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1 Introduction

Since the mid-1990s, surface-enhanced Raman scattering (SERS) has greatly
advanced and gained wider application and renewal interest than in the previ-
ous two decades [1,2,3,4,5,6,7,8,9]. There have been several new and creative
developments, e.g., SERS of single molecules, nanostructures and transition
metals, tip-enhanced Raman scattering (TERS), surface-enhanced hyper-
Raman scattering (SEHRS), ultraviolet-excited SERS (UV-SERS), surface-
enhanced resonance Raman scattering (SERRS). In this book, this Chapter
is probably the only one describing metals other than Ag, Au and Cu. It
may be necessary to first give a brief introduction on the development of
extending SERS study to transition metals.

The major obstacle hampering the generality of SERS is that only the
three coinage metals (Au, Ag, and Cu) and some alkali metals (Na [10],
K [11], Li [12]) can provide the huge enhancement because they belong to
free-electron metals whose surface-plasmon resonance can be efficiently ex-
cited by the visible light, and only Au, Ag and Cu can be used for practical
applications. This fact severely limited the SERS application in other ma-
terials. Whereas transition metals have a much wider application in modern
industries and technologies, such as electrochemistry, corrosion and cataly-
sis, they had been commonly considered as non-SERS-active substrates by
the communities of surface science and spectroscopy [13]. In fact, we do not
find any SERS review articles definitely stating that transition metals exhibit
SERS before 1998. In the past three decades, the development of SERS into
a powerful spectroscopic tool for a wide variety of materials had been slower
than expected.

However, researchers never gave up their efforts to extend SERS to
the study of metallic and nonmetallic surfaces other than coinage met-
als [14,15,16,17,18,19,20,21,22,23,24, 25, 26,27, 28, 29, 30, 31,32, 33, 34, 35, 36,
37,38,39,40,41, 42, 43,44, 45]. In the 1980s, a strategy based on “borrowing
SERS” was proposed, either by depositing a SERS-active metals onto non-
SERS-active substrates including semiconductors [14, 15] or by depositing
non-SERS-active materials over SERS-active substrates [16,17,18,19, 20, 21].
For example, a SERS-active silver layer was deposited over a n-GaAS sur-
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face and the resonance Raman signal of dye molecules was obtained [14, 15].
Alternatively, Ni, Co, Fe, Pt, Pd, Rh and Ru ultrathin films were electro-
chemically deposited over SERS-active Ag or Au electrodes to obtain signals
from these films. With the aid of the long-range effect of the electromagnetic
(em) enhancement created by the SERS-active substrate underneath, weak
SERS spectra of various adsorbates on the transition-metal overlayers have
been obtained [16,17, 18,19, 20, 21].

It should be noted that the strong electromagnetic field generated on the
SERS-active substrate will be attenuated exponentially with the increasing
of thickness of the coated film so that the film has to be ultrathin, nor-
mally 3-10 atomic layers, to achieve a reasonable signal. However, it was
very difficult to completely cover randomly rough substrates with such a ul-
trathin layer. Thus the “pinhole” in the overlayer made it extremely difficult
to eliminate entirely the contribution of the giant SERS of the substrate.
Weaver and coworkers made significant progress in overcoming this prob-
lem. They reported a series of work on “pinhole-free” transition metals over
the SERS-active Au surface by electrochemical atomic-layer epitaxy using
constant-current deposition at a low current density or by redox replacement
of underpotential-deposited metals on Au [22, 23, 24, 25]. This method is
very promising if one can prepare a “pinhole-free” ultrathin film of different
materials with good stability in a wide range of potential or/and tempera-
ture. It makes SERS a versatile tool in studying various material surfaces of
practical importance. In addition to studying the surface adsorption and reac-
tion, the overlayer method can also be used to characterize the fine structure
of the ultrathin film itself. This includes oxides, semiconductors and poly-
mers [26,27,28,29,30]. Its advantage of high sensitivity enables one to probe
ultrathin films with a few atomic monolayers.

Another totally different strategy is to generate SERS directly from tran-
sition metals [33, 34, 35, 36, 37, 38, 39, 40,41, 42,43, 44, 45]. There is no doubt
that the surface preparation is more straightforward and the stability is higher
than the substrate coated with an ultrathin film. This strategy is much more
challenging as it contradicts the commonly accepted notion that transition
metals were not SERS-active. This approach appeared to be the most diffi-
cult or even impossible one, and has been demonstrated since the early days
of SERS. Several groups attempted to obtain unenhanced [33, 34] and en-
hanced [35, 36, 37, 38, 39, 40, 41] Raman signals from adsorbates on either
roughened or mechanically polished Pt, In, and Rh electrodes, or porous
Ni, Pd, Pt, Ti and Co films [42, 43]. In all of these studies, the reported
surface spectra were obtained only under optimal conditions or by data ma-
nipulation using spectral-subtraction methods [33, 34, 35, 36]. Surface Raman
signals were typically too weak to be investigated as a function of the elec-
trode potential or temperature. In practical applications, however, such a
type of measurement is quite essential. Furthermore, some results could not
be repeated by other groups. The reported results were not strongly support-
ive of SERS studies on transition metals, and pointed to a gloomy future in
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this direction. Indeed, only a few papers [38, 41, 44, 45], among many theo-
retical and experimental works, claimed that transition metals might have
relatively weak SERS activity in comparison with the coinage metals of Au,
Ag and Cu, which had not been recognized by the scientific community. As
a consequence, the activity in the SERS field declined substantially from the
late-1980s to the mid-1990s.

The situation has changed dramatically since the late-1990s [46,47,48,49,
50, 51, 52, 53, 54] with advances in Raman instrumentation, i.e., the advent
of the confocal microscope and the holographic notch filter [55,56]. The Ra-~
man experiment, which normally employed high-dispersion double or triple
monochromators to filter out the elastically scattered laser radiation, can now
be performed simply with a single spectrograph together with a holographic
notch filter. The throughput of a single-grating system is far higher than, for
example, a triple monochromator. The optical configuration of the confocal
Raman microscope was found to be very helpful for obtaining the very weak
signal of the surface species without the interference of the strong signal from
the bulk phase. These new developments have resulted in unprecedented sen-
sitivity that was vitally important for making the several important advances
in this field in the late-1990s.

One of the progresses is confirmation of SERS directly from many pure
massive transition metals [46, 47, 48, 49, 50, 51, 52, 53, 54]. Since 1996 our
group has reported our efforts to optimize the confocal Raman microscope
in order to obtain the highest sensitivity, and has developed various surface-
preparation procedures for different transition metals to obtain surface spec-
tra with better signal to noise ratio. Generally, two types of substrates have
often been employed in SERS studies: roughened metal electrodes and metal
nanoparticle (colloid) sols. In our studies, six SERS activation procedures
have been performed and/or developed for different transition metals and for
different studies, i.e., potential-controlled oxidation and reduction cycle(s)
(ORCQ) [46], current-controlled ORC [57], chemical etching [52, 53], electrode-
position [51], template synthesis [58,59], and nanoparticles-on-electrode [60].

So far we have been able to obtain surface Raman spectra of good
quality not only on the electrode surfaces made of many transition met-
als, such as Pt, Ni, Ru, Rh, Pd, Co, Fe and their alloys, but also over
a very wide potential region (e.g., —2.0V to +1.4V) [9, 13, 46, 47, 48,
49, 50, 51, 52, 53, 54]. The molecular-level investigation of diverse adsor-
bates at various transition-metal electrodes can be realized by Raman spec-
troscopy [46, 47, 48, 49, 50, 51, 52, 53, 54]. The important adsorbates already
studied include CO, H, O, Cl7, Br—, SCN—, CN~, pyridine, thiourea, ben-
zotriazole and pyrazine [46, 47, 48, 49, 50, 51, 52, 53, 54, 61, 62, 63, 64, 65].
It has been demonstrated that SERS can be widely used to study electro-
chemical interfaces including many transition-metal-based systems, such as
electrochemical adsorption and reaction, electrocatalysis, corrosion and fuel
cells [63, 64, 65, 66].
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It has been found that the increase in the surface signal intensity is
not simply proportional to the surface-roughness factor (R). Therefore, one
should consider the existence of the SERS effect on these transition-metal
surfaces. It should be pointed out that in the past about three decades,
among many theoretical studies, only two papers [44,45] claimed that transi-
tion metals might have relatively weak SERS activity in comparison with the
coinage metals. In the mid-1980s Chang and coworkers reported a very in-
teresting electrodynamics calculation on spheroids of Pt, Rh, Ni and Pd [44],
but these important papers had not been recognized by the scientific com-
munity because transition metals were not generally considered as effective
SERS substrates. Since we have already a large surface Raman signal from
transition metals, it might be possible for us to clarify whether there are
SERS on transition metals. We proposed a method to accurately calculate
the surface-enhancement factor (G) after considering the special feature of
the confocal Raman system [48, 56]. We obtained G of five roughened tran-
sition metals Fe, Co, Ni, Rh, Pd and Pt experimentally ranging from 102
to 10, in comparison with 10° to 107 for Ag, using pyridine as the probe
molecule and the 632.8 nm excitation.

On the basis of the work on SERS of transition-metal surfaces, we will
divide the rest of this chapter into two parts. First, we will discuss the en-
hancement mechanism, mainly from the physical aspect, for transition metals
in comparison with the coinage metals. A three-dimensional finite difference
time-domain (3D-FDTD) method was used to calculate and evaluate the lo-
cal electromagnetic field that is critically dependent on the surface geometry
and the size, shape and interparticle coupling of nanoparticles. Second, a new
approach of using ultraviolet laser to study UV-SERS is presented, showing
that the transition metals have a higher SERS activity than the coinage
metals in the UV region.

2 The Physics behind SERS of Transition Metals

2.1 The Electronic Structure and Dielectric Constants
of Transition Metals

Since we have successfully and systematically obtained SERS from transi-
tion metals and demonstrated that there is a SERS effect on many transition
metals, it is interesting to get a clear picture of the role of the electromag-
netic (em) field enhancement in the SERS of transition-metal systems. It
has been well known that the em enhancement is mainly contributed by
surface-plasmon resonance at geometrically defined metal nanoparticles or
nanostrutures [67, 68,69, 70, 71, 72]. The em field of the light at the surface
can be greatly enhanced under conditions of collective electron resonance for
“free-electron” metals classified as the coinage metals (1B group) and alkali
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Fig. 1. A simplified periodic table of the elements. The part marked in black are
“free-electron” metals and those marked in gray are transition metals
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metals (1 A group) in the periodic table (see Fig. 1). In fact, all metals includ-
ing transition metals can enhance the field more or less, mainly depending on
the ability of metals to sustain the surface plasmon of high resonance quality.
In comparison with the coinage and alkali metals, transition metals (VIIIB
group) have very different electronic structures [73]. The transition metals
cannot be well described by the free-electron model. The 3d, 4d and 5d shells
are always strongly mixed with the 4s, 5s and 6s states. From the physical
point of view, the Fermi level of transition metals locates at the d band.
Therefore, the interband excitation occurs very possibly in the visible light
region [74,75]. The coupling between the high density of states and interband
electronic transitions depresses the quality of the surface-plasmon resonance
of transition metals considerably [68, 71].

To meet the conditions of good surface-plasmon resonance, the metal
usually needs a small value of the imaginary component of the dielectric
constant [76]. However, this is impossible for the transition metals because of
their large values of the imaginary part of dielectric constants in the visible
light region (see Fig. 2a). The dielectric constants in the figure are derived
from the experimentally determined optical constants [77, 78] through the
relationships of €, = n? — k2, ; = 2nk.

Figure 2b illustrates dramatic differences in the SPR. character between Pt
and Ag elliptical nanoparticles with an aspect ratio of 2 : 1. The calculation
is based on a two-dimensional array model proposed by Chu and Wang [79].
It can be seen that the enhancement factor of the coinage metal increases
sharply when the frequency of the excitation light is close to the frequency
of the surface-plasmon resonance [72, 76]. In contrast, the curves are much
broader for Pt. SERS of Pt does not show any distinct character of surface-
plasmon resonance, and the enhancement factors just show a slight variation
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Fig. 2. (a) Dielectric constants of Ag and Pt; (b) Dependence of the surface en-
hancement factor (G) for two-dimensional Ag and Pt nanospheroids array on the
wavelength of the incident plane wave. The semiminor axis and aspect ratio of
spheroids are 20nm and 2 : 1, respectively. The probe molecule is assumed to be
located at the tip of spheroids

with the incident photon energy. This means that the SERS intensity of
Pt will not vary much with the excitation wavelength in the visible light
region. Our experimental results have confirmed this prediction. For instance,
Pt shows almost the same SERS enhancement if we change the excitation
laser from 632.8nm (1.96eV) to 514.5nm (2.41eV) while keeping all other
conditions unchanged. Although the intrinsic optical property of transition
metals prevents them from exhibiting intense SERS, the em enhancement
still exists in the transition-metal systems with different characteristics.

2.2 Theoretical Simulation of the Local Electric Field
by the Finite Difference Time-Domain Method

Several methods have been utilized to perform electrodynamics calculation
of light scattering from particles of an arbitrary shape, including the finite
element method (FEM), discrete dipole approximation (DDA), finite differ-
ence time-domain (FDTD) method and T-matrix method [80,81,82]. Among
them, FDTD is a powerful tool to simulate the distribution of the electro-
magnetic field around the illuminated nanoparticles or substrate with an ar-
bitrary geometry by numerically solving Maxwell’s equations. Here, we will
simulate the local electric field on transition-metal surfaces using the three-
dimensional FDTD (3D-FDTD) method. To obtain the necessary parameters
like static permittivity, infinite frequency permittivity, conductivity and the
relaxation time, we fit them to the complex permittivity of metals [78] for
the optical frequency range under investigation. Their relationship can be
described by the general Drude model as follows [82, 83],

€s — £co o

e(w) = oo + 1+iwr  dweg’
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Fig. 3. Complex permittivity for Pt (a) and Ni (b) solid: fitting line using the
general Drude model; scatter: experimental data

where €g, €00, 0, T represent the static permittivity, the infinite frequency
permittivity, the conductivity and the relaxation time, respectively. w is the
angular frequency of the excitation light and ¢ is the permittivity of free
space. The four parameters g, £, 0, 7 can be adjusted through curve-fitting
techniques to correctly match the experimental complex permittivity. Fig-
ure 3a shows a good fitting curve for the complex permittivity for platinum
in the visible light region where e, €+, o, 7 are —62, 1, 1.18 x 10°S/m and
6.6 x 10716 5. Similarly, a good fitting curve can be obtained for Ni with the
static permittivity, the infinite frequency permittivity, the conductivity and
the relaxation time of —315, 1, 2.1 x 105S/m, and 1.6 x 10~1° s, respectively
(see Fig. 3b). A more detailed description of the theoretical treatment will
be given elsewhere [60].

Based on the previous theoretical works [72], we have carried out a com-
parative theoretical study of transition metals and coinage metals. We first
used a model of a Ni spheroid with different aspect ratios to calculate the
local optical electric field contributing to SERS without taking into account
the coupling between particles. The 3D-FDTD result indicates that the Ra-
man signal from a single nanoparticle critically depends on the shape of the
nanoparticle and the dielectric constant of the metal as shown in Fig. 4. In
order to accurately simulate the detailed nanostructure of nanoparticles, the
Yee cell size used in our calculation was set to be 1 x 1 x 1nm?, which was
much smaller than the size of relevant nanoparticle features. The step size of
time was set as 1.73 as, and the number of periods of the incident sinusoidal
plane wave was set to be 8 to guarantee the calculation convergence, which
could be judged by checking whether the near-zone electric field values reach
steady state. The amplitude of the sinusoidal plane wave was set to be 1 V/m
in the calculation, and the excitation wavelength 632.8 nm.

For a single 60nm Ni sphere under 632.8 nm excitation, the electric-
field enhancement at the tip is just about 4 times the incident optical
electric field. Since the SERS enhancement can be estimated by G =
[EL(wi)/Ein(wi)]? [EL(ws)/Es(ws)]? [68,69], in this case, the SERS enhance-
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Fig. 4. FDTD simulated electric field distribution of nickel nanospheroid with
various aspect ratios, (a) 1: 1, (b) 2 : 1, (¢) 3 : 1. The excitation polarization is
along the major axis

ment is about 2.6 x 102. In this approximation, we neglected the influence of
the frequency shift of the Raman scattering light on the field enhancement.
With the increase of the aspect ratio of the nanoparticle, the maximum F-
field enhancement increases rapidly. For example, for a spheroid with aspect
ratios of 2 : 1 or 3 : 1, the maximum E-field enhancement increases by more
than 8 and 12 times, respectively (corresponding to 4 x 103 and 2 x 10*
SERS enhancement at the tip, respectively). However, if the aspect ratio of
the spheroid becomes 5 : 1 or higher, the maximum electric-field enhancement
will decrease slowly. This tendency of the enhancement factor with increasing
aspect ratio of the nanoparticle is in agreement with the results of Schatz and
Van Duyne who used electrodynamics corrections to the spheroid model [72].
The above FDTD result is also very close to our previous results using an
analytical method for the two-dimensional array model [84].

2.3 3D-FDTD Simulation of the Electromagnetic Field
Distribution over a Cauliflower-Like Nanostructure

We found several surfaces with a cauliflower-like morphology, as shown in
Fig. 5, to exhibit the highest SERS activity. To explain these experimental
observations, the electric-field enhancement of SERS-active Rh systems was
estimated by using the 3D-FDTD method. The cauliflower-like nanoparticle
was modeled by a 120 nm sphere studded with many 20 nm semispheres, as
shown in Fig. 6.

Shown in Fig. 6 is the calculated electric-field distribution on the surface
of a Rh sphere with a diameter of 120nm and covered with 20nm semi-
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(a) (b)

Fig. 5. AFM images of a roughened cauliflower-like Rh electrode (a) and a Co
electrode (b)

i
Odb=8.7V/m

i Fig. 6. FDTD simulated electric-field distribu-
tion for cauliflower-like Rh nanoparticles. The in-

cident beam illuminates along the y-direction with
z-polarization
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spherical particles to represent the cauliflower-like nanoparticle (Fig. 6a). 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 in-
cident light, and the highest enhancement usually appears at the apex of
small semispheres in the “caulifiower”. It corresponds to an ca. 6 x 103-fold
SERS enhancement on these sites. Note that the magnitude of the maximum
electric-field enhancement is just about 4 times larger than the incident light
for the smooth sphere under the same excitation condition [60], 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 be probably 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 [76].

It is noted that the field enhancement for the cauliflower-like nanopar-
ticle is not enhanced significantly at the junction point as expected due to
the coupling effect between small semispheres. 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. 6b. The symmetric nature of the
nanoparticle may play a role in limiting the electromagnetic modes when the
nanostrucutre is coupled with an incident plane wave. Our results seem to in-
dicate that the em enhancement is very sensitive not only to the wavelength
and polarization of the exciting light, the electronic property of the metal
and the surface morphology, but also to the symmetric nature of the SERS
nanostructures.

2.4 3D-FDTD Simulation of the Electromagnetic Field
Distribution over a Nanocube Dimer

In our experiment, we found that the SERS activity from Pt nanocubes as-
sembled on a glassy carbon surface is much higher than that from the rough-
ened Pt electrodes. In order to understand this phenomenon, we evaluated the
interparticle coupling effects since these Pt nanocube are closely connected
to each other at the surface, as can be seen in [60]. When two Pt nanocubes
approach each other, the classical electromagnetic theory predicts that a co-
herent interference of the enhanced field around each particle will result in
a dramatic increase in the E-field in the junction between them. Again, the
3D-FDTD method was adopted to simulate the interparticle coupling of Pt
nanoparticle dimers.

Figure 7 represents the geometric model in our calculation. On the basis
of the TEM image of cubic Pt nanoparticles, the edge length of nanocubes
is set to be 20 nm, and the gap between two nanocubes at 1 nm that is just
enough to accommodate a layer of molecules. The incident vector is depicted
in the figure and the polarization is parallel to the axis along the particle pair
(x-axis).
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0db=7.5V/m

Fig. 7. FDTD simulations of the electric-field distribution in the yz-plane at z = 0.
The excitation polarization is along the z-axis

It can be seen clearly from the calculation that the electric field reaches
the maximum in the gap region in both the sphere (Fig. 7a) and cube models
(Fig. 7b). This is in good agreement with the work of Kdll and cowork-
ers [85] and Brus and coworkers [86] that a nanoparticle gap or junction can
produce a very large enhancement. The theoretical calculations by Kdll and
coworkers [87,88] and Martin and coworkers [89] can adequately explain the
experimental phenomena.

In the present study, the electric-field enhancement is about 14.5 in the
gap of the two Pt spheres, while it is about 7.4 in the gap of cubes. This
corresponds to SERS enhancement factors of 4.4 x 10* and 3.0 x 102 in the
gap for the two shapes, respectively. However, it should be noted that the
effective volume in the junction that can offer the largest SERS enhancement
is very limited in the case of spheres compared with that of cubes. This fact
results in a comparable, even stronger, total SERS signal from nanocubes
than from nanospheres.

2.5 3D-FDTD Simulation of Electromagnetic-Field Enhancement
of Core-Shell Nanoparticles

To make use of the electromagnetic field enhancement of SERS-active metal
to study the non-SERS active overlayers has been a subject of interest for
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Fig. 8. FDTD simulated electric-field distribution for Au@QPd nanoshell dimers.
The excitation polarization is along the z-axis

about 20 years. Recently, we also used the same strategy, however, to pre-
pare Au core Pd shell(Au@Pd) nanoparticles. We found that the SERS ac-
tivity decays exponentially with increasing shell thickness, which is similar
to our previous observation from the Rh layers electrodeposited on a SERS-
active Au substrate [90]. The UV-vis data (not shown here) also indicate that
the surface-plasmon band of Au is gradually damped with increasing thick-
ness. Most importantly, the highest SERS signal obtained on these Au@Pd
nanoparticles can reach up to about 1000 counts per second (cps), which
is remarkably higher than that of a roughened Pd electrode (5cps) and
monometallic Pd nanoparticles (60 cps). It clearly demonstrates that a major
contribution to the phenomena comes from the long-range effect of the strong
electromagnetic field generated by the Au core. To understand the effect of
the core, we also simulated the system by the FDTD method.

Figure 8 shows the FDTD-simulated electric-field distribution of the
Au@Pd nanoparticle dimers to take account of the coupling effect. In the
calculation, the thickness of the Pd shell is set to be 2nm, the size of the Au
core is set to be 55 nm, and the interparticle distance is 1 nm. The 632.8 nm
excitation laser is polarized along the axis connecting the two particles. The
simulated result shows the maximum electric-field enhancement is also in the
junction, which is about 50, corresponding to a SERS enhancement of 6 x 108.
It may be necessary to point out the dielectric constants of the shell were
directly taken from the bulk value since the large value of the imaginary
component of the dielectric constant of transition metals will just result in
a relatively small change of the dielectric constant compared with coinage
metals in the visible light region. If the thickness is less than 2 nm, the size-
dependent effect of the dielectric function of the Pd shell should be taken
into account, but we cannot find the necessary parameters, such as the elec-
tron mean-free-path for Pd, in the literature. Nevertheless, in our preliminary
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calculation, we noticed that the em enhancement increases rapidly with de-
creasing Pd shell thickness to 1 nm (not shown here) when the bulk dielectric
constant was used. The calculation and the experimental data are in good
agreement. However, the size-dependent dielectric constants should be used
in order to perform more quantitatively simulation on the SERS properties
of core-shell nanoparticles when the thickness is around 1 nm.

If the shell thickness exceeds 6 nm, the SERS activity of Au@Pd nanopar-
ticles will show no difference from pure Pd nanoparticles. It should be empha-
sized here that although the em enhancement is very high in the junction of
the nanoshell dimers, the surface-averaged SERS enhancement factor is much
lower than 6 orders of magnitude since the number of hottest SERS-active
sites, located in the junction, is very limited.

Finally, it may be necessary to note that many molecules and ions ad-
sorb more strongly at transition metals because of the empty d orbital(s)
in comparison with the coinage-metals systems. In surface chemistry, most
molecules studied can strongly interact with (bind to) the surface and surface
chemists cannot ignore the interaction of the surface species with the sub-
strates [13,91,92,93,94]. It is important for them to describe a clear picture
about the molecule—surface interaction, adsorption orientation, surface con-
figuration and coverage, etc. and to find the answer to the phenomenological
behavior by analyzing the SERS spectra in much more detail [95,96]. There-
fore, although the electromagnetic effect is the dominant mechanism for most
SERS systems, it is necessary, at least for surface chemists, to understand
the chemical enhancement, and especially the influence of chemical enhance-
ment on the spectral feature of surface species. Furthermore, when the strong
chemical bond is formed, this chemisorption not only changes the electronic
structure of the adsorbate itself, but also influences to some extent the sur-
face electronic structure. This may cause the shift of the surface-plasmon
resonance frequency and lead to the change of the local electric field at the
metal surface [97].

3 SERS From Transition Metals with Ultraviolet
Excitation

In all previous SERS studies, light from the visible to the near-infrared region
were used for excitation. Extending SERS studies to the UV region may ini-
tiate some new approaches. First, it may allow investigation of molecules and
nanostructures under new experimental condition including UV-SERS active
materials that may or may not be SERS active in the visible or near-infrared
region of the em spectrum. Second, since the UV energies are in prereso-
nance or full resonance with electronic absorption of many molecular systems,
macromolecules and biomolecules, if some substrates can support the em en-
hancement in the UV region, the UV laser can excite both the resonance
Raman and SERS effect, and the possible applications of surface-enhanced
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resonance Raman scattering (UV-SERRS) could be boundless. Moreover, the
relevant theoretical approach could provide a deep physical insight into the
SERS/SERRS phenomenon. However, many groups including ours have tried
but failed to observe SERS from the coinage metals using the ultraviolet (UV)
excitation. This is mainly due to the inherent difficulties in generating observ-
able surface enhancement for coinage metals in the UV spectral region, due
to the damping of the surface-plasmon resonance by the interband transition
absorption when the excitation line is moved to the UV region. Since the
optical properties of transition metals are very different from coinage metals,
it is worth testing the UV-SERS activity. Recently, we have carried out some
preliminary studies using the UV excitation. The results show that UV-SERS
can be obtained from a number of adsorbates on different transition-metal
surfaces [98, 99].

3.1 Potential-Dependent UV-Raman Spectra
from Transition Metals

The surface UV-Raman studies were performed using a He—Cd laser with the
wavelength of 325 nm for excitation [98, 99]. Figure 9a shows the potential-
dependent spectra of pyridine adsorbed on a roughened Rh electrode surface
with a cauliflower-like nanostructure. In the present study, the objective used
is of 15x magnification, therefore the interference of the solution signal to
the surface signal is quite severe. In order to extract the signal of the surface
species, all the surface Raman spectra shown have been subtracted with the
corresponding solution spectrum with the intensity of the 933 cm™! band
(total symmetric stretching of C10; ) as an internal reference. As can be seen
from Fig. 9a, the frequency and the relative intensity of the major bands of
pyridine show a clear potential dependence. The redshift of these bands with
the positive movement of the electrode potential is clear evidence of surface
species whose surface orientation and coverage are dependent on the applied
potential.

Compared with pyridine, SCN™ is a smaller Raman scatterer. However,
despite this fact, good-quality spectra were obtained for SCN™ adsorbed on
a roughened Rh surface. The experiment was performed with 0.1mol-17!
NaClOy4 + 0.01mol-17! NaSCN solution as the electrolyte, where the ClO;
in the solution was again used as the internal reference for subtracting the
solution signal. The surface Raman spectra are presented in Fig. 9b, which
shows that the intensity of the CN stretching band increases with the negative
movement of the electrode potential. In addition, the band frequency redshifts
significantly showing an electrochemical Stark effect with a tuning rate of
around 73cm~!- V=1 of excellent linearity [99].

The good-quality spectra of adsorbed SCN™ can also be observed from Ru
and Co electrode surfaces [98,99] as well as Pt nanocube-on-electrodes [100].
The potential-dependent spectra of the adsorbed SCN™ on a Ru-coated glassy
carbon electrode and on a roughened Co massive electrode are shown in
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Fig. 9. (a) UV-SER spectra of pyridine adsorbed on a Rh electrode at different

potentials; (b) UV-SER spectra of SCN™ adsorbed on a roughened Rh electrode

in 0.1mol-17! NaClO4 + 0.01mol-17! NaSCN at different potentials. Excitation

line: 325 nm

Figs. 10a and 10b. On these two electrodes, only one peak was observed
in the negative potential region and the vy blueshifts with the positive
movement of the potential. Another peak appears at the high-frequency side
of the original peak from —0.1V for Ru electrode and —0.5V for Co electrode,
indicating that there is another type of surface SCN™ species in the positive-
potential region.

It may be necessary to note that photodecomposition on the surface is
often observed and it may limit to some extent the application of UV-SERS.
However, the successful observation of a surface UV-Raman signal from ad-
sorbed species indicates a promising future for this approach. Furthermore,
according to our calibration, the signal of silicon (520.6 cm™!) obtained on
the visible Raman system is about 40-fold higher than that on the UV-Raman
system. This is almost opposite to that predicted by theory if we consider the
fourth-power-law relationship of Raman intensity with that of the incident
laser frequency. This situation makes the UV-Raman technique very promis-
ing since we still have a great chance to improve significantly the detection
sensitivity of the UV-Raman instrument.
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Fig. 10. UV-SER spectra SCN™ adsorbed on a Ru-coated glass carbon electrode
(a) and on a Co electrode (b) in 0.1mol-17" NaClO4 + 0.01 mol-17" NaSCN at
different potentials. Excitation line: 325 nm, acquisition time: 200 s
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3.2 Confirmation of UV-SERS Effect on Transition Metals

It can be seen that the UV-Raman signal of SCN~ on the Ru coated glassy
carbon electrode is stronger than that on the roughened Rh and Co surfaces.
This may indicate the importance of proper matching of the incident light
frequency with that of the optical properties of the surface nanostructures.
It is necessary to clarify if there is the SERS effect with ultraviolet excitation
and whether transition metals can exhibit UV-SERS activity. We performed a
similar calculating method mentioned above and also considering the special
feature of the UV Raman microscope [99]. From the experimental results
shown in Fig. 9a, the surface enhancement factor for the adsorbed SCN™ is
calculated to be about 345, indicating that the surface enhancement factor of
the Rh surface in the UV regions is at least 2 orders of magnitude. It should be
pointed out that although this value is considerably lower compared with that
of coinage metals in the visible region, it is indeed meaningful for studying
the adsorbed surface species with UV excitation.

It is of special interest to work out why transition metal and not the typ-
ical SERS metals support SERS activity in the UV region. We performed a
preliminarily theoretical calculation of the wavelength-dependent surface en-
hancement factor for Rh and Ag using the method described by Zeman and
Schatz [101], based on the em model. The Rh and Ag surfaces were simulated
with a Rh and a Ag ellipsoidal nanoparticles with 3 : 1 aspect ratio (semi-
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Fig. 11. Averaged enhancement factors for Ag and Rh ellipsoids with the aspect
ratio of 3 : 1 in the UV spectral region (a) and the visible region (b) of the em
spectrum

major axis a = 45 nm and semiminor axis b = 15 nm), respectively. As is well
known, the field at the tip of the ellipsoid is much stronger than the other
region of the particles when the electric-field vector of the incident light is
polarized along the major axis. However, in a real SERS experiment, the sig-
nal is an average of the signal from all over the particle’s surface. Therefore,
only the averaged enhancement is meaningful for comparing experimental
and theoretical results. The calculated averaged surface enhancement factors
at different wavelengths for the above two systems are shown in Fig. 11. The
averaged G for Ag in the visible region can be as high as 10°, contributed
by both surface-plasmon resonance and the lightning-rod effect. However, it
decreases sharply when the excitation wavelength is moved into the UV spec-
tral region and there is essentially no enhancement when the wavelength is
shorter than 325 nm because this condition is then not appropriate to induce
surface-plasmon resonance. The real dielectric constant of Ag is changed from
the suitable negative value at about —10 at around 500 nm to the positive
value of about 0.5 at around 325nm. Accordingly, it seems to be easy to
understand the diminishment of the enhancement in the UV region for Ag.
In contrast, the G value of a Rh ellipsoidal does not change so significantly
as wavelength varies in the visible region, but shows a small peak with a
maximum of ca. 102 at around 325 nm. The real dielectric constant of Rh is
changed from —18 at around 500 nm to about —10 at around 325 nm.

This preliminary theoretical calculation infers that some transition met-
als, rather than the typical SERS metals, may have relatively suitable optical
properties to present observable SERS signal in the UV region. Although a
more systematic study is required, our preliminary approach of UV-SERS not



142 Zhong-Qun Tian, Zhi-Lin Yang, Bin Ren, and De-Yin Wu

only demonstrates the importance of optical properties of the substrate in
UV-SERS, but also provides some useful information on the physics behind
SERS.

4 Conclusion

In this Chapter, we employed the 3D-FDTD method to calculate and eval-
uate the local electromagnetic field by investigating the effect of the sur-
face geometry, the size, shape, and aggregation forms of nanoparticles on the
SERS activity of transition metal systems. Our calculation on the cauliflower-
structured nanoparticles shows that the em enhancement is sensitive not only
to the polarization of the exciting light, the electronic property of metal and
the surface morphology, but also to the symmetric nature of the SERS nano-
structures. We demonstrated that the reason for the high enhancement in
the nanocube system could be due to the large effective volume involved in
the strong coupling between neighboring nanocubes. For the core-shell sys-
tem, we show that the em enhancement decreases rapidly with increasing
shell thickness and when the shell thickness exceeds 6 nm, the core no longer
influences the SERS of the shell. The detection of a reasonably good UV-
SERS signal on Pt, Rh, Ru and Co surfaces rather than Ag and Au is mainly
due to the intrinsically suitable optical properties of transition metals in the
UV region. Overall, the extension of SERS substrate to the transition-metal
systems and use of UV excitation have improved the generality of the SERS
technique and could be helpful for comprehensive understanding of SERS.
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