages of in situ electrochemical SERS are
demonstrated. Finally, further developments in this field are briefly discussed with
emphasis on the emerging methodology.

INTRODUCTION

The structure and dynamics of electrode/liquid interfaces play an increasingly im-
portant role in electrochemistry. Ramifications of the subject matter extend into ar-
eas as diverse as batteries, fuel cells, material corrosion, clean technology, semicon-
ductor processing, electric synthesis, conversion and storage of solar energy, and
biological electron transfer processes (1-3). Conventional electrochemical meth-
ods have reached their limitin meeting the growing requirements of characterizing
complex and sophisticated systems, for example, those related to advanced mate-
rials and life sciences. Since the 1980s there have been remarkable developments

0066-426X/04/0601-0197%$14.00 197



198

TIAN = REN

of nonelectrochemical techniques to gain more mechanistic and dynamic informa-
tion on electrochemical interfaces at the molecular (and/or atomic) level by the in
situ mode (1, 4-6). Vibrational spectroscopic methods such as infrared (IR) (7, 8),
Raman (9-11), and sum frequency generation (SFG) have been widely employed
to identify the molecules and the nature of the chemisorption bond (12, 13). Sec-
ond harmonic generation (SHG) (13, 14) and electroreflectance spectroscopy (15)
in the visible and UV ranges have provided information about the orientation of
adsorbed molecular overlayers, as well as on states, composition, and structure of
electrode surfaces. X-ray absorption spectroscopy, particularly that coupled with
a synchrotron source, has been employed to determine the coordination numbers
of adsorbed species, the substrate-adsorbate bond lengths, and surface structures
(16). Scanning probe microscopy (SPM) has provided much information concern-
ing the microstructure and surface dynamics of both electrode and surface species
(17, 18). Neutron reflectometry (NR) as a relatively new technique has been ap-
plied successfully in determining the detailed structure of monolayers and bilayers
of surfactants as well as thin organic films deposited at the electrode/solution in-
terface (19, 20). These impressive advances have been accompanied by parallel
progress in quantitative electrochemical investigations based on thermodynamic
measurements of capacitance, charges, and surface stresses (21, 22). Thus, the
basic data such as adsorption isotherms and free energies of adsorption for adsor-
bates can be correlated with the spectroscopic results (3, 23). As a result, combined
developments, especially in the past decade, culminate in producing a wealth of
excellent information leading to a better understanding of the complexity of inter-
facial electrochemistry.

It should be pointed out that each technique alone has its strengths and limi-
tations in the study of a certain electrochemical system. The detection sensitivity
and resolution are two very important criteria for comparing these techniques in
terms of their capability in providing high quality information from interfaces.
The resolution can be further classified into energy-resolution, spatial-resolution,
and time-resolution. For this purpose, a brief comparison of several widely used
techniques in electrochemistry is listed in Table 1. As shown in the Table, the
detection sensitivity is the most important issue because only an extremely small
quantity of species providing meaningful information is present at the surface
in comparison to an overwhelmingly large amount of the same species existing
in the bulk solution. Existing electrochemical techniques generally have a very
high sensitivity capable of detecting a molecular or atomic change in the inter-
face at the submonolayer quantity. However, they have a poor time resolution at
milliseconds unless microelectrodes or ultra-microelectrodes are used. The latter
may be capable of reaching a resolution up to microseconds or even nanoseconds.
Moreover, their energy-resolution is even poorer at around 10 In contrast,
in situ vibrational spectroscopy has a much higher energy-resolution, the spectral
resolution of which can easily achiewel cn?, which is equal to about 16 eV
with excitation in the visible light region. Such a powerful technique is capable of
providing much more detailed structural information, for example, to qualitatively
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TABLE 1 A comparison of the sensitivity, and energetic, time and spatial resolution of
electrochemical methods, Raman spectroscopy and scanning tunneling microscopy (STM)
in practical electrochemistry study

Electrochemistry EC-Raman spectroscopy EC-STM

Sensitivity Submonolayer Submonola¥er Submonolayer
Energetic resolution 16V 104 eV(~1cnrhP STS is not availabfe
Spatial resolution amd 1um 1A

Time resolution 10%s 108103 ¢ 0.049

awith the surface-enhanced Raman spectroschpith excitation in the visible light®scanning tunneling spectroscopy;
although inelastic electron tunneling spectroscopy provides higher resolution at about 0.05 eV at very low temperatures
(several Kelvin), it is not practical for electrochemistiwith the use of scanning electrochemical microscépyth the use

of pulsed laserd0.04 s per STM image.

determine surface bonding, conformation, and orientation; these in turn, provide
new and powerful insights into various electrochemical interfaces.

Raman spectra can be obtained by using excitation ranging from ultraviolet
(UV)tonear-IR energies. Water, the mostimportant solventin electrochemistry,isa
very weak Raman scatterer and has almost no absorption in the visible light region.
More importantly, Raman spectroscopy can be conveniently applied not only to
in situ measurements of solid-liquid interfaces in fundamental as well as practical
studies (9—11), but also to the porous and rough surfaces with high surface areas
that are very difficult to study using many other surface techniques. Furthermore,
Raman spectroscopy has a wide spectral window (5'cm 4000 cnt?), and
requires neither complicated sample preparations nor special cell materials. All
these advantages make Raman spectroscopy a more convenient and powerful tool
for analysis of an electrode/aqueous solution interface. However, this promising
technique for interfacial electrochemistry has encountered difficulties due to its
intrinsically low-detection sensitivity. Since the cross section of a molecule for
the Raman process is about®ldnd 134 times smaller than those of infrared
and fluorescence processes, respectively (11), the intensity of typicaifytd.0
1019 of the incident photon flux is not sufficient to detect surface adsorbate with
(sub)monolayer coverage.

The first in situ Raman spectroscopic study on an electrochemical system was
reported by Fleischmann et al. (24) in 1973 on thin,Elg, Hg,Br,, and HgO
films formed on mercury droplets electrodeposited on platinum electrodes. These
compounds have exceptionally large Raman scattering cross sections (i.e., very
good Raman scatters) so that a signal from a species as little as a few monolayers
could be detected on a high-surface-area electrode. The experiment proved the
viability of in situ Raman spectroscopic measurements under electrochemical en-
vironments. Soon after, Van Duyne and coworkers (25) obtained Raman signals
of electrochemically generated radical ions both in the bulk electrolyte and the
diffusion layer. As the normal Raman scattering was too weak to be measured for
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those species in the thin diffusion layer, they used resonance Raman spectroscopy
to enormously boost the detection sensitivity.

The landmark breakthroughin the development of electrochemical Raman spec-
troscopy was the realization of studies of adsorbed and reaction species at electrode
surfaces. In the mid-1970s, largely through the contribution of the groups of Fleis-
chmann and Van Duyne (26, 27), it was discovered that molecules adsorbed on a
specially prepared silver surface produce a Raman spectrum that is at times a mil-
lionfold more intense than expected. This effect was dubbed as surface-enhanced
Raman scattering (SERS) (28). This observation opened up a great opportunity to
design highly sensitive surface diagnostic techniques applicable to electrochemi-
cal, biological, and other ambient interfaces.

In spite of the fact that thousands of papers on SERS have been published,
the development of SERS into a widely used tool has been slow. For two decades
there had been two major obstacles hampering the development of electrochemical
SERS (EC-SERS¥irst, only three noble metals (Au, Ag, and Cu) provide the
large enhancement needed, which severely limited the range of SERS’s practical
applications. Whereas transition metals have much wider application in electro-
chemistry, they have been commonly considered as non-SERS-active substrates.
Second, the high SERS-active substrates normally suffer from instability, which
leads to poor reversibility during EC-SERS measurements. As a consequence, itis
difficult to quantitatively correlate the electrochemical data with SERS intensity.
Overall, SERS has not gained as wide usage as IR spectroscopy has in surface
science and electrochemistry.

This review aims to present our contributions in recent years: First, how to
extend SERS into a widely applicable and powerful technique, and second, to dis-
cuss broad applications of SERS to the study of electrode adsorption and reactions.
The review is organized in three sections as follows: In the first section, three ap-
proaches are described with emphasis on experimental methodology, such as how
to fully exploit the strengths and offset shortcomings of SERS as applied in surface
electrochemistry. In the second section, the SERS investigations on electrochem-
ical adsorption and reaction are presented with emphasis on spectral resolution,
temporal resolution, and/or spatial resolution. In the final section, prospects and
further developments in electrochemical SERS techniques are briefly discussed.
For readers interested in comprehensive aspects of SERS, excellent review articles
and special issues describing details of various aspects of the subject, including
single-molecule SERS, are recommended (28-32). There are also some excel-
lent reviews focused on the electrochemical applications of SERS prior to the
mid-1990s (9-11).

DEVELOPMENT OF ELECTROCHEMICAL SERS

Generating SERS Directly on Transition Metal Electrodes

Up until the mid-1970s, the biggest challenge to the development of EC-SERS
techniques was to generate SERS directly on transition metals because it was
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commonly accepted that transition metals were not SERS active. During the next
two decades, scientists devised various strategies to meet that challenge (33-36)
with limited success. The reported surface spectra were obtained either only under
optimal conditions or by data manipulation using a spectral subtraction method
even though these surface Raman signals were too weak to be investigated in detail.
Worse still, some results could not be repeated by other groups.

To bypass the aforementioned obstacle, Weaver et al. and Fleischmann et al.
independently developed a “borrowing SERS” strategy (37—40) by depositing an
ultrathin transition-metal layer over a SERS-active surface. With the aid of the
long-range effect of the electromagnetic enhancement (28—-31) created by the high
SERS-active substrate underneath, good-quality SERS spectra of adsorbates on
several transition metal films have been obtained. Recently, the pinhole prob-
lem of the ultrathin film has been overcome by Weaver and his coworkers us-
ing the “pinhole-free” tactic (41-48). However, this method still has the other
two problems: the stability of the film under vigorous electrochemical condi-
tions and the difference between the crystalline structure of the films and the
massive metals. Furthermore, the “borrowing SERS” strategy is based on the no-
tion that transition metals do not exhibit SERS. Apparently, these results did not
strongly support SERS viability and feasibility on pure massive transition metal
surfaces.

This notion has been turned around since the late 1990s. It was demonstrated
convincingly that SERS could be generated directly on the electrode surfaces made
from massive transition metals and their alloys (49-53). This advance was made
possible primarily owing to the development of various methods for fabricating
nanostructured surfaces and the optimization of confocal Raman microscope per-
formance (54-56).

From the SERS studies on Au, Ag, and Cu, it has been well known that a
necessary requirement for the presence of great surface enhancement is proper
surface roughness, or more exactly, nanostructured surfaces. Five SERS activation
procedures have been developed for different transition metals, i.e., potential-
controlled ORC (49), current-controlled ORC (57), chemical etching (50, 51),
electrodeposition (52), and template synthesis (58, 59). Figure 1 demonstrates the
distinct effect on the Raman intensity of pyridine adsorbed on Fe electrode surfaces
produced by surface roughening procedures. When the surface was mechanically
polished with fine-grade alumina powders of u&, the only Raman signal
registered was solely from both pyridine and water in the bulk solution as shown
in Figure Ja. This spectrum serves as the reference. The signal of pyridine adsorbed
on surfaces could be detected after the electrode was chemically etched in 2.0 M
H,SO, (Figure D). The signal intensity increased if the electrode was further
treated in a 0.5 M solution of $$0, by a double-step ORC (Figur&)l An even
more intense signal was obtained when an additional ORC was performed in situ
in a spectroelectrochemical cell prior to measurement. A broad band at around
240 cnr?! assigned to the Fe-N vibration can be clearly observed, as shown in
Figure M. This example reveals the importance of preparing appropriate surface
morphology for generating optimum surface enhancement. Using the template
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Figure 1 Surface Raman spectra of pyridine adsorbed on iron electrode surfaces
prepared by different roughening procedures in a solution of 0.01 M pyridine and 0.1
M KCI: (&) mechanical polishing chemical etchingri 2 M H,SOy; (c) ex situ ORC

in 0.5 M H,SOy by a double-step oxidation-reduction cycle (ORC) frerd.7 V to

—0.35 V where the potential was held for 15 s and then returned to —0.d) Vh (

situ ORC in 0.01 M pyridine+0.1 M KCl in the spectroelectrochemical cell prior to
measurement. The exciting wavelength was 632.8 nm.

synthesis method on the basis of anodic aluminum oxide films one can easily find
the optimum size and shape for creating maximum SERS (58, 59).

The success of obtaining SERS from transition metals is also helped greatly
by precise optical coupling of the electrochemical cell and a Raman instrument.
That allows one to take full advantage of high efficiency in collecting Raman
light by a confocal microscope; without the accurate coupling, the surface Raman
signals may not be detected at all (56). For example, the solution layer and quartz
window could substantially affect the light collection efficiency of the microscope
because the solid angle of the light collecting system is reduced and the image is
distorted (see Figure 2). As the thickness of the solution layer is increased from
about 0.2 mm to 2 mm, the Raman signal intensity decreases from 89% of the
maximum intensity to 35%, respectively (see Figuag Furthermore, as most of
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Figure 2 (@) Theinfluence of the thickness of the solution overlayer between the win-
dow and the working electrode on the Raman intensity &rd) (schematic diagrams

of the optical configuration of a confocal Raman microscope between the sample and
the objective; i) with a solution layer and the spectroelectrochemical cell covered
with a quartz window; €) with the objective wrapped with PVC film.

the electrolytes are corrosive, a cover glass or quartz window has to be employed
to protect the objective; unfortunately this results in a 50% loss of signal (see
Figure ). An alternative, and the best way we found to insulate the objective, is
to wrap it with a very thin and highly transparent polyvinyl chloride (PVC) film
(see Figure @); with this approach, the Raman signal suffers only a 10% loss.
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On the basis of the above improvements, we have been able to obtain good
quality surface Raman spectra not only on electrode surfaces made from many
transition metals, such as Pt, Ni, Ru, Rh, Pd, Co, Fe, and their alloys, but also over

a very wide electrode potential region (e.g., —2.0 .4 V). It is particularly

noteworthy that transition metals have been found to exhibit surface enhancement
ranging from one to four orders of magnitude (49-60). Presently, the molecular-

level investigation of diverse adsorbates at various transition metal electrodes can
be realized by Raman spectroscopy (49-60). The important adsorbates already

studied include CO, H, O, C| Br—, SCN-, CN-, pyridine, thiourea, benzene, ben-

zotriazole, and pyrazine (49-69). In the application section, we demonstrate the
virtues of surface Raman spectroscopy for yielding information on electrochem-
ical interfaces, e.g., those related to surface bonding, surface coverage, surface

composition, coadsorbate, and electrode potential.

Improving Potential Reversibility of SERS Activity

It is a common phenomenon that the higher the SERS activity is the worse its

signal stability. A typical example is that the SERS activity of an Ag electrode

irreversibly decreases with time and/or applied potential, especially in the potential
region where molecule desorption may occur. Taking the SERS measurement for

SCN~ adsorbed on an Ag surface as an example, one can see from Fajure 3
that the SERS intensity decreases significantly at —1.0 V from that at —0.2 V.

This intensity change is not quantitatively correlated to the electrochemical data

SERS PASERS — SERS = Difference
2082 X5
2119

2104 _‘,_,_/\,‘ 2082
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Figure 3 (a) SERS spectra of SCNadsorbed on a silver electrode at—-0.2 V, -0.6 V,
and —1.0 V, respectivelyb] PASERS spectrum of SCNby potential modulation
between —0.2 V and —1.0 V with a modulation frequency of 10 E)zZSERS spectrum
of SCN™ at —0.2 V. () Difference SERS spectra at —1.0 V by substractifigom b.
Solution is 0.1 M NaSCN- 8.0 M NaClIQ.
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at this potential where SCNis only partially desorbed from the surface. This
behavior has been interpreted as the decomposition followed by irreversible loss
of the unstable SERS-active sites, i.e., the surface nanostructure, such as ad-atoms
and ad-clusters (70). The surface-roughening procedure inevitably creates various
microscopic dimensions, such as ad-atoms, ad-clusters, kinks, and vacancies as
well as surface complexes. Because labile SERS-active sites need to be stabilized
by an adsorbate, partial desorption of SCBads to structural rearrangement and
collapse of these active sites. Thus, the SERS activity does change or even is lost
irreversibly upon electrochemical adsorption/desorption processes. Such changes
occur unpredictably over an uneven surface, and depend on the applied voltage.
Therefore, it is apparently difficult or even impossible to make a quantitative
correlation of the SERS intensity with the surface coverage of the adsorbate in the
entire potential region.

A unique method named potential-averaged SERS (PASERS) to overcome this
problem has been successfully devised by the authors’ group. This method is based
on applying a continuous square wave potential modulation to the electrode dur-
ing the acquisition time, as shown in Figure 4. For instance, for the acquisition
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Figure 4 (a) The intensity and frequency of a SERS band vary with applied elec-
trode potential. If) Different voltage pulse frequencies and amplitudes can be used
in PASERS measurements) (PASERS spectra at different modulating potentials,
providing the sum of SERS spectra that can be detected by deconvolution.
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of each data point, when a potential modulation frequency of 100 Hz and an in-
tegration time of 0.5 s are used, the potential must have been modulated 50 times
during each data acquisition period. The recorded spectrum, a PASERS, is actually
the superposition of the individual spectra at the two potentials being modulated.
This PASERS spectrum therefore contains the spectral information of the surface
species at both potentials. A set of PASERS spectra can be obtained by controlling
voltage pulse amplitude or frequency, as shown in Figure 3. The essential require-
ment to generate such a PASERSat6 shorten the pulsing time if the applying
potential resides in the SERS unfavorable region, &htb(ensure the number of
SERS-active sites at the two potentials being just about the same.

In the PASERS measurement of the SC8ystem, the electrode potential was
modulated between —0.2 V (where SCN strongly adsorbed) and -1.0 V (where
it is weakly adsorbed). Because the electrode is held at the weakly adsorbed po-
tential (at —1.0 V) for only a short time~0.005 s at the modulation frequency of
100 Hz, as was-1.0 s at —0.2 V), only a few of the most labile SERS-active sites
were decomposed while most of the active sites remained structurally unchanged.
Therefore, during the measurement the number of SERS-active sites at each mod-
ulated potential remained essentially the same. The upper part of Figig¢he
PASERS spectrum obtained while modulating the potential between —0.2 V and
—1.0V; the shoulder at the lower frequency side is attributed to the measured SERS
signal at the weak adsorption potential (—1.0 V). A deconvolution must be applied
to PASERS spectra in order to gain the detailed information, and is done by choos-
ing a modulation potential where a good normal SERS spectrum is recorded easily;
in this case, it is the strong adsorption potential at —0.2 V (see Figyré&3ing a
suitable data manipulation process, a PASERS spectrum (Fighie ubtracted
with the appropriately chosen measured SERS spectrum at the strong adsorption
potential (i.e., those of FigurecBto afford the difference spectrum that represents
the “true SERS spectrum” at the other modulated potential (i.e., at —1.0 V in this
case, Figure @. The “true SERS” derived from PASERS shows a considerable
intensity improvement over the directly measured SERS (see the top frame of
Figure 3 andd). The true SERS intensity at —1.0 V obtained by the PASERS
method is about five times higher than that obtained by the directly measured
SERS at comparable integration time. Therefore, by PASERS modification, the
true SERS intensity with potential can be correctly correlated with the change of
the surface coverage of the adsorbate, such as S@ithout losing considerable
sensitivity even in the extreme potential region. It demonstrates that PASERS is par-
ticularly beneficial for acquiring SERS signals of adsorbates in the potential region
of weak adsorption where the SERS-active sites are unstable and decompose easily.

Probing Interfacial Structure in the Potential Region
of Water Electrolysis

In addition to overcoming the two limitations of SERS described above, we
have also strived to take full advantage of SERS (i.e., its extremely high surface
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sensitivity) to surmount some technical problems in electrochemistry. One chal-
lenging issue is how to perform measurements and extract useful information on
surface electrochemical processes in the potential region involving solvent reac-
tions. For instance, in the differential capacitance, impedance, or chronoampero-
metric studies, the information about surface processes of a specific species and
interfacial structural changes are inevitably submerged by hydrogen evolution-
induced huge Faradaic current at a high negative potential attributable to water
reaction. The vast number of bubbles generated on the surface could alter the
light intensity irregularly, which, in general, creates fatal interference to in situ
spectroelectrochemical measurements. As a consequence, surface adsorption anc
reaction processes in the potential region of the solvent reactions are far from
clear, in comparison to those in other potential regions, mainly owing to the lack
of experimental data.

To surmount this difficulty, at least to some extent, we have tried to combine
the following three approaches (62). First, to avoid the severe alternation of the
incident and scattered lights by large hydrogen bubbles generated on an electrode
surface, the electrode is pushed as close as possible to the cell window to form a
thin-layer cell, so that the hydrogen bubbles are evolved and dispersed in very fine
bubbles and escape from the thin layer smoothly. However, the compensation of
ohmic drop in the thin layer should be taken into account. Second, SERS effects
are utilized to dramatically increase detection sensitivity, for example to surface
water. As the surface enhancement factor f§ tGneans that the one monolayer
of water molecules at the surface can be considered as equal to one million layers
under normal conditions. To remove the tremendous contribution of Raman signals
from the bulk water (at about 55 M in concentration) in the study of surface water, a
difference spectrum method could be employed in addition to the use of a thin-layer
cell. For example, a spectrum recorded at a potential that SERS effects cause to
vanish completely is taken as the background and is subtracted from each measured
spectrum. The remaining spectrum is important to extract the useful information,
especially at potentials where SERS signals are very weak, e.g., in the extreme
region (62, 71).

So far there has been much less information obtained in the potential region
involving solvent reactions, such as the water electrolysis reaction. By taking
the above approaches, we have successfully obtained the SERS of water in a
wide potential range including in the potential region of hydrogen evolution, e.g.,
from —0.5 V to —2.0 V (71-73). We can perform systematic SERS studies on
the effects of electrolyte ions (tj Nat, K*, Cs, ClO,, SG~, and OH), elec-
trode substrates (Au, Ag, and Cu), and potentials on the SERS features of water
(71-73). Figure 5 shows a set of SER spectra gdldnd O from an Au sur-
face changing with the electrode potential. It is of special interest to find that
in the potential region of hydrogen evolution, thg@Hspectral feature is strik-
ingly different from that in the double layer potential region. The intensities of
the libration and bending modes of water molecules are abnormally enhanced
in comparison with that of the stretching mode (72). Based on the fact that the
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Figure 5 Surface-enhanced Raman spectra of wagH(O and
(b) D,O] from Ag in 1.0 M NaSQ, at different potentials. The
background spectra were recorded at —0.9 V.

strong HO libration band is only obtained from solid states like ice, one could
assume that the interfacial water during its electrolysis process may have rel-
atively ordered structure, enabling it to expedite electron transfer and the mo-
bility of OH~ and H" through the unique hydrogen bonding network (72, 73).
Although the structural information discerned from the present results is rather
qualitative in nature, this preliminary study may stimulate more molecular-level
research and descriptions of the interface in the potential region of solvent (water)
reaction.

In summary, we are optimistic and predict that in view of the development
of electrode substrates and the improvement of EC-SERS measurements, the re-
search capability of Raman spectroscopy can be expanded and thus will lead to a
powerful and general tool in electrochemistry. With the improved sensitivity pro-
vided by SERS, one can achieve high spectral resolution, reasonably good spatial
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resolution, and high time resolution in the investigation of interfacial electro-
chemistry. Mainly on the basis of recent work from our laboratory, herein we list
EC-SERS applications in electrochemical adsorption and reaction.

APPLICATIONS OF ELECTROCHEMICAL SERS

Electrochemical Adsorption

The electrochemical behavior and properties of adsorbed species play a central
role in the electrode processes and in the electrocatalytic processes. SERS, with its
unique high surface sensitivity and high spectral resolution, can obtain a wealth of
information about electrochemical adsorption. It can easily detect and distinguish
the strongly and dissociatively adsorbed species or even coadsorbed species that
only weakly interact with the surface through other adsorbates.

HYDROGEN ADSORPTION Hydrogen adsorption at electrodes is one of the most
important systems known in electrochemistry. It has significance in many prac-
tical systems, such as fuel cells, water electrolysis, electrochemical-sensors, and
electrochemical-treatment of pollutants. The first observation of surface Raman
signals of adsorbed hydrogen in electrochemical environments was reported in
1996 based on the progress mentioned in the previous section (62, 63, 74). Taking
advantage of the high sensitivity and the high spectral resolution of a confocal
Raman microscopy, the hydrogen adsorption at platinum electrodes has been in-
vestigated, particularly on the spectral properties influenced by the applied po-
tential, hydrogen surface coverage, electrolyte ions, and solution pH (62, 63, 74).
This seemingly simple system is by no means simple, as will be seen from the
following example.

On the platinum electrode in either acidic or neutral solutions a broad band at
~2088 cntt, which is assigned to vibration of the on-top adsorbed hydrogens on
platinum atoms, can be observed. The dependences of the frequency, full-width
at half maximum (FWHM), and intensity of this band with the electrode poten-
tial are shown in Figure 6. The FWHM decreases dramatically as the potential is
moved from the hydrogen underpotential deposition (UPD) to the overpotential
deposition (OPD) region (negative of —0.25 V) (see Figusg B indicates that
the nature and bonding configuration of the surface hydrogen is remarkably dif-
ferentin the UPD and OPD regions. The existence of different surface sites on the
roughened Pt surface may lead to the difference in the local UPD and OPD poten-
tials (63, 74). The negative movement of the potential also leads to a redshift of
Pt-H vibrational frequency. This potential dependent frequency shift is difficult to
understand because H atoms have no permanent dipole, and the dipole moment of
Pt-H is small. Even more interestingly, the SERS intensity is substantially weaker
in the UPD region, a very weak and broad band can be discernible only when the
surface hydrogens are nearly saturated (63).
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for the v(Pt-H) vibration in 0.5 M HSO, solution.

To explain the above phenomena, DFT calculations based on the cluster mod-
els have been performed (75, 76). The electrode potential effects were simulated
either by charging the clusters or by considering the clusters in the presence of an
unformed external field. The results showed that charging not only builds up the
field, but also shifts the HOMO/LUMO levels of the clusters; and it is the shift of
the work function of the substrate that leads to a large tuning rate of Pt-H frequency
with the change of electrode potential. The calculations further revealed that the
spectroscopic properties of Pt-H are highly sensitive to the surface coverage of
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hydrogen. A redshift of Pt-H frequency with the decrease in the electrode poten-
tial would originate from the lateral interaction of Pt-H bonds. These theoretical
predictions are in good agreement with the experimental observations that only
when the electrode potential approaches the OPD region and only when the hydro-
gen adsorption reaches the monolayer can one have a detectable Pt-H vibrational
intensity (62, 63).

METHANOL DISSOCIATIVE ADSORPTION ~ With its good spectral resolution, Raman
spectroscopy is also suitable for in situ monitoring of the same surface species ex-
isting in different microenvironments of the electrode/electrolyte interface. A good
example is the spectral change during the dissociative adsorption and electrochemi-
cal oxidation process of methanol. Figueesshows the potential-dependent surface
Raman spectra obtained on arough Pt electrode. The frequency of the CO produced
by dissociation from methanol (2045 2053 cnt?) is considerably lower than

that adsorbed directly from solutions saturated with CO (2662071 cnt?)

(77, 78). The main reason for the lower frequency is a weaker coupling be-
tween the neighboring CO (79) as a result of a lower surface coverage of CO.
The lower coverage is most likely attributable to the fact that the dissociation of
methanol on the Pt surface needs some additional neighboring sites around the Pt
atoms.

Moreover, the CO produced by dissociation from methanol gives a wider
FWHM, which may be related with kinks, edges, and steps on the roughened
Pt surface. CO prefers to adsorb on these sites and its frequencies on these sites are
about tens wavenumbers lower than that on the terrace. When the surface coverage
is low, the adsorption state of CO on the rough surface is highly discrete leading
to a wider FWHM. When the CO coverage is high, CO will still adsorb on these
sites. However, the strong coupling between the CO molecules leads to a transfer
of the intensity of CO from the lower frequency band to a higher frequency one
(77, 79). Therefore, the vibrational state of CO on the surface will be simpler. As
a result, the FWHM of CO will be much narrower.

We also found a strong influence of surface roughness on the onset potential of
methanol oxidation by SERS using the platinum electrodes with different surface
roughness factors ranging from 50 to 200 (61). These results have shown that
Raman spectroscopy can be used more flexibly than many other spectroscopies
in the study of surface bonding and highly roughened surfaces with dark color.
Raman spectroscopy may provide a way to bridge the gap between the systems of
fundamental research and technical applications of practical importance.

It should be pointed out that Raman spectroscopy can detect not only the CO
adsorption on different surface sites, but also the influence of alien atoms on the
CO frequency. When a Pt electrode was deposited with submonolayer ruthenium
(Ru), which is used extensively in methanol fuel cells, the surface coverage of CO
on Pt decreases leading to a lowep. The higher the Ru coverage, the lower the
frequency ofvco and the broader the band. It is of interest that when the surface
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coverage of Ru was as high as 0.7 (see Figune & shoulder peak appeared

on the red side of the 2025 crhpeak. This peak can be reasonably assigned to
the CO adsorbed onto the Ru surface. The CO/Ru peak is quite apparent in the
electrode potential region more negative than —0.1 V, which can also be found
in the low frequency region of the Pt— (Ru-)C bond. The low frequency band at
490 cnt! is broader on the Pt-Ru surface than that on the pure Pt surface, but
there is no obvious shift on the vibrational frequency inithes. In Figure b, a

broad band at 600 cm appears 0 V and increases with the positive movement

of the electrode potential, which cannot be detected under the same condition on
the pure Pt electrode. Because the platinum oxides can only be observed at the
potentials more positive than 0.7, it is reasonable to assign the band at 65@bcm

the oxygen-containing species on the Ru surface. The oxygen-containing species
adsorbed on the Ru atom promotes the oxidation of the adjacent CO adsorbed at
the Pt atom, which provides convincing evidence for the bifunctional mechanism
of Ru in promoting the oxidation of methanol on the Pt surface (80). It also shows
the advantage of Raman spectroscopy in directly obtaining informative spectra
about surface bonding in the low frequency region.

COADSORPTION OF INORGANIC AND ORGANIC SPECIES In the above examples,
the major objective is to observe molecules that have strong chemical interaction
with the substrate. There are some molecules that have only very weak interac-
tion, such as physical interaction, with the substrate. This is the common case in
the coadsorption systems involving organic molecules, inorganic ions, and solvent
molecules. With its high spectral resolution, SERS is very sensitive to a small
change of a surface species. A careful analysis of the variation in frequency and
intensity of the SERS signal of coadsorbates with the potential can yield a detailed
picture of coadsorption configuration and various adsorption states (81, 82).

As a commonly used electrolyte ion, GJ@oes not chemically interact with
Ag electrodes. No SERS signal concerning this species can be observed from the
solution containing only NaClQHowever, after the addition of thiourea (TU) into
the solution, strong SERS signals from Gl@an be detected together with that of
TU, (see upper part of Figure 8). These signals indicate that the electrolyte anion
is induced by the strongly adsorbed TU on the surface, as the induced coadsorp-
tion (81, 82). It is of special interest that the frequency of the coadsorbegl CIO
is identical to that of the free Clpand independent of the electrode potential. It
implies that this anion only interacts indirectly with the surface as induced physi-
cal coadsorption. In order to analyze the detailed coadsorption configuration, we
added some SP into the above solution. The SERS bands from Ci@ere re-
placed completely by that from ﬁo, meanwhile the frequencies of the bands
attributed to the Nk (3345 cnt?!) and the N-C—N groups (1093 cm') of TU
changed in several wavenumbers while the other bands of TU remained unchanged
(83), (see lower part of Figure 8). This slight but meaningful spectral change re-
veals that the coadsorption of TU with electrolyte anions is through it§ diidup,
(see Figure 8). It is necessary to point out that this kind of induced coadsorption
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Figure 8 SERS from a Ag surface of the coadsorption process
of thiourea with CIQ and S~ as a function of the electrode
potential. Excitation line: 632.8 nm.

of electrolyte ions is very difficult to detect by the conventional electrochemical
methods; however, the coadsorption can be sensitively detected using SERS.

A more complicated example is the potential-dependent transition from the
parallel coadsorption (competitive coadsorption) to the induced coadsorption (81).
The competitive coadsorption of TU with SCNt relatively positive potentials
can be easily understood, as two coadsorbates can interact strongly with the Ag
electrode surface, as shown in Figute The interesting spectral feature is that
the potential for observing the SERS signal of adsorbed SiShnore negative
(e.g., —1.3 V) in comparison with the case without the presence of TU. It means
that the interaction between SCNind TU is so strong that the anion can be
induced to adsorb at relatively negative potentials where the Sd#sorption
normally takes place. Furthermore, the frequency of tedl®and of the induced
coadsorbed SCNwas very close to that of the free SCNrhis indicates that the
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Figure 9 Adsorption model showing the coadsorption of anions
(SCN-, CIOy, or scf;) with thiourea in the acidic solution at dif-
ferent potentials.

coadsorption of SCNand TU is transited from parallel to induced coadsorption
state, as illustrated by Figure 9.

Surface Electrochemical Processes

Besides being capable of revealing the nature of the adsorption processes in static
states, Raman spectroscopy can also be used to monitor the transient processes
related to electrochemical adsorption and reactions at the interfaces benefiting
from its high temporal and reasonably good spatial resolution.

TRANSIENT COADSORPTION PROCESS As has been seen above, the static state
SERS study can provide some meaningful information, e.g., the adsorption config-
uration about the pertinent system. Raman spectroscopy is, in principle, amenable
to the dynamic study, which affords additional information about electrochemi-
cal processes, especially the dynamic structural change. The conceptually most
straightforward extensions into this field are time-resolved investigations. In the
EC-SERS study, Raman signals generally can be acquired during the potential
scan or after certain kinds of external stimulus. Depending on the information we
are interested in, the time domain may vary from seconds to milliseconds or even
to nanoseconds in an electrochemical system (83-85).

The SERS intensity change following a potential step will be slow if the surface
processes are concerned with the change in the orientation of adsorbates. This usu-
ally involves the rearrangement and replacement of the surface species including
solvent molecules and electrolyte ions. In contrast, the SERS intensity change with
potential will be rapid if the processes only involve a mild change in the bonding
strength of the adsorbate interacting with a charged surface, or are only related
to the charge transfer enhancement mechanism. Therefore, a time-resolved SERS
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(TRSERS) measurement, i.e., monitoring the change of SERS intensity following
a potential step, can be used to make a preliminary assessment of whether a slow
orientation change or a structural change in the adsorbed layer is involved for a
particular system in the potential region studied.

TRSERS study of the TU- ClO; coadsorption is given as the first example
(83). The major SERS bands shown in Figure 8 can be divided into two groups
according to their distinct intensity-time profiles. The CS stretching vibrational
mode at 710 cm* and the SCNN symmetric stretching mode at 1496 thelong
tothe firstgroup, (see Figure 10). Following the potential step, the intensity changes
over 80% within the first 0.5 s, and then slowly approaches a constant value. The
bands of the second group, which have a much lower changing rate of intensity,
are related to vibrational modes of the amino group, at 468094 cnt?,
and 3350 cm?, as well as those of the coadsorbed £1The intensity of these
bands undergoes only 50% of the overall change at the initial stage of the potential
step and then decreases slowly over more than 10 min. Ag Gl€oadsorbed on
the surface by interacting with protonated amino groups, (see Figlire&h of
them are not very near the surface. In order to form a well-structured coadsorbed
layer at —0.3 V, the CIQ ions need time to rearrange to locate at the right place.

In contrast, when the potential was stepped back to a more negative potential, the

932 cm'™ .
3350 cm”
710 cm™ 1496 cm™
-1
468 cm"” 1094 cm
| S S N S |
01 1 14 01 11 14

t/min t/min

Figure 10 Dependences of the intensities for various SERS bands of TU and CIO
on the double potential step. The data were manipulated by subtracting the background
signal and normalized with respect to intensity.
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coadsorbed layer becomes loose and disordered so that the intensity change of all
the bands can follow the potential step rapidly (83).

It is necessary to point out that, in previous dynamic studies, adsorbate was
considered as awhole rigid body so that the all-molecular structure will change with
the potential simultaneously. The above TRSERS study reveals that the intensities
of the SERS bands arising from different vibrational modes (i.e., different groups)
of an adsorbate can have different response rates to a potential change. By taking
advantage of combining spectral and time resolution, one is able to focus on
individual bonds of the adsorbate in surface dynamic studies, particularly in some
complicated coadsorption processes (83).

TRANSIENT REDUCTION PROCESS Inan electrochemical reaction, the reaction rate

is normally much higher than that of the coadsorption process. With a fast optical
multichannel analyzer (such as PDA), it is possible to obtain the SERS of surface
reactions during a potential ramp, which is extremely important when irreversible
processes occur. This kind of process normally occurs at a scale of milliseconds. A
good example is the combined SERS and cyclic voltammetric study of nitroben-
zene surface reactions on a SERS-active Au surface, reported by Gao etal. (84). Itis
known that nitrobenzene can be reduced to nitrosobenzene, phenylhydroxylamine,
and aniline through three two-electron steps:

CeHsNO, 225 [CeHsNO] 255 CoHsNHOH 255 CoHsNH,

Nitrosobenzene was not detected by analytical methods, and it is possible that it is
consumed by a chemical coupling reaction following the electrochemical reaction:

CeHsNO 4+ CeHsNHOH — CgHsN = N(O)C6H5

From the cyclic voltammograms of nitrobenzene in sulfuric acid solution in
Figure 1%, one can find a pair of peaks at —0.11 and —0.27 V of the reduction
of nitrobenzene. The anodic peak at 0.33 V has been assigned to the formation
of nitrosobenzene, and the cathodic peak at 0.30 V is from the reduction of ni-
trosobenzene to phenylhydroxylamine. The 30 mV separation, independent of the
scan rate, indicates that the above pair of reactions present a reversible process.
The SER spectra were acquired during the potential sweep for the reduction of
nitrobenzene at a gold electrode, (see Figurg).1lt can be seen during the pos-
itive movement of the electrode potential, the band at 1330'@arresponding
to the nitrobenzene decreases. Meanwhile, new bands located at 1146, 1388, and
1588 cn1?, respectively, appear when the potential is negative of —0.11 V. Com-
pared with the normal Raman and SER spectra of possible reaction products, these
new peaks are essentially the features of nitrosobenzene. Correlating the voltam-
metric and SERS results, the peak at —0.11 V in the cyclic voltammogram can be
assigned to the reduction of nitrobenzene to nitrosobenzene (84). This study pro-
vides a good example of the combination of electrochemical methods and SERS
to investigate the pathways and intermediates of electrochemical reactions.
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Copyright 1988, American Chemical Society.)
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FAST PHOTOCHEMICAL PROCESS Pump and probe techniques in principle can
reach time resolution as high as that provided by the laser pulse that ranges from
nanoseconds to femtoseconds. It is performed at steady state of a surface process
that can be disturbed by a pump pulse laser and probed by another CW laser, which
is suitable to probe surface charge transfer processes and characterize vibrational
energy transfer rates for surface species (85). The probe laser is illuminated on the
sample during the whole measurement. The higher the time resolution value re-
quired, the stronger the Raman signal should be. Thus, in the nanosecond-resolved
Raman studies, a molecule with very strong resonance and/or surface-enhanced
Raman effects is adopted in order to provide a strong-enough signal.

Zhang et al. (86) reported a nanosecond time-resolved Raman study on the
photochemical process of flavin mononucleotide (FMN) at a silver electrode.
Figure 12 gives the Raman spectrum before the pumping of the UV laser, showing
the characteristic band of FMN. After photoinitiation for 75 ns, the bands at 1092

(c)
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Figure 12 Time-resolved SERS spectra of flavin mononucleotide as a function of
delay time with 337 nm pulsed excitation and 488 nm CW probe laser light. Acquisition
time: 200 ns. Delay time&] 0 ns; @) 75 ns; €) 375 ns; () 775 ns. (Reproduced with
permission from Reference 86. Copyright 1995, American Chemical Society.)
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and 1348 cm?, 1260 cntt and 1398, and 1424 crh blueshift (see Figure 1.

They are assigned to ring Il, ring Ill, andsNH vibrations, respectively. A new

band at 1196 cm' appears, which is related to the mixed@-H bending and
stretching. It indicates that a proton transfer is taking place frgatNo the adja-

cent carbonyl to form a new-@—H bond within 75 ns. However, it disappears at

775 ns (see Figure #p, instead a band at 1326 ciappears, which is related to

the ring 11l secondary-amine stretching mode. Meanwhile the band at 1272 cm
(ring Il stretching mode) redshifts to 1255 cand the band at 1096 crh(ring

Il stretching mode) blueshifts to 1099 ctaHowever, other ring Il and |11 stretch-

ing modes remain unchanged at times longer than 775 ns. Therefore, at this time
domain, ring Il loses some bond order or aromaticity. Based on this TRSERS
study, the authors proposed a possible reaction process that is shown in Scheme |
(86). With this pump and probe technique, itis very promising to monitor the whole
charge transfer process of an electrode surface species or a surface metal complex.
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Scheme | The overall photoinduced kinetic process of flavin mononucleotide.
(Reproduced with permission from Reference 86. Copyright 1995, American
Chemical Society.)
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LOCALIZED ELECTRODE REACTION Besides the ability of identifying the adsorp-

tion and reaction behavior of surface species as well as providing detailed infor-
mation on some dynamic processes occurring at/in the electrochemical interfaces,
Raman spectroscopy can still provide additional information for surface studies
with its reasonably good spatial resolution at the micrometer scale.

In corrosion science, the most frequently met surfaces are heterogeneous either
in morphology or chemical composition. As a result of the heterogeneity, the sur-
face reactions may be different in different areas of the surface resulting in pitting
corrosion, the latter magnifying the heterogeneity. With its good two-dimensional
resolution, confocal Raman microscopy can provide quite high resolution deter-
mined by the size of a laser spot and the stepping resolution of an X-Y scanning
stage. A resolution of & 2 um is sufficient to study a nonuniform surface such
as a corrosion pit in a rebar electrode (87). A pit was found with the optical mi-
croscope, (see Figure dB8and the Raman spectrum (not given) obtained in the
pit reveals that it contains several corrosion products, inclugiie03, Fe;0,

(550 cntl), ¥-FeOOH, and Ci-containing iron compound (324 cfj. Then the

bands of different corrosive products, e.g.z@gand Cl-containing iron com-
pounds, were selected as the signaling bands. After that, the laser spot was scanned
across the pit and the Raman signal of selected bands was recorded with the change
of the position, given in Figure I83andc. It is interesting to find that along the
scanning line the two species show different intensities at different positions indi-
cating a clear spatial variation of the composition and electronic properties of the
passive film across the pit region on metal electrodes. The two-dimensional Ra-
man images of different corrosive products can also be obtained but the acquisition
procedure is rather time consuming.

Microprobe Raman spectroscopy can be also employed to study some mi-
croscopic processes occurring at an electrode surface during an electrochemical
reaction. The cyclic voltammetric study of benzene on a Pt electrode in 0.1 M
HCIO, did not provide more information than showing a broad oxidation peak.
However, a Raman study on the surface revealed an amazing phenomenon when
a very negative or positive potential was applied to the Pt electrode (88, 89). In
both cases, very evenly distributed liquid drops were observed on the electrode
surface on the microscopic TV monitor equipped with the microprobe Raman
system and grew gradually either with the prolonging time or further negative- or
positive-shift of the potential, indicating the occurrence of a certain kind of surface
reactions. Figures Bdandb show a typical surface morphology of a smooth Pt
electrode covered with drops at—0.325 V and 1.2 V. With the Raman microscope,
one can easily focus the laser into the drops and the gaps among them. The signal
from the gap shows the same feature as the bulk solution. However, the Raman
feature of surface drops is obviously different from that from the gap, shown in
Figure 14. Except for a 990 cm! band from the ring breathing mode of ben-
zene and a 933 cm band from the supporting electrolyte (GI{ all other bands
present the features of cyclohexane and chlorobenzene. Therefore, at negative po-
tentials <—0.325 V), benzene can be reduced to cyclohexane (see lower spectrum
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Figure 14 TV images of surface drops formed during the reduction process in 6 mM
benzenet0.1 M HCIO, () and chlorination process in oversaturated benzedd
M KCI (b) and the corresponding Raman spectra from the surface drpps (

in Figure 14), while at positive potentials>1.2 V) it can be chlorized into
chlorobenzene (see upper spectrum in Figure).1Because both products are
insoluble in water, they form drops adhering on the electrode surface. As benzene
has a higher solubility in cyclohexane and chlorobenzene than in water, it can be
extracted from water to the surface drops. This resulted in a fast decrease in the
Raman intensity of benzene in the aqueous solution phase and a strong signal of
benzene in the surface drops. The reduction and chlorination processes of benzene
are both influenced significantly by the roughness of the electrode surface. Both
processes occur more easily on arough surface than on a smooth surface. inthe Br
solution, the halogenation process takes place more vigorously. No fluorination
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andiodination occursinfand I~ solution, owing to the high stability of Fand ac-

tive chemical property o£1(89). This study shows that Raman microscopy is very
helpful for identifying surface reaction products microscopically and postulating
the surface reaction mechanism.

OUTLOOK AND SUMMARY

Along with significant developments in nanoscience, many opportunities have pro-
vided and will continue to provide for fundamental progress in SERS to further
enhance its capability for studying electrochemical interfaces. Recently, a break-
through has been made in the SERS field. Enormous enhancements of up to 14
orders of magnitude have been achieved so that high-quality SERS or surface-
enhanced resonance Raman scattering (SERRS) spectra from a single molecule
adsorbed on the surface of single silver or gold particles or aggregated colloids
have been obtained (90-93). It is of particular interest that substrates with particle
sizes of about 90 nm for Ag and about 60 nm for Au present the highest en-
hancement effect (94). In comparison with the normal enhancement of six orders
of magnitude, this phenomenon indicates that SERS substrates with much higher
activity can be prepared, in particular with the aid of nanofabrication technology
(95-97). Many electrode substrates with higher SERS activity may be made, and
the detection sensitivity of SERS for a variety of electrode materials including
transition metals will be further improved.

For three noble metals (Au, Ag, and Cu), the excitation lines have only covered
the visible spectrum up to the near-infrared region, from 450 nm to 1064 nm.
There are inherent difficulties in using the ultraviolet excitation that could explain
the absence of these data in the SERS literature. Electromagnetic enhancements
are rather small in the ultraviolet region where damping is generally large due
to interband transitions. Since the optical property of transition metal is different
from that of the noble metals, it is worth testing these new systems. Very recently
we reported the first UV-SERS spectra of molecules adsorbed onto rough rhodium
(Rh) and ruthenium (Ru) metal surfaces (98). Hopefully, this new trend will be
facilitated by the fast development of commercial low cost UV laser and UV-Raman
systems. UV-SERS will be further applied in fields that include electrochemistry,
biomedicine and catalysis as well as theoretical investigation counting SERS itself.

One of the remaining technical challenges is how to extend the SERS substrate
from the rough and nanostructured surface to the atomically flat single-crystal
surface. A SERS study using an ATR Raman cell with the Otto configuration
on a truly smooth single crystal surface under electrochemical conditions was
reported recently (99). The enhancement factor, assisted by the surface plasma
enhancement, for a single crystal Cu surface is estimated to be around one to two
orders. There have been only a very limited number of molecules with large Raman
cross sections studied using this rather complex configuration. The major technical
improvement for ATR-SERS seems to be required in order to make it widely
used. Very recently, tip-enhanced Raman spectroscopy has been developed, which
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combines Raman spectroscopy with an STM tip (100, 101) or metal-coated AFM
tip (102—-105) used as an amplifier of the electromagnetic field at smooth surfaces.
The field enhancement by the tip is attributable to the excitation of localized
surface plasmons, which is also effective in the substrate areas in close proximity
to the tip apex. Thus, the illuminated tip in working mode can induce the SERS of
adsorbates at the smooth surfaces of any materials. Although this new technique
has not yet been applied to electrode surfaces and single crystal surfaces, it shows
a very promising future for two reasons: it can study atomic flat surfaces and has
a very high spatial resolution.

In spite of the fact that the Raman frequency shifts of the adsorbate on metal
surfaces have been investigated extensively (28-32, 55, 60), the systematic study
on the relative band intensity of various bands for the adsorbate is very limited
(10, 28). A quantitative explanation for the relative intensity differences at different
potentials or on different metal surfaces is still substantially lacking. It should be
pointed out that people have not been able to use the SERS mechanism (29, 30)
to well interpret the origin of the different relative intensity, even for the most
typical pyridine/electrode system. Thus, it seems to be worthwhile to pay strong
attention to the relative band intensity from a more fundamental point of view,
i.e., through the quantum chemical calculation to spectral intensities of various
vibrational modes to reveal the complex surface-molecule interaction (106—108).
This theoretical approach combined with the study of SERS mechanism could be
important for the further development of the EC-SERS technique.

The ultimate goal for establishing EC-SERS as a standard technique must rely
on complete understanding of SERS mechanisms (29-32, 55). The photon-driven
charge transfer (CT) enhancement is much more complicated than the electromag-
netic enhancement. The former could be considered as a resonance-like Raman en-
hancement. The intermediate state of the Raman process is the CT state associatec
with the charge transfer between the molecule and the metal surface (10, 30-32).
This mechanism can be clearly verified by obtaining the intensity-potential profile
with the changing exciting line (the incident photon energy) (10, 28). The involve-
ment of the CT mechanism generally makes the analysis of SERS spectra and
theoretical interpretation more difficult and complicated. However, in our opin-
ion, this disadvantage may be turned into an advantage for EC-SERS. It means
that EC-SERS may be applied as a new means to probe the energetic levels of
the adsorbate or the surface complex acting as the SERS-active site (73). One
can use the tunable laser to tune the incident photon energy and/or move the ap-
plied potential to tune the Fermi level in order to match the specific CT state.
By analyzing these SERS intensity-potential profiles of the probe molecules with
different excitations, one may probe the surface state of some nanostructures,
the new energy level of surface complexes upon adsorption, or the intermedi-
ate energy levels of surface species generated during electrochemical reaction
processes.

In summary, through about three decades of research effort by many groups
including ours, EC-SERS has been developed continually in order to fully exploit
its strengths and offset the shortcomings as applied in surface electrochemistry.
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The various surface roughening procedures for different electrodes and the use of
a highly sensitive confocal microprobe Raman system enable us to obtain good-
quality SER spectra of organic and inorganic molecules adsorbed at roughened
Pt, Ni, Co, Fe, Pd, Rh, Ru, and their alloy electrodes over a wide applied poten-
tial range. Successful applications in electrochemical adsorption, electrocatalysis,
and corrosion demonstrate that SERS can be widely used to investigate diverse
molecules as well as substrates that were commonly considered to be non-SERS
active. This exciting progress has led us to believe that a revitalization of broad
interest in EC-SERS is imminent. It will offer intriguing opportunities for the
molecular-level investigation of surface (interfacial) electrochemical processes.
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