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Abstract
Surface enhanced Raman scattering (SERS) is a powerful technique for characterizing adsorbed species and processes at
metallic surfaces. The giant signal enhancement(104-106 larger than normal Raman scattering) makes this technique sensitive
to even sub-monolayer amounts of adsorbate on a surface. Consequently, the application of SERS to the in situ study of
electrochemical processes provides useful mechanistic and structural information. In this review, advantages and limitations of
electrochemical SERS techniques are presented along with experimental information about the nature of the metal-adsorbate
interactions occurring in various aqueous and non-aqueous systems. Special emphasis is given to experimental results; however, the salient features of the enhancement theories are highlighted. Adsorbate orientation and SERS surface selection rules
are discussed. © 1997 Elsevier Science B.V. All rights reserved.
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1. Introduction
Surface enhanced Raman scattering (SERS) was
first recognized about 20 years ago [1,2]. At that
time, investigators anticipated that in situ studies of
the electrochemical interphase would be revolutionized by the giant enhancement of the Raman
scattering. Unfortunately, the necessity of creating a
rough surface and the small number of metals
(mainly, Au, Ag, and Cu) [3] supporting the effect
in the visible region are factors that seriously limit
the application of this technique in electrochemistry.
However, even with these restrictions, the electrochemical SERS technique has been widely used for
* Corresponding author.

the study of metal-adsorbate interactions. Its applications range from "classical" electrochemical studies
such as corrosion processes [4,5], film growth [6], and
self-assembled monolayers [7] to medical applications [8] and trace analysis [9,10]. These applications
suggest that electrochemical SERS is a well established field with potential for advancement; however,
the earlier controversy about the nature of the
enhancement mechanism can confuse a non-SERS
specialist wanting to apply the technique to a specific
problem of electrochemical, analytical, or biological
interest. Several reviews [11-16] have helped to disseminate the basic principles of the technique and
broaden its range of applications. Some of these
reviews are very comprehensive [17,18], and others
emphasize specific applications, for instance to
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biological [19] and to analytical problems [20]. Here,
the important features of electrochemical SERS will
be presented. The most important contributions to the
overall enhancement, and the expected dependence of
the SER intensities on applied potential, excitation
wavelength, surface coverage, and surface morphology inferred from these theories will be discussed.
Finally, the limitations and pitfalls will also be
presented.

2. Experimental
2.1. Cell design

In order to observe SERS, it is necessary to design
and construct a cell which combines good electrochemical and spectroscopic performance. Often the
design criteria must be constrained by the nature
and location of the collection and focusing optics of
the spectrometer. We have designed an electrochemical cell (Fig. 1) which can be used in a conventional Raman arrangement where the focusing and
collection optics are parallel to the floor (the XY

plane) and at 90 ° to each other. Cells are readily interchangeable and thus allow several experiments to be
carried out with a minimum of realignment work. A
standardized cell can be mounted on a stage consisting
of an XY translation stage (Optikon) and a rotation
stage to allow full rotation in the XY plane (Kinetic
Systems). A tilt stage is also provided (Kinetic Systems) along with a vertical adjustment (Z translation)
stage (in-house). Thus, the angle of incidence between
the electrode and laser beam can be accurately and
reproduceably set.
The cell body is a 25 mm threaded Ace Glass fitting. Two 7 mm Ace Glass connectors were glassblown to the sides to accomodate the Luggin capillary
and the counter electrode compartments. A 19/26
ground glass joint was fused to the top of the cell to
allow the attachment of a bubbler for purging the cell.
The components can easily be attached and disassembled via the threaded Teflon fittings and
ferrules. The cell window is attached via a specially
designed plate which allows a tight seal. The seal is
achieved with a thin Teflon washer and a rubber Oring seal on either side of the optical window, ensuring that the glass is not broken by the pressure applied
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Fig. 1. The spectroelectrochemicalcell and the workingelectrode.
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through the screws and the solution is only in contact
with the Teflon seal. This overcomes two concerns:
windows that are attached by glass-blowing techniques tend to distort; windows attached by epoxy
adhesive risk introduction of contaminants.
The counter electrode is isolated from the main
solution by a porous flit and the reference electrode
is connected via a Luggin capillary tube. The working
electrode and Teflon holder are machined so that the
electrode can be slid snugly in and out of the Teflon.
Although this arrangement will not completely prevent leakage of the solution around the sides of the
electrode it does allow the electrode to be removed for
cleaning (electrodes set into Teflon by heating still
have gaps between the electrode and holder which
can trap solution and are impossible to clean). A
brass rod is screwed into the back of the electrode,
in order to provide electrical contact. The portion of
the brass rod inside the holder, which is not connected
inside the electrode, is covered in Teflon tape to help
prevent reaction with any solution that might migrate
past the side of the electrode. The electrode is then
threaded in the back of a 25 mm Teflon plug and
mounted in the cell.
2.2. Electrode preparation

The electrode preparation, consisting of polishing, cleaning and finally roughening by the application of one or more oxidation-reduction cycles
(ORCs), is designed to remove metal from the
electrode surface and redeposit it as small-scale
SERS-active surface roughness. The ORC can be
accomplished by either a potential step or a potential
sweep. The specific ORC conditions, such as the
anodic and cathodic limits, the potential step hold
time or the potential sweep speed will tend to vary
from system to system and some experimentation is
usually required in order to achieve the optimum
SERS scattering.
Silver is the most commonly employed working
electrode because its SERS response is activated by
the 514.5 nm line of an argon ion laser. A SERSactive silver electrode can be prepared by mechanically polishing the electrode with alumina (progressively finer grades, finishing with 0.3 /~m) and
roughening the electrode in a halide medium. A factor
for silver is the interaction of the surface species
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formed during the ORC with the laser light. Silver
salts are photosensitive and illumination of the electrode during the ORC gives an increase in the SERS
intensity [21]. The light aids the deposition of smallscale roughness by photochemically depositing more
metal onto the surface. It has been reported, however,
that this can lead to some irreproducibility in the
observed SERS [14].
Copper electrodes can be prepared by mechanical
polishing with ultra-fine sand paper and 0.3 #m
alumina, followed by electrochemical or chemical
polishing. Copper provides an interesting example
of how the nature of the system can determine the
requirements of the ORC. It has been found, for example, that the SERS of pyridine on copper electrodes in
0.1 M KCI solution can be observed at open circuit
potential without an ORC owing to the creation of
SERS-active roughness by a corrosion process [22].
The SERS of pyridine adsorbed onto copper is also
observable even at very negative potentials.
It is possible to prepare a very stable SERS-active
surface on gold electrodes. The electrode is mechanically polished with 1.0 and 0.3 ~m alumina, and
roughened in chloride solution. The gold electrode
can be roughened ex situ, washed and used in another
solution with good results. The quality of the SERS
signal is dependent on the number of ORCs performed
[23].
2.3. Experimental set-up

The electrochemical status of an experiment is
readily monitored by observing the voltammograms
produced during the ORCs; these provide an overall
view of the performance of the system. Calibration of
the spectrometer is easily accomplished using a reference spectrum such as a neon lamp.
Birke et al. [14] provide a comprehensive list of
parameters that are important in SERS experiments.
Two of these are the polarization of the incident light
and the angle of incidence. For smooth surfaces, ppolarized light must be employed in order to observe
surface species [24]. For rough surfaces, we have
found that either s- or p-polarized light can provide
good quality SERS spectra. The incident polarization
can often be chosen in order to increase or reduce the
intensity of scattering from solution species. It has
been noted that the optimal angle of incidence for
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Fig. 2. Spectrum from a Ag electrode in 1.0 M KBr: (a) before the ORC; (b) after the ORC (from - 700 to - 50 mV at 5 mV s -1 under laser
illumination). The signal from adsorbed water can be observed at about 3510 cm -I (E = - 400 mV).
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Fig. 3. The induced molecular dipole (#) for a molecule adsorbed onto a metallic surface, a is the molecular polarizability, Eloc,i is the electric
field experienced by the molecule, t3 is the quadrupole polarizability and VE is the electric field gradient. The vector and tensor representations
were omitted for simplification.
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SERS is about 62 ° [25] but, for a heavily roughened
surface, this need not be closely adhered to; however,
for moderately and lightly roughened surfaces, this
angle is important.
It is advantageous to have a SERS reference system
which ensures that alignment is optimized. One of the
best systems we have found for routine alignment
purposes is 1 M KBr with silver [26]. If a single
ORC is run from - 0.7 to - 0.05 V (vs. SCE) with
a sweep rate of 5 mV s -t, under laser illumination, the
3510 cm -1 SERS stretching band of adsorbed water
appears at about - 0.4 V on the cathodic sweep cycle
(Fig. 2). This system is useful for alignment for
several reasons: it is easy to set up, the SERS signal
is consistently observable, and the SERS signal is not
as intense as for other systems (e.g. pyridine). As a
result, it is possible to use this system to provide a
check that the alignment of the cell is correct. If the
signal from the relatively weak band of water at about
3500 cm -1 is maximized, good alignment is assured.
The alignment can also be readily checked by
observing the weaker water bending mode band at
1615 cm -1.

3. Why does the enhancement occur?
The intensities of the inelastic scattered light in a
normal Raman spectroscopy (NRS) experiment are
proportional to the square of the induced dipole
moment (~). For a molecule adsorbed onto a metallic
electrode surface, and therefore subjected to an additional electric field from that surface, the induced
dipole moment is given by the expression in Fig. 3.
An additional field gradient term is included owing to
the inhomogeneous electric field enveloping the molecule. The two most important mechanisms that contribute to the overall enhancement are related to an
exceptional increase in both the molecular polarizability (a) of the adsorbed species and the local electric field (Elocal) near the metallic surface. The former
accounts for the "chemical" or "charge transfer
(CT)" mechanism and the latter for the "electromagnetic (EM)" mechanism. There has been a dispute as to which of these mechanisms is dominant.
Most authors now agree that both mechanisms contribute to the overall effect; however, one or other of
them can be dominant for certain systems. Some of

33

the important aspects of both mechanisms will be presented in the next sections; a detailed description of
the CT [27,28] and EM mechanisms [29] can be found
elsewhere, and a general discussion involving quantum mechanical aspects of the enhancement has
appeared in a review by Pettinger [18].
3.1. The e l e c t r o m a g n e t i c c o n t r i b u t i o n to S E R S - - the
EM mechanism

In the EM mechanism, the enhancement of the
Raman signal occurs as a result of coupling between
the incident light and the electron oscillations at the
metallic surface, known as surface plasmons (SPs).
The SPs are confined to a smooth surface and cannot
be excited by the incident photon owing to a momentum mismatch [18]. The bumps in a rough surface
provide additional momentum for the photon, and
the SPs can be excited. For surface features smaller
than the optical wavelength, the SP normal modes of
oscillation can be resonant with both the exciting and
the scattered photons. This coupling concentrates the
electromagnetic field in certain regions of the surface.
The frequency of the SP oscillations depends on the
dielectric constant of the metal, which accounts for
the observation of SERS signals from only a few
metals (Cu, Ag, Au, alkali metals) [3,30]. The EM
enhancement depends only on the characteristics of
the metal; hence, vibrational modes with the same
symmetry species should have the same enhancement
factor for the same surface morphology.
3.2. The " c h e m i c a l " c o n t r i b u t i o n to S E R S - - the C T
mechanism

Some experimental results suggest that another
mechanism also plays a role in the overall enhancement. For instance, the fact that different molecules
with similar polarizability, adsorbed onto the same
metallic substrate, exhibit distinctly different
enhancement factors cannot be explained by only
EM arguments [27,28]. In this additional "chemical"
mechanism, the enhancement is due to a CT complex
formed between the atomic scale roughness on the
metal (adatoms) and the adsorbed molecule. The
energy of the frontier molecular orbitals of the
adsorbed molecule is close to the metal's Fermi level
because of the complex formation. The difference in
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Fig. 4. The photon-driven charge transfer mechanism (PDCT). (a) The radiation bathes a molecule adsorbed onto an atomic scale active site.
The interaction leads to the formation of an electron-hole pair. This process occurs at an enhanced rate on these adatom sites. (b) The electron
tunnels from the metal to the molecule. (c) If the electron resides in the molecule long enough for a vibrational change (r), it will carry this
information when it tunnels back to the metal. (d) The annihilation of the electron occurs by recombination with the hole, and a Raman photon is
created.

energy between the Fermi level and the frontier orbital
of the adsorbed species is close in frequency to the
incident light, and an enhancement mechanism occurs,
which is analogous to the resonance Raman process
[31]. A C T process can also occur via an increase in
the metal's electron-photon coupling in the atomic
scale roughness, which leads to a large production
of electron-hole pairs. This process is described in
Fig. 4, and is known as a photon-driven charge transfer (PDCT) mechanism.
A comparison of the main features anticipated by
both models is presented in Table 1.
3.3. The SERS selection rules

SERS selection rules can be inferred from both CT
and EM mechanisms [32].
For a situation where only the EM mechanism
is important, a set of SERS selection rules can be
exactly derived. The expression for the effective

polarizability when an enhanced local electric field
of a rough surface bathes the adsorbed molecule is
given in Ref. [32]:
OgXy

Ks OtXZ

(Ci ~X'~Es + X) / OLyx

OZyv

KsOtrz

CKi°IZX

KiOlZy

KiKs OIZZ

(X + 1) 2
O/cff

F Otxx
/

(1)

Here, the subscripts i and s stand for incident and
scattered radiation. The term X corresponds to the
polarizability of the metal aggregate of the rough surface, Kis related to the metal's dielectric constant, and
Z is the axis perpendicular to the electrode surface.
The frequency of the incident photon is generally
close to the frequency of the scattered light; hence, as
a good approximation, one can consider that Ki = Ks
K. Assuming that the direction of the vibration determines the contribution from the molecular polarizability tensor, an enhancement given by the relation
1 :[KI 2 :IKI4 Is
•
expected for modes transforming as
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Table 1
Comparision of the salient features of the two most accepted surface enhancement theories
CT mechanism

EM mechanism
Enhancement of the local electric field
due to the coupling of the incident
photon with the metal's surface
plasmons
Large scale roughness (about
10-200 nm)
Long range. Important even for species
several nm away from the surface, but
decays with distance
The enhancement factor does not depend
on the applied potential; intensity
changes in the potential profile are due to
the variation of the surface coverage
with potential
The enhancement factor depends on the
metal dielectric constant, which is
wavelength dependent. E,~axdoes not
shift for different incident photon
energies

1.

Origin

Resonance process involving the incident
light and the CT band of the metal-molecule
complex. (Resonance Raman-like process)

2.

Roughness

Atomic scale roughness (active sites)

3.

Distance dependence

Short range. Important only for species
adsorbed directly onto the surface

4.

Potential dependence

The CT band can be tuned by the applied
potential; therefore, the enhancement factor
is potential dependent

5.

Excitation wavelength dependence

The resonance condition depends on the
excitation wavelength. The potential at
which the SER intensity maximizes (Emax)
is different for different incident photon
energies

axy, o~rT, and a z z , respectively. In other words, the
modes with polarizability changes perpendicular to
the surface must dominate the SERS spectrum.
The SERS selection rules can be used to determinate the orientation of molecules adsorbed onto

the metallic surface. However, one must be aware
that an additional contribution from the CT mechanism needs to be considered [33]. The CT process
would enhance the symmetrical modes in general,
and preferentially the modes involving the vibrational

Table 2
Summary of systems studied at the University of Waterloo
Electrode

Solvent

Ag
Ag
Ag
Cu
Ag

Ag
Li

Py, PyH ÷, CIIon pairs and neutrals
EDTA, CIDecomposition
SCNS bonding
Cul, CuzO (?)
Surface films
I-, [Li(CH3CN)~,]÷, [Na(CH3CN)/] ÷, Cation adsorption; H20 reduction;
CH3CN, H20, OH-, OD-, CNdecomposition
DABCO, CIPDCT mechanism
H20
CO~-, Br-, I-, H20, OH-, pc
Decomposition
CH3CHCH2CO3 (pc)
Py
Link to surface coverage
,H20
DABCOH~÷, CIpH dependence. EM mechanism
H20
Fe(CN)36-, Fe(CN) 4Depth profiling
H20
DABCOH2÷/ICrystal growth. Depth profiling
H20
Ion pairs
CH 3CO2CH3 (MA), HCO 2CH3 [Li(MA)41÷, (CH3)4N÷, Br(MF)
(CH3)4N÷, CI-, Br-, IDecomposition
H20
PTHF, thin film
Decomposition
THF, 2Me-THF

Fe (C)
Ag

H20

Ag
Ag
Au
Ag
Au

Ag
Ag

Adsorbed species

Comment

H 20
H20
CH~CN
H 20
CH 3CN

H 20/Na 2CO 3-NaHCO 3

FeCO3, Fe304, FeOOH, Fe(OH)~_ Corrosion products
pz, pzH ÷, DHPz
Orientation, decomposition

Reference
[72], [39]
[73]
[74]
[75]
[76]
[77], [44]
[78]
[55], [79]
[40]
[80]
[81], [82]
[41], [58], [83]
[42]
[83], [84], [85],
[86]
[5]
[34], [35]
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coordinates which are relaxed by the electronic
excited state.

4. SERS experimental results and discussion
Some of the common features of SERS will be
illustrated by data obtained in our laboratory. A summary of the electrochemical systems studied in our
laboratory is presented in Table 2. The objective is
to present to a non-SERS specialist the expected
response of the enhanced Raman intensities to applied
potential, excitation energy, and surface coverage
changes. Some direct applications of the technique
- - to determine molecular orientation and to study
electrochemical reactions - - will be discussed as
examples.
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4.l. Potential dependence of the SERS intensities
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Fig. 5. Potential profiles of (a) 1,4-dyhydropyrazinium cation and
(b) pyrazine adsorbed onto a silver electrode from 1.0 M Br- solution [35]. h~,,c = 514.5 nm.

Metal

Fig. 5 shows SER intensities vs. applied potential
for pyrazine (pz) [34] and the 1,4-dihydropyrazine
(DHPz) [35] cation. These plots are known as potential profiles. A bell shaped curve for the neutral
molecule and a decrease in the SER intensity as the
potential becomes negative for the cation are
observed. The enhancement of the local electric

Molecule
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m°dulatethe
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betweenthe
• •
Fermi level and
the frontier
orbitals
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Fig. 6. For adsorbed molecules containing empty low energy r" orbitals, an electron is transferred from the metal's Fermi level to the LUMO.
This process is in resonance with the energy of the incident photon (hp). The energy of the Fermi level can be modulated by the applied
potential; the energy of the Fermi level either increases or decreases as a negative or positive potential, respectively, is applied.
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Fig. 7. The coadsorption of a cation and a halide onto the metallic
surface. (a) At potentials more positive than the point of zero charge
(pzc), the halide is specifically adsorbed onto the electrode surface.
(b) As a more negative potential is applied, the amount of adsorbed
halide decreases, and the cation also leaves the surface [35].

field depends only on the metal characteristics; hence,
under the EM model, the change in the SER intensity
with potential largely reflects a change in the surface
coverage. In fact, the surface coverage of a neutral
molecule rises to a maximum near the point-of-zerocharge (pzc) and then falls off as the electrode potential is swept through a suitable range [36]. Under the
CT model, the maximum could result when the potential change moves the Fermi level in and out of the
resonance condition [37,38]. This situation is illustrated by Fig. 6.
The DHPz cation cannot interact directly with the
positive electrode surface; rather, the cations bind to a
halide layer, as illustrated in Fig. 7, evident from low
frequency SERS bands [34]. As the potential is made
less positive, the halide leaves the surface, and the
coadsorbed cation concentration also decreases. This
ion-pair model has been invoked for the adsorption of
pyridinium cations [39], diprotonated 1,4-diazabicyclo[2.2.2]octane (DABCO) [40], and solvated lithium
cations [41] onto halide-coated silver. It is interesting
to note that the bulky tetramethylammonium cation,
with its buried charge, has a maximum intensity near
the pzc, thus behaving as an uncharged species
[41,42]. The enhancement at a distance (the

I

q

-1000

-800

I

-600
E / mV (vs. SCE)

I

-400

Fig. 8. Potential profiles of pyrazine adsorbed onto a silver electrode. The electrode was activated in the presence of pyrazine. (a)
1.0 M KCI + 0.01 M pyrazine. (b) 1.0 M KBr + 0.01 M pyrazine.

halide layer is the spacer) is consistent with the EM
mechanism.
The potential at which the SER intensity maximizes
(Ema×) is also dependent on the nature and concentration of the supporting electrolyte. For instance,
Fig. 8 shows potential profiles for pyrazine adsorbed
onto silver electrodes covered with two different
halides - - chloride and bromide. The specific anion
adsorption shifts the pzc of the electrode to negative
values. The overall effect is a shift in Emax to negative
values as the amount of adsorbed anion increases on
the electrode surface. Bromide is more strongly
adsorbed onto the surface than chloride; therefore,
the Emax obtained for bromide medium is expected
to be shifted to more negative potentials when
compared to chlorides, as borne out by Fig. 8. The
same argument can be used to account for the changes
at different electrolyte concentrations. A more concentrated solution of the same halide yields a more
n e g a t i v e Ema x.
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Fig. 9. SERS potential profiles of DABCO adsorbed onto a silver
electrode in 0.1 M perchlorate supportingelectrolyte. The excitation
wavelengths are indicated (from Ref. [44]).
4.2. Dependence o f the SERS intensities on excitation
energy

The EM contribution to the enhancement depends
on the dielectric constant of the metal, and the dielectric constant is dependent on the incident light. Therefore, different relative enhancements are expected for
different metals at different excitation wavelengths.
For instance, the relative enhancements for silver
peaks at about 700 nm, and the relative enhancement

for copper and gold increase monotonically as the
wavelength increases [43]. The enhancement
expected from the EM model depends only on metallic properties; hence, vibrational modes of similar
symmetry species should be enhanced by the same
amount at a given potential (respecting the selection
rules). Therefore, the potential at which the SER
intensities reach a maximum (Emax) is expected to
be the same for similar modes of vibration, and is
not expected to change for different incident wavelengths.
Fig. 9 shows the potential profiles for DABCO
adsorbed onto a silver surface, measured with different exciting wavelengths [44]. It can be seen that Emax
shifts to more negative potentials as the photon excitation energy increases. This behavior can be interpreted in terms of the CT argument illustrated in
Fig. 6. The potentials at which resonance is satisfied
are different for different excitation energies. Fig. 10
shows the dependence of Emax on excitation energy for
DABCO adsorbed onto silver electrodes in the presence of different electrolytes. The linear relationship
of Emax vs. photon energy plots is expected from the
CT model [45]. In fact, the sign of the slope of these
plots reveals the direction of the CT process. A positive slope indicates a CT process from the metal's
Fermi level to the LUMO orbital of the molecule.
This kind of result is expected for molecules contain-
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Fig. 10. Plot of the potentials of the maximum intensityof the potential profilesof the v4 DABCOband vs. the excitation photonenergyfor three
supporting electrolytes: (©) 0.1 M KCIO4;(11) 0.1 M KF; (rT) 0.1 M KCI (from Ref. [44]).
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ing a low-lying 7r* orbital, such as pyridine and pyrazine. A negative slope indicates a CT process from the
HOMO molecular orbital to the Fermi level [12].
Situations can arise where several CT processes
occur for the same species adsorbed onto an electrode
[46]. The dependence of Ema x o n excitation wavelength has been used to indicate a quantitative contribution of the CT mechanism to the overall effect [47].
However, care must be taken because the shift in Ema x
depends on the concentration of the specifically
adsorbed halide. For instance, for pyrazine adsorbed
onto a silver electrode from a 1.0 M bromide solution,
there was no observable shift of Emax with excitation
energy [34]; however, a CT contribution to the SERS
of pyrazine has been suggested [45] for less concentrated halide solutions.
4.3. Dependence o f the SERS intensities on surface
roughness

SERS intensities depend dramatically on the
surface morphology. An AFM picture of a typical
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SERS-active electrode is presented in Fig. 11. Studies
involving the dependence of the SERS intensities on
the surface morphology, measured by SEM, have
been performed [48,49] for pyridine and chloride
adsorbed onto polycrystalline silver electrodes. It
was found that the SERS intensities increased as the
diameter of the surface features decreased and the
two-dimensional density of roughness features
increased. The SERS intensities reached a maximum
when the average diameter of the surface bumps was
between 90 and 100 nm. These results are in good
agreement with a recent study of the dependence of
the SER signal on the parameters of the ORCs [50]; a
r.m.s, roughness of 80 nm for an optimal signal was
reported. The importance of these small-scale bumps
for optimal SERS intensities was suggested from an
STM study of the changes in A g ( l l l ) surface morphology after an electrochemical roughening procedure [51]. The relationship between surface
roughness, determined experimentally, and SERS
intensity is in agreement with the predictions of the
EM mechanism.

30o y
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~
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X
2

I00.000 nNldiv
50.000 nNldiv

Fig. 11. AFM image of an activated gold electrode. The activationprocedure is described elsewhere [23]. Seven ORCs were performed.
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obtained from independent electrochemical measurements. Electrochemical surface coverage data are not
always available for the commonly studied SERS systems, but such information is being produced in our
Centre [52]. The relationship between the electrochemical SERS intensity and surface concentration
has been investigated for halides and pseudohalides
adsorbed onto silver electrodes [53,54]. Fig. 12 shows
a plot of normalized SERS intensity vs. surface coverage, obtained by chronocoulometry, for pyridine
adsorbed onto a " s m o o t h " gold electrode [55]. An
almost linear relationship was found for surface concentration values up to 2/3 of a monolayer. The
decrease in SERS intensity at high surface coverage
values was attributed to depolarization effects on the
local electric field [56].
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4.5. Determination of the molecular orientation using
SERS
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Fig. 12. Plot illustrating the relationship between normalized SER
intensity (IN) and surface coverage (I') for different pyridine concentrations: (©) 3 x 1 0 -3 M; (0) 10-3 M; (D) 10-4 M; (ml)4 × 10-5
M. (from Ref. [55]).

In Fig. 13 the spectrum of pyrazine adsorbed onto a
silver electrode is compared with that of the aqueous
solution pyrazine species [34]. Noting the representation of the vibrational modes, given in Fig. 14, it can
be concluded that the vibratioos with components
along the N - N axis are most enhanced. For instance,
in contrast with aqueous pyrazine, this spectral region
is dominated by the 630 cm -1 band (Fig. 13c) rather
than the ~ 697 cm -t band (Fig. 13a and Fig. 13b).
This result suggests that pyrazine is adsorbed end-on

4.4. Dependence of the SERS intensities on surface
coverage
Knowledge of the dependence of SERS intensity on
surface coverage is very important for the application
of SERS to electrochemical problems. SERS intensities must be compared with surface coverage data
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Fig. 13. The 500-800 cm-I region of the Raman spectrum of (a) ].0 M aqueous pyrazine solution and (b) 1.0 M aqueous pyrazine in 3.0 M HCI

solution. The spectral features are due to the monoprotonatedpyrazine cation, pzH ÷.(c) SER spectrumof pyrazine on a silver electrode from 1.0
M KBr + 0.1 M pyrazine solution. E = - 600 mV. The electrode was activated in the absence of pyrazine [34].
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a potential sweep can signal an orientation change
[58,59].

630 cm"
Ag 6a

697 cm"

4.6. Using SERS to identify products of
electrochemical decomposition

741 cm'

B~q 6b

B~g 4

The SERS technique has considerable potential for
the study of Faradaic electrochemical processes. Electrochemical reaction products of organic [60,61,35]
and inorganic compounds can often be identified.
Fig. 15 shows the vibrational bands from carbon monoxide on a copper electrode [62]. The CO, formed
from CO2 reduction in bicarbonate medium, is an
intermediate in the reduction process. Several bands
assignable to an adsorbed CO species are observed.
The high frequency bands are due to a C - O stretch
mode. The low frequency bands are due to the metalcarbon stretching and the frustrated rotational modes,
which are described elsewhere [62].

Fig. 14. Schematic representation of three pyrazine vibrational
modes. The Wilson numbering scheme is presented for each representation together with the SER vibrational frequency, in cm -~.

(attached by the N lone pair) to the electrode surface.
However, it is very important to point out that such a
conclusion cannot be drawn based just on one band;
all allowed bands in the SER spectrum must be considered. In the particular case of pyrazine, the end-on
adsorption was confirmed by a preferential enhancement of the modes containing the etzz term of the
molecular polarizability, followed by those with OZzr
and axz components; the modes containing the otxv
components presented the weakest features [34].
Bands forbidden in the NRS also appear in the
adsorbed pyrazine spectrum. These bands are activated by a field gradient mechanism [57]. Another
procedure, which has limited application, is to compare the intensities of a symmetric and antisymmetric
mode of the species from a SERS experiment and
NRS; a marked change (a reversal) of intensity during

4. 7. Hazards of the application of SERS to
electrochemical problems
The necessity of a rough surface, the limited number of metals, and the non-linear relationship between
SERS intensity and surface concentration for all
applied potentials are the most obvious problems
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Fig. 15. The SERS spectrum of the metal-carbon and carbon-oxygen modes of CO adsorbed onto a copper electrode (E = - 1.5 V (vs. SCE))

[62].
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restricting the application of SERS to electrochemical
systems. However, there are other experimental pitfalls of which the non-SERS specialist should be
aware. One of them concerns the activation procedure. The ORCs can either be performed with a solution containing the adsorbent species or the adsorbent
can be added to the solution after the electrode has
been activated. The former procedure gives a better
signal-to-noise ratio; however, it has been shown that
this procedure can trap the adsorbent or one of its
electrochemical reaction products on the metallic surface [63-65]. Therefore, the spectrum obtained after
activation in the presence of the adsorbate must
always be compared to a spectrum obtained in the
absence of the adsorbate to avoid misassignments
and false conclusions [35].
Another problem is the time dependence of the SER
signal. This time dependence has been attributed to
the thermally-induced desorption of the adsorbed species, followed by the incorporation of the " f r e e "
SERS-active sites into the metal lattice [66]. This
hypothesis was supported by an in situ STM study
of the morphology changes of silver electrodes following an ORC in halide medium [67]. The roughness
features were found to relax quickly, and the electrode
surface became more "flat" with time. The problem
of the time evolution of the SER signal can be minimized by performing a "shallow" ORC prior to each
measurement [55].
The SERS-active sites can also be quenched by a
potential sweep to very negative values. In this case,
the desorption of the adsorbate is induced by the
applied potential [68]. Oxidation of the active sites,
mainly the adatoms, by molecular oxygen can also
quench SERS intensity [69]. The stability of the
SERS-active sites is found to be higher for gold
than for copper and silver electrodes.
The silver electrode suffers from a problematic
form of carbonaceous contamination. The most likely
source is atmospheric CO2 which apparently reaches
the electrode surface and decomposes [70]. The spectrum of this material consists of a series of broad
bands at about 1350 and 1600 cm -1, attributed to graphitic carbon vibrations [71], and a series of bands,
possibly attributable to CH stretching modes between
2700 and 2950 cm-1; these bands are evident in many
SERS measurements. In many cases (e.g. pyridine,
pyrazine and other strong scatterers) they have no

great impact since the SERS of these molecules is
intense and contamination bands do not appear in
the spectral region of interest. The major problem
with this contamination occurs when its presence
obscures the spectral region of other compounds that
one may wish to examine. This problem does not
occur for either copper or gold electrodes and is,
therefore, not a characteristic of the SERS process;
it seems to be inherent to silver electrodes, and is
thus attributed to the unique surface chemistry of
silver.

5. Summary
A design for a spectroelectrochemical cell for
SERS has been described. Procedures for activating
the surface of silver, copper and gold electrodes have
been presented. Although activation in the presence of
the molecule of interest leads to a greater SERS intensity, there is a possibility that spurious Raman bands
from entrapped decomposition products can lead to
erroneous conclusions. The mechanisms and selection
rules for SERS have been reviewed. Experimental
results that confirm both the EM mechanism and the
CT mechanism have been presented. The dependence
of SERS intensity on electrode potential, excitation
energy, surface roughness, surface coverage and
some pitfalls to be avoided when conducting SERS
experiments were described. Examples of the
application of SERS to the determination of
molecular orientation and to the identification of
electrochemically-generated products were discussed.
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