
REVIEW

Raman spectroscopy on transition metals

Bin Ren & Guo-Kun Liu & Xiao-Bing Lian &

Zhi-Lin Yang & Zhong-Qun Tian

Received: 10 October 2006 /Revised: 17 January 2007 /Accepted: 19 January 2007 / Published online: 21 February 2007
# Springer-Verlag 2007

Abstract Surface-enhanced Raman spectroscopy (SERS)
has developed into one of the most important tools in
analytical and surface sciences since its discovery in the
mid-1970s. Recent work on the SERS of transition metals
concluded that transition metals, other than Cu, Ag, and
Au, can also generate surface enhancement as high as 4
orders of magnitude. The present article gives an overview
of recent progresses in the field of Raman spectroscopy on
transition metals, including experimental, theory, and
applications. Experimental considerations of how to opti-
mize the experimental conditions and calculate the surface
enhancement factor are discussed first, followed by a very
brief introduction of preparation of SERS-active transition
metal substrates, including massive transition metal sur-
faces, aluminum-supported transition metal electrodes, and
pure transition metal nanoparticle assembled electrodes.
The advantages of using SERS in investigating surface
bonding and reaction are illustrated for the adsorption and

reaction of benzene on Pt and Rh electrodes. The
electromagnetic enhancement, mainly lightning-rod effect,
plays an essential role in the SERS of transition metals, and
that the charge-transfer effect is also operative in some
specific metal–molecule systems. An outlook for the field
of Raman spectroscopy of transition metals is given in the
last section, including the preparation of well-ordered or
well-defined nanostructures, and core-shell nanoparticles
for investigating species with extremely weak SERS
signals, as well as some new emerging techniques,
including tip-enhanced Raman spectroscopy and an in situ
measuring technique.

Keywords Interface/surface analysis . Raman
spectroscopy . Nanoparticles/nanotechnology .

Hydrocarbons . Kinetics .Metals

Introduction

Since the observation and discovery of surface-enhanced
Raman phenomenon of adsorbed species on roughened Ag
surfaces in the mid-1970s [1–3], surface-enhanced Raman
spectroscopy has received wide application in fields
including surface sciences, electrochemistry, analytical
chemistry, biological and biomedical sciences, and forensic
science [4–14]. Two mechanisms have been widely
accepted to account for the SERS effect observed on
coinage-metal surfaces (Ag, Au, and Cu), the electromag-
netic (EM) and the charge-transfer (CT) mechanisms [15–
18]. The EM effect is the major contribution to the
observed SERS signal and has a long-range character,
which is considered to predominately arise from surface
plasmon resonances together with the contribution of a
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lightning-rod effect when high surface curvature or sharp
edges exist [15, 16]. The CT effect, mainly arising from a
photo-driven charge-transfer process, has also been found
in numerous experiments to change the SERS signal
signatures of specific systems and is a short-range effect
[17, 18]. Of the 6 orders of magnitude of total SERS
enhancement of an ensemble system, the contribution of
CT may account for up to 1 to 2 orders of magnitude [8].

Shortly after the discovery of the SERS effect, it was
found that the giant enhancement for practical application is
limited to the three coinage metals Ag, Au, and Cu with
free electrons, on which the surface plasmon resonances
can be easily excited in the visible to the near-infrared light
region [15–19]. Other important transition metals in surface
sciences are generally not considered SERS-active, because
of the difficulty of exciting the surface plasmon resonances
in the visible light region. This limits the application of
SERS to a great extent.

In order to extend SERS to other transition metal
substrates, a strategy based on “borrowing SERS” was
proposed in the 1980s, either by depositing SERS-active
metals onto non-SERS-active substrates [20, 21] or by
depositing non-SERS-active materials over SERS-active
substrates [22–26]. The latter strategy receives wide
application for studying the surface processes on transition
metal overlayers. For example, SERS-active Ag or Au
electrodes were coated with ultrathin films of other metals,
such as Ni, Co, Fe, Pt, Pd, Rh, and Ru, by electrodeposi-
tion. With the aid of the long-range effect of the EM
enhancement created by the SERS-active substrate under-
neath, weak SERS spectra of adsorbates on the transition
metal overlayers have been obtained [22–26]. Due to the
damping of the strong electromagnetic field under the
existence of overlayer films, the film has to be ultrathin,
which makes it very difficult to completely cover the rough
substrates with such a thin film. Thus, a “pinhole” in the
overlayer made it extremely difficult to eliminate entirely
the giant contribution of the SERS of the substrate [12].
This problem was overcome partially by Weaver et al. in
the mid-1990s. They reported a series of work on preparing
pinhole-free transition metal films over the SERS-active Au
surface by using constant-current deposition at a low
current density [27–29] or by redox replacement of under-
potential-deposited metals on Au [30], which allows them
to obtain a wealth of information under in situ electro-
chemical or catalytic reaction conditions. In addition to
studying surface adsorption and reaction, the overlayer
method has been used to characterize the fine structure of
the ultrathin film itself, including surface oxides and
semiconductors [31]. The essence of this method is to
employ the huge enhancement provided by the highly
SERS-active Ag or Au substrate regardless of whether the
other transition metals themselves are SERS-active.

Another conceptually different strategy is to use the
SERS of transition metals, i.e., transition metals themselves
are SERS-active. This strategy is much more challenging as
it contradicts to the commonly accepted notion that
transition metals are not SERS-active. Several groups
attempted to obtain surface Raman signals from adsorbates
on either roughened or mechanically polished Pt and Rh
electrodes, or porous Ni, Pd, Pt, Ti, and Co films [32–42].
However, the reported surface Raman spectra could be
obtained only under optimal conditions or by data manip-
ulation using spectral subtraction methods and the surface
Raman signals were typically too weak to be investigated
as a function of the electrode potential or temperature
although this is essential for practical applications. Indeed,
only a few papers, among many theoretical and experimen-
tal works, claimed that transition metals might have
relatively weak SERS activity in comparison with the
coinage metals of Au, Ag, and Cu [19, 38–42]. However,
these were not fully accepted by the scientific community.

The situation has changed dramatically since the late-
1990s. The single-grating confocal Raman instruments
equipped with notch filters or edge filters now provide
unprecedented sensitivity and can effectively eliminate the
interference of the signal of the bulk phase. This is very
helpful for obtaining the very weak signal of the surface
species. Our group has benefitted from this advancement in
Raman instruments and we have made further efforts to
optimize the experimental setup as well as to properly treat
the transition metal surfaces [12, 13, 43]. Thereby, we have
been able to obtain good-quality surface Raman signals
from bare Pt, Ru, Rh, Pd, Fe, Co, and Ni electrodes of a
large variety of molecules, including model molecules and
molecules with practical application [44–49]. We found
that transition metals exhibit surface enhancement factors
ranging from 1 to 4 orders of magnitude, depending on the
nature of metal and the surface morphology.

In the meantime, the rapid development of nanotechnol-
ogy has provided new opportunities for the SERS of
transition metal systems. Li and Yang group reported the
SERS from Fe nanoparticles surfaces [50]. Gómez et al.
employed a microemulsions method to fabricate spherical
Pt-group nanoparticles with an average diameter of 4 nm
and obtained an enhancement of ca. 550 for Pt [51–53].
Xia’s group synthesized Pd nanoparticles with controlled
size and shape, and obtained a maximum enhancement of 4
orders of magnitude for Pd [54–56]. By using a laser
ablation method, Kim’s group was able to fabricate Pt
nanoparticles with a size about 17 nm and obtained an
enhancement of ca. 2 orders of magnitude [57, 58].

SERS studies on massive transition metal electrodes and
transition metal nanoparticles show that transition metals
themselves are SERS-active and the surface enhancement
depends very much on the nature of the metal, the surface
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pretreatment, and the shape and size of nanoparticles [38–
58]. That Pd nanobox can provide an enhancement of 4
orders of magnitude points to the bright future of the SERS
of transition metals [56]: if one can controllably roughen
the surface to achieve an ideal surface structure or
synthesize nanoparticles with suitable shape and size, it
will be possible to achieve the necessary enhancement
effect for practical applications.

Experimental considerations

It should be emphasized that although some transition
metals are SERS-active, the enhancement is still weaker
than that of coinage metals [1–18, 43–58]. To extract the
very weak signal, it is important to optimize the experimen-
tal setup to extract information that may have been over-
whelmed by the background signal. In a confocal Raman
microscope, the objective plays a key role as it introduces
the laser and collects the Raman signal. Under electrochem-
ical conditions, in between the objective and the surface,
there is an optical window and electrolyte whose refractive
indices are different from the designed value of the objective
to be used in air. Therefore, the laser spot that should have
been tightly focused in air becomes slightly defocused,
which prevents the Raman signal of the surface species from
passing through the pinhole to the detector. Therefore, the
Raman intensity will be significantly decreased. Without
careful consideration of the design of the spectroelectro-
chemical cell, the advantage of the confocal microscope may
be lost and the surface Raman signal may not even be
detected. For example, a solution layer of large refractive
index could affect dramatically the collection efficiency of
the microscope by decreasing the solid angle of the system.
With an increase in the thickness of the solution layer from
about 0.2, 0.5, or 1 mm to 2 mm, the Raman signal intensity
remains at 89%, 71%, 52%, and 35%, respectively, of the
maximum intensity in air, see Fig. 1 [59]. A thickness of
0.2 mm appears to be optimum for the electrochemical
system. Furthermore, in the electrochemical system, most of
the electrolytes are corrosive, so that in order to protect the
objective, a cover glass or quartz window has to be
employed between the electrolyte and the objective. This
approach results in a 50% loss of the signal due to the
lowering of the laser power density on electrode surface as a
result of the defocusing effect of the laser spot. An
alternative and the best way, we found, to protect the
objective is to wrap it with a very thin and highly transparent
poly(vinyl chloride) or polyethylene film. With this ap-
proach, the Raman signal only suffers a 10% loss. Hence,
optimization of the optical configuration is essentially
important in order to realize the full potential of confocal
Raman microscopy.

Preparation of SERS-active transition metal surfaces

Besides the optimization of the experimental setup, a
surface with a very high SERS activity is crucially
important to the SERS of transition metals. As in the case
of coinage metals, the SERS activity of transition metals
also depends very much on the morphology of the surface
or the size and shape of nanoparticles [12, 13, 38–58]. In
the following section, we will briefly introduce the methods
that have been used successfully to obtain the SERS from
transition metals. The overlayer strategy has been reviewed
in great detail by Weaver et al. in 2000 [29] and
consequently will not be introduced here.

Electrochemical roughening method

The simplest way to obtain SERS-active transition metal
surfaces is to employ an electrochemical roughening
method, which can be realized by simply applying an
electric control, such as current or potential, on the
electrode in a suitable electrolyte. The variables that can
be adjusted in the electrochemical roughening method
include the oxidation and reduction potentials, the type of
potential–time function (e.g., triangular-wave potential
sweep or double potential steps), the amount of charge
passed for each oxidation step or sweep, the number of
cycles, and the composition of electrolyte. The electro-
chemical method is also generally called oxidation and
reduction cycle(s) (ORC). Due to the different electrochem-
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Fig. 1 Effect of the thickness of solution layer between the
microscope objective and the silicon wafer on the Raman intensity
of the 520.6 cm−1 band of Si. The diameter of pinhole is 600 μm. The
shaded area indicates the ideal thickness for in situ electrochemical
study

Anal Bioanal Chem (2007) 388:29–45 31



ical behavior of different transition metals, it is natural that
one should develop different ORC procedures for different
metals. In our previous feature article, we have given a list
of the roughening methods for transition metals [12];
readers may refer to the paper for the roughening recipe.
In the last several years, we have further obtained SERS
signals from Pd surfaces [49] and made further improve-
ments on the roughening method of Ni [60]. Therefore, it is
necessary to update the roughening recipe in order to
improve the enhancement effect in transition metal systems.
For the Pd electrode, the roughening solution is 1 M
H2SO4. Before roughening, the Pd electrode should first be
electrochemically cleaned by potential cycling between
−0.2 and 1.2 V at a rate of 0.5 V s−1 for about 1 to
2 min. Then, a square-wave potential was applied to the Pd
electrode for ca. 20 to 30 s, with an oxidation potential of
1.7 V, a reduction potential of −0.4 V, and a frequency of
600 Hz. Afterwards, the electrode was held at −0.1 V for
about 350 s for a complete reduction of the surface oxides
formed. For the Ni electrode, the electrode was first
ultrasonically cleaned and etched in 0.5 M H2SO4 for
30 s to remove surface impurities and oxides. Then, the
electrode was kept at −1.3 V for 15 s to allow for severe
hydrogen evolution in 0.5 M NaClO4 to completely remove
surface oxides. Afterwards, a square waveform with a
frequency of 500 Hz was applied to the electrode for 250 s
with an upper potential and lower potential of 0.65 and
−1.3 V, respectively. Finally the electrode was kept at
−1.1 V for 600 s for a complete reduction of the electrode.
It should be noted that, usually before and after the
roughening, the electrode should be subjected to electro-
chemical cleaning or stabilizing in order to remove some
unusually chemically active or SERS-active sites to
improve the reproducibility.

We have found from 10 years of experience working on
SERS of transition metals that in order to obtain a
reproducible SERS substrate, it is vitally important to pay
attention to the purity of metal, the method of drawing the
metal, and the batch of metals. All these parameters
influence the crystallinity of the metal surfaces and lead
to the existence of crystalline domains of different size and
properties. Inevitably, the surface cannot be ideally uni-
form. Therefore, even under the same conditions, the
method may work differently for different batches of
metals. However, it is only necessary to make slight
modification on the parameters given above.

Chemical etching methods

Besides the SERS-active massive transition metal surfaces,
we have also developed different chemical etching methods
for obtaining Fe, Co, and Ni surfaces with 1 M H2SO4 or
1 M HNO3 in an ultrasonic bath. This kind of surface

provides moderate surface enhancement. Further electro-
chemical ORC based on such substrates will slightly boost
the enhancement [12].

Another type of chemical etching method is called the
chemical replacement approach [61]. By immersing a piece
of aluminum that has been polished and pre-cleaned in
0.5 M NaOH solution in an aqueous solution of the metal
salt (with concentrations between 0.1 and 1.5 M), alumi-
num-supported SERS-active transition metal substrates
have been obtained [61], which provided huge enhanced
Raman signals of pyridine on Ni, Cd, Fe, Ag, Au, and Cu.
Although the authors did not calculate the enhancement
factor, the strong SERS signal from Fe as compared with
Au is really impressive. One should especially note the
possible influence of the signal from aluminum on that of
the overlaid metals.

Preparation of pure transition metal nanoparticle electrodes

Although it is comparably easy to obtain SERS-active
substrates from various transition metal surfaces, the
surface structures of electrochemically roughened electrodes
are far from controllable considering size, shape, and
aggregation states. In comparison, metal nanoparticles of
different material and of controllable size, shape, and
structure have been routinely synthesized with the rapid
development of nanotechnology [51–62]. Furthermore, it
has been found that Pt-group nanoparticles have a higher
SERS activity than that of massive Pt-group metals,
especially in the case of Pt nanospheres and Pd nanoboxes
[54, 56]. Therefore, it is worthwhile to introduce the
preparation method of some typical systems. For example,
4-nm Pt and Pd nanoparticles have been prepared via water-
in-oil microemulsions [51–53]. Then, a certain amount of
aqueous solution containing nanoparticles was dispersed
over HOPG or Pt surfaces. The electrode was then dried in
an Ar flow. Before use for Raman measurement, the
electrode was cleaned by hydrogen evolution or CO
adsorption and oxidation. Such electrodes can generally
present an enhancement factor up to 550 for Pt, which is
slightly higher compared with that of the massive electrodes.

The second and more convenient and clean way to
prepare nanoparticles is to use a laser ablation method [57,
58]. Pt nanoparticles have been obtained via laser ablation
of a Pt plate in triply distilled water for about 60 min using
a pulse Nd:YAG laser (1,064 nm). After being centrifuged
for at least 5 times at 3,000 rpm for 2 min to remove tiny
particles smaller than 2 nm, the resulting sol containing Pt
nanoparticles of size ca. 8 nm. The substrate prepared from
such nanoparticles can produce surface enhancement up to
ca. 100 to 200 for benzenethiole, a non-resonant molecule,
similar to that of massive electrodes. As raw materials used
in this method are distilled water and high-purity platinum,
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the resulting nanoparticles are very clean. However, it
should be noted that the size distribution of Pt nanoparticles
is relatively broad.

The electromagnetic enhancement mechanism indicates
that nanoparticles with sharp edges may produce higher
enhancement than spherical nanoparticles [15, 16]. Indeed,
Xia’s group clearly showed such an effect with their
peculiar-shaped nanoparticles, including the nanobox,
nanocage, and nanocube [54–56]. Pd nanocubes were
synthesized by reducing Na2PdCl4 with ethylene glycol in
the presence of poly(vinyl pyrrolidone). The size of the
cubes could be controlled by adjusting the density of seeds
formed in the nucleation step. The synthesis of nanoboxes
and nanocages was similar, except water was added to
increase the solubility of oxygen and thus oxidative
corrosion. A different enhancement effect was found for
nanoparticles with different shapes, with maximum en-
hancement of 1.3×104 for the adsorbed para-aminothio-
phenol (PATP) molecules occurring on nanobox [56],
which is about 1 order of magnitude higher than that on a
massive Pd electrode using pyridine as the probe molecule
[49]. Although the existence of a charge-transfer contribu-
tion in the present system is still not conclusive, such a high
enhancement is very exciting.

We have found that it is extremely difficult to obtain
SERS directly in metal colloid solutions, which may be due
to the intrinsic weak SERS in the transition metal systems
and the lack of a sufficient number of nanoparticle
aggregates for effective coupling among nanoparticles as
in the case of coinage metals. Instead, most of the SERS
investigations of transition metal systems were performed
by dispersing metal nanoparticles with known concentra-
tion over a substrate that can be metal, glassy carbon, ITO,
semiconductors, or even glass slides via natural, inert gas
flow or vacuum drying [50–58]. We have found recently
that the coupling between not only nanoparticles but also
the nanoparticles and the substrate is important to the SERS
effect [62, 63]. Usually, the SERS signal from Pt nano-
particles dispersed on Pt electrodes is stronger than that
dispersed on glass or glassy carbon surfaces.

With their high enhancement, nanoparticle assembled
electrodes are very useful to study adsorption and reaction
under mild reaction conditions. However, under vigorous
reaction conditions, the nanoparticles can be easily de-
tached from the surfaces. Further attention should be paid
to the possible small size effect on the surface chemistry of
nanoparticles compared with that of bulk electrodes.

Estimation of surface roughness factor

The calculation of the surface enhancement factor (G) is
important when one is going to evaluate the activity of a

new type of SERS substrate. We have proposed in our
previous articles a method to calculate the surface enhance-
ment factor of transition metals, based on the confocal
configuration [12, 43, 64]. This method has been adopted
by many other groups using the confocal Raman instru-
ment. However, we found that this method has been
erroneously used in some papers, which led to incorrect
estimations of G. Therefore, it is worthwhile to introduce
again the calculation method here with emphasis on how to
obtain correct experimental data.

Surface enhancement factor (G) can be calculated by:

G ¼ Isurf=Nsurf

Ibulk=Nbulk
ð1Þ

where Isurf and Ibulk denote the integrated intensities for the
strongest band of the surface and solution species,
respectively, and Nsurf and Nbulk represent the number of
the corresponding surface and solution molecules effective-
ly excited by a laser beam. Nsurf can be calculated by the
following approximation, after considering the contribution
of the surface roughness:

Nsurf ¼ RA

s
ð2Þ

where R is the roughness factor of an electrode, A is the
area of the focal spot of the laser; σ is the surface area
occupied by an adsorbed molecule. Nsurf can also be
estimated by limiting the number of molecules to slightly
less than a monolayer during adsorption. However, the
calculation of Nbulk is complicated and should be consid-
ered very carefully in a confocal Raman microscope.
Figure 2a shows the waist profile of a focused laser beam
in an aqueous solution. In principle, all molecules within
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the illuminated volume of the solution can generate Raman
signal. The contribution of each molecule becomes less
with the increasing deviation from the ideal focal plane due
to the lowering of the power density. Meanwhile, the
confocal pinhole limits the number of molecules that can be
imaged by the CCD detector. These two factors result in the
fact that the molecules in the focal plane contribute the
most to the overall intensity and the contribution decreases
dramatically from the molecules in the plane with increas-
ing distance (z) to the ideally focal plane (z=0). In order to
estimate the number of molecules contributing to the total
signal of solution species, we proposed a method that is to
immerse a single-crystal silicon wafer in a solution in the
cell with exactly the same setup as that used in surface
Raman measurement (including the window and the same
thickness of the solution layer, if it is in electrochemical in
situ measurement; however, if the surface Raman measure-
ment is done in air, no window or solution layer is
necessary). Then, the integrated intensity of the strongest
band for Si at 520.6 cm−1 was measured while the Si wafer
was moved through the illuminated volume and plotted
against z (see the solid line in Fig. 2b). This plot is
considered the confocal depth profile under the real
measuring condition. Experimentally, the solution spectrum
is collected from the illuminated volume of the solution and
is a sum of signal from all the illuminated plane of the
solution, just like the surface of a moving Si wafer, giving
the same profile to that of the modeled silicon wafer. It
can be seen that the contribution from molecules outside
the region of |z| > 75 μm is negligible to Nbulk. Now,
assume an ultrathin layer of solution with a thickness of
h and volume hA in the vicinity of the ideally focused
plane, in which all the molecules have the same contribu-
tion to the overall signal as that in the ideal focal plane; the
overall signal can be obtained by integrating the signal over
the intensity profile. Thus, the thickness h can be calculated
by

h ¼
R1
�1 I zð Þdz
Imax

ð3Þ

The h value (in micrometers) depends on the pinhole
size and the objective lens of the Raman microscope and
has been considered the key parameter of a confocal
system. It should be especially emphasized that the h value
can be significantly different in the case with and without a
quartz window and solution layer. For example, the h value
will be about 60 μm when the thickness of the solution
layer is about 200 μm, the thickness of the quartz window
is 1 mm, the size of the pinhole is 600 μm, and the size of
the slit is 200 μm, and the objective ×50 is the long
working distance one. Whereas, without the quartz window
and solution layer, the value is about 15 to 20 μm.

The effective illuminated number of molecules in the
aqueous solution, Nbulk, can be written as

Nbulk ¼ AhcNA ð4Þ
where c is the concentration of adsorbate in solution, and
NA the Avogadro constant. From Eqs. (2) and (4), Eq. (1)
can be rearranged as

G ¼ cNAshIsurf
RIbulk

: ð5Þ

G can be obtained after substituting all the known data
and constants into the above equation. The roughness factor
R can be estimated by calculating the surface area using
simple sphere model for monolayer-dispersed nanopar-
ticles. However, for multilayer nanoparticles or massive
electrode surfaces, it is better to use electrochemical
methods, such as differential capacitance or cyclic voltam-
metric methods to estimate the R. σ is generally obtained
from literature from previous studies and can also be
estimated with known atom size and bond distance; the
latter may often lead to an underestimation of σ and
therefore the G value. We have shown that the G value of
transition metals varies from 1 to 4 orders of magnitude
[12, 13, 43–48].

Investigation of benzene adsorption and reaction
on transition metal surfaces

The interaction between aromatic compounds and various
substrates has been, and continues to be, one of the hot
fields in surface sciences since the 1970s [65–74]. Benzene,
as the simplest aromatic molecule and with known, clear
assignments of all the vibrational modes, has received much
attention concerning its reaction and adsorption behavior on
metal surfaces. However, it is surprising that different
conclusions have been drawn for benzene on different
substrates or even the same surface. The ability to obtain
SERS from Pt-group metals allows us to investigate the
reaction and adsorption behavior of benzene on Pt surfaces.
Surprisingly, we found that the seemingly simple system is
by no means simple. For example, when the potential is
more negative than −0.5 V, a lot of droplets were observed
on the Pt surface in 0.1 M KCl + 9 mM benzene solution.
The Raman spectra obtained on these droplets shows the
characteristics of cyclohexane, see Fig. 3c, indicating the
hydrogenation of benzene in the presence of surface
hydrogen on the Pt surface in this potential region. Because
cyclohexane is insoluble in aqueous solution, it forms very
small droplets preferably on the surface. We did not observe
the SERS signal of cyclohexane in a control experiment in
solution saturated with cyclohexane, which indicates the
observed signal is the normal Raman signal of cyclohexane.
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Without the spatial resolution provided by the confocal
Raman microscope, this observation may not be possible.
Surprisingly, this phenomenon was not observed on a
smooth Pt surface, indicating the importance of surface
roughness, or more specifically, the electrocatalytic activity
of the Pt nanoparticles on the roughened Pt surface in the
hydrogenation of benzene [75]. The phenomenon points to
a promising future of using this reaction to remove benzene
from waste water and transforming it into an environmen-
tally benign product.

When the potential was shifted to as positive as 1.2 V,
again some tiny dark spots appeared on the Pt electrode.
These spots grew into small and evenly distributed
transparent drops and adhered to the electrode surface with
time or further positive shift of the electrode potential. The
Raman spectrum obtained on the droplet shows the
characteristics of chlorobenzene with different numbers of
substitutions (see Fig. 3e), besides the 992 cm−1 band from
benzene. We could not obtain the signal in places without
droplets indicating the above signal is from the normal
Raman signal of chlorobenzene droplet rather than the
SERS of chlorobenzene due to the weak interaction
between chlorobenzene and the Pt surface. We inferred
that the chlorination of benzene occurred in the chloride
solution at oxidation potentials on the roughened Pt surface.
Because chlorobenzene is insoluble in water, it would form
drops adhered to the electrode surface. Such a phenomenon
was also observed in the solution containing bromide, but

not in the I− and F− solution. The different phenomena
might be due to the fact that I− can be easily oxidized to
I�3 ; whereas F

− is too stable to be oxidized. With moderate
electrochemical activity, Cl− and Br− can be oxidized on the
Pt surface at very positive potentials to form surface
radicals, which can then react with benzene adsorbed on
the surface to form chlorobenzene or bromobenzene [76].

In the potential region between −0.5 and 0.6 V, very
interestingly we observed surface-enhanced Raman signal
from the adsorbed benzene [77]. However, the phenomenon
was so complicated that it needs more detailed exploration.

Figure 4 shows a set of surface-enhanced Raman spectra
from a roughened Pt electrode in a solution containing
9 mM benzene and 0.1 M NaF. At −0.5 V, several Raman
peaks at around 991, 1,012, 1,043, 1,271, 1,539, and
1,595 cm−1 could be clearly seen in the frequency range
from 800 to 1,800 cm−1, and are related to that of the
benzene vibrations [73, 74]. Meanwhile, two peaks at
around 310 and 341 cm−1 and a peak at around 3,043 cm−1

were observed in the low and high frequency regions,
respectively. These peaks show a different relative intensity
compared to that of the liquid benzene (see Fig. 3a,b). Their
intensities decrease quickly with the positive shift of the
electrode potential; however, no obvious Raman shift can
be discerned. When the electrode potential was positively
shifted to −0.2 V, the analysis of the surface Raman spectra
becomes difficult and unreliable due to the laser-induced
carbonization of surface adsorbates. At 0.6 V, the signal of
the adsorbed benzene vanished due to the oxidation of the
platinum surface. It can also be seen from the figure that the
bands at 310 and 1,012 cm−1 have the same potential
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dependence. Meanwhile, the band at 341 cm−1 does not
change much with potential until the oxidation of the
surface. However, on the basis of these data alone, it is still
impossible to perceive the adsorption configuration of
benzene on Pt. Therefore, we carried out a concentration-
dependent Raman study of benzene adsorption and the
result is shown in Fig. 5. The solution concentration was
changed from 0 to 9 mM (the saturated concentration). All
the spectra were acquired at −0.5 V, where the maximum
signal of the adsorbed benzene was observed. As can be
seen from Fig. 5a, the Raman spectrum is featureless over
the frequency range 200–1,800 cm−1 when the solution is
free of benzene. At a benzene concentration of about
0.1 mM, a broad band at around 341 cm−1 can be clearly
seen, and the peak at around 1,012 cm−1 is very weak. At a
concentration of 0.4 mM, the 1,012 cm−1 peak becomes
obvious and a weak shoulder at 310 cm−1 appears.
Meanwhile, the intensity of the peak at 991 cm−1 increased
steadily with the increasing benzene concentration up to
9 mM.

If we subtract the Raman spectra obtained at 0.1 mM
from the spectra obtained at higher benzene concentrations,
we can see a clear and narrow peak at ca. 309 cm−1 (see
Fig. 5b), although no obvious change can be found for
other Raman peaks. We can see from the figure that the
intensity of the 991 cm−1 peak increases almost linearly
with the increasing benzene concentration, and meanwhile,
the frequency is almost the same as that in solution
(992 cm−1). Both facts indicate that this band is from
physisorbed benzene that may not directly interact with the
metal surface. Therefore, it is reasonable to observe that this
peak is very sensitive to the applied potential and can be
easily removed from the solid–solution interface with the
positive shift of the potential, as shown in Fig. 4. We can
clearly find that the 309 and 1,012 cm−1 peaks follow

essentially the same trend with concentration, indicating
that they may be from the same species. In the literature, it
has been found that the ring-breathing mode of benzene
(990 cm−1) blue-shifts when one or two of the H atoms are
substituted by other functional groups. For example, the
band will blue-shift from 992 cm−1 (C6H6) to 1,008 cm−1

(C6H5F) or even severely blue-shift to 1,053 cm−1

(C6H4(CH3)2) [78]. It was found that the weaker the
electron-donating ability of the substituent group is, the
larger the blue-shift of the ring breathing mode will be.
The electronic structure of the Pt atom is 5d96s1 and the Pt
atom is normally considered as an electron acceptor. We
can then assume that benzene is adsorbed on the Pt surface
with one of its hydrogens lost to form C6H5Pt and the ring
plane perpendicular to the Pt surface, giving Raman bands
of the benzene ring breathing mode at 1,012 cm−1 and Pt–C
band at 309 cm−1. This adsorption configuration makes the
ring breathing mode one of the strongest vibrational modes
in surface Raman spectra according to the surface Raman
selection rule.

It can be seen from Fig. 5a that, at a low benzene
concentration, there is only one broad peak at ca. 341 cm−1

and we could not detect any other signal accompanying this
band. It should be particularly pointed out that the intensity
of this band only slightly decreased even after the Pt
electrode had been cleaned in 0.5 M H2SO4 solution until
the recovery of the characteristic cyclic voltammogram
after the in situ Raman experiment. This indicates the
adsorbed species related to this Pt–C must have a very
strong interaction with the Pt surface and is very hard to
remove with the electrochemical cleaning process. We may
assume that the surface coverage of this species on the Pt
electrode is very low because of the negligible effect of this
adsorbed species on the cyclic voltammogram of the Pt
electrode and the independence of the surface Raman

400 800 1200 1600

9 mM

4 mM

2 mM

1 mM

0.4 mM

0.2 mM

991
1012

309 4 cps

Raman Shift (cm  )-1Raman Shift (cm  )-1
300 600 900 1200 1500 1800

341
0.1 mM

0 mM

4 cps

9 mM

4 mM

2 mM

1 mM

0.4 mM

0.2 mM

991

1012310

a b

Fig. 5 a Concentration depen-
dence of surface-enhanced
Raman spectra on a roughened
Pt electrode in 0.1 M NaF
solution with benzene concen-
tration indicated in the figure.
b The corresponding spectra
after subtraction of the solution
Raman spectrum of 0.1 M NaF
containing 0.1 mM benzene

36 Anal Bioanal Chem (2007) 388:29–45



intensity of the 341 cm−1 peak (Fig. 5a) on the concentra-
tion of benzene. To find out the origin of this band, we
investigated the adsorption of benzene using a substrate that
may provide a higher surface enhancement, i.e., a Au core
Pt shell (Au@Pt) nanoparticle assembled electrode, as the
SERS substrate [62]. The substrate has the chemical
properties of Pt, meanwhile providing high SERS activity
boosted by the high electromagnetic field enhancement of
the Au core. Figure 6 shows SER spectra of benzene
adsorbed on a Au@Pt NPs surface and a roughened Pt
surface at −0.5 V in 0.1 M KCl containing 9 mM benzene.
The intensity of the former spectrum has been scaled down
by a factor of 80 to allow for comparison. Apparently, the
spectrum obtained on the Au@Pt substrate shows a much
higher signal-to-noise ratio, which allows us to observe the
peaks in the frequency region between 400 and 900 cm−1

that is too weak to observe on pure Pt surfaces. The bands
at around 500 and 650 cm−1 could be assigned to the C–C–
C out-of-plane bending and C–H out-of-plane bending,
respectively [74, 79, 80]. Theoretical calculation has shown
that the benzene ring breathing vibration of benzene can
vary from 826 to 860 cm−1 depending on the adsorption site
[78]. Therefore, it is reasonable to assign the band at around
872 cm−1 to the benzene ring breathing vibration for
benzene parallel-adsorbed on the Pt surface. According to
the good correlation in the intensities of the 872 and
341 cm−1 bands, we can assign the 341 cm−1 band to the
Pt–C vibration of this parallel adsorption mode. In the two
Pt–C bands detected, the band related to the parallel mode
has a higher frequency as compared with the vertical one,

indicating that the parallel-adsorbed benzene has a stronger
interaction with the Pt substrate owing to a better electron
cloud overlap between the π electrons of the benzene ring
and the d orbitals of the Pt atom. If we compared Fig. 6b
with Fig. 6a and Fig. 5, we will find that the relative
intensity of the flatly adsorbed benzene to that of vertically
dissociated adsorbed benzene is different, which can be
understood from the different surface structure of the
platinum surface prepared using different methods. This
assumption is supported by the fact that the flatly adsorbed
benzene has a stronger interaction with the (100) facet,
whereas dissociated-adsorbed benzene can only be found
on the (110) facet [77, 81].

We have also investigated the adsorption behavior on
Ru, Rh, and Pd surfaces. On Pd, Rh, and Ru surfaces, the
parallel-chemisorbed species are the dominant surface
species, with a decreasing amount of physisorbed species
[77]. Even for the parallel-chemisorbed species, the red-
shift of the ring breathing vibration decreases in the order of
Pt, Ru, Rh, and Pd, which can be explained by the different
d orbital electronic structures of the four metals [82]. It
should be pointed out that although the study was carried
out on rough surfaces, the distinct effect of metal on the
adsorption behavior of benzene on different metal surfaces
can still be found and the main result is still consistent with
that obtained on single-crystal surfaces.

Effect of co-adsorbed species on the adsorption behavior
of benzene on Rh

Besides the effect of the substrates, considerable efforts
have been devoted to study the co-adsorption of benzene
with other species for a better understanding of benzene
adsorption behavior on various surfaces. Indeed, we have
found very interesting co-adsorption behavior of benzene
with other adsorbates on Rh [81].

Figure 7 gives the potential-dependent surface Raman
spectra on a roughened Rh electrode in 0.1 M KCl
containing 9 mM benzene with and without pyridine. All
peaks within the shaded areas are from the adsorbed
pyridine. After the addition of pyridine, both the position
and the intensity of the Raman peaks of the adsorbed
benzene change slightly and the potential-dependence
behavior of benzene adsorption is almost the same as that
free of pyridine [77], which indicates pyridine has little
effect on benzene adsorption on Rh. However, we did
observe a minor negative shift in the potential for the
hydrogenation of benzene to cyclohexane after the addition
of pyridine, which is evident by the sharp peak at 800 cm−1

(marked with double plus) from cyclohexane. Furthermore,
the potential-dependent adsorption behavior of pyridine on
the Rh surface is almost the same as that free of benzene
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Fig. 6 Surface-enhanced Raman spectra of benzene adsorbed on a
roughened Pt (a) and Au@Pt NPs (b) surfaces at −0.5 V in 0.1 M KCl
containing 9 mM benzene
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(not shown), considering both the intensities and frequen-
cies of surface Raman peaks of pyridine [48]. The above
results indicate that both the adsorption behavior of
pyridine and benzene will not be influenced by the
existence of the other species, from which we can postulate
that under the present conditions, benzene and pyridine

tend to adsorb on different sites on the roughened Rh
surface and the interaction between pyridine and benzene is
very weak. The hindrance of the hydrogenation of benzene
after the addition of pyridine indicates that pyridine prefers
to occupy the surface sites where hydrogen ions used to
adsorb.

When the concentration of pyridine is increased to
1 mM, the position and intensity of surface Raman peaks
of the adsorbed benzene still remain unchanged, see Fig. 8.
However, the surface Raman intensity of pyridine is only
half that of the case free of benzene. Furthermore, the peak
position of ring breathing vibration of pyridine red-shifts
from 1,005 to 1,003 cm−1 at −0.7 V due to the existence of
benzene. With the increase of the bulk pyridine concentra-
tion and therefore the interfacial pyridine concentration, the
surface coverage should increase accordingly until a
saturated adsorption is achieved. However, under the
present conditions, the strong interaction between the
benzene molecules and the Rh surface makes it difficult
for pyridine to displace the adsorbed benzene or to occupy
some suitable adsorption sites due to the steric effect from
surrounding adsorbed benzene. Both factors hinder the
maximum adsorption of pyridine at this concentration.

In the case of SCN−, when 1 mM NaSCN was added
into 0.1 M KCl solution containing 9 mM benzene at
−0.5 V, no signal from benzene could be detected,
indicating that benzene molecules were totally repelled
from the Rh surface, as shown in Fig. 9. The same potential
dependence of surface Raman spectra of SCN− and the
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same C–N vibration position at each potential studied as
that free of benzene (not shown) indicate a negligible effect
of benzene in the interfacial region on the adsorption of
SCN− on the Rh surface. We also found that the adsorption
of SCN− is too strong to be removed from the Rh surface
through a conventional electrochemical cleaning process,
indicating that SCN− is the strongest adsorbate among the
three species on the roughened Rh surface.

SERS mechanism in transition metal systems

The SERS mechanism is always an important issue in the
SERS field and has attracted much interest from various
communities of surface science, spectroscopy, condensed-
phase physics, and nanoscience. On the basis of our
experimental results correlated with surface roughness at
the nanometer scale, we strongly believe the existence of
the EM enhancement. Meanwhile, the excitation-wave-
length dependence of the intensity–potential profile ob-
served in some SERS systems gives strong evidence that
the chemical enhancement is operative as well in these
systems.

Electromagnetic enhancement mechanism

The electromagnetic field enhancement of the Ag, Au, and
Cu is considered to mainly come from geometrically
defined surface plasmon resonances (SPRs) at metal nano-
structures [15, 16, 83–86]. The surface Raman enhance-
ment arising from the SPR of a spherical nanoparticle can
be estimated using the following equation:
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where ɛ0 is the dielectric constant of the medium, ɛi is the
wavelength-dependent complex dielectric constant of the
metal nanoparticles, r is the radius of the nanoparticles, and
d is the distance of the point to be measured to the center of
the nanoparticle. Considering that in most of SERS studies
the medium is water and ɛ0=1.77, when the real part of ɛi
approaches −3.54 and the imaginary part approaches 0, the
enhancement reaches the maximum. Some free electron
metals, such as Ag, Au, and Cu, can meet this condition
and therefore produce very high enhancement. When the
shape of the nanoparticles deviates from the spherical
nanoparticles, such as ellipsoids or rods, the lightning-rod
effect should be considered due to the existence of the high
curvature points. Furthermore, more and more experimental
and theoretical studies demonstrate that the coupling
between nanoparticles can effectively increase the enhance-
ment effect. These general conclusions can also be
borrowed to analyze the case of transition metal systems.

In comparison with coinage metals, transition metals
have very different electronic structures, where the Fermi
level locates at the d band and the interband excitation
occurs very possibly in the visible light region [87, 88]. The
coupling between conduction electrons and interband
electronic transitions in the transition metal systems will
considerably lower the quality of their surface plasmon
resonances [55, 56]. In fact, most transition metals show a
large imaginary part of the dielectric constants and
therefore are not effective in generating high SERS activity
over the visible light region. Indeed, except Pd, we did not
find obvious wavelength-dependent behavior of transition
metals in the visible light region [49]. However, it has been
found that the electromagnetic field near the high-curvature
points on the rough surface, i.e., the lightning-rod effect,
can result in the largest electric field near the sharpest
surface of the needle-like rod [85]. As a consequence, the
maximum enhancement has been found at the spheroid tip
and the field strength increases with the aspect ratio [19].
Accordingly, the lightning-rod effect may play a more
important role in the EM enhancement for transition metals.
Besides, it has also been found that the coupling between
nanoparticles is also very important in transition metal
system.

In order to simulate the enhancement in transition metal
systems, we did a very preliminary estimation of the
enhancement effect. We have found that several surfaces
with a cauliflower-like morphology can exhibit a high
SERS activity [47, 48]. To explain these experimental
observations, the electric-field enhancement of SERS-active
Rh systems was estimated by using the 3D-FDTD method
[63]. Two types of models were used to simulate the
cauliflower-like nanoparticles: a Rh sphere with a diameter
of 120 nm covered with 20-nm semispherical particles, and
a flat Rh surface decorated with nanohemispheres of 20 nm,
as shown in Fig. 10. The calculated electric-field distribu-
tion on the surface is visualized in color. It can be seen that
the magnitude of the maximally enhanced electric field on
the cauliflower nanoparticle is about 8–9 times higher than
that of the incident light, and the highest enhancement
usually appears at the apex of small hemispheres in the
“cauliflower” (Fig. 10a). It corresponds to a ca. 6×103-fold
SERS enhancement on these sites. Note that the magnitude
of the maximum electric-field enhancement is just about 4-
fold compared with that of the incident light for the smooth
sphere under the same excitation conditions, which means
that the maximal enhancement factor for the cauliflower-
like nanoparticle is just about 17 times larger than that for
the smooth sphere. This different field enhancement could
probably be understood on the basis of the lightning-rod
effect, which usually results in a relatively large electric-
field enhancement near high-curvature sites on the surface
[83]. This is contrary to the maximal field enhancement at
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the junction point of two nanoparticles. However, if the
cauliflower is detached and extended into a plane grating-
like structure, the field maximum is shifted to the crevices,
as shown in Fig. 10b. The symmetric nature of the
nanoparticle may play a role in limiting the electromagnetic
modes when the nanostructure is coupled with an incident
plane wave [89]. Our results seem to indicate that the EM
enhancement is very sensitive not only to the wavelength
and polarization of the exciting light, the electronic
properties of the metal, and the surface morphology, but
also to the symmetric nature of the SERS nanostructures.

Chemical enhancement

Chemical enhancement, according to its definition, includes
any enhancement of the Raman intensity of surface species
resulting from its chemical interaction with surface or other
surface species and is clearly correlated to the charge
transfer between the probed molecule and surface or other
surface species. One should note the following three types
of charge-transfer process contribute to the chemical
enhancement [90]: (1) when a molecule interacts with the
surface or other surface species, the electron distribution
and therefore the polarizability of molecule will change.
Such a change may cause different enhancements for
different vibrational modes; (2) metal ion, probed molecule,
and electrolyte ion may form a surface complex, leading to
the change of the polarizability of the molecule. Some
surface complexes may even create a new electronic level
in resonance with the incident laser energy, similar to the
resonance Raman effect of a complex; (3) the third type is
the most complicated one and called photon-driven charge-
transfer process or often simplified as charge transfer. This
process occurs when the incident laser energy matches the
energy difference between the surface molecules’ HOMO
or LUMO and Fermi level or surface state of the metal
substrate. This process could also be associated with the
excited state of the whole molecule/metal system and with
the charge transfer between the molecule and the metal

surface (or surface ad-clusters). It could result in a
considerable increase in the Raman intensity of probe
molecules. The photon-driven charge-transfer mechanism
has been used to explain the change of intensity–potential
profile with the changing excitation line and is the most
important type of chemical enhancement mechanism.

We observed clearly the type I and III charge-transfer
processes. Taking pyridine, a model molecule widely used
in SERS, and different adsorbed transition metals as an
example, we can observe a dramatic change of the relative
intensity of the two main SERS bands assigned to the total
symmetric a1 modes at ca. 1,008 cm−1 and 1,035 cm−1,
respectively (see Fig. 11) [13]. This behavior cannot be
explained well by the EM mechanism. On the other hand,
using a hybrid density functional theory study of the
binding interaction and the Raman spectral properties of
pyridine–metal clusters, we demonstrated that the bonding

Fig. 10 FDTD simulated elec-
tric-field distribution for a cau-
liflower-like Rh nanoparticle (a)
and a flat Rh surface decorated
with small nanohemispheres (b).
The laser beam illuminates
along the y-direction with x-
polarization. The scale bar is
given at the bottom of (b)

900 1100 1300 1500

liquid

solution

Rh -0.8V

1591
1208

1011

1599
1218

1015

1595
12151010

159512161006

15971218
1012

Pd -0.6V

Pt -0.8V

Ni -1.1V

Co -1.1V

Fe -0.8V

Raman Shift (cm-1)

1005 1208
1591

Fig. 11 Raman spectra of pure liquid pyridine and pyridine solution,
and surface-enhanced Raman spectra of pyridine adsorbed on
transition-metal surfaces at potentials with maximum intensity

40 Anal Bioanal Chem (2007) 388:29–45



interaction influences the relative Raman intensity of the
vibrational modes significantly, resulting in the metal-
dependent SERS spectra [91]. Therefore, we need to keep
in mind that when the molecule adsorbs on the metal
surface, the change in the electron distribution of molecule
even under its electronic ground state may cause different
enhancements for different vibrational modes.

Besides such an effect, we also observed a photon-driven
charge-transfer process on many transition metal surfaces,
including Pt and Co [64, 92]. Actually, the photon-driven
charge-transfer mechanism can be easily verified by
obtaining the intensity–potential profile with the changing
excitation line.

Taking the ring breathing vibrational mode of the pyridine
adsorbed on Co, for example, when all the experimental
conditions were kept the same and the excitation line was
changed from 514.5 nm to 632.8 nm, the potential of the
maximal SERS intensity was negatively shifted by 130 mV
[92]. In comparison, the potential shift is about 200 mV for
Pt [64]. We have found that the contribution of chemical
enhancement to the total SERS is ca. 1 order of magnitude
for the adsorbed pyridine on the Co electrode, whereas the
contribution of EM enhancement is about 2 orders of
magnitude.

It should be noted that many molecules and ions are
adsorbed much more strongly at the transition metal
surfaces than that at the noble metal systems. When the
strong chemical bond is formed, this chemisorption not
only changes the electronic structure of adsorbate itself but
also influences to some extent the surface electronic
structure. This may cause a frequency shift of the surface
plasmon resonances and lead to a change of the local
electric field at the metal surface. Quantum mechanical
schemes, describing the SERS enhancement based on the
surface plasmon polariton model involving the interaction
of the surface with the light, have been suggested by
several groups [93–95]. It was proposed that the total
process is a sequence consisting of the creation of the
surface plasmon excitation [96, 97], its inelastic scattering,
and finally its annihilation by the radiating photons. More
recently, a quantum chemical scheme has been performed
to calculate the surface enhancement factor and to analyze
the shape and size effect of nanoparticles adsorbed by
molecules [98–100]. Hopefully, this study can be further
extended to the transition metals soon with the aid of more
powerful computational methods.

Conclusion and outlook

This review intends to provide an overview of the SERS on
transition metals. In order to obtain the weak SERS signal
from transition metal surfaces, it is not only very important

to make a good design of the optical configuration, but also
important to obtain a substrate with the highest possible
enhancement effect. A method for estimating the surface
enhancement effect in the confocal system was introduced
to obtain reliable surface enhancement. Based on this
consideration, we have been able to extend the SERS study
to the reaction and adsorption of benzene on Pt surfaces.
With the information provided both in the low frequency
region of metal and adsorbate bonding and the high
frequency region of the internal molecular vibrations, we
found that benzene can be hydrogenated to cyclohexane on
the Pt surface in the negative potential region, while it is
halogenated in the positive potential region. In between
these two regions, three types of benzene adsorption modes
have been observed: the physisorbed benzene, the chem-
isorbed benzene with one or two of the hydrogens on the
benzene ring dissociated, and the parallel-chemisorbed
benzene with the ring parallel to the metal surface. This
observation highlights the unique advantage of Raman
spectroscopy over other vibrational spectroscopy methods
in getting the full range of vibrational information under
electrochemical conditions, which is very useful for
understanding the surface and interfacial processes.

Although great progress has been made in Raman
spectroscopy on transition metals, we should note that
there are still some hurdles to the wider application of
Raman spectroscopy in transition metal systems. Fortunate-
ly, some new opportunities have recently appeared. Ac-
cordingly, we will briefly describe some possible
developments in the Raman spectroscopy on transition
metals in terms of the SERS substrate and these emerging
techniques.

SERS substrates

Ordered nanostructured surfaces

How to obtain a SERS substrate with very uniform
structure and highest possible enhancement is a key issue
of SERS and for quantitative application. Although electron
[101, 102] and focused ion [103] beam lithography or SPM
(STM and AFM) lithography [104, 105] can produce
ideally ordered periodic arrays with optimized particle size,
shape, and interparticle spacing, the relatively low efficien-
cy associated with these point-by-point approaches make
the fabrication process very slow. Nanostructured surfaces
with a large area can be prepared more easily and quickly
by the template synthesis technique, especially when
combined with the self-assembly method and sphere
lithography. The promising templates include the polysty-
rene and silica spheres or anodic aluminum oxide template
[106–108]. Various materials can be filled controllably into
a designed template of two- or three-dimensional ordered
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nanopores (holes or channels). The template is then
removed, leaving behind the spheroid, rod, or wire array
with the desired aspect ratio. By controlling the filling time,
the interparticle spacing can be adjusted to some extent.
Progress in fabricating these two-dimensional nanostruc-
tured surfaces will provide great opportunity for not only
optimizing the SERS activity of existing materials but also
searching for a new class of SERS-active materials, such as
bimetals, alloys, and sandwiched materials.

Nanostructured single-crystal surfaces

Ever since the early days of SERS, there have been attempts
to directly obtain surface Raman signals from well-defined
single-crystal surfaces, since this would be very helpful for
studying the orientation of adsorbates unambiguously, for
comparing surface selection rules of conventional Raman
spectroscopy and SERS, and for getting mechanistic
information about surface processes. However, Raman
studies on single-crystal surfaces have been extremely
difficult because of insufficient intensity due to the absence
of or only minor levels of SERS enhancement for smooth
surfaces. Very few investigations have been reported in this
field and these were performed in a vacuum, an electro-
chemical environment, or a special attenuated total reflec-
tion (ATR) cell [109–111]. The situation may change
significantly owing to advances in the two fields. One is
related to the rapid development of nanotechnology, which
allows the synthesis of nanoparticles with single-crystal
structures. Such nanoparticles, on the one hand, can have
exposed single-crystal surface, and one the other hand, due
to the size is on the scale of several tens of nanometers, can
produce SERS enhancement [54–56, 63, 89, 112–114]. If
one can assembly these nanocrystals into a very ordered
structure with controlled inter-particle spacing, one may be
able to obtain SERS from these single-crystal nanoparticles
and may be able to bridge the gap between single-crystal
surfaces of fundamental interest and highly rough surfaces of
practical importance and then eventually link surface science
and nanoscience. The second approach is the development of
tip-enhanced Raman spectroscopy (TERS). TERS can
provide external enhancement to the single-crystal surfaces
of noble metals or transition metals [115, 116], which will be
introduced later.

Core-shell nanoparticles as SERS substrates

Although transition metals themselves can provide moder-
ate surface-enhanced Raman effect, sufficient for detecting
some surface species with moderate Raman cross-section,
in general the Raman measuring time for such experiments
takes about 30 to 200 s, which is not suitable for studying
the surface dynamics. Furthermore, for some species with

very low Raman cross-section, it is still difficult to obtain
signals with reasonable good signal-to-noise ratio, or the
signal is still below the detection limit.

To solve this problem, probably the best way is still to
use the borrowing SERS strategy. To exclude the pinhole
problem and the trivial processes in obtaining the thin layer
substrate, recently, our group has been able to obtain core-
shell nanoparticles, with Au nanoparticles with varying
diameter as the core, and different transition metals as the
shell, using a two-step seed method in nearly epitaxial
growth mode for Pd and Pt [62, 63]. When the thickness of
the shell is only about five atomic layers, the core-shell
nanoparticles can still have the electromagnetic enhance-
ment effect from the Au core and the chemical properties of
the transition metal shell, which can provide much higher
enhancement as compared with pure transition metal
substrates or nanoparticles. By dispersing the core-shell
nanoparticles over an electrode surfaces, e.g., glassy
carbon, silicon, or other material electrodes, we can use
them for in situ electrochemical measurement. With the
high enhancement, we have been able to obtain SERS
signals of adsorbed CO, hydrogen, and even water. Indeed,
we have found very different behavior for water on Au, Pt,
Pd, and Rh surfaces [117]. This result points to the
promising future of using core-shell nanoparticles for
investigating the dynamic process or even the intermediates
during electrochemical reactions.

Tip-enhanced Raman spectroscopy

Recently, a new approach has been developed to enhance the
Raman scattering intensity, by combining Raman microsco-
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py with scanning probe microscopy. By illuminating the gap
(with width of 1 to several nm) of a gold or silver SPM tip
and the substrate with a laser of suitable wavelength and
polarization, localized surface plasmons can be excited
inside the gap, producing a large increase of the electromag-
netic field and resulting in a significant increase of the
Raman intensity in a region having the size of the tip apex.
This approach is known as TERS [118–120], which has the
advantage of the high spatial resolution of SPM and the rich
chemical information of Raman spectroscopy and can be
applicable to metal–vacuum, metal–gas phase, or metal–
electrolyte interfaces. Since the enhancement is restricted to
the tip–substrate gap, the enhancement can be created on flat
transition metal surfaces.

Using this technique, surface Raman signals from non-
resonant adsorbate (benzenethiol) on Pt single-crystal surfa-
ces have been obtained [115], and the results are shown in
Fig. 12. For example, on Pt(110) surface, in the absence of
the tip, no Raman signal can be detected. However, when the
Au tip is moved into the tunneling position above the Pt
(110) substrate, high-quality spectra can be obtained.
Although it takes 60 s to acquire a spectrum with a
sufficiently high signal-to-noise ratio, the recording of a
Raman spectrum of optically nonresonant species adsorbed
at a smooth Pt(110) surface represents a breakthrough in the
field of surface Raman spectroscopy. This example illustrates
that the detection of species adsorbed in (sub)monolayer
quantities on smooth single-crystal metal surfaces is no
longer a difficult task, even if the adsorbates exhibit
moderate or weak Raman cross sections.

For adsorbates on single-crystal surfaces, additional
information (such as molecular orientation) can be achieved
by choosing appropriate light polarization in TERS and
analyzing the response with respect to surface selection
rules. With the high spatial resolution of TERS applied to
the study of probe molecules having a high sensitivity to
the binding site, it might become possible to reveal the role
of terraces, steps, and different facets during the adsorption
process or in the course of chemical reactions in catalytic
and electrochemical processes. Additionally, TERS may
provide clues to the nature of SERS-active sites. Recently
TERS has been used for characterizing the membrane
structure of cells as well as the structures of carbon
nanotubes [121, 122]. We are optimistic that TERS will
be developed as a valuable analytical tool, providing
simultaneous spectroscopic and microscopic information
in the nanometer region, which ultimately may include
single-molecule detection and investigation.

In situ SERS study

By taking advantage of advances in the Raman instrumen-
tation and the fast development of different types of

transition metal substrates with a high enhancement, it is
now feasible to study the process occurring or intermediates
produced under real catalytic or electrocatalytic conditions,
including at solid–gas, solid–liquid, and solid–liquid–gas
three-phase interfaces, with strict control of the tempera-
ture, gas pressure, and electrode potential [123].
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