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Surface-Enhanced Raman Scattering: From Noble to Transition Metals and from Rough
Surfaces to Ordered Nanostructures

1. Introduction
The explosion of activity in the field of surface-enhanced SERS measurement although it was not recognized as such at

Raman scattering (SERS
measurement of a surface Raman spectrum from pyridine
adsorbed on an electrochemically roughened silver electrode
was reported by Fleischmann, Hendra, and McQuillan in 1974,

which was stemmed from their pioneering work on applying

Raman spectroscopy to the in situ study of electrode surfaces. ) > >
The Raman spectrum proved to be of very high quality and to an enhancement of $01(P times compared to the intensities

evidently was due to a surface species in view of its electrod
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In the mid-1970s, surface-enhanced Raman scattering (SERS) was discovered which impacted on surface
science and spectroscopy because of its extremely high surface sensitivity. However, SERS had not developed
as many people had hoped to be a powerful surface diagnostic technique that can be widely used because of
some obstacles. For example, only three noble metals Au, Ag, and Cu could provide large enhancement,
severely limiting the widespread applications involving other metallic materials of both fundamental and
practical importance. In this article, emphasis is put on the recent work of our group to directly generate
SERS on net transition metals (e.g., Pt, Ru, Rh, Pd, Fe, Co, Ni, and their alloys) by developing various
roughening procedures and optimizing the performance of the confocal Raman microscope. An approach of
replacing the randomly roughened surface with ordered nanorod arrays of transition metals is introduced as
a promising class of highly SERS-active substrates. The surface enhancement factor for transition metals was
calculated, which ranged from 1 to 4 orders of magnitude. The applications of SERS in surface adsorption,
electro-catalysis, and corrosion of transition-metal-based systems demonstrated several advantages of in situ
surface Raman spectroscopy. A preliminary theoretical approach, considering the electromagnetic and chemical
contributions, is presented to explain the SERS behavior of transition metal electrodes and nanorod arrays.
It has been shown that SERS together with other surface-enhanced optical phenomena could be one of important
issues not only in surface science but also in nanoscale science. Prospects and further developments in this
exciting field are discussed with emphasis on the emerging experimental methodology.

potential dependency. In retrospect, this was, in fact, the first

) started in mid-1970s. The first the time. These authors initially thought that the electrochemical
roughening procedure has significantly increased the surface
area of the electrode so that the intense surface Raman signal
of pyridine can be obtained. After carefully making the
calculation and experiment, Van Duyne and Jeanmaire realized
that the major contribution to the intense Raman signal is due

e Predicted from the scattering cross section for the bulk pyrigiine.
After an exhaustive review process, presumably because of the

* To whom correspondence should be addressed. reluctance of reviewers to believe the unorthodox concept of
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surface enhancement, their paper was published in 3237 plays a dominant role. Overall, SERS involves complicated
Albrecht and Creighton independently reported a similar résult. interactions and couplings among photon, molecule, and
They provided strong evidences to demonstrate that the enor-nanoparticled?~15 It seems that the further theoretic work is
mously strong surface Raman signal must be caused by a truestill required in order to quantitatively explain all SERS
enhancement of the Raman scattering efficiency itself. The effectphenomena, including simple and complicated ones, which are
was later called surface-enhanced Raman scattering (SERS). reported continually.

The discovery of SERS impacted surface science and However, researchers have never given up their efforts to
spectroscopy because of its extremely high surface sensitivity. extend SERS to the study of other metallic and nonmetallic
As Raman scattering is a second-order process, it has a vernysurfacess28 In the 1980s, a strategy based on “borrowing
low cross section. In the absence of any resonance RamarSERS” was proposed, either by depositing SERS-active metals
process, the differential Raman cross sectiongd@)nrs are onto non-SERS-active substrates, including semiconduors,
less than 10?° cn? sr'%, i.e., generally more than 10 orders of or by depositing non-SERS-active materials over SERS-active
magnitude lower than that of infrared absorpttéfHence, the substrated”18 For example, SERS-active Ag or Au electrodes
signal-to-noise ratio (S/N) of the surface Raman signal expectedwere coated with ultrathin films of other metals such as Ni, Co
for a monolayer of adsorbates is below the detection limit of a and Fe, Pt, Pd, Rh, and Ru by electrochemical deposition. With
conventional Raman spectrometer. This intrinsically low detec- the aid of the long-range effect of the electromagnetic (EM)
tion sensitivity is no longer a fatal disadvantage for surface enhancement created by the SERS-active substrate underneath,
Raman spectroscopy after the discovery of SERS. weak SERS spectra of adsorbates on the transition metal

The discovery of SERS provided a stimulus for the study of overlayer can be obtainéd!8It should be noted that the strong
the enhanced optical scattering from metal surfaces. There haveelectromagnetic field generated on the SERS-active substrate
been numerous papers dealing with this new physical phenom-is damped significantly by the coated film so that the film has
enon either theoretically or experimentally. Vigorous research to be ultrathin, normally 310 atomic layers. It was very
activities have ensued not only in the electrochemical environ- difficult to cover completely rough substrates with such a thin
ment but also in air and under UHV conditions on virtually film. Thus, the “pinhole” in the overlayer made it extremely
every conceivable metal surface morphology: atomically smooth difficult to eliminate entirely the contribution of the giant SERS
surfaces, thick and thin films coated on smooth and roughenedof the substrate. Recently, Weaver and co-workers have made
substrates, colloids, powders, and even catalysts supported o significant progress to overcome this problem. They reported
insulator granule$:1° A number of experimental characteristics a series of work on “pinhole-free” transition metal over the
of SERS have been identified. It has been found that SERS SERS-active Au surface by electrochemical atomic-layer epitaxy
differs in a number of ways from ordinary Raman spectroscopy using constant-current deposition at a low current density or
and even from unenhanced surface Raman spectroScpy. by redox replacement of underpotential-deposited metals on
More importantly, the effect makes it possible to use SERS as Au.® It has been shown that this method is very promising if
an in situ diagnostic probe for determining the detailed molecular one can prepare the “pinhole-free” ultrathin film for different
structure and orientation of surface species, which is widely materials with good stability in a wide range of potential or/
applicable to electrochemical, biological, and other ambient and temperature. It makes SERS a versatile tool in studying
interfacestc204.5 various material surfaces of practical importance. In addition

Unfortunately, SERS did not develop to be as powerful a to studying surface adsorption and reaction, the overlayer
surface technique as many people had hoped because of threBe€thod can be used to characterize the fine structure of ultrathin
obstacles in terms of its practice and theory. First, it turned out film itself. This includes oxides, semiconductors, and poly-
in that only Ag, Au, and Cu could provide large enhancement. Mersz Its advantage of high sensitivity enables one to probe
This severely limited the number of practical applications ultrathin film with a few atomic monolayers. Without the aid
involving other metallic materials although there are a few Of SERS, Raman spectroscopy is rather possible using rather
reports concerning the SERS from 13,Gallb Naic Al,11d thick films with thickness ranging from submicron to mini-
CdMeHg,1f Li,12aetc. (vide infra). Second, even for the above meterstP¢2!

SERS active metals, surface morphology with roughness scale Another totally different strategy is to generate SERS directly
of 50~200 nm is crucial to exhibiting a large enhancement from transition metals. There is no doubt that the surface
factor. These submicroscopic dimensions, fabricated by variouspreparation is more straightforward and the stability is higher
surface-roughening procedures, inevitably consist of various than the substrate coated with the ultrathin film. This strategy
microscopic dimensions, such as ad-atoms, ad-clusters, kinksjs much more challenging as it contradicts to the commonly
and vacancies as well as surface complexes. The atomically flataccepted notion that transition metals were not SERS active.
surfaces, commonly used in fundamental research in surfaceThis approach appeared the most difficult or even impossible
science, are not suitable for SERS investigations. Third, althoughone and has been demonstrated since the early days of SERS.
a number of SERS mechanisms have been proposed to explairSeveral groups attempted to obtain unenhaficétiand en-

the above experimental characteristics for almost three decadeshanced>?6Raman signals from adsorbates on either roughened
no one mechanism can explain all of the observed effects. Thereor mechanically polished Pt and Rh electrodes, or porous Ni,
has been the consensus that two mechanisms contribute to th&d, Pt, Ti, and Co film&7 In all of these research efforts, the
major SERS effect?~15 (i) an electromagnetic (EM) enhance- reported surface spectra were obtained only under optimal
ment associated with large local fields caused by surface conditions or by data manipulation using spectral subtraction
plasmon resonance and (ii) a chemical enhancement involvingmethods’?> 24 Surface Raman signals were typically too weak
a resonance Raman-like process associated with chemicato be investigated as a function of the electrode potential or
interactions between the molecule and the metal surface. SERSemperature although this is essential for practical applications.
mainly comes about as a combination of the two effects. For The worse thing was that some results could not be able to be
the most noble-metal systems, the electromagnetic field en-repeated by other groups. The reported results were not strongly
hancement generated from a variety of metal nanostructuressupportive of SERS studies on transition metals and point to a
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gloomy future in this direction. Indeed, only a few pap&% enhancement surprisingly amounts up t3“2@.0, which is
among many theoretical and experimental works, claimed that much higher than the widely accepted value of. Ithis has
transition metals might have relatively weak SERS activity in re-energized the research field substanti&ity? As this topic
comparison with the noble metals of Au, Ag, and Cu but had is beyond the scope of this article, for the readers who are
not been recognized by the scientific community. As a interested, some excellent review articles and interesting papers
consequence of the abovementioned obstacles, the activity inare highly recommendéldc.13¢.34a,0.d,3810

the SERS field declined substantially from the late-1980s to  Actually, people have already realized that most SERS-active
the late-1990s. To our knoWIedge, there had been no repOrtSSurfaceS are nonuniform since a |0ng time é@ﬁOn a SERS-
on observation of SERS directly from net transition metals in active substrate, some spots or sites exhibit much higher SERS
the past 10 years except our group and Li and Yang and their activity than other areas. Moskovits and Shalaev and their co-
co-workers who reported SERS from iron nanoparticles very workers have investigated this phenomenon especially from the
recently?%d theoretical point of view and named the highly active spots as
In our opinion, the development of SERS is both fascinating “hot spots”#? The recent progress in SERS from single
and frustrating as its advantages and disadvantages are both spanoparticles and specific nanopatrticle aggregates, with the help
significant. It should be noted that SERS is not a unique of TEM and AFM characterization, has provided a much clearer
phenomenon but belongs to the family of surface-enhanced picture than before. It is of particular interest that nanopatrticles
optical spectroscopy. After discovering SERS, people also found of different sizes and shapes could have very different enhance-
surface-enhanced second harmonic generatianfrared ab- ment effect. For example, the particles (or aggregates) with size
sorption3931 fluorescencé? and sum frequency generatidh.  of about 90 nm have the highest enhancement fotAghereas
Therefore, there may be some fundamental scientific basisit is around 60 nm for Ag® It is evident that the 19 times
underlying the complex phenomena of surface-enhanced opticalenhanced single molecule signal was due to a molecule existing
spectroscopy. It is truly a great challenge but a difficult task to in the interstices or sharp clefts of two Ag nanoparticles
elucidate SERS by comprehensively examining the process, itsseparated with a distance of about 1 ffihThese approaches
origin, experimental details, etc. Hence, many groups including provide a great opportunity to obtain a deeper insight into the
ours have been working hard along this avenue for years in nature of hot nanoparticles, hot spots, and active &t&s38-42
seeking ways to overcome the three obstacles mentioned beforelt also suggests that the SERS substrates with ordered and
The situation has changed dramatically since the late-18¥90s, appropriate surface nanostructure may have much higher
with advances in Raman instrumentation and the advent of theactivity. Accordingly, it is of special interest to extend the SERS
confocal microscope and the holographic notch fitfelhe substrate from randomly rough surfaces to ordered nanostruc-
Raman experiment, which normally employed high-dispersion tures.
double or triple monochromators to filter out the elastically  Several approaches to preparing ordered periodic arrays of
scattered laser radiation, can now be performed simply with a nanoparticles for SERS have been made since the 1980s. The
single spectrograph together with a holographic notch filter. The first one was reported by Liao et al. in the early 19808hey
throughput of a single-grating system is far higher than, for obtained regularly ordered SERS substrates by depositing Ag
example, a triple monochromator. The optical configuration of particles over periodic arrays of silica posts that were fabricated
the confocal Raman microscope was found to be very helpful by photolithography. Because of the limitation of the spatial
for obtaining the very weak signal of the surface species without resolution of the lithography at that time, the particle size was
the interference of the strong signal from the bulk phase. Theseas large as about several hundred nanometers that is not an
new developments have resulted in unprecedented sensitivityoptimal size. Since the mid-1990s many nanofabrication tech-
that is vitally important for making some important advances niques have been developing rapidly. It provides a good way
in this field in the late-1990s. to fabricate a variety of nanostructures for use as new SERS
One of the progresses is the confirmation of SERS directly active substrates. One of the most significant approaches has
from many net transition meta?8.3” Since 1996, our group has  been proposed and developed by Natan and co-workers based
made efforts to optimize the confocal Raman microscope in upon the self-assembled monolayer technitfuéallows one
order to obtain the highest sensitivity and to develop special to prepare regularly arranged monodispersed colloidal gold and
surface roughening procedures to obtain large enhancemensilver particles on functionalized metal or glass substrates,
factors. Several pretreatment procedures for different transition producing SERS with good reproducibility and stabifify>
metals have been examined so that good-quality surface RamarAnother important ability of this method is to control the particle
signals have been obtained from bare Pt, Ru, Rh, Pd, Fe, Cosize and density, and the space between the substrate and the
and Ni electroded’ It has been found that transition metals particle, thus to tune the electromagnetic characteristics of the
exhibit surface enhancement factors ranging from 1 to 4 orderssurface for systematic study of the SERS mechanism.
of magnitude, depending on the nature of metal and the surface Recently, Van Duyne and co-workers have made special
morphology?-37¢¢ The results demonstrate the importance of effort to broaden the scope of nanosphere lithography to
establishing appropriate surface pretreatment procedures foffabricate several new nanoparticle structural mdfifshe silver
obtaining SERS effect from the transition met&3’ The metal is evaporated on preformed arrays of nanopores which
molecular-level investigation by Raman spectroscopy on diverse are then removed, leaving behind the metal particles formed in
adsorbates at various transition metals has been realized. the interstices. These methods have been demonstrated to be
The most significant progress is to bring SERS into the well suited for the synthesis of size-tunable noble-metal
forefront with single-molecule Raman spectroscopy, largely nanoparticles in the 201000 nm range. They have used
through the pioneering work by Kneiffiand Ni¢#23%and their localized surface-plasmon resonance spectroscopy very suc-
co-workers. The high-quality SERS or surface-enhanced reso-cessfully to probe the optical properties of size tunable Ag
nance Raman scattering (SERRS) spectra from a single moleculenanoparticles and to systematically investigate the effects by
adsorbed on the surface of silver and gold particles or the nanoparticle size, shape, interparticle spacing, nanopatrticle
aggregated colloids can be obtained. The estimated signalsubstrate interaction, solvent, dielectric overlayers, and molec-
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ular adsorbate® Most recently, Park et al. used transition-metal menitor
salts (HPtCl, and PdCJ) to oxidize and replace previously
underpotential-deposited Cu layer over Au colloids that have
been immobilized on an ITO surfaééThis new approach of
using the overlayer technique can generate SERS from a
transition-metal coated surface that is capable of potential con-
trol. These methods will be very useful in further investigating
the complex behavior and mechanism of SERS, which is one of
the most fascinating fields of size-dependent nanoparticle optics.

It should be pointed out that SERS activity depends on both
the size and shape of the particles. Many theoretical work based
on the electromagnetic enhancement have predicted that SERS
intensity will increase significantly with the increase in the
aspect ratio of the nanoparticlé® 1428t has been well-known
that nanorod (or nanowire) arrays can be fabricated by means microscope objective
of template synthesi®. The advantage of this method is its
flexibility to precisely control the diameter and especially the
aspect ratio of nanorod arrays. Thus, ordered nanorod arrays
could serve as a new class of SERS-active substrates especiallgigure 1. Schematic diagram of a confocal microprobe Raman system.
for transition metals. Through previous works and our study, it Insertion: the two possible configuration of the experimental setup
has been shown convincingly that SERS is one of the important between the collection microscope objective and the electrode surface.
phenomena not only in surface science but also in nanoscale
science (vide infra). As a whole, the exciting progresses QToTm are the product of the detector efficiency, the transmit-
mentioned before have led us to believe that a revival of interesttance of the collection optics, and the throughput of the
in SERS study is forthcoming. dispersion system.

In this article, emphasis is put on recent work of our group, ~ Accordingly, to increase the detection sensitivity of the
i.e., the generation of SERS on transition-metal substrates usingRaman instrument, several factors have been carefully consid-
various roughening procedures, the optimization of the perfor- ered to improveQQToTr: (1) using a microscopic setup with
mance of the confocal Raman microscope, calculation of the & microscope objective of wide numerical aperture to increase
surface enhancement factor, and the application of SERS tothe solid angle ) of the collection system, (2) utilizing the
problems in electro-catalysis and the corrosion of transition confocal configuration to eliminate stray light, 3) employing a
metals. We will demonstrate that it is now possible to carry CCD detector of very low dark current and high quantum
out detailed molecular-level investigations by SERS on diverse éfficiency Q), and (4) using a holographic notch filter to reduce
molecules at many substrates that were not commonly consid-the number of optical components and so as to increase the
ered as SERS active systems, at least in practice. Then, we willthroughput ToTr) of the spectrometer.
introduce a new approach of replacing the randomly roughened ~ 2.2. Confocal Raman MicroscopeThe Raman instruments
surface with ordered nanorod arrays of transition metals having employed in the present study belong to a new generation of
a narrow size distribution for use as good SERS-active Raman spectrometers, i.e., LabRam | and Renishaw UV1000
substrates. To explain the SERS behavior of transition-metal confocal microprobe Raman systems. A schematic diagram of
electrodes and nanorod arrays, a preliminary theoretical ap-the LabRam | system is shown in Figure 1. The system utilizes
proach, based on the standard electromagnetic and chemicaf backscattering configuration to collect the Raman signal
enhancement mechanisms, is presented and compared with thahrough a microscope vertically. The microscope usesa 50
of “free-electron” metals. Finally, some recent developments long working-length objective (the working length is 8 mm,
and possible future directions with emphasis on the emerging the NA is 0.55) so that the objective would not be immersed in
experimental methodology are discussed. the electrolyte for in situ measurements. A holographic notch

filter is used to filter the excitation line from the collected light.
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2. Experimental Section

2.1. Strategies to Increase Detection Sensitivityn studying
transition-metal surfaces, it is essential to increase the detectio
sensitivity in every aspect. We will focus here on how to
increase the detection sensitivity of the Raman instrument. On
the basis of the quantum mechanical theory of light scattering,
Placzek’s polarizability theory, the normal surface Raman
intensity arising from a transition between the vibrational states
m (vmy) andn (vy,) is given by

7
— 2 '7[5 4 2
ln = ——1o(Vo = i)"Y 1(0,0)nd NAQQTST,, (1)
3C 00

wherelg is the power densityyg is the frequency of the exciting
light, vam= vn — vm, (@)mnis the component of the polarizability
tensor,N is the number density of the adsorbate (molecules
cm?), Ais the surface area illuminated by the laser bean¥(cm
Q is the solid angle of the collection optics (steradian, sr), and

n

A thermoelectrically cooled CCD 1024 256 pixels operating

at about—60°C is used as the detector. Equipped with anyx
stage, the instrument is capable of performing surface Raman
imaging. Exciting wavelengths of 632.8 nm from an air-cooled
He—Ne laser and 514.5 nm from an Ataser are employed.
The laser power could be adjusted and the laser spot size is ca.
1~2 um.

Because the collection efficiency of the system is greatly
dependent on the optical alignment, proper design of the
spectroelectrochemical cell is crucially important. On one hand,
it should have a minimum loss of the signal. On the other hand,
it should not impede the electrochemical process. In some cases,
the cell should also allow for exchanging the solution or purging
with gas during the experiment.

In the confocal configuration, the laser is focused on the
sample surface with a microscope objective. A pinhole with
controllable size (H2 in Figure 1) is installed at the right position
of the image of the illuminated sample point. Hence, only signals
from the volume very close to the focal point can be focused
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and pass through the pinhole (as the confocused spot) to be
imaged by the detector. The signal from the off-focus region
cannot be imaged by the detector, thus minimizing the influence /\ T15 cps
of the bulk signal on the surface layer to be analyzed. This ot Lk /L J ©)
configuration has been shown to be very helpful for obtaining 1007 1595
the very weak signal of surface species without the severe 121
interference of the bulk signal, e.g., that of the solution species.
The size of the slit and confocal pinhole could be adjusted to 1007 1595
meet the requirement of the individual experiment. 1214 18 ops
2.3. Optimization of the Experimental Setup.The signal jng ©
collection efficiency is significantly influenced by the transmit- 1007
tance and throughput of the Raman systefTg). The

e

I1 5 cps (d)

-

1212 1595

microscope objective plays a key role in microscopic systems 1o ope )
as it introduces the laser and collects the Raman signal. To 1010 1214 To.25 Cps1596 @
maintain aberration corrections of the objective for a good

alignment and for highloTy, the refractive indexr() of the . . . . . . .
media must be closely matched. However, it should be 900 1100 1300 1500 1700
emphasized that the commercial Raman systems are not built Raman shift (cm™)

for a special applications, such as for detecting extremely weak rigure 2. Raman spectra of pyridine adsorbed on nickel surfaces
signals from the electrode/electrolyte interface. The Raman roughened by using different procedures (a) mechanically polishing,
system is normally designed with the presumption that the (b) chemically etching in 1 MHN®) (c) ex situ oxidation and reduction
medium between the objective and the sample surface is air. Inin 0.1 M KCI by stepping the potential from0.4 to+0.4 V where

an electrochemical system, the matching requirement cannot bgh€ Potential was held fa8 s and then returned t60.4 V, (d) in situ

ORC in 0.01 M pyridine+0.1 M KCI in the spectroelectrochemical

strictly met, because there are several media of various indices_, prior to the measurement, and (e) nickel nanowires prepared by

n between the electrode surface and the objective, e.g., air, theemplate methods. The exciting wavelength: 632.8 nm. Solution: 0.01
cover-glass (or quartz window), the solution phase, etc.; this M pyridine and 0.1 M KCI.

results in serious performance degradation. It prevents the . . ) .
Raman signal of the surface species from passing through themagnltgde. This value |'s.absolutely necessary for obtaining the
pinhole to the detector. Without making a careful optical Weak signal from transition-metal systems.

alignment of the electrochemical cell, the advantage of the 3 Results and Discussion

confocal microscope is lost, and the surface Raman signal may
not be detected. For example, a solution layer of largeuld
affect dramatically the collection efficiency of the microscope
by decreasing the solid angl) 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 decreases from 89%,
71%, 52%, and 35%, respectively, of the maximum intensity
in air. A thickness of 0.2 mm appears to be optimum for
electrochemical system.

3.1. Surface Roughening Procedure for Transition Metals.

As has been well-known from previous SERS studies on Au,
Ag, and Cu, a necessary, but not sufficient, requirement for large
surface enhancement is some form of surface roughine3se
surface pretreatment is even more important for getting the
surface Raman signal from transition metals that were consid-
ered as non-SERS active. Because SERS appears to be an all-
or-nothing effect in the measurement, one must make great effort

; ) to optimize the SERS activity of the transition metal. It is

Furthermore, in the electrochemical system, most of the reasonable to put this story as the first part of this section, instead
electrolytes are corrosive, so that in order to protect the of iy the Experimental Section, for a detailed description and
objective, a cover glass or quartz window has to be employed giscyssion. In the past five years, we have examined and
between the electrolyte and the objective; this results in @ 50% geyeloped various surface-roughening procedures for different
loss of the signal. An alternative and the best way, we found, ansition metals to obtain surface spectra with better SNR.
to protect the objective is to wrap it with a very thin and highly Figure 2 is a typical example illustrating the distinct effect
transparent poly(vinyl chloride) (PVC) film. With this approach, 4 the surface roughening procedure on the Raman intensity of
the Raman signal only suffers a 10% loss. Hence, optimization pyridine adsorbed on Ni electrode surfa&ghe surface signal
of the optical configuration is essentially important in order to g extremely weak from the mirrorlike surface prepared by
realize the full potential of confocal Raman microscopy. mechanical polishing with alumina powders down to Q5.

The CCD detector has different quantum efficiency for The strongest band intensity for the adsorbed pyridine is only
different wavelengths, so an optimization of its wavelength about 0.5 cps (Figure 2a). Clearly, the spectrum recorded is
response can increase the sensitivity by a factor-o4.2To too weak to allow further investigation as a function of potential.
realize the potential of the CCD detector, the pixels in the CCD The signal-to-noise ratio (S/N) was improved considerably after
element can be binned within the chip (although at the expensethe electrode was chemically etched in a 1.0 M solution of HINO
of spectral resolution) to increase the signal-to-noise ratio (SNR). (10 cps in the strongest band). The signal intensity increased to
It can be used to detect extremely weak Raman bands thatabout 24 cps if the electrode was further treated in a 0.1 M
extend over a large number of pixels. In our present study, KCI solution using a double-potential step oxidatimeduction
because of the very weak Raman signal, this binning strategycycle (ORC). An even more intense signal of 50 cps was
has to be employed to increase the SNR. The spectral resolutiorobtained when an additional ORC was performed in situ in the
after binning 2 pixels still meets the requirement of separating spectroelectrochemical cell prior to the measurement. The
the vibrational bands of the surface species. Overall, the highest intensity (80 cps) can be obtained from a Ni nanowire
optimization of the microscope objective, the confocal setup, array. This set of spectra show that a proper surface roughening
and the use of the CCD detector can improve the sensitivity of procedure is key to obtaining good spectra from transition
the Raman system by a factor of more than 1 order of metals.
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Figure 3. (@) lllustration of the roughening procedure for Pt and Rh surface by using square-wave potential (by controlifg)her current
(by controlling thel/I,) oxidation—reduction method. The solution used is 0.5 MS&@. (b) A comparison of the cyclic voltammograms of
roughened-) and smooth+(-) Pt electrodes in 0.5 M $$0, solution. Scan rate: 50 mV/s.

3.1.1. Electrochemical Oxidatior-Reduction Cycle (ORC). 1.8um
This roughening procedure is the most important method, at
least in the present stage, so it will be discussed in more detail. .
Experimental variables in the ORC include the oxidation and i
reduction potentials, the type of potentigime 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 electroffte.

Because transition metals are distinctively different from
“free-electron” metals in terms of electronic structure, and
chemical properties, it is important to develop different kinds
of ORC procedures to optimize the SERS activity. Some very

stable metals, such as Pt and Rh, are very difficult to roughen \ T m
by the dissolution and deposition of the surface atoms. These A 3 4 H

. ! T
metals tend to form a compact oxide layer that prevents further T 2

oxidation of the surface; thus, it is nearly impossible to form

an optimal size for SERS activity. To establish an appropriate
surface roughening procedure and obtain high-quality surface
Raman spectra from Pt electrodes, various conditions have beer
examined. For electrochemical studies, Arvia and co-workers
established a unique roughening procedure for Pt electrodes. A
Pt electrode of large surface area can be obtained in acidic
electrolytes via the electroreduction of a previously formed thick 69 ™
hydrous Pt oxide layer by applying a repetitive periodic

potential®® In the present study, some modifications of the »
surface roughening procedure have been made to get a stronge

surface Raman signal. It can be realized by applying a high- / um
frequency alternating voltage with high oxidation potential and A s

mild reduction potential.

As shown in Figure 3, the Pt electrode is subjected to a square
wave potentialE; = —0.20 V,E; = +2.4 V,f = 0.5~2 kHz)
oxidation and reduction cycles (ORCSs) in a fresh sulfuric acid
solution for a few seconds to several minutes depending on the
purpose of the studi¥fa ¢37aThe high-frequency voltage applied
enables the exchange of the surface oxygen with the bulk metal
atoms leading to the further oxidation of _the_ inner layers of the Figure 4. (a) The STM image of a Pt electrode after electrochemical
surface. After that, the electrode potential is kept-&20 V roughening treatment by controlling the oxidation and reduction
for complete reduction. The surface roughness fad®rfgr potential. (b) The AFM image of an Rh electrode after electrochemical
the Pt ranged from 30 to 500 which can be obtained by varying roughening by controlling the oxidation and reduction current.
the roughening time and the applied potential and the freq#éhcy.

The color of the electrode varies from light yellow to gray, (with R~ 200) is given in Figure 4a. It can be seen that the Pt
depending on the parameters used for the ORC and thesurface presents a very rough but quite uniform structure, and
stabilization time. The STM image of the highly rough Pt surface bumps about 200 nm high are present. Zooming on a smaller
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area, some fine structures (around-R® nm) on the 200 nm  the bulk phase. Thus, this method is not used often unless we
bumps can be seen. This is evidence for the large enlargementre unable to obtain the massive metal.

of the surface area. 3.1.5. Template Synthesis of Metal Nanowire ArraysThe
3.1.2. Current Controlled ORC. The Rh electrode is more  randomly rough surfaces described above have a rather broad
difficult to roughen by applying a square-wave potential, which distribution of roughness, i.e., from angstroms to micron as can
is very effective for obtaining a Pt electrode of high surface be seen in Figure 4. This ill-defined geometry is most unfavor-
area and moderate SERS activity. After a systematic study, weable for theoretical modeling of the SERS mechanisms. It has
found that the rhodium surface can be effectively roughened in indeed led to some debatable issues, e.g., which portion (or
0.5 M H,SO, by applying a square-wave current %0 and scale) of surface roughness plays a major role in the SERS
—30 mA with the frequency between 20800 Hz>' The activity. More importantly, the highest activity may require a
electrode potential was thereafter held -a0.2 V until the very narrow distribution of roughness feature of certain size
completion of the surface electroreduction. Details of the and shape. Thus, a well-controlled nanostructured surface is
electrochemical roughening procedure are similar to Pt, excepthighly desirable. In 1995, Joo and Suh reported that Ag
that a square-wave current was applied instead of square-wavenanowires were electrochemically deposited into the nanopores
potential. It should be emphasized that in the case of the of anodic aluminum oxide (AAQ) films followed by partial
controlled current, the electrode surface reaction rate is well removal of the oxide layer to give rise to a SERS sidfaf.
controlled, so that the oxidation and reduction rates are defined. The result obtained did not attract much attention as the SERS
This newly developing method is in contrast to the conventional intensity they obtained was weaker than that from normally
potential controlled mode by which the oxidation and reduction prepared Ag colloids. So the authors did not continue their work
rates are changing with the time. The AFM image Rh surface along this avenue. We thought that the noble and transition metal
after such kind of roughening is shown in Figure 4b, in which nanowire arrays may exhibit strong SERS activity, especially
it also presents some nanopatrticles in the range ef200nm with careful preparation of suitable diameter and lerf§th.
on the 100 nm particles. The controlled current method has an  Figure 5A shows a schematic diagram of the fabrication
advantage in well controlling the surface roughening rate, which procedures for our metal nanowire arrays. First, the aluminum
is important for obtaining more uniform surface morphology. sypstrate was electrochemically polished and then oxidized in
It is also very effective for other metals, e.g., a Pt electrode of phosphoric or oxalic acid solution (Figure 5A,a). A two-
low surface area but high SERS activity. However, the current gimensional array of cylindrical nanopores was obtaitféd.
and frequency are very different from those for Rh, depending The diameter of the pores, which ranged from 15 to 150 nm,
on the metal. may be adjusted by varying the anodic voltage, the solution
3.1.3. Chemical Etching.This is a relatively simple tactic  pH and composition, and the temperature during the formation
for roughening metal surfaces which partially dissolves surface of the AAO film. The parallel alignment of the AAO film
atoms via chemical reactidd. However, it also requires  ensures the formation of metal nanowires. Alternating current
experimental skill to optimize the SERS activity for different (AC) with a frequency of~ 50 Hz was applied to deposit the
metal sample®’ For example, Ni electrodes were immersed into  metal into the pores (as shown in Figure 5A,b) with the voltage
1 M HNO; solution and etched for about5 min. A sponge-  controlled from 2 to 20 V depending on the thickness of the
type surface with substantial roughness resuitedzor Fe barrier layer of the AAO film. Well-ordered metal nanowires
surfaces, the best result was obtained by etching in an ultrasoniowith appropriate lengths were exposed on the surface by
bath wit 2 M H,SQ; for 5 min until the surface turned gré&y* controlled etching of the surrounding alumina in dilute phos-
For some metals, chemical etching is not sufficient to obtain phoric acid (Figure 5A,c). Figure 5BD shows AFM images
the optimal surface roughness for SERS shown in Figure 2. of metal nanowires after the aluminum oxide was removed
One may then consider a further SERS activation of the partially. It can be seen that two-dimensional arrays of nanowires
chemically etched electrode by ORC either in the chemical were successfully fabricated by the AAO template synthesis
etching solution (ex situ) or in the electrolyte solution (in situ). method and the wires were parallel to each other and normal to
The roughening procedure for Fe and Co is similar but not the surface (Figure 5B). It is necessary to point out that, because
identical to that for Ni. Slight differences in etching time, the AFM tip is not sharp enough to go down to the bottom of
solution, and ex situ pretreatments are required. the wire when the wire is longer than about 100 nm, the AFM
3.1.4. Film Deposition.In contrast to chemical etching, this ~ images are distorted to some extent because the cone shape of

method deposits some atoms on the substrate to form a rougHhe tip (Figure 5C). On increasing the dissolution time, the length
film and/or discontinuous islands. This can be done by vacuum Of nanowires exposed on the surface increased. Finally the
or sputter deposition of the metal on some suitable substratesNanowires collapsed on the aluminum surface, and the length
including silica slides, graphite, or glass. A rough film can also ©Of the nanowires is more than 1 um, as shown in Figure 5D.
be prepared by electrochemical deposition of the metals onto Figure 2e illustrates a good-quality SERS spectrum of
smooth electrode surfaces in solution containing the metal ions. pyridine adsorbed on a Ni nanowire with an average diameter
It should be noted that this method is much easier and more of about 50 nm arrays fabricated by AC deposition. The SERS
flexible than that of the aforementioned “overlayer technique”, signals observed are stronger than from the conventionally
in terms of film thickness and uniformity. The film can be roughened transition-metal electrode surfaces. It is worth noting
deposited with various thicknesses ranging from a few nano- that the SERS spectral features, including the frequency and
meters to several hundred micrometers. However, the overlayerrelative band intensity, from the nanowires are nearly identical
method can provide a stronger SERS signal with the aid of high to those of bulk electrodes at the open circuit potentials. The
SERS-active metal underneath the overlayer. By controlling the SERS intensity depends critically on the length of the nanowires
deposition rate and time, reasonably good-quality surface Ramanexposed at the surface and is considerably stronger than that
signals from thick transition-metal films, such as Ru, Rh, Pd, from the normal roughened surfadé¥ This shows that ordered

Ni, Co, and Fe, have been obtaing8.However, the film nanorod arrays could serve as a new class of SERS-active
electrode is unlikely to have the same crystalline structure as substrates especially for transition metals.
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Figure 5. (A) Schematic diagram of the fabrication process of metal nanorod arrays. (a) Anodic oxidation, (b) alternative current deposition of
metal, (c) dissolution of the AAO layer to the emergence of the metal nanorods, (d) partial dissolution of the AAO(anodic aluminum oxide) layer

to the appearance sufficient length of nanorods while they are standing on the surface, and (e) collapse of the metal nanorods on the AAO surface.
The corresponding AFM images at different stages of the dissolution of the AAO layer (B) at the initial stage, (C) at the intermediate stage with
the nanorod having 100 nm protrusion over the surface, and (D) at the final stage after the collapse of the nanorods onto the surface.

3.1.6. Comparison with “Free-Electron” Metal Systems. electrode, the signal suffers a substantial irreversible loss,
Table 1 is a summary of the typical experimental parameter whereas the Pt electrode has very good stability and reversibility.
that we have varied in the surface pretreatment of various metals.The surface Raman signal could be recovered almost completely
It can be seen that there are more than five methods to prepareon returning to a more positive potential following a very
SERS-active metal surfaces. It should be noted that some ofnegative potential excursion. Hence, the Pt electrode can be
the roughening procedures aforementioned are quite differentreused for a long time as long as it is subjected to an
from those employed for conventional SERS-active metals, Ag, electrochemical cleaning procedure, i.e., by cycling ina H
Cu, and Aut~° For example, most of the roughening procedures SO, solution before each new experiment. Furthermore, we
for noble metals involve a Clcontaining solution, and the  found that SERS from this surface is quite uniform from spot
surface obtained is normally quite loose and could be removedto spot. This ensures that the vibrational properties of the
by a slight touch of the fingers. The residualGlould have adsorbate probed by surface Raman spectroscopy are reasonably
effects on the surface adsorption or reaction process and,representative of the entire surface rather than some special
consequently, the resulting spectra. SERS-active sites.

To obtain good SERS signals, an in situ ORC roughening  3.2. Calculation of the Surface Enhancement Factor (SEF)
procedure is generally used for Ag and Cu electrodes, so thatin a Confocal Microprobe Raman System|/n our studies, we
problems of irreversibility and instability in the SERS measure- have found that the increase in the surface signal intensity is
ments arise. In particular, at more negative potentials, adsorbatesot simply proportional to the surface roughness fad®)rf¢r
are desorbed, causing the decomposition of metastable adatomsarious transition-metal surfaces; one should therefore consider
(adclusters) with high SERS activit§#! It inevitably leads to the SERS effect. There is still controversy as to whether
a sharp decrease or an irreversible loss in SERS intensity. Thetransition metals can exhibit SERS activity or not. It is highly
roughened transition metals show considerably better stability desirable to clarify this question as we are now able to obtain
and reversibility. Pt shows the best stability following an good-quality Raman spectra from various transition-metal
extensive surface treatment after the ORC. The latter consistssurfaces. We have proposed a method to accurately calculate
of potential cycling the freshly roughened Pt electrode between the SEF after considering the special feature of the confocal
—0.25 to +1.25 V to remove all unstable particles and Raman syster#?>36¢As in most SEF calculations, pyridine (Py)
impurities. The cyclic voltammograms (Figure 3b) on the is employed as the model molecule and Pt is a typical transition
smooth Pt surface for general use and the roughened Pt presennetal; the Raman intensity of the total symmetric vibratioy) (
several similar characteristic regions. of Py is used to calculate the SEF of the Pt surface. Only a

A comparison of the reversibility of Pt and Ag electrodes brief description is given here; details can be found else-
after potential cycling is shown in Figure58.For the Ag where35¢.36¢
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TABLE 1: Surface Roughening Procedures for Various Metal Electrode3

Potential Surface
Pretreatment Electrolyte Parameters Cycles
waveform appear.
Chemical E> .
. E |t E1=E3=-0.25, E;=0.25 Milky
A etching 0.1 M KCI 1 E; 1
9 ) o G t1=15,t,=8,t,=60 Yellow
(optional)
Electrochemical E1=E3=-0.3, E;=1.2
Dark
Au  cleaning 0.1 M KCI t=t3=30, t,=1.2 25
(optional) E, 1 05 brown
optiona El'ul/tz\\)z E; V1=1, V2=0.
t )
Electrochemical E1=E3=-0.4, E,=0.4 Dark
arl
Cu  cleaning 0.1 MKCI t1=15, t,=3-5 1-5
tional ? t,=60 brown
(optional) E, t E, 4=
4 &
. Gray to
Electrochemical E=E;=-0.2, E;=2.4
Pt . 0.5M H,SO, E 30-900 dark
cleaning T 2 f=1.5 (ty+t,=1/f)
E |2 E yellow
3 G
o Pt I;=-,=16 =05 Misty
Pt, ) Gy,
Electrochemical Rh, 1,=-0.1, 1,=0.13 gray to
. 0.5M H,SO4 L E 10-600
Rh cleaning Er t 42 f=0.2 dark
(f=ty+ts) E4=E»=-0.2 brown
Chemical
) E1=E3=-0.7, E;,=0.35V
Fe  etching 0.5M H,SO, E, 1 Gray
) E ta t1=t3=60, tz=1 5
(optional) 1 E;
T G
"""""""""""""""""""""""""""""""""""""""" E=10,E=14, T
Chemical Eh O Ey E3=-1.2, E4=1.0,
. 0.5M 17t E 2 Es
Co etching E, > [ Es=-1.25, 1 Dark
. NaClO4 2
(optional) t=t3=20, t,=15, t,=60,
01=0.2, 1,=0.1

aUnits: E (V), t (s),] (Alcm?), v (V/s), andf (kHz).

The SEF(G) is defined as the ratio of the integrated intensities photons from pyridine molecules in each plane of the solution
contributed by the molecules on the surface and in the solution, varies with the confocal deptiNy,x cannot be obtained by a

respectively2*41 Thus method based on the conventional Raman spectrometer. It
should be calculated based on the special confocal feature of
_ | surfNsurs the microscope. We have found that the vertical spatial
G=———— (2) . . .
I puid Nouik resolution of the confocal system with the same pinhole and

slit size for the same objective is quite different with and without
wherelgt andlpyk denote the integrated intensities for the the water overlayer. Therefore, the number of pyridine molecules
mode of adsorbed pyridine, Ry and pyridine in solution, Ry, in the aqueous solution effectively illuminately,k, can be
respectively, whereals, and Ny represent the number of  written as
corresponding Pys and Py molecules excited by the laser

beam. TheNsy,t can be calculated using the following ap- Nbu”(:m;lzthA (4)
proximation:
2 wherec is the concentration of solution specik, is Avogadro
N, = Rra” ©) constanth (in units of um), which is the key parameter of the
surf . .- . .
o confocal characteristic, depends on the pinhole size and the

magnification of the objective of the Raman instrument and
decreases with decreasing pinhole size. Substitutigg and
Nsurf from egs 4 and 3 in eq 2 gives

whereR is the roughness factor of a Pt electrode, arid the
radius of the laser focal spot. Thus? R gives the total surface
area occupied by the adsorbates, whereasthe surface area
occupied by an adsorbate. In eq 2, the only unknown parameter cN.ohl
. . XY
is Npuik- Because the confocal Raman microscope possesses a =

surf
=—0r )
very good depth resolution, the collection efficiency for scattered Rlpui
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3.3. SERS Applications in Transition-Metal-Based Sys-

101 (a) . tems. During the past six years, with the help of the highly
xﬁ_ sensitive confocal Raman microscope and the development of
08l ‘ special surface preparation methods, our group has extended
f ‘ﬁ\g\\ SERS studies of various molecule and ions adsorbed on
3 osl % : L transition metals (Table 2).
) T i §i>§ We will restrict ourselves to some representative examples:
% 04 f ‘ (1) pyridine adsorption on various transition-metal surfaces as
T % the model system for SERS study, (2) Bxdsorbed on Pt, to
/ illustrate adsorbatesubstrate interaction as well as competitive
02 /'/ and parallel adsorption of difference species, (3) dissociative
e adsorption of methanol on bimetallic electrodes, and (4) the
00f weus¥ inhibition effect of benzotriazole on Fe corrosion. The latter
R R S T S two are of importance in the areas of fuel cell and corrosion.
-14 -12 1.0 -08 -0.6 -04 -02 00 02 3.3.1. Surface Raman Scattering of Pyridine from Transi-
ENV tion-Metal Surfaces. Good-quality surface Raman spectra of
pyridine, adsorbed at Pt, Ni, Ru, Rh, Pd, Co, and Fe electrodes
1.0 (b) in a very wide electrode potential region (e.g1.0 Vto+1.4
L V), have been obtained. It is of interest to have a deeper insight
08l i \E\ into SERS phenomenon by comparing the spectra of pyridine
. | / on transition metals with that on the “free electron” metals Ag,
3 06 / E\f\i\; Au, and Cu and from the liquid, as shown in Figure 7a. The
El - spectra from different metals are selected at their potentials
% 04 / where the SERS intensity reaches the maximum value. The four
50T major bands located at about 630, 1010, 1215, and 159% cm
I are attributed to the ring in-plane deformatiomsy, ring
0.2 breathing ¢1), C—H in-plane deformation 167, and ring
- m stretching {sz) vibration, respectively:5* We have found that
00} ® the SERS spectra distinctively depend on the nature of the
I R S S substrate. Several key features should be noted from these metal-

-2 10 -08 -06 04 02 dependent spectra: (i) the wavenumber ofithband changed
ENV from 1001 cm! on Pd to 1015 cmt on Pt at the same potential

Figure 6. Integrated intensitypotential profile for ring breathing mode  of —0.6 V, (ii) the frequency-potential profiles of transition
v, of adsorbed pyridine on Pt (a) and Ag (b) surfaces showing the metals are quite similar to those of Cu and Au but rather
SERS reversibility of different SERS substrates. Solution: 0.01 M ifferent from Ag, see Figure 7b, (iii) the potential where the
pyridine + 0.1 M NaClQ. intensity reached its maximum value varied frer0.6 for Pt
Thus, from the surface Raman signal detected, the solutionto —1.5 V for Fe, and (iv) the relative intensities of the four
spectrum, and the solution concentration, we can calculate thebands, e.g., the intensity ratio of theto vg, varied from 3.0
SEF for different electrode materials. for Pt to 0.67 for Co. These features could be attributed to

Using Py as the probe molecule and the 632.8 nm line of a substantially different adsorption behavior of pyridine on
He—Ne laser excitation, we obtained the SEFs of five roughened different surfaces?’°37
transition metals Fe, Co, Ni, Rh, and Pt, whose maximum SEFs Although pyridine is the most widely used model molecule
that have been obtained are 2000, 1000, 1000, 5000, and 2000for SERS, a quantitative explanation for the remarkable spectral
respectively, by comparing to the value of abouf 1@r Ag differences on different metal surfaces is still lacking even for
under the same measurement condition. Besides the differencehe three noble metals. So far, people have not been able to
in the nature of the metals, the actual SEF value for the sameinterpret comprehensively the spectral features, such as the
metal depends on the method of surface pretreatment. It ischanges in intensity and frequency for the different metals. An
necessary to point out that the SEF value depends also on theexample is the distinctive differences in the intensity of the
probe molecule and the exciting line. By improving the surface band at about 1035 cm, which is the second strongest band
pretreatment and choosing an appropriate excitation line, thefor pyridine in the liquid and gas phases. This band has very
SEF could be increased. The correct calculation of the SEF ishigh intensity on Ag but very weak on Au and Cu. We can
important for a study of the SERS mechanism (vide infra) and find no satisfactory explanation in the literature to interpret this
helpful for SERS applications. In the following, we will give  substrate-dependent spectral feature. It is even more surprising
some examples of practical applications of SERS in order to that this band almost vanishes on most of the transition-metal
demonstrate the power and potential of Raman spectroscopysurfaces as shown in Figure 7. It indicates that the chemisorption

as a surface spectroscopic tool. interaction can enhance the Raman scattering cross section of
TABLE 2: Adsorbates on Transition Metals Studied by SERS
metal adsorbates

Pt pyridine benzene benzonitrile thiourea H, CO TBCN Cl-,Br-

Rh pyridine benzene H Cco

Fe pyridine pyrazine benzotriazole benzonitrile SCN

Co pyridine benzotriazole benzonitrile SCN

Ni pyridine pyrazine SCN \Ew

Pt—=Rh, Pt-Ru PtIr pyridine CO

Ru, Pd pyridine
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Figure 7. (a) Raman spectra of pure pyridine, pyridine solution, and
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Figure 8. Potential-dependent surface Raman spectra of competitive
adsorption of bromide and hydrogen at a platinum electrode in a 1.0
M NaBr solution with pH= 1. The excitation wavelength: 514.5 nm.

2400

different for the pyridine in the liquid and adsorbed on the metals
except Ag that interacts most weakly with pyridine. The
frequency of the ring breathing mode is sensitive to the
structural change associate with the weakonation and the
large o/t back donation. It is particularly interesting that the
frequency of thess, mode has a nearly linear relationship with
the change of the force constant of the-M bond. Hence, the
frequency shift ofve, directly reflects the strength of the
interaction of pyridine with the metal electrode under potential
control. This analysis, together with the mechanistic study
discussed in the next section, shows that, in order to fully utilize
SERS for investigation of surface adsorption, it is also essential
to make use of quantum chemistry.

3.3.2. SERS Studies on SurfaceAdsorbate Interactions.
It would be useful to extend SERS of transition metals to the
study of more general adsorbates and important organic and
inorganic molecules having smaller Raman scattering cross

pyridine adsorbed on noble metal and transition metal surfaces at openSections. It is also of importance to pay special attention to

circuit potentials and (b) the dependence of the frequencies afithe

vibrational bands in the low-frequency region below 400-&ém

vibration of selected metal on the electrode potential. (*) The band at in order to gain insight into the nature of the metatisorbate

932 cn1l is the total symmetric stretching vibration of CIOin the
bulk solution. The exciting wavelength: 632.8 nm.

bonding. Two fundamental problems in surface electrochemistry
are the interaction of electrode surfaces with halide ions and

some vibrational modes or reduce some. It seems to be necessaryydrogen; the adsorption of these species plays a significant

to reinvestigate this model system at a more basic level, i.e.

_role in determining many other surface proce$8d2t is one

through quantum chemical calculations. It appears to be a timely of the most investigated metals that shows strong interaction
undertaking because we have now obtained abundant experiwith halide ions and hydrogefi. Figure 8 shows the Raman
mental data from various transition metals for the detailed spectra of bromide and hydrogen competitively adsorbed at a

comparative theoretical study.

Pt electrode over a wide potential region. At potentials negative

We have used density functional theory at the level of of 0V, the band located in the frequency region from 2060 to

B3LYP/6-311-G** (for C,N,H)/LanL2DZ (for metals) for

2080 cn1! is attributed to the adsorption of a hydrogen atom

normal coordinate calculations of the neutral and cationic speciessingly coordinated on top of a surface Pt atom. At 0 V, a

of the pyridine-metal atom (ion) complexes that simulate the

vibrational band due to PtBr at ca. 200 cm! was detected,

electrode surface at open circuit potential or with a negative whereas the PtH band disappeared, indicating that the
charge. New assignments of the fundamental frequencies forhydrogen is replaced by Bion the surface. This band increased

the bands attributed to th®75 v3, vs, and v1g, modes of the

in intensity and frequency with a positive shift of potential. A

free pyridine in the reported Raman spectra have been suggestednore significant change was detected at potentials positive of
The calculated results are in good agreement with the experi-0.6 V, where the oxidation of Pt occurred (the 554 érband
mental results for both transition metals and noble metals. Theis attributed to the PtO vibration). The emergence of bands

calculated frequency shifts indicate that the coupling0f2,

at 249, 203, and 173 cmh, which correspond to the stretching

and v1g, modes depends on the strength of the N-metal bond and bending vibration modes of BBr in Brs~,%" provide clear
and its bonding properties. Potential energy distribution (PED) evidence for the formation of Br on the oxidized surface.

of the v1, mode varies substantially for different metals with

These preliminary results demonstrate the virtues of surface

different Fermi level. It also indicates that the PEDs should be Raman spectroscopy for yielding information on surface bonding
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s in good agreement with results obtained from electrochemical

495 14 cps 2025 studies, in which it was found that the adsorbed oxygen species
1965
02V appears at 0 V¥ The results also show that the confocal Raman
microscope is a useful tool for the in situ study of highly rough
433 ~2029 electrodes, with dark color, which are commonly used in

~1955 : i
WW practical catalysis.

2032 3.3.4. Inhibition of Benzotriazole on Fe Corrosionlron is

489
MM M one of the most important and widely used metals. The corrosion
and passivation of iron are quite general and important

488 2035

~610 01V phenomena in industry. Therefore, there is great economic
WMMWMM incentive in developing methods and materials to alleviate
487 10 20400 oV corrosion® This comes only from a good understanding of the

mechanisms and processes involved in this complex phenom-
~610 2037 enon. It is well-known that benzotriazole (BTAH) is an effective
WMWW WWM inhibitor for Fe corrosiorf?62 On the other hand, the addition
615 of I~ in the solution will hinder the anodic process, resulting in
0.4V the positive movement of the corrosion potential. However, if
/W benzotriazole and~l are added together into the system, the
400 600 800 1000 1800 2000 2200 inhibition effect becomes remarkable, indicating the existence
R . A of a synergetic effect of1and benzotriazole. It will be very
aman shift / cm . . . . . .
Figure 9. Surface Raman spectra of a roughened Pt electrode coveredhEIprI to obtal_n the |nformat|0n_reflect|ng the interaction .
with underpotential-deposited R4, = 0.7) in 0.1 M CHOH + 0.1 _betweel_n the_amon and the organic molecule as well as their
M H,SQ.. The excitation line: 632.8 nm. interaction with the surface by Raman spectroscopy.
Figure 10a presents SERS spectra of BTAH adsorbed on the

as a result of surface coverage, coadsorbate, and electrodge gyrface in solutions containing of different concentration.

potential. - o . o For the convenience of comparison, all of the spectra were
3.3.3. Dissociative Adsorption and Oxidation of Methanol acquired at-0.5 V, and the peaks at 979 and 1052 érare

on Pt—Ru EIe_ctrodes.The advantage of SERS in_the study of  from the vibrations of S@~ and HSQ™ of the bulk solution,
surface bonding can be further demonstrated in some moreregpectively. The spectral feature from the surface species
practical systems. From the viewpoint of electrocatalysis, We gemonstrates the characteristic vibrations of the neutral and
have chosen a system related to fuel c&lg/e have studied protonated form of BTAH (BTAH*).532 All of the intensities
dissociative adsorption and oxidation of methanol at®Ri of the bands related to BTAH decrease with the additiorr of |
electrodes with different surface roughness in sulfuric acid gyrthermore, the higher the kconcentration is, the lower the
solutions?® The activity of Pt-Ru toward the oxidation of jptensities of the BTAH bands will be. When the ¢oncentra-
methanol is significantly higher than that of Pt alone, indicating tjgp is higher than 168 M, no surface signal from BTAH can
that alloying with Ru promotes the oxidation of methanol. pe detected. Accordingly, one can conclude that the solution
Among the mechanisms proposed to interpret the promotion containing I, BTAH, or BTAH," is replaced by the adsorbed
by Ru is the bifunctional mechanism which has been supported |- at the surface. There is no direct interaction between the Fe
by a number of electrochemical evidenée&Because oxygen-  gyrface and BTAH or BTAK". However, because of the
containing species can adsorb on the Ru surface at a potentiatormation of the adsorbed layer, BTAH can adsorb more
which is about 0.20.3 V lower than that on the Pt surface, it easily on the surface by electrostatic interaction. The synergetic
facilitates the oxidation of hydrocarbon to €@t a lower  effect of both species results in the improvement in the inhibition
potential. Taking advantage of the ability of Raman Spectroscopy efficiency. To interpret the synergetic effect, we performed
to obtain vibrational information in the low-frequency region, sgRs and electrochemical studies systematically on Fe in
an experiment was done to obtain direct evidence for the so|ytions containing different electrolyte and proposed three
bifunctional mechanism. adsorption models accordingly as shown in Figure 108
Figure 9 shows potential-dependent surface Raman spectra the apove four studies show remarkable advantages of SERS
obtained on a roughened-FRu (ru = 0.7) electrode ina 0.1 g4,4y on some fundamental or practical systems. It is particularly

M sulfuri(;: ackid iO'U“C?“- Carbon mo(r;.oxidg (r?ot)j{ widely important that practical catalysts and porous electrodes can be
presumed to be the poisoning intermediate In the dissociative;, iy, jnvestigated under truly catalytic and electrochemical

adsorption of methanol, was detected in a W ide potential range o, gition. The wide variety of samples even deeply dark in color
appearing as a broad band at 282953 cnt". A shoulder on and highly rough in morphology can be studied by SERS, which

the low-frequency side of the 2025 cinpeak was assigned to  41q gifficult or even impossible to be accessible by many other
CO adsorbed onto the Ru surface. This peak became MOreghectroscopic techniques.

obvious when the electrode potential was more negative than
—0.1 V, which can also be verified by the appearance of the
Pt— (Ru-)C band at 490 cni. It should be noted that a broad
band at 600 crmt appeared at 0 V, which increased withamore ~ The SERS mechanism is always an important issue in the
positive potential. Under the same conditions, no discernible SERS field and has attracted much interest from various
signal could be detected on a pure Pt electrode. The oxides oncommunities of surface science, spectroscopy, condense-phase
Pt can only be observed when the potential is more positive physics, and nanoscient&? 1564768 After obtaining SERS from

than 0.7 V. Therefore, it is reasonable to assign the band attransition-metal systems and calculating the enhancement factors
600 cnT! to an adsorbed oxygen-containing species on the Ru based on the experimental data, naturally, we have tried to figure
surface. The more oxygen-containing species exist on the out microscopically the origin of SERS from transition metals
surface, the easier the CO band can be oxidized ta This is that have not generally been considered as effective SERS

4. Enhancement Mechanism of Transition Metals
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Figure 10. (A) Surface Raman spectra of BTAH adsorbed on the Fe surface in 0.39@tat —0.5 V (a) without KI and with (b) 1x 104 M
Kl, () 5 x 10* M KI, and (d) 1 x 103 M KI. The exciting wavelength: 632.8 nm. The model proposed for the adsorption configuration of
BTAH on an iron electrode with positive charge in the (B) acidic solution, (C) neutral solution, and (D) acidic solution containing |

substrates. On the basis of our experimental results correlated In general, the EM enhancement is determined by the
with surface roughness at the nanometer scale, such as that thinteraction of (incident and scattered) light and metal, which
SERS intensity depends apparently on the surface protrusiondepends critically on the wavelength of the exciting light, the

of the nanorod array$f we strongly believe the existence of optical electronic property of metal, and the surface morphology.
the EM enhancement. On the other hand, the excitation From these different aspects, the EM enhancement includes
wavelength dependence of the intensity-potential profile ob- several processes, such as the surface plasma resonance,
served in some SERS systefftg’c¢(vide infra) gives strong  lightning-rod effect, and collective effect of the particle ag-
evidence that the chemical enhancement is cooperative as welgregatet 91012146569 he chemical enhancement is contributed

in these systems. For a better description of the contribution of by the chemisorption interaction and the photon-driven charge
both SERS mechanisms, the SERS intensity is approximatelytransfer between adsorbates and substfefe’$:67¢.68/e think

expressed by several groups%$ that the SERS mechanism of the noble metal can be extended,
in principle, to apply to the transition metal. Accordingly, on
2 2 2
Iserst |Esurf Evightl |ES/Ed z'(ap(r)nm| (6) the basis of the previous theoretical wot&336568 we have
P carried out a comparable study on transition metals and noble
where Esuf, Evign, Es, and Es are electromagnetic (optical meta;:s t_heoretlcally and experimentally in the aspect of SERS
electric) fields of the surface and the incident lights and that of mechanism.

the scattered light of the surface molecule and the free molecule, 4.1. EM Enhancement.The electromagnetic field enhance-
respectively. The incident radiation results in large local fields ment of the noble metal is considered to mainly come from a
at the properly roughened surface. It increases remarkably thegeometrically defined surface plasmon resonance at metal
Raman scattering intensity of the surface species, which is nanoparticles:'2146566The electromagnetic field of the light
proportional to the square of the surface local electric field. The at the surface can be greatly enhanced under conditions of
rough surface not only enhances the incident laser field but alsosurface plasmon resonance (collective electron resonance) for
the Raman scattered fielé%8therefore, the product of th&s, “free-electron” metal§>66 All metals including transition metals
ELight|?|Es/Es> determines the total EM enhancement factor, can enhance to a greater or lesser extent so that the EM part of
contributed by the incident light and the scattered light. The the contribution to the enhancement depends on the metal's
sum term of {.s)nm describes the optical response of the ability to sustain surface plasmons of high resonance quality.
intramolecular interaction and the interaction between the In comparison with the noble metals and alkali metals, transition
molecule and the metal surface, resulting in the chemical metals have very different electronic structures, where the Fermi
enhancement. level locates at the d band and the interband excitation occurs
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very possibly in the visible light regiof?.The coupling between

conduction electrons and interband electronic transitions de- (a) 2116 e=1.77
presses the quality of the surface plasmon resonance of transition 2000 - a/b=2.0
metals considerab# Therefore, it reduces the effectiveness 1o nm
to show intense SERS, as observed in many experiments. ° 30 nm

However, the electromagnetic field lying near high-curvature % | ‘ fg nm
points on the rough surface should be carefully considered; for s / omm
example, the lightning-rod effed2a can result in a largest § 1000 //_gé’g/— ‘
electric field near the sharpest surface of the needlelike rod. As i /
a consequence, the maximum enhancement reaches at the 1876V 2766V
spheroid tip and the field strength increases with the aspect
ratio 28 Accordingly, the lightning-rod effect may play the more
important role to the EM enhancement for transition metals. 0 - I
The AFM images of the rough transition metal surfaces show 0 1 2 3 4 5 6
that the surfaces with SERS activity all contain the aggregation Energy (eV) of the incident photon
of nanoparticles within the range of 5050 nm37¢On the basis
of the previous theoretical calculation for the EM mechanism 15000 ] 2/b=3.0
of the noble metaf®2Pwe used a model of a prolate hemi- (®) e =1.77
spheroid of transition-metal protruding on a flat plane to 13240 mSO nm
calculate the local optical electric field contributing to the SERS. / 60 nm
In this preliminary study, we only considered an isolated Co Q f 50 nm

. i . R S 10000 - 40 nm

particle as a simple model without taking into account the 5 30 nm
coupling between particles. Actually, the effect of the interpar- g / 20 nm
ticle coupling is important in understanding the EM mechanism £ / 10 nm
of the metal nanoparticle aggregatés?? Nevertheless, the & 5000 4 _,//f
calculated result indicates that the Raman signal depends on 1756V
the shape and the size of the prolate and the dielectric constant
of the metal and the ambient medium, as shown in Figure 11.
The EM enhancement factor of a vibrational mode with the 0
dipole moment along theaxis changes with the exciting photon 0 1 2 3 4 5 6
energies. When the optical dielectric constant of 1.77 for water Energy (eV) of the incident photon

was adopted*the changes of the EM enhancement factor Figure 11. Changes of the EM enhancement factors by evaluating a
are shown in Figure 11. It is We”'kn_own that the SERS olarize dipole located at the tip of hemispheroid with the aspect ratio,
enhancement factor of the noble metal increases sharply whery on 4 conduction planar plane. @p = 2, en = 1.77; (b)alb = 3

the frequency of the excitation light is close to the frequency ¢, = 1.77. This dipole system is the ring-breathing mode of pyridine,
of the surface plasm&?¢ln contrast, the curves obtained from  which has a vibrational frequency of 1008 ¢in

the transition metal are much broader, as seen in Figure 11. It

implies that the enhancement factor of the transition metal is to be explained in terms of the chemical mechanism because

relatively small and does not critically depend on the excitation y,o ,ymper of SERS active sites is proportional to the surface
Ilne._Be(_:ause_the most efficient enhar_mement occurs along the, o Therefore, the major contribution to the dependence of
semimajor axis of the prolate spheroid, a factor~df/17 for

; ) intensity on the etching time is due to the EM enhancement;
scaling the top enhancement was used to obtain the averaggt is the electric field at the end of the wire reached its
effect for the whole particlé% Accordingly, the average EM maximum under the favorable length.

enhancement factor 6100 fold is reasonable at the excitation It is necessary to point out that the theoretical consideration

lines of 514.5 and 632.8 nm to interpret the EM enhanced g, the transition metal is based on the previous works on the
mechanism of thq rough Co.electrode. Th.|s value is S|m|!ar 0 nhoble metals, and the model of the single nanospheroid is very
the electrodynamics calculation on spheroids of Pt, Rh, Ni, and simple. Recent advances in theory can evaluate the optical
Pd by Chang and co-worket%. response of particles with various shapes for an arbitrary rough
Figure 11b shows that the enhancement increases with thesurfacet265¢.70.71The discrete dipole approximation (DDA) is
increase of the aspect ratio remarkably. The nanowire array one of powerful method® However, at the present stage, DDA
could be more suitable for studying the lightning-rod effect as have not been able to apply to transition-metal system because
we have found that the SERS intensity depends critically on their refractive index|m — 1| > 3) is larger than what is used
the length of nanowires exposed on the substrate surface. Thefor the DDA method. It is therefore a challenge to further ex-
exposed length was controlled by varying the etching time of tend this method to study a variety of transition-metal sur-
the AAO template, as shown in Figure 5. The SERS intensity faces.
increased quickly at the beginning and decreased suddenly after More importantly, our preliminary study neglected the role
some etching timéd8 The maximum intensity is about twenty  of interparticle interactions that are known to result in the very
times as strong as that at the initial stages of the etching processintense enhancement at interstitial sites of small clusters and in
There is no doubt that the increase in intensity is partially due a more complicated pattern of hot spots in larger random metal
to the increase of the surface concentration of the adsorbateclusters’®®4271|ndeed, a consensus now exists, largely as a
when the longer wires were exposed to the solution. However, result of the work of Kall and co-workef®:® and Brus and
it cannot explain the significant quenching in SERS intensity co-workerd®dthat hot sites in small interacting aggregates are
in the final etching process when the exposed surface area ofessential in producing the very large enhancements observed
nanowires might increase to the maximum. It is also very hard in single molecule SER%. 4 In fact, the theories of MetigP.65c.d
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Figure 12. Normalization Raman intensitypotential profiles and their simulation curves for pyridine adsorbed on a rough cobalt electrode. The
contributions from the vibrational excited states< 0, 1, and 2) of the two excited charge-transfer states are considered. (a) The excitation line
of 514.5 nm. (b) The excitation line of 632.8 nm for another substrate sample. (c) The excitation line used is 514.50rR7 eV,I'; =0.27

eV; TD, = 3.80 D, TD, = 3.42 D. (d) The excitation line used is 632.8 nflh.=0.34 eV,I; =0.40 eV; TO = 3.80 D, T, = 3.78 D.

and Nitzaf®2and others dating from the early 1980s predicted As the exciting line changes from 514.5 to 632.8 nm, the peak
such effects and more recent calculations by Kall and co- potential moves to a more negative potential. The difference in

workers$8d and Martin and co-workef®P-d Along with this the peak potential of the two profiles is about 130 mV for€o
direction, a more comprehensive theory will be applied not only and 200 mV for P#5¢In this case, the charge-transfer happens
for noble metals but also for transition metals. from the metal to pyridine.

4.2. Chemical EnhancementOwing to the chemisorption A parameteShas been proposed by Kudelski and Bukowska

interaction, the Raman scattering cross section of the vibrationalto describe the dependence of the potential shift on the exciting
modes in the adsorbate can be enhanced under certain conditiorfrequency».”5 Accordingly, for pyridine adsorbed on noble
such as orientation chan§eAs has been pointed out above, metal electrodes, th® of different values have been reported,
the interaction can lead to the increase or decrease in intensityabout 1.85 eV/V for CU%?2.26 eV/V for Ag/%and 0.91 eV/V
for different modes of pyridine as shown in Figure 7. Therefore, for Au.”>2 The intensity-potential profiles in Figure 12 show
we need to keep in mind that when the molecule adsorbs onthat theSvalues are about 3.46 eV/V for Co and 2.25 eV/V for
the metal surface the change in the electron distribution of Pt36¢The results indicate that the electrons on the Co electrode
molecule even under its electronic ground state may causeare more sensitive to the change of the electrode potential
different enhancements for different vibrational modes. compared to other metals. It is of special interest to observe
The photon-driven charge-transfer enhancement is a well-two peaks in the profile that are probably attributed to the
known mechanism as a resonance-like Raman enhanceformation of two excited charge-transfer stat&hey are very
ment13.1567.68This complex mechanism is associated with the likely arisen from the excitation of the 4s orbital to the mixing
excited state of the molecule/metal system and with the chargeorbital of the metal 4pand z-typical 3k orbitals of pyridine
transfer between the molecule and the metal surface (or adatorrand the excitation of the 3d orbital to thetypical 2g orbital
and adclusters)!3 The photon-driven charge-transfer mecha- of pyridine, respectively®® On the basis of the intensity
nism can be easily verified by obtaining the intensipotential potential profiles of the pyridine/Co system, the energy positions
profile with the changing exciting line (incident photon energy). of the unoccupied orbitals were determined at abolit65 ~
Taking pyridine adsorbed on a metal surface as an example,—1.74 eV and—1.19 ~ —1.31 eV for the affinity levels
the contribution arises from the ground-state charge trafsfer. corresponding to the first and the second charge-transfer states
Following the previous works on the noble met&8’we have below the vacuum level, respectively. A comparison of the
recorded the intensitypotential profiles from various transition ~ unoccupied levels 3(z*) and 2a (7*) (0.62 and 1.14 eV
metals36c37¢¢ Here, we take the ring-breathing mode of the of the free pyridine with that of the adsorbed pyridine shows
pyridine adsorbed C# see Figure 12, and ¥tas an example.  that the unoccupied orbital energies lower when the adsorbate
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Figure 13. Schematic illustration of structures of a flat well-defined single crystal surface, a randomly rough surface, and a well-defined nanostructured
surface precisely prepared to have well-defined surface facet and well-controlled space between each other.

interacts with the metdPf To explain the above experimental both the CT states of pyridine adsorbed on the surface and the
result, we performed the time-dependent density functional normal Raman scattering intensity of the free pyridine
theoretical calculatiof®® The orbital energies for 3kand 2a molecule'®24%bThe derivative of the polarizability along the
orbitals are lowered to-1.75 eV and—1.19 eV, and the ring-breathing mode is predicted about 24.38aku by the
transition dipole moment is about 3.71 D (x) for tH& excited density functional calculation (B3LYP/6-31G**(C, N, H)).
state for the initial statéA, of the pyridine-Co complex. Due to the fundamental frequency only being considered here,
The photon-driven charge transfer state is the intermediatey; = 1 and then B2 = 0.033 & amu. Thus, we obtained that
state of the surface Raman scattering process. On the basis ofhe denominator in the above equation is 0.8% Brom the
the Fermi golden rule, the contribution from the CT state to curve in Figure 12, we can obtain that the total contributions
the SERS cross section of the ring-breathing mode was from both excited CT states are 34.77 and 22.95%#-0.98
calculated by the formulizm of the Kramerbleisenberg Dirac and—1.08 V, respectively. Hence, the enhancement factors for
dispersion equatioff. For thev; vibrational mode of pyridine  the exciting line of 514.5 nm are about 43 and 28-fold for the
adsorbed at the Co surface, under the Condon approximationabove two potentials, respectively. On the other hand, for the
the resonance Raman polarizability tensor can be writté¥ as  exciting line of 632.8 nm, the enhancement factors are about
24 and 15-fold at-1.08 and—1.18 V, respectively. Therefore,

2 .
M, B KK 0 for the Co electrode, there is about 1 order of magnitude from
Cpp = e — e —fw —iT ) the chemical enhancement of the adsorbed pyridine, whereas
Botea—« @i the surface averaging EM enhancement factor is about two

whereM, is the transition dipole moment along thelirection. orders. _
E, is the energy difference between the excited and ground It should be noted that many molecules and ions adsorb much
electronic states; and e are the vibrational energies of the  Strongly at the transition metal surfaces in comparison with the
electronic ground and excited states, respectivElyis the noble metal systems. When the strong chemical bond is formed,
homogeneous line width of the excited charge transfer states.this chemisorption not only changes the electronic structure of
The initial value of the damping constant of the pyridine/Co adsorbate itself but also influences to some extent the surface
system is selected to H&= 0.40 eV, which approaches to the €lectronic structure. This may cause the shift of the surface
half widths of the intensity-potential profiles, see Figure 13. plasmon resonance frequency and lead to the change of the local
The Franck-Condon factor[{kIk|id for Raman scattering  electric field at the metal surfac€® Quantum mechanical
process can be calculated according to that reported in theschemes, describing the SERS enhancement based on the surface
literature8® In the present system, the FraraRondon factors plasmon polariton model involving the interaction of the surface
are large from the vibrational quankeof 0—2 in the excited  Wwith the light, were suggested by several groéfAs pointed
state. Because there are differences in the electronic structuresut by Ottd32and Pettinge?22the total process is a sequence
and the Raman scattering processes between the pyridiatl consisting of the creation of the surface plasmon excitation, its
surface and the cobalpyridine complex, it is necessary to inelastic scattering, and finally its annihilation by the radiating
further optimized the transition dipole moments, the damping photons. More recently, a quantum chemical scheme has been
constants and the energies of the both excited CT states. Theperformed by Corni et al. to calculate the surface enhancement
calculated result is shown in Figure 12 parts ¢ and d, which fits factor and to analyze the shape and size effect of nanoparticles
the experimental result quite well. adsorbed by moleculé&3s-9 Hopefully, this study can be further
The chemical enhancement factor can be estimated by theextended to the transition metals soon with the aid of more
ratio of the resonance Raman scattering intensity arising from powerful computational methods.
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5. Outlook and Summary former can have well-known electronic levels of metal or surface

states, which are essential parameters for revealing the chemical

_Tlhe_recent advances of surface enhanced SpeCtrOSCOp3fnechanism, if it exists. Therefore, detailed comparison with the
(including SERS, SEHRS, SEIRS, SESHG, and SESFG) signal from well-defined single-crystal surfaces and rough

provide good reason for renewing extensive interest in this field. urfaces can lead to a better understanding of the SERS

One may be able to deepen our knowledge on issues relate echanism

not only to surface-enhanced spectroscopy and surface processes ’ . .

but also nanoscience. Accordingly, we will briefly describe some A.SER.S study using an ATR. Raman cell with the Otto
configuration on truly smooth single-crystal surfaces under

ossible developments in terms of the SERS substrate, with X . !
P P lectrochemical conditions has been carried out recé€hfie

emphasize on the transition metal and technique as well as somé& h t fact isted by th f | h i
relevant issues of surface science and nanoscience. enhancement factor, assisted by the surface plasma enhancement,

5.1. Ordered Nanostructured SurfacesThere is no doubt for a single-crystal Cu surface is estlmateq o be around 1
) . ... orders. Another type of ATR Raman cell with the Kretchmann
that along with the rapid development of the nanofabrication

technique, well-controlled nanostructured surfaces will be configuration has also been used to obtain SERS from the Ag-

prepared as a new class of highly SERS-active substrates. Two(lll) surface, as well as from Pt and Ni surfaces, without

C o g . - applying a potentiat® It should be noted that, at present, there
types of nanofabrication techniques, i.e., lithography and . ;
template synthesis, will probably play a dominant role for this are only few. mo!ecqlgs W'.th Iarge Raman cross section that

. . . can be used in this difficult investigation. As mentioned above,
purpose. Electron, ion, or light beam lithogragh$# and SPM th f | h tis rath K for t i
(STM and AFM) lithograph§P can make highly ordered periodic € surface plasmon eénhancement IS rathér weak for transition
arrays with optimized particle size, shape, and interparticle metals. This technique seems not to be suitable to study sm_gle-
spacing. However, these point-by-point approaches make theCryStaI sur_face pf the transition metal. ng_ra_ll, the major
fabrication process very slow. Itis also quite difficult to fabricate _challenge IS to improve the detection sensitivity of Rgman
nanostructures with a high aspect ratio. Nanostructured Surfaceénstrumentatmn and method to extend the study to a variety of
with a large area can be prepared more easily and quickly by molecultles. N
the template synthesis technicfiéespecially when combined 5.3. Tip-Enhanced Raman Spectroscopyn addition to the
with the self-assembly methdé2® and sphere lithograpH. ATR SERS, there is a promising and important approach to
Various materials can be filled controllably into a designed Study smooth metal surfaces, which is named tip-enhanced
template of two-dimensional ordered nanopores (holes or Surface Raman spectroscdByt combines Raman spectroscopy
channels). The template is then removed, leaving behind the@t sSmooth metal surfaces with an STM tip used as an amplifier
spheroid, rod, or wire array with the desired aspect ratio. Of the electromagnetic field. This approach is generally ap-
Because the template is generally formed by self-assembly, it Plicable to metal/vacuum, metal/gas phase, or metal/electrolyte
is hard to control the interparticle spacing. It is therefore highly interfaces. An electrochemically etched Ag or Au wire is used
desirable to develop some methods to overcome this problem.as the STM tip. If the tip is in the tunneling position (with the
Progress in fabricating these two-dimensional nanostructuredtip—surface distance around 1 nm), the total Raman intensity
surfaces will provide great opportunity for not only optimizing  increases by a factor of 15. Many bands, which were previously
the SERS activity of existing materials but also searching for a 0bscured by noise, are now clearly discernible. The field
new class of SERS active materials, such as bimetals, alloys,enhancement by the tunneling tip is due to the excitation of
and sandwiched materials. With its extremely high sensitivity, localized surface plasmons, which is also effective to the
SERS will further improve and expand its applicability, e.g., in Substrate areas in close proximity to the tip apex. Thus, the
the Optica| sensor and probab]y data storage. illuminated tlp in the tunneling mode can induce the SERS of

5.2. Well-Defined Single-Crystal SurfacesThe strategy of adsort_)ate at the smooth s_urface of any materials incl_uding
extending the SERS substrate from the rough and ill-defined transn!on meta_ls_. _Howe\_/er, it suffers a serious drawback in the
surface to the atomically flat and well-defined surface is also detection sensitivity. This may be overcome, at least partially,
crucially important to develop SERS into a powerful tool in if one could fabricate then employ the two-dimensional tip array,
surface science. It should be pointed out that several groupsSUch as the Ag or Au nanorod array, to replace the single tip
have claimed that unenhanced Raman scattering can be detectedS€d presently. This new technique belongs to the family of
from smooth surfaces of noble and transition met2f@3-25.26b scanning near-field microscopy (SNQM) and _shows great
However, most of the surfaces were prepared using a series ofPromise because of its very hlgr_l spatial resolution. Recently,
emery paper, diamond, or alumina paste until the surface took there are some reports concerning S.NOM-SEPBowever,.
on a mirror finish. From the point of view of the atomic the sensitivity of both techniques is still too low to be applied
structure, these surfaces are still ill-defined and consist of manyt0 the study of transition-metal systems. The situation also
SERS-active sites, such as ad-clusters that are chemically activé'aPpens to surface-enhanced hyper Raman spectroscopy
and easily form the surface complex with the adsorbate. Only (SEHRS)}* although SEHRS can provide complementary data
a few studies were carefully carried out on truly atomic flat for SERS. Therefore, how to improve the detection sensitivity
surfaces, such as pyridine adsorbed on Ag and Pt single-crystal$ the major challenge for these techniques.
surfaces:15b.24b.67"Nevertheless, the intrinsically low Raman 5.4. Well-Defined Nanostructured Surfaceslt should be
cross section severely limits normal Raman spectroscopy to benoted that the above two kinds of surfaces are obviously in
widely used in surface science. The SERS obtained from contrast to each other in morphology, and they have some
atomically flat single crystal surfaces, if possible, will be greatly advantages and disadvantages. As SERS is a nanostructure-based
helpful for studying the orientation of adsorbates unambiguously phenomenon, the atomically flat single crystal surface is surely
and for comparing surface selection rules of conventional Ramanneither the typical surface for SERS study nor the best surface
spectroscopy and SERS. Moreover, the well-defined single exhibiting high SERS activity. Furthermore, the well-ordered
crystal surface is completely different from the typical SERS nanostructured surface cannot exclude the inhomogeneity of the
active sites, which are generally ill-defined, including a wide surface structure. It may still consist of many ill-defined
variety of adatoms, ad-clusters, and surface complexes. Thestructures at the atomic level, inevitably mixing up many energy
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levels (surface states). It will make the quantitative analysis of been shown convincingly that SERS can be generated on
the chemical enhancement very difficult or nearly impossible. transition metal substrates. The latest advances relied mainly
Hence, we believe that the only solution is to construct the on developing various fabricating procedures of nanostructured
atomic-scale well-defined nanostructured surffc&uch a surfaces and optimizing the performance of the confocal Raman
nanostructured surface has every nanostructured domain, i.e.microscope. On the basis of the previous works on the noble
nanocrystal, precisely prepared to have a well-defined surfacemetals, five methods to obtain transition metal substrates with
facet and well-controlled internanocrystal space, as illustrated SERS activity have been developed in our laboratory, i.e.,
in Figure 13. It can further optimize the SERS activity, which potential-controlled ORC, current-controlled ORC, chemical
will probably be the ultimate objective for the SERS substrate. etching, electrodeposition, and template synthesis. The last
More importantly, this idealized surface structure may have approach is aimed at replacing randomly roughened surfaces
far-reaching consequences with respect to other fields. It will with ordered nanorod arrays having a narrow size-distribution.
probably bridge the gap between single crystal surfaces of The c_a_llculated surface enha_ncement factors of seven roughened
fundamental interest and highly rough surfaces of practical transition metals (Fe, Co, Ni, Ru, Rh, Pd, and Pt) ranged from
importance and then eventually link surface science and 1 order to 4 orders of magnitude, depending on the metal and
nanoscale science. It has been known for a long time that highly Surface pretreatment. Successful applications in electrochemical
rough surfaces are remarkably different from atomically flat @dsorption, electrocatalysis, and corrosion of transition-metal-
(even stepped) single-crystal surfaces in chemical and physical®@sed systems demonstrate that SERS can be widely used to
properties. One classical example is that the former in generalinvestigate diverse substrates that were commonly considered
has substantially higher surface reactivity, e.g., for many 0 be non-SERS active. On the basis of the previous works on
transition metal based systems. Unfortunately, it is impossible EM and CT mechanisms, a preliminary theoretical approach is
so far to use in situ STM to study and clearly reveal the nature Presented to explain SERS observed from transition metals.
of the highly rough surface at the atomic level. Because the Although the interband electronic transition depresses the quality
surface structure is distributed so heterogeneously, the theoreticafind changes the feature of the surface plasmon resonance, the
modes are difficult to be developed based on the experimental!ightning-rod effect seems to play the more important role to
data obtained from the ill-defined surfaces. Relying on the the EM enhancement.for transition metals in comparison with
development of nanofabrication technique, we believe that this "0Ple metals. We estimated the enhancement factor from the

proposed approach would be realized eventually. This strategyPYrdine adsorbed at the Co surfaces as one example. The
will also provide a perfect model surface for the theoreticians Surface averaging EM enhancement factor is about 2 orders and

to obtain a deeper insight into the surface chemical reaction e CT énhancement factor is around 1 order. The progress on
mechanism. Furthermore, one may shed new light on the the SERS of transition metals and especially the significant

longstanding problem of whether there are any relations of SERsU€velopment of single molecule SERS lead us to believe in a

hot spots (active sites) and chemical active sites. This approach €naissance in SERS studies. We are optimistic that, along with
is essential for using SERS to study surface chemical reactiond€Velopments in nanoscience, spectroscopy, and laser technol-

and processes unambiguously. ogy, many opportunities v_viII emerge in the field of SERS to
5 5. Probing the Optical Proberties and Electronic Levels enhance our understanding of the sgrface-enhanced _optlcal
f N : 9 F:j Surf pS o ical and spectroscopy and to develop the technique into a versatile and
glecg?coztrrg;::{;ssacnhan;; av(\:/ﬁh giez?eleaﬁ?jSglg?)gpc?fc?h:nmetal powerful tool in surface science, nanoscience, materials science,

: . i e analytical chemistry, electrochemistry, and catalysis.
nanoparticles, it makes the theoretical SERS study more difficult. y Y Y y
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