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The structure and dynamics of electrode/liquid interfaces play
an increasingly important role in electrochemistry. Raman
spectroscopy is capable of providing detailed structural infor-
mation at molecular level and new insight into the interfacial
structure, adsorption, reaction, electrocatalysis and corro-
sim. In this account we will summarize some progresses of
surface Raman spectroscopy in the study of electrochemical in-
terfaces, mainly based on our group’s work, laying emphasis
on the detection sensitivity, spectral resolution, time resolu-
tion and spatial resolution as well as the hyphenated tech-
nique.

Keywords Raman spectroscopy, surface enhanced Raman
spectroscopy, electrochemical interfaces, adsorption

Introduction

The structure and dynamics of electrode/liquid in-
terfaces play an increasingly important role in electro-
chemistry. The ramifications of the subject extend into
diverse areas such as battery, fuel cell, material corro-
sion, clean technology, semiconductor processing, elec-
tric synthesis of organic and inorganic compounds, con-
version and storage of solar energy, and biological elec-
tron transfer process. Traditional electrochemical meth-
ods can not meet the growing requirement of characteriz-
ing more complicated systems related to advanced materi-
als and life science.! Since 1980s there have been re-
markable developments of non-electrochemical tech-
niques, particularly in-situ spectroscopies, diffraction
techniques and scanning probe microscopes (SPM) to
gain more mechanistic and dynamic information from
electrochemical interfaces at the molecular (atomic) lev-
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el.” Tt is necessary to point out that each individual
technique has some advantages and disadvantages in the
study of a certain electrochemical system. Generally, the
detection sensitivity and resolution are the two most im-
portant criteria for comparing these techniques in terms
of their capability to obtain more information from the in-
terface. The resolution can further be classified into
three factors, i.e. energy-resolution, spatial-resolution
and time-resolution. The detection sensitivity is abso-
lutely important because only an extremely small quantity
of species providing meaningful information are present
in the interface in comparison with the bulk solution
phase. The electrochemical technique has very high sen-
sitivity capable of detecting a change of sub-monolayer
molecules or atoms at the interface. However, it has
quite poor time resolution of milliseconds unless one uses
ultramicroelectrodes to reach the resolution up to mi-
croseconds . > Moreover, its energy-resolution is even poor
at around 10? V. In contrast, in-situ vibrational spec-
troscopies such as Raman and IR spectroscopies have
much higher energy-resolution, their spectral resolution
is ca. 1 em™, which is equal to about 10* V. There-
fore, the vibrational spectroscopies are capable of pro-
viding detailed structural information and new insight in-
to variety of electrochemical interfaces.?> In this account
we will summarize some progresses of surface Raman
spectroscopy in the study of electrochemical interfaces,
mainly based on our group’s work, laying emphasis on
the detection sensitivity, spectral resolution, time reso-
lution and spatial resolution as well as the hyphenated
technique.
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Detection sensitivity

Detection sensitivity to probe electrochemical inter-
faces has always been the key problem for the optical
method due to the fact that only one monolayer or even
sub-monolayer of the interested species are presented at
the interfaces. Laser Raman spectroscopy itself has been
suffering from the intrinsic low detection sensitivity. For-
tunately, in 1978, it was largely discovered through the
work of Fleischmann, Van Duyne, Creighton, and their
co-workers that molecules adsorbed on specially prepared
silver surface produce a Raman spectrum, in which the
signal intensities at times increase million fold than ex-
pected. This effect was dubbed surface enhanced Raman
scattering (SERS ) .¢® The following examples illustrate
that the very high sensitivity to surface adsorbed species
makes it possible to use surface enhanced Raman spec-
troscopy to investigate electrochemical interfaces in de-
tail.

Interfacial water molecules

The interfacial water as the major component of
electrode/aqueous electrolyte interfaces is one of the
most important subjects in fundamental electrochemistry,
and its detailed structure and behavior are far from a
consensus recognition. SERS seems to be a powerful tool
for investigating the structure of interfacial water because
it can greatly enhance the Raman signal of interfacial
water molecules and avoid tremendous interference of
bulk water (about 55 mol/L). However, the extensive
study in the 1980s showed that SERS of water was only
obtained under some special conditions, i.e€., the solu-
tion must contain ( pseudo-) halide salts.®!! The results
imply that the SERS arises from special surface complex-
es involving metal adatoms, halide ions, cations and wa-
ter molecules. Therefore, it is questionable that to what
extent the water molecules present at these surface com-
plexes are representative of normal water present at elec-
trode/electrolyte interfaces. In consequence the SERS
study on water declined considerably at the end of
1980s.

In the early 1990s we collaborated with Funtikov’s
group and successfully obtained the SERS of water in a
NaClO, solution free of (pseudo-) halide ions in a wide
potential range, e.g. from -0.5Vito -2.0 V.2 By
taking advantage of high sensitivity and high spectral

resolution of SERS, we carried out the systematic study
on the effects of electrolyte ion (Li*, Na*, K*, Cs*,
ClO,", SO,* and OH')," electrode substrate (Au, Ag
and Cu)*'" and potential on the SERS features of wa-
ter. Fig. 1 shows a set of surface enhanced Raman spec-
tra of H,O from an Au surface changing with the elec-
trode potential. It is of special interest to find that in the
potential region of hydrogen evolution reaction (noted as
H,0 (HER)), the spectral feature is strikingly different
from that in the double layer potential region. The libra-
tion and bending band intensities of H,0 (HER) are ab-
nommally enhanced in comparison with the stretching
mode. Based on the fact that the strong libration band of
water can only be obtained from solid state like ice, one
could assume that the H,0 (HER) may have highly or-
dered structure, thus to expedite the transfer of electron
and OH and H* through the unique hydrogen bonding
net in HER. More surprisingly, the SERS feature of
H,0 (HER) is distinctively different from that of most
surface species in SERS study. Its intensity is well pro-
portional to the electrochemical reaction rate (i.e., the
current of HER). but is independent on Ag, Cu, and Au
surfaces, in spite of the fact that the potentials of zero
charge (PZC) for these metals are very different. We
have also found that the surface enhancement factor
(SEF) of water at the HER potentials is estimated to be
ca. 10° while in the double layer potential region the
SEF is only ca. 10*.' Accordingly, the new enhance-
ment mechanism is suggested by the correlation of HER
current density and the SERS intensity during the course
of electrochemical dissociation of interfacial water
molecules. It may involve the charge transfer (CT) from
the metal to the activated intermediate energetic state of
those water molecules to be dissociated. '’
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Fig. 1 SERS of water on an Au electrode in 0.1 mol/L
Na, S0, solution as a function of the electrode poten-
tial. Excitation line: 632.8 nm.
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Transition metal surfaces

It should be pointed out that the huge surface en-
hancement effect was found to be severely restricted to
three noble metals of Ag, Au and Cu. Thus surface-en-
hanced Raman spectroscopy has almost been restricted to
these surfaces for over two decades. Therefore, it is fa-
tally important to extend SERS study to other metallic
and non-metallic surfaces. In particular, much effort has
been devoted to the study of catalytically more interesting
transition metals in the past decade.®”'6® However,
due to the low detection sensitivity of Raman spec-
troscopy, no significant breakthrough has been made in
this area. As a consequence SERS has not been used as
widely as IR spectroscopy in surface science and electro-
chemistry.

Recently we have used a confocal Raman micro-
scope (LabRam I, Dilor) with the very high sensitivity
and special surface pretreatments to extend SERS study
successfully to many bare transition metals of practical
importance . ?"* More than five surface pretreatment pro-
cedures for different transition metals have been exam-
ined, i.e., mechanical polishing, chemical etching,
electrodeposition, ex-situ and in-situ electrochemical
oxidation and reduction cycle (s) (ORC) etc. It has
been found that the substantial increase in the signal in-
tensity is not simply proportional to the surface rough-
ness. Therefore, one should consider the actual SERS
effect from these roughened surfaces. The surface en-
Lt/ N ot
Tpu/ Ntk
where I s and I, denote the integrated intensities of

hancement factor ( G) is defined as G =

the same band for the adsorbate at surface and in solu-
tion respectively, while N, and Ny, represent respec-
tively the number of the corresponding molecules effec-
tively excited by a laser beam. Since the confocal Raman
microscope possesses a sensitive depth resolution, as for
a conventional Raman spectroscope the term Ny, and
Ngut can not be obtained directly. By considering the
confocal optical feature, we proposed an approach to cal-
culate the SEF of these metal systems and got one to two
orders of amplification of surface Raman signal from Pt
surfaces, and two to three orders from Ni and Fe elec-
trodes.®?*3"3 The results demonstrate the importance
of establishing the appropriate surface pretreatment pro-

cedure for obtaining SERS effect from the transition met-
als, 531,32

It is of special interest to extend the study to the
ordered nanorod (or nanowire) arrays of transition metals
as a suitable SERS substrate. The arrays were fabricated
by means of the templates of porous alumina with pore
diameters between 10 and 40 nm. AC current was ap-
plied to deposit the metal into the pores. Then the alu-
mina film was chemically etched off layer by layer by an
aqueous solution of phosphoric acid, by which the metal
nanorods or nanowires were exposed gradually at the sur-
face, then SERS measurements were taken in sequence.
It has shown that the SERS intensities depend critically
on the rods’ length exposed and are considerably
stronger than that from the roughened electrode surfaces
with the best preparation. For example, the surface en-
hancement factor of four orders for the Ni nanowire array
can be obtained. It indicates that the ordered nanorod
arrays could serve as a new class of SERS active sub-
strates especially for transition metals . >

So far we have obtained good quality surface Raman
spectra from many transition metal surfaces, such as Pt,
Ni, Ru, Rh, Pd, Co, Fe and Pt(Ir) alloy electrodes,
over a very wide electrode potential region (e. g. -2.0
Vito +1.4 V); many important surface species, in-
cluding the adsorption of CO, H, O, Cl°, Br, SCN-,
CN°, pyridine, thiourea, benzotriazole and pyrazine,
have been investigated.?" Fig. 2 gives two sets Raman
spectra of inorganic and organic molecules adsorbed on
some transition metal and alloy metal surfaces. To gain
insight into the nature of the metal-adsorbate bonding,
we have paid special attention to the vibrational bands
reflecting the interaction between substrate and adsor-
bates, which is very difficult to be studied by other in-
situ vibrational spectroscopy such as IR and SFG.*¢¥
This demonstrates virtues of surface Raman spectroscopy
for yielding information on surface bonding related to the
surface coverage, coadsorbate and electrode potential .

For extending SERS to transition metals, another
important tactic to electrochemically deposit “pin-hole
free” transition metal thin films over SERS active Au
surface has also been proposed recently by Weaver’ s
group. They have successful extended Raman study to
Rh, Ru, Ir, Pt and Pd surfaces. The surface species
that have been investigated include CO, benzene, ben-
zonitrile.** Very recently in the collaboration work of
our two groups, the study has been further extended to
thicker films which are more close to bulk transition met-
al in properties. High-quality surface Raman spectra of
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the adsorption of SCN” on Rh, H on Pt and Rh, CO on

thicker film of Rh, Pt and Pd have been obtained for the

detailed investigation .

488

CO/Pt
2070 02V

62
Cm .

4 g™ ot
CWN &

/

T T T LN S A / S BN S RENEL R I |
300 500 700 1800 2000 2200 2400
Wavenumbers (cm")

(a)

Pyrazine/Ni

-1.0V

Benzotriazole/Fe
-1.2V
Pyridine/Rh 11V
r T T T T T T T T 1
300 500 700 200 1100 1300 1500 1700

Wavenumbers (cm™)
(b)

Fig. 2 Surface Raman spectra from various transition metal
systems as indicated in the figures. Raman spectra
were recorded in Labram I confocal microprobe Ra-
man system, with either green (514.5 nm) and red
(632.8 nm) laser excitation.

Non-metallic material surfaces

Another important direction of surface Raman spec-
troscopy is its application to non-metallic materials like
semiconductor and conductive polymer electrodes, which
are non-SERS active. The study can be realized by using
either resonance Raman effect or surface enhanced Ra-
man effect or their combination.* Xue’s group has car-
ried out a systematic study on the structure of polymer/
metal interfaces in non-electrochemical environments by

covering the SERS active Ag surface with the thin poly-
mer film.** They also developed a method to obtain
SERS signal from non-SERS metal surfaces, by which
the molecules investigated was adsorbed on those chemi-
cally etched surfaces, and then Ag particles were chemi-
cally deposited over them.*** They have obtained SERS
signal of various molecules on various surfaces, 7+ ®
which has been proved to be from substrates rather than
silver surface. Our group, on the other hand, have fo-
cused on the structures of conductive polymers under
electrochemical conditions, and several systems have
been investigated, such as polyaniline and polypyrrole
films, film/electrode interfaces and film/solution inter-
faces.*! The SERS spectra can provide molecular level
information for understanding the mechanisms of elec-
tropolymerization, electrochemical reaction and degrada-
tion of conductive polymer electrodes . !

Surface bonding configuration of silicon is a subject
of extreme importance both for practical and academic
reasons because it is correlated with silicon etching pro-
cedures and electro-optical properties. Using a highly
sensitive confocal microprobe Raman system, we in situ
studied Si—H,, Si—F and Si—Si vibrations from Si
electrode surfaces in HF aqueous solution.**>" Two ap-
proaches have been made for obtaining the best quality
surface Raman spectra, i.e. by electrochemical rough-
ening pretreatment or laser-assisted roughening proce-
dure. The Raman scattering and photoluminencence
(PL) from the surface can be correlated. The result in-
dicates the potential of confocal Raman microscopy as an
important tool for in-situ investigating surface bonding
configuration of semiconductor electrodes during the sur-
face processing.

Energetic (spectral) resolution

As mentioned above, Raman spectroscopy can pro-
vide very high energetic resolution, which refers to the
high spectral resolution in the word of spectroscopy. It is
well known that different molecules could have different
vibrational frequencies, even the same molecule with
different surface configuration can be distinguished by
Raman spectroscopy quite sensitively. With the aid of
the extremely high sensitivity, SERS has the capability
in detecting the mild change in both frequency and in-
tensity of the surface species when it is slightly influ-
enced by the environment, such as the applied poten-
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tial, electrolyte ion or surface coverage.
Electrochemical coadsorption

Electrochemical coadsorption of organic molecules,
inorganic ions and solvent molecules is a common yet
complicated interfacial phenomenon. With its high spec-
tral resolution, SERS can yield a detailed picture of
coadsorption configuration.***>* Through carefully analyz-
ing the potential dependent band feature including its
frequency, intensity, width and shapes, one can classify
the electrochemical coadsorption into two types—parallel
(competitive) and induced coadsorption. Moreover, ac-
cording to the frequency dependence of the induced
coadsorbates on the electrode potential, we can further
classify the induced coadsorption into two subtypes—in-
duced physical coadsorption and induced chemical coad-
sorption . %+%*

The first example of the induced coadsorption is
that Cl0;™ or SO,% ions can be induced to adsorb to the
surface by some organic molecules, such as thiourea
(TU) .5*% Fig. 3 gives good example that demonstrates
the induced coadsorption process. It has been found that
the strong SERS signal from ClO; can only be detected
when TU is added. The band frequency of ClO, is iden-
tical to that of free anions in electrolyte and entirely in-
dependent of the electrode potential. This phenomenon
indicates that the anion is induced by the organic
molecule to coadsorb at the electrode surface and it only
interacts indirectly with the surface. It can be classified
to be the induced physical coadsorption.>* In order to
analyze the coadsorption configuration, some SO,% was
added into the spectroelectrochemical cell. New SERS
bands from SO,* replace those of ClO,~ completely, and
meanwhile the band frequency from the NH, group of TU
changes in several wavenumbers while the other bands of
TU remain unchanged. This mild but meaningful change
reveals that the coadsorption of TU with electrolyte an-
ions is through the NH3* group of TU.”

When the electrolyte anion is changed to SCN" that
can strongly interact with the surface, the potential de-
pendent SERS study reveals that SCN™ and TU can be
adsorbed individually or coadsorbed in parallel at the
electrode surface. In the positive potential region, both
the intensity and frequency of the coadsorhbed SCN™ are
different from those of the free anion in electrolyte or the
individually adsorbed anion.* It infers that in the paral-

lel coadsorption, the interactions between the electrode
surface and both kinds of adsorbate molecules are
strong. It has also been found that the transition from
parallel to induced coadsorption can be realized by
changing the electrode potential toward the negative di-
rection.™ At the negatively charged surface, the desorp-
tion of SCN" is preferred while TU can still interact with
the surface strongly through its sulfur atom. So the ad-
sorbed TU can induce the SCN to be coadsorbed to the
surface due the strong interaction through the NH;*
group of TU and the nitrogen atom of SCN™. The results
illustrate that the nature of the complicated potential de-
pendent coadsorption can be understood at molecular lev-
el by analyzing the SERS spectra of coexistence of differ-
ent kinds of surface species. More importantly, with the
aid of rich structural information provided by Raman
spectroscopy, quantum chemical calculation can be per-
formed to elucidate the detailed nature of surface bond-
ing, as shown in the hydrogen adsorption.
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Fig. 3 SERS from the Ag surface of the coadsorption process

of thiourea with $0,% and ClO, as a function of the

electrode potential. Excitation line: 632.8 nm.

Hydrogen adsorption at platinum electrodes

Hydrogen adsorption at platinum electrodes is one
of the most important systems known in electrochemistry .
It has significance to many practical systems, such as fu-
el cell, water electrolysis, organic reduction and some
corrosion processes. Though the interaction of Pt with
hydrogen has long been a hot subject for electrochemists,
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this seemingly simple system is by no means simple.®
Hydrogen adsorption at platinum elecirodes in acidic so-
lution has been investigated by confocal microprobe Ra-
man spectroscopy for the first time.?!"*'3 Vibration for
on-top adsorbed hydrogen against platinum surface at
ca. 2088 cm™ is observed in the overpotential deposition
(OPD) region of hydrogen evolution. With the negative
moving of the potential, there is a red shift of Pt-H vi-
brational frequency. In the potential region of underpo-
tential deposition (UPD) only a very weak and broad
band is discernible when the surface hydrogens are satu-
rated . ¥ Tt indicates that the nature and bonding configu-
ration of the surface hydrogen are remarkably different in
the UPD and OPD regions. Several factors, including
the applied potential, hydrogen surface coverage, inter-
actions with electrolyte ions and water molecules, can
influence the observed spectroscopic properties.

By considering the wealthy spectroscopic data, we
performed Ab initio cluster model calculations. Electric
field effects were simulated either by charging the cluster
models or considering the cluster in the presence of a u-
niform external field. The calculation results indicate
that the large tuning rate of Pt-H frequency should be at-
tributed to the work function shift with the change of
electrode potential, and the effect coming from the inter-
action between exteral electric field and the dipole mo-
ment of the adsorbate is considerably small. The calcula-
tion results show that the spectroscopic properties of Pt-H
bond are very sensitive to the surface coverage. The ob-
served red-shift of Pt-H frequency with decrease of elec-
trode potential would originate from the lateral interaction
of Pt-H bonds. This is in good agreement with the ex-
perimental observation that only when the hydrogen ad-
sorption reaches the monolayer can we have a detectable

vibrational intensity .

Time resolution

Besides its high spectral resolution, Raman spec-
troscopy can also provide quite high time resolution,
which affords additional information about electrochemi-
cal interfaces. It is widely accepted that adsorption pro-
cesses can be divided into two groups: (i) physical ad-
sorption processes are very fast but not easy to monitor
the evolution of the spectral change with the potential in
a short time period ; ( ii ) chemical adsorption may in -

volve some very complicated processes such as chemical
coadsorption of multicomponents or phase formation,
which are possibly very slow to follow the potential
change > Therefore it is worthwhile to use time-resolved
SERS ( TRSERS) to investigate structural dynamic
changes of complicated coadsorption processes.

Structural changes of coadsorption with potential

To our knowledge, the dynamic studies including
theoretical work on electroadsorption have been based on
the assumption that each adsorbate is a rigid body having
the same structural dynamics on changing with the poten-
tial. However, we have found an interesting phenomenon
that is correlated to the structural dynamics of the coad-
sorbed layer, i.e., different vibration modes of an ad-
sorbate have different response rates to a potential change
(potential step) ¥

The time-resolved SERS spectra show that the band
intensities of different vibration modes for the adsorbed
TU have surprisingly different response rates as the po-
tential was stepped from - 0.9 V to - 0.3 V.%® Ac-
cording to this feature one can divide the major SERS
bands into two groups, the first group are the CS and
SCNN stretching vibrational modes, and the second
group are those related to vibrational modes of the amino
group and coadsorbed anion. Following the potential
step, the intensities of the first group change more than
80% of that of overall change within the first 0.5 s, and
then approach a constant value slowly. For the bands of
the second group, the intensities change less than 50%
of that of overall change in the initial stage of the poten-
tial step then decrease within a prolonged time period
(more than 5 min). By analyzing the SERS data, we
can determine the surface orientation of TU. The CS
bond directly binds to the Ag surface, while the proto-
nated amino groups and anion are in the outer part of the
adsorbed layer. Therefore, effects of the electric field
crossing the double layer may be significantly different
on different functional groups of TU. The slow structural
change is due to the rearrangement of the amino groups
and the coadsorbed ClO; in order to form a compact
coadsorbed layer. This example stresses the possibility to
focus individually on different groups (or intra-molecular
bondings) of the adsorbate in the dynamic studies, par-
ticularly on some complicated coadsorption processes.
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Potential averaged Raman spectroscopy for time-resolved
studies

With the use of ultramicroelectrode as high as sub-
microsecond resolution can be obtained.’ It should be
noted that the time resolving value is limited by the de-
tector in the spectroelectrochemical studies.® It means
that one needs to purchase a costly gatable ICCD for the
time-resolved Raman study. Recently a novel technique
named as potential averaged Raman spectroscopy
(PARS) has been developed in our laboratory. By tak-
ing advantage of easily switching electrode potential, the
time-resolving value is no longer dependent on the detec-
tor but only on the electrochemical experimental parame-
ters.®! PARS method is based on the application of a
continuous waved potential modulation to the electrode
during the acquisition period. A PARS spectrum is
recorded while the two electrode potentials of interest are
being rapidly modulated, and the spectrum contains the
comprehensive information of surface species at the two
modulated electrode potentials. Later, the each spectrum
at individual potential can be extracted by deconvolu-
tion. By properly choosing the two modulating potentials
and frequencies in sequence, one can obtain a set of
time-resolved spectra of surface species at the interested
electrode potential. Our PARS study on the adsorption/
desorption of pyridine (Py) at an Ag micro-electrode can
obtain the time-resolved spectra for Py desorbed at — 1.
4 V with a non-gatable CCD detector,® as shown in Fig.
4. Tt is feasible to use PARS to achieve the electrochem-
ical dynamic information at microsecond scale by apply-
ing high modulation frequency and a prolonged acquisi-
tion time (e. g., 60 s) for getting a better signal-to-
noise ratio.

On the other hand, there is another kind of time-
resolved SERS study to acquire the signal of the process
occurring at a fixed potential after perturbed by a light or
magnetic field.%* For this so called pump and probe
technique, the time resolution value is determined by the
SERS signal and the response of the detector. The high-
er the time resolution value is anticipated, the stronger
the Raman signal should be. Thus, in the nanosecond
resolved Raman study, a molecule with very strong reso-
nance and surface enhanced Raman effect was adopted in
order to provide strong enough signal. For example,
Birke et al., using gating technique, performed a
nanosecond time-resolved Raman study on the photo-

chemical process of flavin.%
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Time-resolved SERS spectra of pyridine in 0. 01
mol/L pyridine + 0.1 mol/L KCl at an Ag micro-
electrode with diameter of 50 um when the potential
was modulated between two fixed potentials ( E, =
-0.5V, E;= - 1.4 V) by symmetric square

wave. Excitation line: 632.8 nm.

Spatial resolution

It is necessary to note that confocal Raman mi-
croscopy is very suitable for the in-situ study of electro-
chemical system. Besides all the features (high horizon-
tal resolution) of a normal Raman microscope it possess-
es, it also has quite high vertical spatial resolution,
which ensures the eliminating of the signal from bulk so-
lution. This is certainly a great help for detecting a rela-
tively weak surface Raman signal from weak SERS or
non-SERS active electrodes.

Horizontal resolution

Confocal Raman microscopy can provide quite high
horizontal resolution determined by the size of laser spot
and the stepping resolution of the X-Y scanning stage.
The resolution of ca. 1—2 pm is sufficient to study
nonuniform surface such as corrosion pit in a REBAR
electrode. The corrosion of REBAR (iron-based) in
concrete is an important subject. The passive film was
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formed by oxidization reduction cycles (ORCs) and the
Raman spectra were measured after pitting corrosion had
occurred. This kind of study gives us a clear spatial
variation of composition and electronic properties of pas-
sive film across the pit region on metal electrodes. The
Raman spectra in the pit show several corrosion prod-
ucts, including v-Fe,O;, Fe;04, v-FeOOH and CI'-
containing iron compound. %

Surface enhanced Raman imaging (SERI) was first
reported by Fujishima ez al .% With the high spatial res-
olution, this technique allows for the correlation of the
surface structure and Raman behavior. Their primary
study focused on the imaging of adsorbates on SERS ac-
tive Ag surface and the self-assembled monolayer. This
technique can certainly be developed into a powerful tool
for the investigation of conductive polymer, L-B film,
SAM, and the passive film and the microzone corrosion.
In the aspect of spatial resolution, it is predicted that,
the near field Raman spectroscopy with the spatial reso-
lution up to several nanometer will inevitably emerge in
the next few years for studying electrochemical inter-

faces. ¥

Vertical resolusion

It is necessary to note that confocal Raman mi-
croscopy is very suitable for the in situ study of electro-
chemical system. Besides all the features (high horizon-
tal resolution) of a normal Raman microscope, it also
has quite high vertical spatial resolution, which ensures
the eliminating of the signal from bulk solution. This is
certainly a great help for detecting a relatively weak sur-
face Raman signal from weak SERS or non-SERS active
electrodes. As a demonstration of its high vertical reso-
lution, the study of solution concentration gradient dur-
ing electrochemical reactions on an Au electrode by con-
focal Raman microscopy has been conducted. When a
laser spot is focused upon the electrode surface, the Ra-
man signal is mainly contributed by the adsorbed
species. However, when the position of the focus is
above the surface, the Raman signal mainly comes from
the bulk species. Thus by adjusting the focal point at
different heights above the electrode surface, one can get
a concentration gradient of different solution species
based on their spectral signals. It was found in the Ra-
man study of the redox couple Fe( CN)¢* and Fe(CN)¢>
that the relative Raman intensity for the two molecules

changes with the distance between the laser focus and
the Au electrode surface under controlled potential. At
different potentials, the Raman intensity of Fe(CN)64'
and Fe(CN)¢> gives the different dependence upon the
distance , reflecting the change of the concentration of
Fe(CN)G‘" and Fe(CN)63' in the diffusion layer during
electrochemical oxidation or reduction process. %%

Another more interesting and important example
comes from the electrochemical oxidation process of
methanol on a roughened Pt surface in sulfuric acid.
During the oxidation process, the focus was moved step
by step away from the electrode surface, thus we can see
the increase of methanol concentration. Meanwhile the
relative intensity of the S0,% with respect to HSO, vi-
brational band increases, which clearly reflects the in-
crease of the solution pH near the electrode surface as a
result of methanol oxidation.® According to the ratio of
the relative intensity of these two species, one is able to
estimate the solution pH profile close to the electrode
surface during the electrochemical reaction.

Hyphenated technique of Raman spectroscopy
with STM

It is necessary to point out that among more than
twenty non-electrochemical techniques, including spec-
troscopies, diffraction techniques and SPM, each tech-
nique has its own advantage and disadvantage in probing
electrochemical interfaces. For instance, the spatial res-
olution for Raman spectroscopy only falls into micrometer
scale as mentioned above. While scanning tunneling mi-
croscopy (STM), which has extremely high spatial reso-
lution up to atomic scale, is making significant contribu-
tion to interfacial electrochemistry in the past decade.
STM can provide not only explicit topographic informa-
tion, but also yield new insight into intra/intermolecular
electron transfer processes. On the other hand, Raman
spectroscopy has been used extensively for structural
studies on adsorbates, surface complexes, and thin film
modified electrodes. These two techniques are obviously
complementary to each other for probing electrochemical
interfaces . There is no doubt that much more information
can be obtained if one can make use of advantages from
these two techniques at the same time to study the elec-
trochemical interface.

We have made a great effort to hyphenate the Ra-
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man-STM to carry out the measurements simultaneously .
The most serious problem is that the SPM measurement
is vitally affected by any mechanical, thermal and elec-
tric interference. By taking advantage of the remote op-
eration of the laser optical fiber technique, a Raman-
STM hyphenated technique has been set up successfully
in our laboratory recently.” Fig. 5 is the schematic dia-
gram of the Raman-STM combined base. The remote op-
eration of the optical fiber technique is used so that the
simultaneous measurement on one electrochemical cell
can be carried out using the two instrument set in two
rooms. The STM head was specially designed so that the
limited spaces surrounding the STM tip can be fully used
for introducing the fibers. Five collection fibers and one
excitation fiber were fixed in a fiber fixer of a hemisphere
cap through which the fibers can be positioned closely
surrounding the STM tip above the sample and close to
the tip without any mechanical touch. Furthermore, the
graded refractive index lens were fixed at the head of
each fiber to ensure larger relative aperture. The scatter-
ing light was collected and sent to the next room through
five fibers then coupled into the Raman spectrometer.
Using an optical multichannel analyzer for recording the
Raman signal, the signal acquisition time can be re-
duced to 0. 1—5 s. Therefore, the laser illumination
time can be shortened, thus the thermal interference can
be minimized. Simultaneous STM and Raman measure-
ment was made on ORC Ag surface of SCN™ adsorption.
It was found that STM images are essentially repro-
ducible with a drift of less than 10% before, during and
after the Raman measurement . ™ Further tests for the si-
multaneous STM and Raman measurement were also car-
ried out on the electrodepositon of silver on HOPG elec-
trodes in the presence of thiourea as an organic additive
to correlate the SERS activity and surface morphology.”

Prospectus of Raman spectroscopy in electro-
chemical applications

Recently a breakthrough in SERS field was made by
Kneipp’s group and Nie’s group.” " They used crystal
violet and R6G respectively to obtain the SERS or
SERRS spectra on single Ag particles. The estimated
enhancement of the signal amounts to 10"*—10", which
is much higher than the widely accepted enhancement of
105. The result clearly shows that, different shape and
size of the particle could have a very different enhance-

ment effect. Using a filtration method to get Ag particles
of different size from the Ag colloidal, Nie et al. found
that the Ag particles with size between 80 nm to 100 nm
could have the highest enhancement effect. The
molecule with very large Raman cross section was used to
make it possible to obtain Raman signal from the single
molecule.” There will be no doubt that by using well
controlled surface nanostructuring technique, many elec-
trode substrates with extremely high SERS activity can be
made and the detection sensitivity of SERS for variety of
electrode materials will be further improved.
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Fig. 5 Schematic diagram of the hyphenated system of laser
Raman and STM for electrochemical investigation.

Although there have been some reports on surface
Raman study on atomic flat single crystal surfaces, the
early studies were restricted to vacuum/solid and air/
solid interfaces.”” Only recently, the SERS study on
true smooth single crystal surface has been accom-
plished. "% Bryant ef al. observed the Raman spectra
of thiophene on smooth Pt surfaces.? Otto’ s group, on
the other hand, using an ATR Raman cell with Otto con-
figuration obtained Raman signal from different single
crystal surfaces of Cu.” The enhancement factor for sin-
gle crystal surface is estimated to be around 1 to 2 or-
ders. Whilst, Futamata using an ATR Raman cell with
Kretchmann configuration assisted by the surface plasma
enhancement, obtained very weak SERS from Ag(111)
surface, as well as Pt surface and Ni surface.”® [t
should be noted that, at present, only very limited num-
bers of molecules with large Raman cross section can be
used for this difficult investigation.”®® Further improve-
ment on the Raman instrumentation to extend this study
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to other molecules, which provides comparable case with
that of the rough surface, can surely not only provide
more insight into the SERS mechanism, but also be very
helpful to expand widely the electrochemical applications
of Raman spectroscopy .

In summary, we are optimistic that with the im-
provement of Raman instrument and the development of
electrode substrates, both in the detection sensitivity and
in the spatial and time resolution, the research capability
of Raman spectroscopy will be greatly enhanced, and
thus can be developed into a powerful and general tool in
electrochemistry .
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