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Surface-enhanced Raman scattering (SERS) was discovered three decades ago and has gone

through a tortuous pathway to develop into a powerful diagnostic technique. Recently, the lack of

substrate, surface and molecular generalities of SERS has been circumvented to a large extent by

devising and utilizing various nanostructures by many groups including ours. This article aims to

present our recent approaches of utilizing the borrowing SERS activity strategy mainly through

constructing two types of nanostructures. The first nanostructure is chemically synthesized Au

nanoparticles coated with ultra-thin shells (ca. one to ten atomic layers) of various transition

metals, e.g., Pt, Pd, Ni and Co, respectively. Boosted by the long-range effect of the enhanced

electromagnetic (EM) field generated by the highly SERS-active Au core, the originally low

surface enhancement of the transition metal can be substantially improved giving total

enhancement factors up to 104–105. It allows us to obtain the Raman spectra of surface water,

having small Raman cross-section, on several transition metals for the first time. To expand the

surface generality of SERS, tip-enhanced Raman spectroscopy (TERS) has been employed. With

TERS, a nanogap can be formed controllably between an atomically flat metal surface and the tip

with an optimized shape, within which the enhanced EM field from the tip can be coupled

(borrowed) effectively. Therefore, one can obtain surface Raman signals (TERS signals) from

adsorbed species at Au(110), Au(111) and, more importantly, Pt(110) surfaces. The enhancement

factor achieved on these single crystal surfaces can be up to 106, especially with a very high spatial

resolution down to about 14 nm. To fully accomplish the borrowing strategy from different

nanostructures and to explain the experimental observations, a three-dimensional finite-difference

time-domain method was used to calculate and evaluate the local EM field on the core–shell

nanoparticle surfaces and the TERS tips. Finally, prospects and further developments of this

valuable strategy are briefly discussed with emphasis on the emerging experimental methodologies.

Introduction

Generality of surface Raman spectroscopy

Two years after the report of ‘‘a new type of secondary

radiation’’ from the scattering of focused beams of sunlight in

benzene liquid,1 Sir. C. V. Raman received the Nobel Prize in

Physics ‘‘for his work on the scattering of light and for the

discovery of the effect named after him’’.2 Such a great honor

was awarded soon because the scientific community immedi-

ately recognized the great value of the Raman effect that can

be developed into a powerful fingerprint vibrational spectro-

scopy in qualitative and quantitative analysis. However,

Raman scattering is a two-photon process occurring at a time

scale of ca. 10212 s and the cross section of a molecule for such

a process is about 106 and 1014 times smaller than those of

infrared and fluorescence processes, respectively.3 Therefore,

Raman spectroscopy has an intrinsically low detection

sensitivity. Subsequently, the development of this promising

technique to a powerful and widely used tool had been slow

and tortuous and it had taken Raman spectroscopy more than

three decades to be recognized as a widely used technique. This

detection sensitivity was significantly improved in the early

1960s when the laser was invented and then used as an ultra-

intense light source for Raman spectroscopy. The use of lasers

in the ultraviolet (UV) through to the near-IR makes Raman

spectroscopy a flexible technique that can analyze samples

from lunar rocks to ocean ore, from silicon chips to plastic,

and from proteins to drugs at the molecular level.4–9

In 1970s, the potential application in the fields of surface

science and trace analysis seemed to be the only challenging

issue related to the generality of Raman spectroscopy. In these

two fields, the number of probe molecules, ranging from about

10 million down to one, is substantially smaller than that of

bulk materials or solution in the normal Raman measure-

ments. The following equation gives the Raman intensity

expression for a vibrational mode of a molecule based on

Placzek’s polarizability theory with regard to the instrumental

and surface factors:10
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where N is the number density of the adsorbate (molecules

cm22), A is the surface area illuminated by the laser beam

(cm2), V is the solid angle of the collection optics (sr), QTmT0

is the product of the detector efficiency, the throughput of the

dispersion system and the transmittance of the collection

optics. Even if the probe molecules fully cover a flat surface,

the number of molecules is only about 107 within the laser spot

of about 1 mm in diameter. Considering that typically one

Raman photon is produced by about 1010 incident photons,

it is still not sufficient to detect a surface adsorbate with

monolayer coverage nowadays even with state-of-the-art

Raman instruments through the improvement on VQTmT0.3,4

Although the surface Raman scattering intensity scales linearly

with the incident laser power (I0) and the fourth power of

energy (n0), the ultimate sensitivity is limited by the surface

damage threshold of the substrate. An alternative way to

increase the intensity is to increase the sample concentration.

This approach is effective for studying the bulk signal from a

liquid phase and transparent samples, but has limitation for

the study of surface adsorption, where normally only one

monolayer of molecules are presented, and the signal for

almost all non-resonant adsorbates at this concentration level

is below the detection limit. As a consequence of the inherent

weakness of the scattering mechanism, Raman spectroscopy

had seldom been utilized for characterizing surface species

before the mid-1970s.11–13

However, Raman spectroscopy is highly attractive to surface

scientists as it can in principle provide much insight into a

variety of chemical, physical and biological surfaces and

interfaces at the molecular level, e.g., determining surface

bonding, molecular conformation and adsorption orientation.

It can be applied to in-situ investigation of solid–liquid, solid–

gas and solid–solid interfaces and processes, to which many

surface techniques are not applicable. These important advant-

ages have led researchers to seek every possible way to improve

the generality of Raman spectroscopy in surface science and

related fields, i.e., to establish surface Raman spectroscopy.

The landmark breakthrough in the field of surface Raman

spectroscopy started in mid-1970s. The first measurement of

potential-dependent surface Raman spectra from pyridine
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adsorbed on an electrochemically roughened silver electrode

was reported by Fleischmann, Hendra and McQuillan.14 The

Raman spectra proved to be of very high quality and evidently

was due to a surface species in view of its electrode potential

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

measurement although it was not recognized as such at the

time. The authors initially thought that the electrochemical

roughening procedure had significantly increased the surface

area of the electrode and therefore the number of surface

molecules so that the intense surface Raman signal of pyridine,

a molecule with very large Raman cross section, can be

obtained, according to eqn (1). After carefully making the

calculation and experiment, Van Duyne and co-workers

realized that the major contribution to the intense Raman

signal is due to an anomalous enhancement of 105–106 times

compared to the intensities predicted from the scattering cross-

section for the bulk pyridine. However, their paper was

rejected several times as the so-called surface enhancement was

not believed. In 1977 Jeanmaire and Van Duyne eventually

published their paper,15 and independently Albrecht and

Creighton reported a similar result.16 They provided strong

evidences to demonstrate that the enormously strong surface

Raman signal must be caused by a true enhancement of the

Raman scattering efficiency itself. The effect was later called

surface-enhanced Raman scattering (SERS).17

The discovery of SERS impacted on surface science and

spectroscopy because the intrinsically low detection sensitivity

is no longer a fatal disadvantage for surface Raman spectro-

scopy. Surface-enhanced Raman spectroscopy (SERS) offers a

means to overcome the dual obstacles of sensitivity and surface

selectivity, allowing the obtainment of surface vibrational data

in situ even in electrochemical environments. Vigorous research

activities have ensued not only in the electrochemical environ-

ment but also in air and under UHV conditions on virtually

every conceivable metal surface substrates, colloids, powders,

and even catalysts supported on insulator granules.18–26 More

importantly, the effect makes it possible to use SERS as an

in situ diagnostic probe for determining the detailed molecular

structure and orientation of surface species, which is widely

applicable to electrochemical, biological and other ambient

interfaces.18–26

Substrate, surface and molecule generalities of SERS

The upsurge of optimism that the surface generality of Raman

spectroscopy achieved after the discovery of SERS was

unfortunately quite short and then calmed down in the late-

1970s. It turned out that only a few ‘free-electron-like’ metals,

mainly Ag, Au and Cu, provide a large SERS effect under the

condition that the metal surface roughness or the colloid size

must be at the scale of several tens of nanometers. Two key

stumbling blocks in applying SERS were perceived to be lack

of substrate generality and surface generality. The former

severely limited the breadth of practical applications for

SERS in various materials widely used in electrochemistry,

corrosion, catalysis and other industries. The latter confined

SERS studies to surfaces with ill-defined morphology that

is not commonly acceptable in the community of surface

science.

In the 1980s and early 1990s many groups had made great

efforts to break these two key limitations, which were to

generate SERS activity from metallic surfaces other than Ag,

Cu and Au and to obtain Raman signals from atomically flat

(single crystal) surfaces. Some of them claimed that they have

obtained unenhanced27–29 and enhanced30,31 Raman signals

from adsorbates on either roughened or mechanically polished

Pt and Rh electrodes, or porous Ni, Pd, Pt, Ti and Co films.32

However, some of the reported SERS spectra could either not

be repeated or barely detected. Therefore, these efforts were

not recognized by the communities of Raman spectroscopy

and surface science, pointing to a gloomy future in this

direction. As a consequence of lack of the substrate and surface

generalities and the difficulty to comprehensively elucidate the

SERS mechanism, many research groups gradually left the

field, leading to a low tide from 1980s to the mid-1990s.

Boosted by the rapid development of nanoscience in the

1990s, SERS has attracted a wide interest again since about

1996 and achieved a second upsurge in the 2000s.33–36

Recalling the development of science during this period, we

will find that the renaissance of SERS is not out of expectation

as SERS is in fact one of the important branches of the

ascendant nanotechnology. It has been found that SERS

activity is critically dependent on the size, shape and aggrega-

tion of nanoparticles. A great variety of techniques of

nanoscience have been employed to synthesize and character-

ize SERS-related nanoparticles or nanostructures in a well

controllable state, which is essentially important to develop

SERS. Such efforts have led to a most significant progress in

this field, i.e., bringing SERS into the forefront with single-

molecular Raman spectroscopy.37–40 High-quality SERS or

surface-enhanced resonance Raman scattering (SERRS) spec-

tra from a single molecule adsorbed on well-characterized

silver and gold nanoparticles have been obtained, with an

extraordinary signal enhancement up to 1014, which is much

higher than the widely accepted value of 106 for SERS. The

high quality single-molecular SERS spectra have improved the

molecule generality and marked SERS as one of the most

promising tools for trace analysis in life and medical sciences

as well as security and environment protection with single

molecule sensitivity.41

In parallel to the achievement with single-molecular

sensitivity, the substrate generality of SERS has also been

substantially improved. It has been demonstrated that SERS

could be generated directly on electrode surfaces made from

massive transition metals and their alloys.42–44 This advance

was made possible primarily owing to the development of

various methods for fabricating nanostructured surfaces

and the application of the confocal microscope and the

holographic notch filter in Raman instruments.45 The

Raman measurements, which conventionally employed high-

dispersion double or triple monochromators to filter out the

elastically scattered laser radiation, can now be performed with

a single spectrograph instrument equipped with a holographic

notch filter. The throughput of a single-grating system is

far higher than, for example, a triple monochromator. These

new developments have resulted in unprecedented sensitivity

of Raman spectroscopy. The improvement in the Raman

instrument alone is still not sufficient to obtain surface Raman

3516 | Chem. Commun., 2007, 3514–3534 This journal is � The Royal Society of Chemistry 2007
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signals from transition-metal (hereafter designated as TM)

surfaces, which becomes possible only after substrates with

SERS activity have been successfully obtained. In the past

10 years, we have employed and developed five SERS

activation procedures for different transition metals, i.e.,

potential-controlled oxidation and reduction cycles(s)

(ORC),46 current-controlled ORC,47 chemical etching,48

electrodeposition,49 and template synthesis.50 We have

obtained good-quality surface Raman signals from bare Pt,

Pd, Ru, Rh, Fe, Co and Ni electrodes and demonstrated that

they exhibit a surface enhancement ranging from one to three

orders of magnitude.43,44,51 The severe limitation encountered

in substrate generality of SERS appears to be partially overcome.

After obtaining SERS from TM systems, naturally, we have

tried to figure out microscopically the origin of SERS from

transition metals that had not been considered as effective

SERS substrates. In general, as the major contribution to

SERS, the electromagnetic field enhancement is determined by

the interaction of (incident and scattered) light and metal,

generating surface plasmon resonance at metal nanoparticles

or surface nanostructures. The electromagnetic field of the

light at the surface can be greatly enhanced under conditions

of surface plasmon resonance (collective electron resonance)

for ‘free-electron’ metals.18,35,52–56 The conduction electrons in

these nanoparticles can be driven effectively by visible light to

oscillate collectively, generating a strong electromagnetic field

near the surface of metal nanoparticles. To meet the conditions

of good surface plasmon resonance, the metal usually should

have a small value of the imaginary component of the dielectric

constant. This is impossible for a TM because in the visible

light region the values of the imaginary part of dielectric

constants is large and the interband excitation occurs as the

Fermi level locates at the d band.57 The coupling between

conduction electrons and interband electronic transitions

depresses considerably the quality of the surface plasmon

resonance of TMs.58 Accordingly, the SERS activity of electro-

chemically roughened TM surfaces is in general quite low, with

typical surface enhancement factor ranging from 10 to 103

depending on the metal and surface preparations.43,44

It should be noted that in using the electrochemical

roughening method in general it is difficult to obtain a

uniform surface at both macro- and microscopic level. There is

a broad distribution of surface structures with grain sizes ranging

from nanometers to microns. Thus, only a portion of surface

structures plays a major role in the observed SERS activity.

Considering that the SERS activity is strongly shape depen-

dent,59,60 we and Xia’s group have synthesized and studied TM

nanoparticles with some special shapes, such as Pt and Pd

nanocubes for SERS study.61–63 It has been shown that the

SERS activity from these well-ordered and good-shaped

nanoparticles is higher by a factor of 3–10 than the roughened

electrodes.61 However, there still remains a considerably large

gap between the TMs and typical SERS-active substrates as far

as the SERS activity is concerned. As a consequence, SERS

signals are rather weak or even below the detection limit from

some adsorbates with a very small Raman cross section or with a

low surface coverage. Therefore, it is desirable to increase the

SERS activity in order to improve molecular generality of SERS

for transition metals of practical and fundamental importance.

Development of strategy of borrowing SERS activity

Aiming to expand the generality of Raman spectroscopy by

fully optimizing the SERS activity of the TM based systems,

we have recently incorporated a strategy of ‘‘borrowing’’ high

SERS activity from the Au core. The approach of ‘‘borrowing

SERS activity’’ was initially proposed by Van Duyne et al. in

1983 to obtain Raman signals of molecular species adsorbed

on non-SERS-active materials such as n-GaAs electrodes

through electrodepositing a discontinuous SERS-active over-

layer of Ag.64–66 This approach is to employ the long-range

effect of the very strong electromagnetic field created by the

SERS-active Ag to enhance the Raman scattering of adsor-

bates at the semiconductor nearby. As illustrated in Fig. 1(a),

this configuration has a limitation for studying surface adsorp-

tion, which requires that the surface species can selectively

be adsorbed at the non-SERS-active substrate. In fact, most

molecules studied prefer to adsorb at the SERS-active islands.

The most effective and feasible way to borrow SERS activity

is to coat with an ultrathin film of other materials completely

on SERS-active substrates of Ag as done by the Fleischmann

group67,68 and Au by the Weaver group,69–71 respectively, in

1987 and later. The essential notion rests on the expectation

from electromagnetic (EM) theories that the enhancement

effect should occur, albeit in attenuated form, for molecules

located close to (within 1–10 nm) SERS-active nanoparticles

or nanostructured surfaces.53,72–74 With the aid of the long-

range effect of the enormous electromagnetic enhancement

created by the high SERS-active substrate underneath, the

Raman enhancement can be engendered even for molecules

spatially separated from the SERS-active substrate (see

Fig. 1(b)). As a consequence, good-quality SERS spectra

of adsorbates on several TM film electrodes have been

obtained.67–72 It should be noted that the strong electromag-

netic field will be attenuated exponentially with increasing

thickness of the ‘‘spacer’’ film, therefore the film has to be

ultra-thin, normally a few atomic layers. However, it was very

difficult to cover completely the very irregular roughened

surfaces with so thin a film, as illustrated in Fig. 1(b).

Although pinhole-free ultrathin films of some TM overlayer

electrodes have been successfully achieved by carefully

optimizing the electrochemical deposition parameters in the

Fig. 1 Schematic illustrations of the two strategies of borrowing

SERS activity. (a) Deposit discontinuous SERS-active metal islands on

the substrate to study the molecules adsorbed on the substrate; (b)

Coat an ultrathin non- or weak-SERS-active layer on the SERS-active

substrate to study the molecules adsorbed on the layers.

This journal is � The Royal Society of Chemistry 2007 Chem. Commun., 2007, 3514–3534 | 3517
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late 1990s,75–78 this very delicate method has some inherent

difficulties to be widely used for different materials and has not

been adopted by other groups.

In 2002, a great step forward along this direction was made

by Weaver and co-workers by fabricating Pt-group metal-

coated Au nanoparticles dispersed electrodes.79 They first

immobilized the gold particles onto a functionalized indium tin

oxide (ITO) electrode via the interaction with amine groups.

An underpotential deposited (UPD) monolayer of copper was

then formed on the nanoparticles film by warily controlling the

applied potential. Finally the electrode was transferred to a

solution of 5 mM PdCl2 or H2PtCl4 to allow spontaneous

redox replacement of the Cu layer by the Pt-group metal. The

virtue of this combined UPD and chemical redox replacement

method is that it provides a uniform (pinhole-free) growth of

one atomic Pt layer on the spherical Au nanoparticles. The

SERS signal is remarkably more intense than the TM coated

Au electrodes79 because the Au nanospheres with well-defined

shape and size exhibit very high SERS activity that can be

sufficiently borrowed through the ultrathin Pt shell, as

illustrated by Fig. 2. However, the whole preparation pro-

cedure of this method, involving the surface functionalization,

electrochemical UPD and chemical reaction, is quite compli-

cated. To obtain thicker overlayers, multiple growing cycles

involving electrochemical and chemical reactions are needed to

take place in sequence by repeatedly changing the solution. It

is therefore highly desirable to develop a simpler and straight-

forward method to prepare TM-coated Au nanoparticles for

improving the substrate generality.

Regarding the lack of surface generality, it is crucially

important to seek other borrowing ways to create the SERS

activity on atomically flat single crystal surfaces. One way is to

excite the surface plasmon polaritons (SPP) on the flat metal

surface by using a unique optical configuration setup. By

illuminating p-polarized light at a suitable angle through a

Weierstrass prism on a gap half of the exciting wavelength

formed by the prism and a single crystal surface metal surface,

the SPP can be excited within the gap, which will lead to an

enhancement of the electromagnetic field and improved

sensitivity of Raman spectroscopy. A SERS study using an

attenuated-total-reflection (ATR) Raman cell with the Otto

configuration on truly smooth single crystal surfaces under

electrochemical conditions was reported by Otto and co-

workers recently.80 The enhancement, assisted by the surface

plasmon enhancement, for a single-crystal Cu surface is

estimated to be around one to two orders of magnitude.

Another type of ATR Raman cell with the Kretchmann

configuration has also been used to obtain SERS from an

Ag(111) surface, as well as from Pt and Ni surfaces.81 However,

this optical configuration requires depositing the metal as an

ultrathin film on the quartz substrate, which is not feasible to

prepare various metal surfaces as well-defined single crystal

surfaces. Overall, there are only a very limited number of

molecules with very weak SERS signal that have been detected

by these two delicate ATR setups. As mentioned above, the

surface plasmon enhancement can be efficiently excited only

on Au, Ag and Cu metals. This optical setup of borrowing

SERS activity seems not to be widely adoptable to study

single-crystal surfaces of other non-traditional SERS-active

materials including the TMs.

Recently, there has been a great progress along the direction

of the borrowing strategy to solve the problem of the surface

generality of SERS by employing tip-enhanced Raman

spectroscopy (TERS).82–88 The idea of tip-enhanced Raman

spectroscopy was first put forward by Wessel in 1985,82 and

realized in 2000 independently by several groups83–86 and has

brought about a surge in these two years demonstrating both

very high spatial resolution and high sensitivity.87,88 In TERS,

the enhancement generated on the tip under the excitation of

a suitable laser can extend to the sample that is in close

proximity to the tip apex, as illustrated in Fig. 3. Therefore, the

sample borrows the enhancement from the tip itself or, if

possible, the coupled enhancement from the tip and sample.

With this borrowing enhancement strategy, the surface Raman

signals (or TERS signal) from adsorbed species have been

obtained from smooth or roughened surfaces with different

structures and of different materials, which has expanded

greatly the surface and substrate generalities.

Fig. 2 Schematic illustration of the electromagnetic field distribution

around Au@Pt core–shell nanoparticles under laser irradiation (left).

The dependence of the electromagnetic field strength (normalized with

the strength on the Pt surface) on the distance from the Pt shell is

shown in the right plot, indicating a substantially strong field

enhancement can still be obtained on the surface.

Fig. 3 A schematic illustration of the working principle of tip-

enhanced Raman spectroscopy: light with appropriate wavelength and

polarization is illuminated at the gap between the tip and the surface,

producing an enhanced electromagnetic field at the nanogap and hence

an enhanced Raman signal for the species adsorbed at the substrate.

3518 | Chem. Commun., 2007, 3514–3534 This journal is � The Royal Society of Chemistry 2007
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To fully accomplish the borrowing SERS activity strategy

and optimize the nanostructures, it is important to predict

the shell thickness and/or effective distance from the highly

SERS-active core or tip through performing theoretical

models and calculations. It is well known that the main

contribution to the SERS and TERS effect is in general the

electromagnetic (EM) field enhancement that originates from

localized surface plasmon resonance of nanostructures. The

EM field of the incident light at the surface can be greatly

enhanced under conditions of localized surface plasmon

resonance for ‘free-electron’ metals.18,35,52–56 Most of previous

theoretical studies on the EM enhancement were limited on

metal nanosphere systems25,89,90 since the analytical solution

for the Maxwell equations can only be obtained on such

systems with high symmetry through Mie scattering theory.

For more complex geometries, one has to rely on numerical

simulations to quantitatively solve the problem of electro-

magnetic effects. Finite difference time domain (FDTD)

method,61,91–94 discrete dipole approximation (DDA),95–97

finite element method (FEM)98–100 and T-matrix method101

are widely used to numerically solve the near field distribution

problem for any arbitrary geometry. Among them, FDTD is

a powerful tool to simulate the electromagnetic field distribu-

tion around illuminated nanoparticles or substrate with any

arbitrary geometry.102 In order to simulate the SERS or

TERS systems with FDTD, one has to deal with the

dispersive materials since the complex permittivity of all of

the metals in the optical frequency range are strongly

frequency dependent. This model has shown great consistency

with Mie theory in a previous study to deal with the electric

field enhancement problem in a multiple silver nanosphere

system.103

This article aims to present our contributions in extending

substrate, surface and molecule generalities in recent years

utilizing the borrowing strategy to increase the SERS activity

of TMs and to obtain the SERS signal from atomic flat

surfaces. The article is organized in following three sections. In

the first section, we will introduce the fabrication of SERS-

active Au@TM nanoparticles film electrodes that were used

as SERS substrates to boost the detection sensitivity for

the processes occurring on TM SERS systems. The total

enhancement of as high as about four to five orders of

magnitudes has been achieved, which makes it possible to

carry out detailed molecular-level investigation on some

important molecules with small Raman cross section. With

such a high enhancement, we have been able to obtain the

SERS signal of water molecules adsorbed on TMs, which were

impractical and extremely difficult by using the enhancement

of SERS of TM themselves. In the second section, we will

introduce a new emerging technique, tip-enhanced Raman

spectroscopy, for studying processes occurring on single-

crystal Au and Pt surfaces, by borrowing the enhancement

from the tip. To explain the experimental observations, a

three-dimensional finite-difference time-domain (3D-FDTD)

method was used to calculate and evaluate the local electric

field on TM coated nanoparticle surfaces and the TERS tips.

In the final section, prospects and further developments in

SERS techniques based on the borrowing strategy are briefly

discussed.

Expanding substrate generality of SERS by
core–shell nanoparticles

Preparation of Au@TM nanoparticles film electrodes

Bearing in mind the advantages and disadvantages of the

above mentioned approaches, we have recently developed a

simpler and more straightforward method to prepare TM-

coated Au nanoparticles based on a seed-mediated growth

method.61,104,105 Au nanoparticles serve as the seed in a

solution where a second metal ion is chemically reduced on the

surface of the seeds to form a shell layer, resulting in core–shell

nanoparticles. Fig. 4 illustrates the procedure for preparing

Au@TM nanoparticles film electrodes (here we take Au@Pd

as example). First, highly mono-dispersed Au nanoparticles

are synthesized according to Frens’ method by reducing

AuCl4
2 with sodium citrate106 and a 1.0 mM H2PdCl4

aqueous solution was prepared by dissolving 88.6 mg PdCl2
in 11 ml of 0.1 M HCl under heating and stirring. After cooling

to room temperature, the solution was diluted to 500 ml.

Secondly, the Au core was coated with one to ten atomic layers

of the desired TM according to the method reported in refs. 107

and 108 with slight modification: in a typical procedure to

prepare Au@Pd nanoparticles, 30 mL sol containing Au seeds

was first mixed with a certain amount of 1 mM H2PdCl4 and

the mixtures were cooled to ca. 4 uC in an ice-bath; then, half

the volume of 10 mM ascorbic acid to that of H2PdCl4 was

slowly dropped into the above mixture through a syringe

controlled by a step motor while stirring; afterwards, the

mixture was then stirred for another 15 min to ensure a com-

plete reduction of H2PdCl4, during which the color of the

mixture turned from red–brown to dark-brown, indicating

formation of Au@Pd nanoparticles.109 Thirdly, the Au@Pd

nanoparticles sol was centrifuged three times to remove excess

reactants and to obtain a clean surface. Finally, about 25 mL

aliquot of the remaining sol was cast on a mechanical polished

and electrochemically cleaned electrode, which was then dried

in a desiccator for about 20 min. Such an electrode is ready for

SERS measurement. Other Au@TM/electrodes (TM: Pt, Rh,

Ru, Co or Ni) can also be prepared using a similar chemical

method with different solutions and at different temperatures.110

The virtue of the present method for preparing core–shell

nanoparticles is that the shell thickness from one to ten atomic

Fig. 4 Schematic representation of the four steps for preparing the

Au@Pt and Au@Pd nanoparticles film electrodes.
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layers can be routinely controlled by adjusting the ratio of the

amount of the Au seeds to the TM ions. For example, the

thickness of the Pd shell is controlled by changing the volume

of H2PdCl4 solution added while keeping the volume of Au

seeds constant. The final diameter (D) of the core–shell

nanoparticles can be calculated according to the relation:105,107

D~Dcore 1z
Vm,PdNPd

Vm,AuNAu

� �1=3

where Dcore is the diameter of the experimentally measured Au

seeds, Vm,Pd and Vm,Au, and NPd, and NAu are the molar volumes

and molar number of Pd and Au, respectively. Therefore, the shell

thickness can be estimated by (D 2 Dcore)/2.

Fig. 5 shows the transmission electron microscope (TEM)

and scanning transmission electron microscope (STEM)

images of the nanoparticles with a Pd shell of about 7 nm

thick. The TEM and STEM images were collected on Tecnai

F30. From the TEM image, a dark core surrounded by a light-

color shell can be clearly distinguished, indicating a core–shell

structure of the nanoparticles. When we used Pd to collect the

STEM images, we obtained images with very clear ring

structure, indicating a core–shell structure. The energy disper-

sive X-ray spectroscopic (EDS) measurements of single nano-

particles revealed that the edge consists of nearly pure Pd,

while the center consists of both Au and Pd, further demons-

trating the core–shell structure. Fig. 5(c) shows the SEM image

of a 55 nm Au core covered with 1.4 nm Pd shell dispersed as a

complete thin film on a Pd electrode (hereafter denoted as

55 nm Au@1.4 nm Pd/Pd). The surface of the film electrode is

very uniform containing nanoparticles with a very narrow size

distribution. The surface shows a golden color under daylight

visible to the naked eye. Concerning the stability of the

nanoparticles film electrodes, it has been found that the core–

shell nanoparticles can form a multilayer thin film and attach

tightly on the electrode surface.105

The most important but difficult part of this strategy is how

to well-controllably fabricate core–shell nanoparticles showing

very large surface enhancement on the TM surface but having

the chemical properties of the TMs. Since the strong EM field

is attenuated substantially from the Au core surface to outside

space, as shown in Fig. 2, the thinner the shell is the higher the

borrowed SERS activity will be. However, one must be very

cautious to avoid pinhole effects when the shell thickness is

less than three atomic layers. The ultrathin shell may not be

sufficient to completely cover the Au core and some tiny areas

of the Au core may be exposed. The comparably strong SERS

signal of molecules on the pinholes may mix with the SERS

signal from the shell which may then mislead the interpretation

of the SERS spectrum. Therefore, to well apply the borrowing

SERS strategy to a wide range of materials, the shells must be

suitably uniform and, ideally, free of pinholes.

It should be pointed out that HRTEM and STEM are not

appropriate tools to check whether there are pinholes in the

shell as thin as a few atomic layers. Alternatively, we adopted

electrochemical and SERS methods used by Zou and Weaver

to identify the tiny pinholes in the shell.75 Cyclic voltammetry,

as a surface sensitive technique, can be used to examine the

coating quality of the nanoparticles, i.e., to check whether

there are pinholes on the shell.75 Fig. 6 shows cyclic voltam-

mograms of a 55 nm Au@1.4 nm Pd/GC electrode and a 55 nm

Fig. 5 Typical TEM (a) and STEM (b) images of Au@Pd nanoparticles and an SEM (c) image of a Au@Pd nanoparticle-assembled film electrode

surface.

Fig. 6 Cyclic voltammograms of a 55 nm Au@1.4 nm Pd/GC electrode (A) and a 55 nm Au@1.4 nm Pt/GC electrode (B) without (black line) and

with ‘‘pinholes’’ (red line) in 0.5 M H2SO4 solution. Scan rate: 100 mV s21. The peaks marked in the figures correspond to: (1) hydrogen

adsorption; (2) hydrogen desorption; (3) reduction of Pt or Pd oxides; (4) oxidation Pt or Pd; (5) reduction of Au oxides.
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Au@1.4 nm Pt/GC electrode in 0.5 M H2SO4 at a scan rate of

100 mV s21 in the potential regions between 20.20 and 1.25 V

and between 20.26 and 1.25 V, respectively. Both figures show

the typical feature of pure polycrystalline Pd and Pt electrodes,

with characteristic peaks of hydrogen adsorption/desorption,

oxygen adsorption/desorption as well as Pd and Pt oxidation/

reduction, indicating that the surface chemical property is

identical to that of a typical bare Pd and Pt electrode. Only

when the electrode potential was kept at 1.25 V (the oxidation

potential of both metals) for a few minutes for Pd and a few

hours for Pt, did the voltammograms show a small reduction

peak at around 0.9 V as characteristic of an Au electrode,

indicating that the original pinhole free Pd and Pt shell has

been damaged and a small amount of Au sites have been

exposed.

A more straightforward way to examine the pinhole is to

perform a SERS measurement using CO as the probe molecule

for the following three reasons: (i) CO can be adsorbed at TMs

as a monolayer and exhibits a relatively strong SERS signal.

(ii) The CO stretch band is rather sharp and its frequency is

very sensitive to the properties of the substrate. For example, it

will give a different frequency and spectral feature when it is

adsorbed at the pure TM, the alloy surface formed by TM and

Au, and the exposed Au sites as the pinhole. (iii) Even for the

same substrate, CO can sensitively reflect the small differences

in the electronic property or structure when the shell thickness

changes. The stretch frequency of CO adsorbed on Au

(at ca. 2120 cm21) is distinctively different from that on the

TM surfaces (below 2100 cm21). If this band can be detected,

the shell must contain pinholes. However, if it can not be

detected, the effect of pinholes can be neglected or the shell is

pinhole free.75,110

It should be noted that a surface with good uniformity is

crucially important to the reproducibility of our experiment.

To check the uniformity, Raman mapping experiments were

performed by scanning the laser over different regions of the

whole surface of Au@Pt/electrode with a scanned area of

50 mm 6 50 mm. We found that the maximal difference in the

SERS intensity over all the scanned areas is only about 10%.105

Au@Pt/electrodes show not only very good surface unifor-

mity, but also much higher SERS activity, which is a pre-

requisite of SERS for the reliable study, especially quantitative

analysis.111

SERS activity of Au@TM nanoparticles film electrodes

To examine the SERS activity of Au@TM/electrodes, here we

take the Pt system as example. The comparative experiment

was carried out using CO as the probe molecule on three

types of SERS substrates, i.e., electrochemically roughened Pt

electrode, 12 nm nanocubes/glassy carbon electrode and 55 nm

Au@1.4 nm Pt/Pt electrode. As can be seen from Fig. 7, the

SERS signal from the core–shell nanoparticles film electrode

is about 40-fold stronger in peak intensity and integrated

intensity, respectively, than the nanocubes film electrode, and

about 200- or 80-fold stronger than the roughened Pt electrode.

It should be noted that the intensity scale of Fig. 7(b) and (c)

have already been multiplied by 20 and 100, respectively.

Taking account of the roughness factor of the roughened Pt

electrode to be about 120, and that for the two nanoparticles

film electrodes is about 10, one would expect the surface

enhancement for the core–shell nanoparticles to be about

27-fold larger than that of nanocubes and 640-fold larger than

that for the roughened Pt electrode.

Besides the significant difference in intensity, we also note

that the difference in the band width. For instance, the band

width for CO stretching on the roughened Pt is ca. 27 cm21,

whereas it is ca. 15 cm21 on the nanoparticles surfaces. The

main reason is due to the ill-defined structure of the roughened

electrode because the CO band frequency is very sensitive to its

adsorbed site and environment. This result further demon-

strates that the well controllably synthesized nanoparticles and

nanocrystals have a more uniform surface in comparison with

the electrochemically roughened electrodes.

Besides Au@Pd and Au@Pt nanoparticles, we have also

synthesized Au@Ni, Au@Co and Au@Rh nanoparticles to

broaden the application of core–shell nanoparticles.112a To

compare their signal intensities with that from roughened

massive electrodes, we took pyridine as the probe molecule. It

can be seen in Fig. 8 that the SERS signals from core–shell

nanoparticles film electrodes are stronger than massive metal

electrodes, which is about 40-, 35- and 50-fold for Pt, Pd,

and Ni, respectively. Considering the roughness factor of the

core–shell nanoparticles film electrodes is about 15, we can

estimate the surface enhancement factors for these 55 nm

Au@1.4 nm TM nanoparticles to be about 1.0 6 104, 5.3 6
103, and 1.0 6 104 for Pt, Pd, and Ni, respectively. They are

about one order or more of magnitude larger than that

obtained on massive metal electrodes.

To quantitatively account for the SERS activity of the

core–shell nanoparticles system, we use the 3D-FDTD method

to calculate electromagnetic field distribution around the

illuminated nanoparticles (refer to ref. 61 for detailed descrip-

tion of the calculation method and parameters). A model

consisting of two Au@Pt nanoparticles was used to take

Fig. 7 SER spectra of adsorbed CO on different substrates: (a) 55 nm

Au@1.4 nm Pt/Pt; (b) 12 nm Pt nanocubes/Pt; (c) roughened Pt

electrode. The solution is CO-saturated 0.1 M HClO4 and the potential

was 0.0 V.

This journal is � The Royal Society of Chemistry 2007 Chem. Commun., 2007, 3514–3534 | 3521

D
ow

nl
oa

de
d 

on
 0

1 
Ju

ne
 2

01
1

Pu
bl

is
he

d 
on

 0
4 

A
pr

il 
20

07
 o

n 
ht

tp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/B
61

69
86

D
View Online

http://dx.doi.org/10.1039/b616986d


account of the EM field coupling effect as the core–shell

nanoparticles are aggregated on the electrode surface in the

experiment. Fig. 9 shows the simulated electric-field distribu-

tion of the Au@Pt–nanoparticle dimer. The shell thickness is

set to be 1.5 nm, the core size 55 nm, and the interparticle

distance 1 nm. The 632.8 nm excitation laser is polarized along

the axis connecting the two particles and the laser is irradiated

perpendicularly to the surface plane. The Yee cell size used

in the calculation was 0.5 nm 6 0.5 nm 6 0.5 nm, and the

total number of time steps was 15 000 to ensure the

convergence. The calculated data show that at the junction

of two nanoparticles, the maximal field enhancement is

about 112, corresponding to 1.6 6 108 of the Raman signal

enhancement. This value is much higher than that of two pure

55 nm Pt nanospheres.112b In the latter case, the maximum

EM-field enhancement is about 45, corresponding to ca. 4 6
106 of the enhancement factor. By comparing the two

enhancement factors, one may deduce that about two orders

of the SERS enhancement may borrow from the long-range

EM effect of the gold core.

It has been pointed out that when two nanoparticles

approach each other, the electromagnetic theory predicts that

a coherent interference of the enhanced field around each

particle will result in a dramatic increase in the electric field in

the junction between them.113 Accordingly, the calculated

electromagnetic field is highly localized at the junction of two

particles, as shown in Fig. 9. It can be seen clearly that the

magnitude of the electric field reaches the maximum in the gap

region of the dimer. Since the SERS signal obtained in the

experiment should average over all the surfaces, therefore, the

enhancement obtained in the experiment may be substantially

lower than the calculated value. Nevertheless, the ratio of

enhancement factors for the bimetallic core–shell and mono-

metallic sphere systems may still reflect the real difference in

enhancement between these two systems.

It may also be necessary to emphasize that any rigid

calculation should take into account the size-dependent

dielectric function, as has been reported on the simulation of

Ag nanoparticle systems.56,114–116 In fact, for core–shell

nanoparticles, the electron–surface collision could dominate

the damping mechanism of the plasmon response of the Pt

shell rather than electron–electron collisions in the bulk metal.

However, in the present simulation of Au@Pt, the dielectric

constants of the ultra-thin shell were directly taken from the

value of the bulk metal rather than a size-dependent dielectric

constant, because we still lack the necessary parameters,

including Fermi velocity and bulk plasmon frequency of Pt, in

order to make an appropriate modification. Fortunately, the

decay originating from the size-dependent dielectric constant

for Pt is not as dramatic as for Ag in the visible light region.

One of the reasons may be the electron mean free path of TMs

is much smaller than that of Ag, e.g., 12 nm for Pt, cf. 43 nm

for Ag.117,118 Therefore, the imaginary component of dielectric

constant for TMs will result in a relatively small damping

effect compared with Ag. As a result, the modification on the

dielectric function will have less influence on Pt systems than

Ag. However, in future work, it is still necessary to pay more

attention to the changes of the size-dependent dielectric

constant especially when the thickness of the TM shell is less

than 2 nm.

Fig. 8 SER spectra of pyridine adsorbed on (a) 55 nm Au@TM/GC with different TM (Pt, Pd and Ni) shells with a thickness of 1.4 nm and (b)

roughened massive TM electrodes in 0.01 M pyridine and 0.1 M NaClO4 solution. The potential is 20.6 V for Pt and Pd, and 20.9 V for Ni.

Fig. 9 A simulated representation of the electric field distribution

around a Au@Pt nanoparticle dimer (core size 55 nm and shell

thickness 1.5 nm). The 632.8 nm laser is illuminated with the

polarization along the connecting axis of the two particles.
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Dependence of the SERS activity on the shell thickness and

core size

Both the experimental and theoretical results confirm that the

high SERS activity achieved in ultra-thin shell systems is

attributed to the long-range effect of the enhanced electro-

magnetic field generated by the Au core. Since SERS is an

effect sensitive to the size and detailed structure of the

nanoparticles, it is necessary to find out the optimized shell

thickness and Au core size for expanding the substrate

generality most effectively. Accordingly, we performed a

systematic study on the dependence of SERS intensity on

both the shell thickness and core size.

In the thickness dependent experiment, we used Au cores with

a diameter of 55 nm because they can be most easily prepared

with the best reproducibility and narrowest size distribution

(vide infra). Up to now, Pt, Pd, Rh, Ni and Co have been

successfully coated over Au core to form core–shell nano-

particles with controllable shell thickness. In the case of Pd,

the thickness of the Pd shell could be controllably changed from

0.7 to 6.8 nm, equal to about 2.5 to 24 atomic layers of Pd.

Fig. 10(a) presents a set of SERS spectra of CO adsorbed

at an Au@Pd/GC electrode. The bands at about 1951 and

2062 cm21 are assigned to bridged and linearly-bonded CO,

respectively. As expected, the SERS intensity of CO decreases

significantly with increasing shell thickness. In other words,

the thinner the Pd shell, the higher the SERS activity of the Pd

substrate. To more quantitatively investigate the effect of the

shell thickness on the SERS intensity, we plotted the integrated

intensity (normalized with the signal obtained at 0.35 nm

thickness) of the CO stretching band against the thickness, and

the result is presented in Fig. 10(b) as the open circle together

with the error bar. It can be seen that the signal decreases

exponentially with increasing thickness and a 2.5 monolayer

Pd shell gives about 8-fold higher intensity than that of the

24-monolayer case. For comparison, we carried out a FDTD

simulation of such a system. Due to the unrealistic calculation

demand on considering the thickness of 0.35-nm, the thinnest

shell thickness is set to 0.5 nm, and the theoretical data shown

in Fig. 10(b) have been normalized with 0.5 nm intensity. It

shows essentially the same trend as the experimental result.

As far as the SERS signal intensity is concerned, it seems a

thinner shell thickness is better for producing highest signal

intensity based on the above experimental and theoretical

results. However, in the application of such core–shell

nanoparticles, one must consider another important factor in

addition to the pinhole problem, i.e., whether the ultrathin shell

is well representative of the massive metal in terms of the

electronic property. When Au and Pd are in good contact,

electron transfer will occur due to the difference in the Fermi

level of two metals. As a consequence, the electronic property of

the ultrathin shell will be changed by the core to some extent.

Carefully examining the frequencies of CO adsorbed at the

Au@Pd/GC electrode shown in Fig. 10(a), one can see that the

frequency is at ca. 1951 cm21 when the thickness is less than

1.4 nm (about five atomic layers of Pd). However, the

frequency shifts to 1958 cm21 when the shell is about 1.4 nm

or thicker. This mild difference in frequency could be due to

the difference in the electronic property of the ultrathin metal

film. There have been several studies on the electrochemical

reactivity of ultrathin TM layers epitaxially deposited on

massive Au substrates.75,78,119,120 For instance, Kolb and co-

workers found that the potential of zero charge Pd coated on

Au(111) is practically identical to that of massive Pd(111)

when there are five monolayers of Pd in their study on the

thickness dependent electrochemical reactivity of electrode-

posited palladium thin layers on Au(111) surfaces.119 It seems

that the electronic property of a five atomic layer thick film

could be reasonably similar to that of the massive metal.

As Au@TM nanoparticles are coated over an electrode

substrate to form the film electrode, the electronic property of

the TM shell could also be influenced by the well-contacted

substrate. We intentionally coated the core–shell nanoparticles

on a substrate of the same metal as the shell, i.e., as Au@TM/

TM electrode. As a consequence, the electron property of the

shell could be close to that of the bulk TM substrate, which

could eliminate the influence by the electron transfer between

the Au core and TM shell. Accordingly, we have in general

used Au@TM/TM electrodes for electrochemical potential-

dependent SERS measurements.

Concerning the shell dependence of optical property of the

core–shell nanoparticles, UV-vis absorption spectroscopy is

Fig. 10 (a) SER spectra of CO adsorbed on 55 nm Au@Pd/GC with different Pd shell thicknesses in CO-saturated 0.1 M HClO4 at 0.0 V:

(a) 0.7 nm; (b) 1.4 nm; (c) 2.8 nm; (d) 6.8 nm. (b) Dependence of the intensity of CO adsorbed on 55 nm Au@Pd on the thickness of Pd shell (open

circles) and the corresponding FDTD calculation result (red line).
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the most suitable technique. Fig. 11 presents a series of UV-vis

spectra obtained in the sols of Au@Pd nanoparticles with fixed

core size of 55 nm and varying shell thickness. The spectrum of

the corresponding Au core is also given for reference, which

has been offset for clarity. It can be seen that as the Pd shell

becomes thicker, the plasmon absorption of Au core slightly

blue shifts and is gradually damped. Meanwhile, the absorp-

tion in the low wavelength region increases steadily. These

spectral behaviors reasonably infer that the total optical

properties of the core–shell structure changes from core

dominant to shell dominant as the shell thickness increases.

Unlike a sharp absorption band for Au spherical nanoparti-

cles, pure Pd nanoparticles show a rather broad and strong

absorption in the 200–800 nm region.121a Thus, when the Pd

shell becomes as thick as 6.8 nm, the plasmon of Au core can

be completely damped showing the similar absorption feature

to that of pure Pd nanoparticles. While Au@Pd nanoparticles

with 1.4 nm Pd shell thickness show almost identical spectral

feature to that of bare Au nanoparticles and identical chemical

properties to that of the bulk Pd. After carefully trading off

among the SERS enhancement, pinhole effect, shell stability

and electronic property, we prefer to use the shell thickness of

about five layers as the optimal condition in most of the

electrochemical SERS studies.

To investigate effect of core size, we synthesized Au cores

with diameters from about 15 nm up to 160 nm, which

were then coated with a fixed shell thickness of 0.7 nm (about

two atomic layers of Pd) to fully utilize the SERS activity of

the core. It can be seen from Fig. 12 that, the SERS intensity of

the adsorbed pyridine increases considerably with the increas-

ing size of the Au core until 135 nm, which is in good

agreement with the theoretical prediction.121b This result

indicates that it is better to use gold cores with larger size to

obtain the highest enhancement. However, we have found that

with the increase in the size of the Au nanoparticles, the shape

and size distribution of the nanoparticles becomes broader,

and the nanoparticles can easily form aggregates and even

precipitate from the sol solution with time. Therefore, we used

the 55 nm core as the optimal condition in the present study. If

the problem associated with the large nanoparticles can be

solved in the near future, we believe that Au cores with a

diameter of about 110–130 nm can be used as the optimal

core size.

After thoroughly considering all factors influencing the

structure and properties of Au@TM/electrodes, we have

synthesized Au@TM/electrodes with suitable shell thickness

and free of pinholes, and demonstrated that the optimized

nanostructures can exhibit very high surface enhancement and

provide unprecedented detection sensitivity of SERS from

TMs. This technique based on the borrowing SERS activity

strategy is especially valuable for expanding the substrate

generality of Raman spectroscopy. It opens up a way to study

some important molecules, such as surface water molecules,

adsorbed at TMs, which is very difficult or even impractical to

study by Raman spectroscopy including SERS.

Expanding the molecule generality to surface water on transition

metals

It is well known that water plays vital roles in many chemical

processes. The water molecules in regions immediately

adjacent to metal surfaces can directly affect electrochemical

processes and reactions. Raman spectroscopy has the capacity

to probe electrode/aqueous solution interfaces by directly

illuminating the interface with a visible laser beam and

collecting the scattered light through the aqueous solution

phase because the Raman cross section of water is very small.

Unfortunately this significant advantage turns to be the major

disadvantage when the surface species to be characterized is

the water molecule itself. As a consequence, conventional

Raman spectroscopy is impractical to probe surface water

molecules at metal electrodes, unless the highly SERS-active

substrates of Ag, Au and Cu are used.122–125 Since the late

1990s when good-quality SER spectra from various TMs were

obtained, we have intensely challenged, but unfortunately

failed, to obtain SERS of water from any of the weak-SERS-

active TMs.

Fig. 11 UV-visible absorption spectra of 55 nm Au (red line) and

Au@Pd nanoparticles (black lines) with different thicknesses of the Pd

shell: (a) 0.35 nm, (b) 1.4 nm, (c) 2.8 nm and (d) 6.8 nm. The curves

were displaced along the y-axis for clarity. Fig. 12 SER spectra of pyridine adsorbed on Au@0.7 nm Pd/GC

with different Au core sizes in 0.01 M pyridine and 0.1 M NaClO4

solution: (a) 40 nm, (b) 80 nm, (c) 120 nm, (d) 135 nm, (e) 160 nm.

Shown on the right side are the typical SEM images of nanoparticles

with a diameter of 80 nm, 135 nm and 160 nm.
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Considering the low enhancement factor of bare TMs at

only around 102 to 103, it is worth utilizing the borrowing

strategy with the core–shell nanostructures, from which SERS

signals can be enhanced by about two orders of magnitude in

comparison to those from bare TM nanoparticles or electro-

des.61 This additional enhancement may allow us to detect

SERS signal from water molecules with a small Raman cross

section that has been hitherto impractical to study on TMs.

For a systematic study, two types of core–shell nanoparticles

were synthesized with 55 nm Au cores covered with 1.4 nm Pt

and Pd shells, then coated as a thin film on smooth Pt or Pd

electrode surfaces, respectively. Fig. 13 shows SERS spectra of

water adsorbed on Pt and Pd surfaces in comparison with the

typical SER spectrum of water adsorbed at a highly SERS-

active Au electrode in 0.1 M NaClO4. Two bands located at

around 1615 and 3400 cm21 are assigned as the bending and

stretching vibrations of water molecules. To confirm that the

surface species showing the SERS signal are from water

instead of solution impurities, we also performed an isotopic

measurement to replace the normal water with heavy water.

All the spectral bands are shifted according to the isotopic

effect, as shown in Fig. 13(d). The spectra of water show the

characteristics of strong potential dependence in frequency

and/or intensity, convincingly demonstrating that these signals

must be derived from the surface water molecules rather than

from bulk water.126

In spite of the fact that the SERS signals from the TM

substrates are rather weak, especially for the bending vibra-

tion, these are the first Raman spectra of surface water from

TMs. Without the about two orders of amplification borrowed

from the Au core, the Raman signal from surface water would

be overwhelmed in the noise level because of the weak SERS

activity of bare TMs. On the other hand, the SERS intensities

on Pt, Pd and Rh are only about 30- to 50-fold lower in

magnitude than that of Au, indicating that the high electro-

magnetic enhancement of the Au core has effectively boosted

the Raman signal of interfacial water molecules on shell metal

surfaces.126

It is of special interest that a broad and weak band at

around 2000 cm21 is observable only on the Pt surface, see

Fig. 13(a). This is ascribable to the Pt–H stretching vibration

mode in the potential region negative of 21.0 V (vs. SCE).51c

Hydrogen is strongly adsorbed on the Pt surface whereas it is

absorbed in bulk Pd and interacts with Au much more weakly.

To our knowledge, this is the first Raman (also SERS) spectra

of surface hydrogen co-existing with surface water.

It has been found that the extent of the frequency shift with

potential (i.e., vibrational Stark effects) for the stretching

mode of water on Pt is significantly less than those of the

Pd and Au electrodes. The Stark tuning rate is only about

14 cm21 V21 for Pt but about 64 and 76 cm21 V21 for Au and

Pd, respectively. This indicates that the structure of interfacial

water should be different for these three metals.126 In order to

correlate the spectral features with respect to adsorption

configurations of water on Pt, Pd and Au electrode surfaces,

their optimized structures were computed with density func-

tional calculations, which agree with our experimental results.

The above preliminary result has shown that the first

observation of SERS of water allows us to scrutinize the

interfacial structure of water on the TM surfaces, providing

excellent opportunities for a deeper interpretation on surface

structures of water at the molecular level.126

In summary of this section, we have successfully prepared

Au@TM nanoparticles with ideally pinhole free ultra-thin

shells of various TMs, such as Pt, Pd, Co and Ni, with con-

trollable thickness through a simple chemical method. It has

been proven that the borrowing SERS activity strategy based

on the core–shell nanostructures is especially useful for greatly

boosting the SERS activity of TMs. Fig. 14 gives a comparison

of surface enhancements of three types of SERS substrate,

i.e., the traditional SERS substrates (Ag, Au and Cu), pure

Fig. 13 SER spectra of water and deuterated water obtained on

different metal surfaces in 0.1 M NaClO4 at 21.6 V: (a) Pt in H2O; (b)

Pd in H2O; (c) Au in H2O; (d) Pt in D2O. All the spectra have been

subtracted with those obtained at +1.0 V as background; d: bending, n:

stretching. Laser wavelength: 632.8 nm.

Fig. 14 A schematic illustration of the averaged enhancement factors

obtained from different types of SERS substrates: Au, Ag and Cu,

transition metals, and core–shell nanoparticles. The detection thresh-

old of surface Raman spectroscopy is also given to demonstrate the

importance of improving the SERS activity of the substrate.
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TM substrates, and core–shell nanoparticles assembled sub-

strate, related to the detection threshold of surface Raman

spectroscopy. Among the three substrate categories, Au, Ag

and Cu, as the typical SERS-active substrates, show the

highest enhancement. The averaged enhancement factor can

reach 107 when optimization is made on the size, shape and

inter-particle space of aggregated nanoparticles. In the non-

optimized systems, such as electrochemically roughened

electrode surfaces, the surface nanostructure is random and

disordered and has a very broad size distribution. Such ill-

defined surfaces can only exhibit enhancement factors of about

105. By effectively borrowing the SERS activity from the

highly active core (or substrate) of Au or Ag, the originally

small surface enhancement of the TMs can be boosted by two

orders of magnitude, and the total enhancement factor can

approach the same level as the conventional SERS-active

substrates. This indicates that, although the spectral quality

may not be the same, the scope of probed molecules for the

TMs could be as wide as that of Au, Ag and Cu metals, which

is essentially important for developing Raman spectroscopy as

a powerful tool in surface science.

Expanding surface and substrate generalities by tip-enhanced

Raman spectroscopy

In the above sections, we have demonstrated the Raman signal

for surface species on TMs can be significantly enhanced by

using Au@TM nanoparticles borrowing the SERS activity of

the Au core. The enhancement can even allow the detection of

molecules with very small Raman cross sections, such as water,

on TMs, which may allow the detection of practically all

molecular systems. We have also pointed out that it is very

important to design a SERS substrate to allow an effective

coupling among the nanoparticles. Indeed, it is widely accepted

that nanoparticle dimers connected by a probing molecule are

the ideal configuration for generating the most effective SERS

enhancement.97,127–129 In such a dimer system, the most

enhanced field appears at the junction of the two nanoparti-

cles, which has now been conceived as the ‘‘hotspot’’ in single-

molecular SERS.97,127–129 Considering the importance of the

junction or gap in SERS systems, and if the two nanoparticles

are changed to one nanometer-sized tip and a flat substrate, we

may expect also a high SERS enhancement inside the gap of

them. Such a configuration is behind the concept of tip-

enhanced Raman spectroscopy (TERS).83–86

As shown in Fig. 4, TERS borrows the enhanced electro-

magnetic field of the tip to boost the Raman signal of the

molecules on the sample surface. The highest enhancement

reported experimentally was as high as 106.88a Due to the

highly localized electromagnetic field enhancement, TERS can

also provide very high spatial resolution smaller than the

size of tip apex, determined by the tip geometry.100,130–132

The experimentally reported spatial resolution is as high as

14 nm,87,133 which is much better than that of optical micro-

scopy. The combination of high spatial resolution of SPM with

the rich chemical information of Raman spectroscopy makes

TERS a very promising technique for investigating processes

at metal/vacuum, metal/gas and metal/electrolyte interfaces as

well as in bio-related systems.

It should be pointed out that, different from the contribu-

tion of multiple SERS-active sites to SERS, the enhancement

in TERS is mainly contributed by the tip as a single nano-

particle and only one ‘‘active site’’ (the gap between the tip and

sample) is present. As a result, TERS may give a weaker signal

than SERS under a similar enhancement as the number of

molecules detected in TERS is roughly about 2500-fold less

than that in SERS considering the difference in probing

area.134 It becomes especially difficult if one is going to study

processes on well-defined single crystal surfaces, on which no

or an extremely weak SERS effect exists. Therefore, it is very

important to obtain a TERS tip with very high enhancement

and to choose a suitable substrate to provide excellent

coupling between the tip and the substrate in order to achieve

an optimal TERS signal.

Electrochemical preparation of gold tips for STM-based TERS

In TERS, the enhancement is mainly provided by the tip,

therefore, a metallic tip with suitable optical and chemical

properties is vitally important to TERS. In our opinion, there

are four very basic requirements on a TERS tip: a sharp tip

apex for SPM measurement to obtain the high quality

morphological image of the sample, ideal size and shape for

producing prominent field enhancement, a smooth surface at

the illuminated area of the tip to exclude the contribution of

SERS, and free of contamination to suppress any possible

background signal.

Depending on the scanning probe microscopy used for

TERS, the TERS tip can be a metallic STM (scanning

tunneling microscopy) tip or metal-coated AFM (atomic

microscopic) tip. It is a common practice to use vacuum

deposition or chemical reaction method to deposit silver or

gold over commercially available AFM tips.83–85,135 However,

it is very difficult to produce TERS tips with controllable

morphology and particle size at the tip apex. There were also

some reports on fabricating silver STM tips for TERS,

however, it is extremely difficult to obtain a very sharp end

without using other ion- or electron-based sharpening techni-

ques.86,87 In 2004, we proposed a method to obtain very

smooth and sharp gold tips used successfully for obtaining

TERS.136 Following our recipe, some other groups made

further improvement.137–139 However, the reported results

were still far from satisfactory.

Aiming at the above mentioned requirements on a TERS

tip, we have developed and refined the method used in our

previous paper to obtain ideal Au tips for TERS.140 Au tips

can be reproducibly obtained by etching a gold wire with a

diameter of 0.25 mm in a mixture of fuming HCl and absolute

ethanol with a volume ratio of 1 : 1 at 2.2 V (dc) using a

potentiostat to control the potential and monitor the current

response. By recording the current during the etching process,

it is interesting to obtain the current oscillation curve shown in

Fig. 15(a). For clarity, the last 10 s of the curve was expanded

and shown as the inset, from which we can clearly observe a

very periodic current oscillation until the termination of the

etching process. The ending point was signaled when the

current reaches a preset value (normally half of the lowest

current) and the electric circuit was cut-off. Using such a
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method, one can reproducibly fabricate Au tips with radii less

than 20 nm. A typical SEM image of the tip is shown in

Fig. 15(b), the tip radius is only about 12 nm. After a

systematic study, we found an interesting correlation between

the tip quality and current curve: a nice tip is usually accom-

panied by a periodic current oscillation curve. As can be seen

from the figure, the surface of the tip is very smooth with

extremely weak SERS activity, which can effectively minimize

the possible interference of the adsorbed impurities on the tip

to the TERS signal. Such a nanometer scale tip apex can

provide high SERS activity and found to show very good

TERS activity, which enables the observation of monolayer

species adsorbed on single crystal surfaces as will be shown

below.

TERS investigation of a resonant adsorbate on single crystal

surfaces

After the first report in 2000, TERS has found a wide applica-

tion. However, in about six years after the discovery of TERS,

there are still only a few attempts to investigate adsorbed

surface species, indicating the difficulty in carrying out this

type of study.

The first attempt to obtain TERS signals from adsorbed

species on metal surfaces can be traced back to 2000, when the

Pettinger group reported the first TERS spectra of adsorbed

Brilliant Cresyl Blue (BCB), a molecule with resonant Raman

effect, on a smooth and semi-transparent Au film using a Ag

tip.86,141 An enhancement of up to 1500 for such a combina-

tion has been reported. The attempt to study a non-resonant

Raman system is very difficult with such a low enhancement

over the very small amount of molecules in the sampling region

of TERS. However, if a SERS substrate, e.g. a rough Au film,

was used, the TERS enhancement was observed for a molecule

with relatively small Raman cross section, such as CN2.141,142

CN2 is a molecule that shows distinct Raman features on Ag

and Au, which can be used as a probe to distinguish whether

the signal is from the Ag tip or the Au substrate and to

demonstrate whether the observed Raman signal is really from

the substrate rather than from the tip contaminated in the

TERS measurement.

These early studies have demonstrated that TERS can be

used to investigate both smooth and rough substrates, which

have expanded to some extent the surface generality of Raman

spectroscopy. However, the surface structure of either the

smooth Au film or rough Au substrate is far from well-defined.

Therefore, the existence of SERS-active spots on the substrate

may complicate the TERS response or even lead to an under-

estimation of the TERS enhancement. If the TERS study can

be performed on well-defined atomically smooth single

crystal surfaces, one may be able to use the surface selection

rule to determine the surface bonding and orientation of

surface species, and therefore understand the surface process

unambiguously.88

With our long-term interest in seeking methods to obtain

surface Raman signals of adsorbed species from single crystal

surfaces, we carried out a collaborative work with the Pettinger

group. The use of single crystal surfaces on one hand provides

a good opportunity to understand the surface process with

well-defined surface structure and to compare with the results

obtained with other surface techniques as well as providing an

ideal condition for employing surface selection rules to under-

stand the surface Raman processes.88 On the other hand, a

defect-free surface eliminates the possible complication of

SERS effect on the TERS signal and will enable a relatively

accurate estimation of TERS enhancement based on the

observed TERS signal with the negligible SERS enhancement

from the Au(111) substrate itself.

For this purpose, we chose a molecule with resonant Raman

effect that allows us to directly detect the surface Raman

signal of the molecule adsorbed on well-defined single crystal

surfaces. Malachite Green Isothiocyanate (MGITC) was

chosen as such a probe molecule.88 On one hand, it has an

absorption peak at 629 nm, which is in almost ideal resonance

with the exciting laser line of 632.8 nm. On the other hand, the

molecule has an isothiocyanate group and the exposed S end

can be used to bind strongly on the Au surface, which is in

favor of forming a monolayer species.

A monolayer of MGITC on Au(111) surface can be

routinely prepared by a drop-casting or dipping method with

a MGITC ethanolic solution. Then, the electrode was rinsed

with copious amount of ethanol to remove the physisorbed

MGITC. Enhanced by the resonant Raman effect, the surface

Raman signal of a monolayer of MGITC over a well-defined

Au(111) surface can be detected with a confocal Raman

instrument, and the spectrum is presented in Fig. 16(a). It is

Fig. 15 (a) The current–time curve recorded during the etching process of an Au wire in a mixture of fuming HCl and ethanol solution, showing

an electrochemical current oscillation. The last 10 s current response was expanded and shown as inset for clarity. (b) An SEM image of the Au tip

etched in the above solution with termination control.
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interesting to note that the very strong fluorescence signal

detected when MGITC was dispersed over a quartz plate, was

almost completely quenched when MGITC was adsorbed on

Au(111) as a result of an energy transfer from MGITC to the

conductive Au surface. The quenching of the strong fluores-

cence enables the weak surface Raman signal to be observable.

The very weak surface resonance Raman (SRR) signal of

MGITC becomes prominent when the Au tip was brought into

tunneling region, with a gap of about 1 nm between the

electrode and the substrate. This signal can be convincingly

attributed to the tip-enhanced Raman signal, rather than the

SERS of MGITC adsorbed on the Au tip, which has been

verified by illuminating the laser directly on the tip or

reexamining the tip with a Au substrate free of MGITC

molecules. Although we did not find noticeable differences in

the vibrational frequency in the two cases (TERS and SRR),

we did observe a quite significant difference in the relative

intensities, especially for the bands located below and above

1000 cm21, which may be related to the difference in the

enhancement mechanism of SRR and TERS.

With both the SRR and TERS signal of MGITC, we

estimate the TERS enhancement due to the existence of the Au

tip. There are several methods that can be used to estimate the

enhancement.88,141,143 The first and most simple approach is

the calculate the contribution of each molecule to the total

Raman signal taking into account the different effective area in

two techniques according to the following relation:141

G = (ITERS/NTERS)/(ISRR/NSRR # (ITERS/r2
TERS)/(ISRR/r2

SRR)

Several experimental results and theoretical calculations

have shown that the enhanced field will be localized to a region

equal to or smaller than the size of the tip apex.100,130–132

Therefore, if we consider that the tip radius is about 20 nm in

the TERS measurement and the radius of the laser spot is

about 1000 nm in the SRR measurement, and that the SRR

signal is about 1.3 cps and the TERS signal is over 1600 cps

with this specific tip, we can estimate G to be about 3 6 106.

This enhancement is comparable to that of SERS, but

produces a weaker signal than SERS due to the much lower

amount of molecules measured by TERS. However, such a

high enhancement can only be achieved with a proper selection

of the tip and the substrate, e.g., Au tip and Au substrate in the

present case.

The second approach to estimate the G value in TERS is

based on the measurement of time constant of the photo-

bleaching process of a dye molecule, as described in ref. 143.

Photobleaching is a result of the decomposition of the

molecules under the radiation of the incident light and the

time constant is inversely proportional to the local field

intensity of the incident light. Therefore, the TERS enhance-

ment can be estimated by:88,143

G = (ILTERS
/ILSRR

)2 = (tSRR/tTERS)2

This method will sometimes be complicated by the difficulty

in obtaining of a reliable tSRR and tTERS as the signal is just

above the noise level in SRR, whereas the TERS signal decays

very rapidly. Based on the same system, the Pettinger group

recently further demonstrated that it is possible to obtain the

TERS signal from several molecules with the help of resonant

Raman effect.134

TERS investigation of non-resonant adsorbate on single crystal

surfaces

The enhancement of six orders of magnitude provides an

opportunity to investigate molecules without resonant Raman

effect. To demonstrate this possibility, we selected benze-

nethiol, a molecule which does not absorb in the visible region,

as a probe molecule.88 Therefore it will not produce a resonant

Raman effect using 632.8 nm excitation. Benzenethiol can

easily form a monolayer on Au by cleaving the S–H bond in

C6H5S–H to form C6H5S–Au. As expected, without resonant

Raman effect, we have not been able to observe any Raman

signal from such a monolayer species under the present

experimental condition, see Fig. 17(a). However, when the tip

is brought to the tunneling region, boosted by the enhance-

ment produced by the tip, the Raman signal of the adsorbed

monolayer species can be clearly observed, with a maximum

intensity of 63 cps for the 1581 cm21 peak, see Fig. 17(b). As

we have not detected any signal of benzenethiol on Au(111)

directly, we can not estimate the enhancement from the experi-

mental result. However, if we consider a similar enhancement

of 106 as in the case of MGITC, we may expect a surface

Raman signal of only about 0.15 cps for benzenethiol on

Au(111). This intensity is far below the detection threshold of

the present Raman instrument. However, by borrowing the

field enhancement of the Au tip, this originally very weak

surface Raman signal can now be readily detected.

Since we have now been able to obtain the TERS signal

from an Au(111) surface of resonant and non-resonant

molecules, can we obtain the TERS signal from other TM

single crystal surfaces, so that the substrate generality of

Raman spectroscopy can also be extended? For this purpose,

we used Pt(110) as the substrate. Similarly, we could not detect

any signal of benzenethiol directly from Pt. However, when the

Fig. 16 Surface Raman spectra of MGITC before (a) and after (b)

the approaching of the Au tip. The acquisition time was 30 s for curve

(a) and 10 s for curve (b). Note that curve (a) has been enlarged by

10-fold. The laser power on the sample was 5 mW with 632.8 nm

exciting line.
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tip approached the substrate, we observed the signal from

adsorbed benzenethiol on Pt, shown in Fig. 18(a). In com-

parison with the spectrum (Fig. 18(b)) obtained in the control

experiment conducted on Au(110) using the same tip, we did

observe some differences in the spectral feature (shown in

Fig. 18(b), for clarity, the spectral range of 800 to 1250 cm21

was expanded and shown as the inset): first, the signal intensity

obtained on Pt(110) is about 20-fold weaker than that on

Au(110); second, the band appearing at 1068 cm21 on Pt(110)

shifts to 1075 cm21 on Au(110); Third, the relative height of

the bands at 1075 to 1005 cm21 is about twice on Au compared

with that on Pt; fourth, the band width of the 1068 cm21 band

(ca. 24 cm21) on Pt is about twice than that on Au (12 cm21).

The latter two factors result in a similar integrated intensity of

the two bands, but with very different spectral features.

The different spectral features of benzenethiol on Pt and Au

may be due to the different interaction of this molecule with

the two metal surfaces as in the case of pyridine,144 which

further demonstrates that the observed signal is from the

molecule adsorbed on the substrate rather than the SERS of

the molecule picked up by the tip. Actually in the above case, if

we did the experiment with the same tip again on Pt(110), we

observed again the same spectral feature (Fig. 18(c)), which

convincingly demonstrates that the signal is really from the

substrate, rather than from the tip. This result further

demonstrates that TERS can be a sensitive diagnostic tool

for determining the interaction of molecules with different

substrates, which provides a promising opportunity to surface

scientists for investigating other systems that are of great

significance in practical application and fundamental research.

The 20-fold difference in TERS intensity on the Au(110) and

Pt(110) surfaces reveals that besides the dominant role of the

tip, a suitable substrate is also vitally important to allow an

optimal coupling between the tip and substrate to produce the

desired SPR frequency and intensity for producing optimal

TERS.

Theoretical simulation of field enhancement in TERS

In order to understand the TERS mechanism and estimate the

TERS enhancement, various theoretical methods, including

BEM, MMP, FEM, FDTD, have been used to obtain the

field enhancement and distribution around the tip–substrate

system.100,130–132,145–148 The effect of the tip and substrate

material, the incident configuration of laser, and the tip and

substrate distance on the TERS enhancement has been

systematically studied. Depending on the system studied,

enhancements of as high as six to nine orders of magnitude

have been obtained. In order to understand our experimental

finding, a preliminary FDTD calculation based on the

experimental conditions was performed. Au tips were modeled

using a radius of 20 nm and a height of 100 nm, and the

substrate and tip separation was 1 nm similar to the STM

working condition. Au and Pt plates were used to simulate the

Au(110) and Pt(110) surfaces. The laser is illuminated at angle

of 60u to the surface normal. The yee cell size used in the

present experiment is 0.5 nm 6 0.5 nm 6 0.5 nm, and the total

number of steps is 15 000.

The calculation result was shown in Fig. 19. It can be seen

from Fig. 19(a) that the highest field enhancement is about

308 when a Au substrate is used, which amounts to a Raman

enhancement of 9 6 109, while for the Pt substrate the highest

field enhancement is about 200, amounting to a Raman

enhancement of 1.6 6 109, see Fig. 19(b). Taking account of

the average effect, the Raman enhancement can still be as

high as 4.5 6 108 and 8 6 107 for Au and Pt substrates,

respectively. The enhancement factors are still about two

orders of magnitude higher than that of the experimental

result. The deviation may be due to the fact that the tip is still

not of perfect round structure at the tip apex and the coupling

of the laser with tip and sample is still not perfect. However,

this calculation does predict that the combination of Au tip

and Au substrate gives better coupling than that of Au tip and

Pt substrate, as has been observed experimentally. Sectioning

Fig. 17 Surface Raman spectra obtained on Au(111) (a) before and

(b) after the approach of the Au tip. The exciting laser line was

632.8 nm. The laser power on the sample was 0.5 mW. Integration time

was 60 s.

Fig. 18 TER spectra of benzenethiol adsorbed on different substrates

using the same Au tip: (a) Pt(110); (b) Au(110) after the measurement

of (a); (c) Pt(110) after the measurement of (b). The exciting laser line

was 632.8 nm. The laser power on the sample was 5 mW except in (b),

where 0.5 mW was used. All the spectra have been background

subtracted.
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the field distribution inside the gap between the Au tip and the

Au substrate (Fig. 19(a)) with a plane parallel to and 0.5 nm

above the substrate, we obtained Fig. 19(c), which clearly

indicates that the center of the area underneath the tip apex

gives the highest enhancement. To see clearly the spatial

resolution that can be achieved, we plotted the E-field

enhancement along the line indicated in Fig. 19(c) relative to

the displacement to the center of the area. For clarity, the

Raman enhancement is also given. As can be seen from

Fig. 19(d) that the best spatial resolution of ca. 3.5 nm can be

achieved with a 20-nm Au tip placed 1 nm above a Au

substrate. Up to now, the experimentally observed best spatial

resolution is about 14 nm. Apparently, there are still

opportunities to further improve the spatial resolution

experimentally.

Theoretical calculation by Nottinger showed that when the

substrate is changed to glass the highest enhancement can only

be 105.130 It is therefore important to choose an appropriate tip

and sample material in order to achieve the highest enhance-

ment. Even for the cases that are not in the optimized tip and

sample configuration, there are still some successful studies by

dispersing samples over glass slides, e.g., carbon nanotubes,

quantum dots, dye molecules and more recently cell mem-

branes using either Au or Ag tips,83,87,149–153 showing a

promising future of TERS for studying bio- and nano-related

system. In summary, by borrowing the enhancement from the

TERS tip, we have been able to study the adsorbed species

on both rough and smooth surfaces, and on atomic flat

noble-metal and TM single crystal substrates, which greatly

expand both the surface generality and substrate generality of

Raman spectroscopy.

Outlook and summary

As has been shown in the above two sections our group has

expanded substrate, surface and molecule generalities of

surface Raman spectroscopy by constructing special nano-

structures, e.g., SERS-active cores coated with transition-

metal shells by chemical method, and SERS-active tip closely

adjacent to a smooth surface by STM. In fact, with the

development of nanotechnology and instrumentation, many

new opportunities have been and will emerge to apply the

borrowing SERS-activity strategy in various ways since

2000.78,79,88,105,134,154–159

The borrowing strategy has been applied to some materials

and will be applied to a broad scope of materials of practical

and fundamental importance, including semiconductors,

polymers and dielectric materials, as illustrated in Fig. 20.

Dai and co-workers159a employed the surface sol–gel (SSG)

process originally developed by Kunitake and co-workers159b

to allow a solution based atomic layer deposition of a TiO2

film over a large substrate area of SERS-active silver film, see

Fig. 20(a). This chemical method can overcome the drawback

of relatively uncontrollable thickness in the previous sputtering

or vapor deposition method. Although the enhancement is

slightly decreased with the increase in the thickness, such

prepared substrates show much better stability over time. The

SSG method is a promising method for further expanding the

substrate generality especially for materials science.

Very recently, a seminal progress has been made by Van

Duyne and co-workers with a similar concept to the above

study.154 They deposited a sub-1-nm alumina layer on silver

film-over-nanosphere (AgFON) substrates by atomic layer

deposition (ALD), which allows them to strictly control the

thickness of the alumina layer, see Fig. 20(a). With a thin layer

of alumina the SERS enhancement only suffers a minor

decrease (one order decrease in signal for each 2.8 nm alumina

Fig. 19 FDTD calculation of the field distribution for the combina-

tion of Au tip and Au (a, c, d) and Pt (b) substrates: (a) Au tip and Au

substrate; (b) Au tip and Pt substrate; (c) field distribution in the plane

0.5 nm above the substrate; (d) the line profile of the electric field

enhancement and normalized Raman enhancement for the line

indicated in (c). The incident direction and polarization of the laser

is indicated in the figure. The tip radius is 20 nm placed 1 nm above the

substrate.

Fig. 20 Schematic illustration of three borrowing strategies using

SERS-active Ag or Au cores with different shell configurations: (a) the

shell is a non-SERS-active material and the target molecules are

adsorbed directly on the shell surface; (b) islands of catalyst are

deposited on the non-SERS-active shell surface and the target

molecules are adsorbed on the catalysts; (c) the Raman marker is

adsorbed directly on the core surface and the shell is modified with a

group (in purple) that can bind to the target molecules (in cyan).
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layer separation), therefore the SERS of AgFON substrates

can be fully employed. With such substrates they have been

able to achieve surface enhancement up to seven orders of

magnitude, which allows them to detect species with concen-

tration as low as 10214 M.154 It should be noted that the

ultrathin ALD grown oxide layer has several important

virtues: it is extremely stable to oxidation and high tempera-

ture, which helps to maintain the high stability of SERS

activity and provides a very long shelf-life. Furthermore, due

to the high affinity to the carboxylate groups, it is very suitable

for detecting molecules with carboxylate groups on the basis of

their polar interaction. After modification with catalytically

active islands on the oxide layer, as illustrated in Fig. 20(b),

the core–shell nanoparticles have been used to study in-situ

catalytic processes.154 With its ultrahigh sensitivity and

stability, this method will ensure to be positioned as one of

the most promising SERS methods for very wide applications.

Another conceptually different strategy is to borrow the

SERS signal of a strong Raman scatterer (preferably resonant

molecules) introduced as a Raman marker on the very first

layer of the SERS-active nanoparticle surfaces that can be

single particles or aggregates of several particles, as exempli-

fied in Fig. 20(c). Typically the Raman-marker tagged nano-

particles were modified with glass,155,157,158 polyelectrolyte,160

or polymer156 shell to provide the particle(s) with mechanical

and chemical stability. The shell provides various functional

groups for binding with specific molecules for further

immunoassay or direct interaction with sample molecules. In

this configuration, the Raman signal is not from the target

molecules (or molecules to be analyzed), but from the Raman

marker (or tag), therefore, it is unnecessary that the probe

species should have a strong Raman signal or be in contact

with the nanoparticles. This approach has been employed by

several groups for multiplexed immunoassay as a very

promising technique. The ultrahigh enhancement and the

feasibility for multiplexed assay are two important points that

this method can be used for practical application where

extremely high enhancement is necessary.156

As mentioned above, TERS borrowing of the electro-

magnetic enhancement effect of the tip can be used to

investigate samples without any surface enhancement effect.

Therefore, it does not have a specific requirement on the

surface as well as the substrate material, which allows

investigation of substrates from single crystals to rough

surfaces, from conductive to non-conductive substrate and

greatly expands the substrate generality. However, as has been

pointed out in many theoretical calculations as well as our own

study, the coupling between the tip and substrate plays an

important role in TERS, and will change the frequency of the

localized SPR peak.88b,130 Therefore, in order to achieve

the highest enhancement, one has to properly choose the tip,

the substrate and the excitation wavelengths.134 In typical

TERS, the enhancement is generated by the coupling of the tip

with substrate, it can be considered as a single SERS cavity

system. However, it may be possible in the near future to

properly design and construct a multiple-tip system for

investigation of sample with extremely low signal intensity. It

would have great significance if TERS can work under UHV,

real catalytic or electrochemical conditions, so that the surface

structural effect and the chemical, catalytic or electrochemical

activity can be well correlated based on well defined single

crystal surfaces. The use of TERS to study cell-related systems

and to sequence DNA chains with a high spatial resolution of

a base are very promising and challenging directions for

TERS.149,150

To fully employ the borrowing SERS strategy, it is necessary

to further develop theoretical methods that can quantitatively

account for the EM field distribution and enhancement effect.

To accurately predict the enhancement for core–shell nano-

particles, it is necessary to find a theoretical method that can

treat the dielectric constant for the ultrathin metallic shell.

However, at present it is still not conclusive whether it is

reliable to correct the dielectric constant of a bulk materials

with the corrected relaxation time and effective electron mean

free path by taking into account the electron and surface

collision.161,162 Furthermore, the investigation on the size-

dependent dielectric constant is largely absent experimentally

and theoretically, and at the present stage, most of the work

has been confined to Ag and Au. The main reason is that the

systematic data of the size-dependent dielectric constant related

to metal nanoparticles are still unavailable and difficult to

obtain experimentally. It may be possible to employ the SERS-

probe molecule method to correlate the shift in the vibrational

frequency of adsorbates, such as CO, with the change of the

shell thickness, and thereafter to predict the electronic

properties of the nanostructures theoretically.

It should be pointed out that both core–shell and TERS

configurations allow the probe molecule to be isolated from

the nanostructure surfaces producing a strong field enhance-

ment. It may provide some unique systems to evaluate the

contribution to SERS by the chemical enhancement that

requires direct adsorbate–surface interaction. In the core–shell

case, the shell thickness as the spacer can be controlled from

several s to tens of nm and material can be varied from

metallic to dielectric for the systematic investigation. In the

TERS case, the tip and substrate distance can be strictly

controlled by SPM with air being the medium. Therefore,

using both configurations and by changing the space between

the molecules and the nanostructures and the material of the

shell, one will be able to investigate the distance-dependent

field enhancement without the complication by the chemical

enhancement. Such investigation, on the other hand, will allow

a systematic assessment of the contribution of chemical

enhancement to SERS and ultimately for a better and

comprehensive understanding of SERS mechanism(s).

Since SERS, surface-enhanced infrared spectro-

scopy,36,163,164 surface-enhanced fluorescence spectroscopy165

and surface-enhanced SFG166 belong to a family of surface-

enhanced optical spectroscopy, the borrowing strategy could

be applied also in this whole family for expanding their

generalities.

In summary, we have utilized two approaches to develop

SERS into a more versatile and potent means with the

borrowing SERS activity strategy. In the first approach,

Au@TM nanoparticles have been synthesized with pinhole-

free ultra-thin shells of various transition metals, such as Pt,

Pd, Co and Ni, through a simple chemical reduction method.

The shell thickness from about two to tens of atomic layers can

This journal is � The Royal Society of Chemistry 2007 Chem. Commun., 2007, 3514–3534 | 3531
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be well controlled by adjusting the ratio of the amount of the

Au seed to the second metal ion in the solution. Under the

optimized core size, shell thickness, inter-particle space and

shell materials, the total SERS enhancement of 104–105 has

been achieved by effectively borrowing the SERS activity from

the highly active Au core. With such a high enhancement, we

have been able to obtain the first SERS (also the first Raman)

spectra of water of water/TM systems, which had been

impossible using pure transition metal alone. The ability to

obtain good SERS signal of water indicates that the in-situ

vibrational properties of a great diversity of adsorbates, even

with small Raman cross section, on transition metals can now

be achievable by this means.

In the second approach, TERS has been employed to solve

the problem of the surface generality of SERS by borrowing

the enhancement from the highly SERS-active tip and also

coupled enhancement from the tip. By placing an Au tip above

an atomically flat Au single crystal surface, an enhancement of

up to 106 has been obtained, which has allowed us to detect

monolayer adsorbed species (resonant and non-resonant) on

single-crystal metal surfaces, including Au(110), Au(111) and

Pt(110), which has been considered a great challenge in surface

Raman spectroscopy. To fully accomplish the borrowing

strategy with various nanostructures, we have performed 3D-

FDTD calculations to predict dependence of electromagnetic

field enhancement on the shell thickness and/or effective

distance from the highly SERS-active core, as well as the field

enhancement and spatial distribution in TERS.

As a whole, the lack of substrate, surface and molecule

generalities of SERS has been circumvented to some extent by

these efforts. It has been shown that SERS is indeed an

interesting phenomenon not only for spectroscopy and surface

science but also for nanoscience because SERS-active systems

must possess nanostructure and the SERS activity is critically

dependent on the configuration and composition of the

nanostructures.33–44,111,167 Accordingly, there are good reasons

to be optimistic that SERS will become increasingly general

and indispensable tools in fundamental studies and widespread

applications.
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