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Surface-enhanced Raman spectroscopy (SERS) has evolved significantly over fifty years into a powerful
analytical technique. This review aims to achieve five main goals. (1) Providing a comprehensive history
of SERS's discovery, its experimental and theoretical foundations, its connections to advances in
nanoscience and plasmonics, and highlighting collective contributions of key pioneers. (2) Classifying
four pivotal phases from the view of innovative methodologies in the fifty-year progression: initial
development (mid-1970s to mid-1980s), downturn (mid-1980s to mid-1990s), nano-driven
transformation (mid-1990s to mid-2010s), and recent boom (mid-2010s onwards). (3) Illuminating the
entire journey and framework of SERS and its family members such as tip-enhanced Raman
spectroscopy (TERS) and shell-isolated nanoparticle-enhanced Raman spectroscopy (SHINERS) and
highlighting the trajectory. (4) Emphasizing the importance of innovative methods to overcome
developmental bottlenecks, thereby expanding the material, morphology, and molecule generalities to
leverage SERS as a versatile technique for broad applications. (5) Extracting the invaluable spirit of
groundbreaking discovery and perseverant innovations from the pioneers and trailblazers. These key
inspirations include proactively embracing and leveraging emerging scientific technologies, fostering
interdisciplinary cooperation to transform the impossible into reality, and persistently searching to break
bottlenecks even during low-tide periods, as luck is what happens when preparation meets opportunity.
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1. Introduction

Half a century ago, in 1974, M. Fleischmann, P. J. Hendra, and
A. J. McQuillan of the University of Southampton reported
unexpected and high-quality potential-dependent surface
Raman spectra from pyridine adsorbed on a silver (Ag) elec-
trode roughened by an electrochemical method." Stunned by
the results, R. P. Van Duyne and D. L. Jeanmaire of North-
western University meticulously reproduced the experiments,
and determined that the effective Raman scattering cross-
section from adsorbed pyridine was enhanced by 10°-10° times.
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Their paper was published at the end of 1977 after a multi-year
and multiple journal review process, as the so-called surface
enhancement effect was initially met with strong skepticism.” In
the same year, J. A. Creighton and M. G. Albrecht of the University
of Kent independently reported a similar result.® Following these
discoveries, several mechanisms were proposed to explain the
abnormally intense Raman scattering on the surface. The widely
accepted surface plasmon mechanism was put forward by M.
Moskovits of the University of Toronto in 1978.* Subsequently, the
effect was officially named surface-enhanced Raman scattering
(SERS) in 1979 by Van Duyne.?
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The process of making a groundbreaking discovery by these
key pioneers that open a new scientific field was intricate and
challenging. It often involved pushing the boundaries of exist-
ing beliefs and theories, requiring individuals to think outside
the box and challenge conventional understanding. Four criti-
cal elements in the process including experiments, new con-
cepts, theoretical explanations, and naming of the observed
effect are vital for significant scientific breakthroughs such as
SERS, as illustrated in Fig. 1.

1. A new phenomenon is observed in experiments and
documented faithfully: by conducting experiments and care-
fully observing unexpected phenomena, scientists can uncover
new information that challenges existing knowledge or reveals
previously unknown patterns or behaviors. The experimental
observation was the starting point of the discovery journey
to SERS.

2. Novel concepts are introduced: once unexpected phenom-
ena are observed, scientists must develop new concepts or ideas
to explain these observations. This often involves thinking
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creatively and outside the box to propose novel theories that
can account for observed data.

3. Theoretical models/explanations are developed to support
these concepts: after introducing new concepts, scientists must
then develop theoretical explanations to support these ideas.
This involves creating models, equations, or frameworks that
can explain the underlying mechanisms behind the observed
phenomena and predict future outcomes.

4. An appropriate name is provided for the observed effect:
naming the observed effects is an important step in solidifying
scientific discovery and communicating it to the wider scien-
tific community. The name should accurately reflect the nature
of the effect and make it easier for other researchers to
reference and build upon the discovery.

In the scientific community, every individual who contri-
butes to these key steps plays a vital role. Without the collective
efforts of these pioneers, the emergence of new research areas
and the expansion of scientific knowledge would not have been
possible.
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Fig.1 Four key elements in the process of discovering the surface-
enhanced Raman scattering effect.

Similar to that of SERS, the discovery of the Raman effect
about a century ago was not accomplished in one stroke.
Smekal predicted the inelastic scattering of light after interac-
tions with molecules utilizing classical quantum theory in
1923.° However, the experimentalists at that time did not take
note of the theory, probably because the concepts of quantum
mechanics were not completely understood. In 1928, Raman
and Krishnan observed the scattered secondary radiation with
degraded frequency in 60 liquids and vapors and later named
the inelastic scattering the Raman effect.””® In the same year,
Landsberg and Mandelstam accidentally observed a similar
effect in quartz and Iceland spar while studying the change of
wavelength in scattering based on the Debye’s theory of specific
heat in solids.”'® Generally, the publications by Raman’ and
Landsberg® are considered landmarks in the discovery of the
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Raman effect."" The discovery not only promoted the develop-
ment of quantum theory, but also fostered an important
method for qualitative and quantitative chemical analysis.
Two years later, Raman was awarded the Nobel Prize in physics
for his work on the scattering of light and the discovery of the
Raman effect. However, Raman scattering is a weak effect, with
a typical cross-section of about 10° and 10™* times lower than
that of the infrared absorption and fluorescence processes,
respectively.'” Since the birth of Raman spectroscopy, detection
sensitivity has always been a major challenge hindering the
smooth development and broad application of Raman
spectroscopy.

Breaking developmental bottlenecks in a scientific field
often requires the introduction of new science and technology.
In the 1960s, the invention and introduction of lasers had
greatly improved sensitivity and expanded applications of
Raman spectroscopy. However, it was still extremely difficult
to apply Raman spectroscopy in the study of surface science
until the discovery of SERS (Fig. 2). The emergence of SERS
revolutionized surface spectroscopy and analytical science by
eliminating the inherent limitation of low detection sensitivity
in surface Raman spectroscopy. Nevertheless, the upsurge
following the discovery of SERS was regrettably short-lived.
From the mid-1970s to the mid-1980s, SERS could only be
realized on roughened substrates and colloids composed of
“free-electron-like”” metals, mainly Ag, Au and Cu. The lack of
substrate and surface generalities severely limited the accep-
tance of SERS by the community of surface science, electro-
chemistry, corrosion, catalysis and other industries. Many
research groups were gradually exiting the field, causing a
low-tide from the mid-1980s to the mid-1990s.

Similar to the reactivation of Raman spectroscopy by SERS,
the rapid advancements in nanoscience since the 1990s
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First SERS 105~108 LSP Naming the Theoretical
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Fig. 2 Atimeline of historical advances in Raman effect, SERS, and related revolutionizing science and technologies. The invention and introduction of the lasers
in the 1960s expanded the applications of Raman spectroscopy. Advancements in nanoscience in the 1990s boosted the second upsurge of the SERS field. EF:
enhancement factor; LSP: localized surface plasmon; NP: nanoparticle; SM: single-molecule; TERS: tip-enhanced Raman spectroscopy; SHINERS, shell-isolated
nanoparticle-enhanced Raman spectroscopy; SE-FSRS: surface-enhanced femtosecond stimulated Raman spectroscopy.

provided a boost for SERS, which regained widespread interest
in the mid-1990s and thereafter experienced a resurgence until
today. In this period, innovative nanomaterial synthesis, nano-
fabrication and characterization techniques enabled the evolu-
tion of SERS substrates from micrometer-scale ill-defined
rough electrodes to tens of nanometer-scale well-defined
nanoparticles.'® High-quality SERS spectra from a single mole-
cule adsorbed on Ag and Au nanoparticles had been obtained,
marking SERS as one of the most promising tools for single-
molecule science and trace analysis.'*">

In parallel, the urgent need to develop high-spatial resolu-
tion techniques and characterize atomically flat single-crystals
in surface science gave rise to two important variants of SERS:
tip-enhanced Raman spectroscopy (TERS)'™" and shell-
isolated = nanoparticle-enhanced @ Raman  spectroscopy
(SHINERS).*® Both methods produced intense Raman signals
from undisturbed surfaces of general materials, breaking the
bottlenecks of surface and material generalities of SERS.*'
Thereafter, the application fields of SERS have been expanded
from surface chemistry to material characterization, bioanaly-
sis, drug analysis, food safety, and environmental monitoring,
etc.,”’* which have enormously increased the impact and
promise of SERS.

In the past 50 years, SERS has gone through a tortuous path
to develop into a powerful diagnostic method. Due to the length
of the review, this retrospect describes four important stages of
the SERS field from the view of experimental and theoretical
methods in the fifty-year progression. First, we recall the history
of the birth of SERS and discuss the milestone works in the
initial 10 years, i.e., from 1974 to the ~mid-1980s, during
which the main experimental and theoretical foundations of
SERS were established. Then we discuss the low-tide period
(mid-1980s to mid-1990s) and the second upsurge of SERS
research profoundly boosted by nanoscience (nano-driven
SERS), which laid the key foundation and triggered an expo-
nential increase in interest in the SERS field for the subsequent
2 decades. We conclude by presenting the notable methods of
recent decades, which have significantly pushed the bound-
aries in terms of detection sensitivity and spatial resolution of
SERS, TERS, and SHINERS.

We believe that a deep analysis of the discovery and break-
throughs of SERS highlights the invaluable spirit of

This journal is © The Royal Society of Chemistry 2025

groundbreaking innovation and perseverance demonstrated
by the pioneers and trailblazers over the past 50 years. The
lessons contemporary researchers can draw from this history
are rich and profound: they involve not blindly believing in
authority but being willing to challenge established knowledge
to break developmental bottlenecks; proactively embracing and
leveraging emerging scientific technologies to lead to revolu-
tionary advancements; encouraging interdisciplinary coopera-
tion to transform the seemingly impossible into reality; and
bravely recognizing that great discoveries and observations are
often achieved even with incomplete or incorrect explanations.

There have been over 800 reviews and books on SERS from
different perspectives, so it is impossible for us to comprehen-
sively present the whole story of the birth and advancement of
SERS in all its details. Instead, we focus on innovative experi-
mental and theoretical methods, as they form the core of this
new field and continuously break developmental bottlenecks.
We hope this review serves as a treasured reminder of the
importance of innovation, perseverance, and collaboration in
any scientific research, offering invaluable insights and inspira-
tion for future generations of researchers.

2. The foundation of surface-
enhanced Raman spectroscopy (mid-
1970s-mid-1980s)

SERS has become one of the most important branches of
Raman spectroscopy and vibrational spectroscopy in the past
two decades, providing ‘“molecular fingerprint” information
with exceptionally high sensitivity.** It greatly transformed the
capabilities and applications of Raman spectroscopy. Thus, we
briefly recall the early days of the Raman effect before reviewing
the discovery of SERS, drawing inspiration by comparing the
discovery history of these great scientific fields.

2.1 Theoretical prediction and experimental discovery of the
Raman effect

About a century ago, the Austrian physicist A. G. Smekal, whose
scientific interests were focused on applying new quantum
theories to different areas of physics, theoretically predicted
the inelastic scattering of light from gases, liquids, or solids at

Chem. Soc. Rev,, 2025, 54, 1453-1551 | 1457
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wavelengths different from those of the usual monochromatic
incident radiation. Smekal utilized the classical quantum the-
ory, by which he assumed that light had a quantum structure
and showed that scattered monochromatic light would consist
of its original wavelength as well as higher and lower wave-
lengths. The related paper was subsequently published in a
German-language journal in 1923.° The key equations are
shown as followed,

My? My”?
hv-i—T-i-Em:T‘i‘En (En > Ep) 1)
My My
T —+ Em = T —+ En —+ hV/ (En < Em) (2)

where h is the Planck constant, v is the frequency of the
monochromatic radiation, M is the mass of the atom or the
molecule, v and v’ are the velocities of the atom or the molecule
before and after the interaction with the incident radiation. E,,
and E,, are the energies of every atom or molecule that is in their
mth or nth quantum state with the energy E,, and E,.

Five years later, the phenomenon was first discovered
experimentally by the Indian scientist C. V. Raman. In the
paper published in the Indian J. Phys., Raman described the
experimental phenomenon of scattered secondary radiation
and gave spectroscopic evidences.® The paper was delivered
on March 16, 1928, and published on March 31, 1928. Mean-
while, Raman and Krishnan’s article “A New type of secondary
radiation”, published in Nature,” reported the observation of
frequency-varying secondary scattering radiation in 60 solu-
tions and vapors. The work was sent out on February 16, 1928,
and published on March 31. They pointed out that the scattered
light was polarized and of great intensity to rule out the
possibility of fluorescence. The effect was then named after
Raman as the Raman effect, which was also known as the
Smekal-Raman effect in some German-speaking districts.*®

Almost at the same time, the former Soviet Union (now
Russian) scientists G. S. Landsberg and L. I. Mandelstam,
accidentally observed the similar effect in quartz and Iceland
spars while studying the Brillouin scattering in solids.” The
work was first published in the French-language journal Comp-
tes Rendus on July 9, 1928,"° and then in the German-language
journal Die Naturwissenschaften four days later,” which were the
earliest articles reporting Raman effects in solids. In some
reviews,"! these two pieces of work by Raman and Landsberg
are considered as the landmark of the discovery of the Raman
effect. The discovery of the Raman effect had far-reaching
consequences for scientific research in physics and chemistry.
Two years after the experimental discovery, C. V. Raman was
awarded the 1930 Nobel Prize in Physics ‘for his work on the
scattering of light and for the discovery of the effect named after
him.”

Anything that is strong and excellent often also has its
weaknesses and less favorable aspects. Raman scattering, clas-
sified as a two-photon process, exhibits a scattering cross-
section for molecules that is approximately 10° to 10™* times
smaller than that associated with infrared and fluorescence
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processes,*® respectively. As a result, Raman spectroscopy is
fundamentally limited by its low detection sensitivity.

In the early experiments, scientists used filtered sunlight or
mercury lamps as the light source and the eye or photographic
film as the detector, with very long exposure times, often up to
several days. Because of the very low intensity of the Raman
scattering signals and the lack of monochromatic and high-
brightness light sources, the efficiency of the technique
remained quite low until the 1960s. The invention of laser in
1960 and its rapid introduction to Raman spectroscopy there-
fore really revolutionized the field. The first laser-based Raman
scattering experiment was realized in 1962.>” Thereafter,
Raman spectroscopy became a more versatile technique that
utilizes lasers ranging from ultraviolet (UV) to near-infrared (IR)
to analyze samples at the molecular level. This flexibility allows
for the examination of various materials, including lunar rocks,
ocean ore, silicon chips, plastic, proteins, and drugs.**™**

2.2 Why was surface Raman spectroscopic research initiated
in the 1970s?

In the 1970s, two of the main challenges for Raman spectro-
scopy were its potential application in surface science and trace
analysis. They involved studying a much smaller number of
probe molecules compared to the bulk materials or solutions
typically used in Raman measurements. For instance, even if a
flat surface was fully covered with sample molecules like
pyridine, there would only be between 10"* and 10"* molecules
within the 1 mm diameter of the laser spot. This was the typical
illuminated area before the widespread use of the confocal
microscope in the mid-1990s. Given that usually one Raman
photon is produced by approximately 10°~10° incident photons
for the surface adsorbates of with monolayer coverage,'” it
remained difficult to detect it using even the most advanced
Raman instruments available at that time. Moreover, increas-
ing the power of the laser cannot be of great help because it will
ultimately damage the probed sample. Increasing the sample
concentration is a common way to enhance the intensity, which
proved effective for studying bulk signals in liquid phases and
transparent samples. However, this approach had limitations
when it came to surface adsorption, where only one monolayer
of molecules is typically present. At this concentration level, the
signals for most adsorbates without a resonance Raman effect
fell below the detection limit. Consequently, due to the inher-
ent weakness of the scattering mechanism, Raman spectro-
scopy was rarely used for characterizing surface species, with
only a few papers addressing highly powdered oxide catalysts
(which have surface areas many orders of magnitude larger
than those of flat surface samples) before the mid-1970s.**~*¢
Nevertheless, Raman spectroscopy held great appeal for
surface scientists as it had the potential to provide valuable
insights into various chemical, physical, and biological surfaces
and interfaces at the molecular level.*® It could determine
surface bonding, molecular conformation, and adsorption
orientation. Additionally, Raman spectroscopy could be
employed for in situ investigations of various interfaces, includ-
ing but not limited to solid-liquid, solid-gas, and solid-solid
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interfaces. It is particularly useful in scenarios where many
other surface techniques are not applicable. These significant
advantages strongly motivated some researchers to challenge
established knowledge and explore ways to enhance the applic-
ability of Raman spectroscopy in surface science and related
analytical fields, ultimately leading to the birth of surface-
enhanced Raman spectroscopy (SERS).”!

2.3 Why was the birth of SERS rooted in an electrochemical
system?

Between the mid-1960s and 1970s, electrochemistry was under-
going a significant transition from a macroscopic to a micro-
scopic level. During this period, spectro-electrochemistry
emerged to provide mechanistic and dynamic insights into
electrochemical interfaces at a molecular level.”” > Several
leading electrochemists seized the opportunity provided by
the rapid development of spectroscopy at that time, introdu-
cing several optical spectroscopy techniques to electrochemical
systems in sequence, including ellipsometry, UV-vis absorption
spectroscopy, and IR spectroscopy.’® The university of South-
ampton was one of the leading institutes of spectro-
electrochemistry. Nevertheless, Raman spectroscopy appeared
to be the most promising optical techniques for analyzing the
chemical structure of species on the most commonly used
metal electrode surfaces,"® given that the widely used aqueous
solutions in electrochemistry do not significantly interfere with
the surface signal compared to IR spectroscopy.’

However, initiating interdisciplinary collaboration between
Raman spectroscopy and electrochemistry was challenging.
The primary obstacle was designing an electrochemical cell
that could effectively measure both Raman scattering signals
and electrochemical signals simultaneously and efficiently. A
significant challenge was the Raman process’s inherent low
detection sensitivity. In an electrochemical cell, the deflection
of the optical path by the liquid phase further reduced Raman
spectroscopy’s detection efficiency. These issues made electro-
chemical Raman experiments impractical and unfeasible. It
took the bravery of a small group with diverse expertise in
electrochemistry and Raman spectroscopy. Their expert cross-
disciplinary cooperation, courageous efforts, and methodologi-
cal advancements ultimately transformed what was once con-
sidered impossible into reality.

Fleischmann, a very creative scientist in electrochemistry in
the 1970s, played a key role in establishing electrochemical
Raman spectroscopy. According to the formula for Raman
intensity in textbooks, it was not possible to detect a surface
adsorbate with monolayer coverage even with state-of-the-art
Raman instruments. However, he was highly eager to break
through this limitation by developing a new method that
utilizes Raman spectroscopy to measure the signals of mole-
cules that are adsorbed on electrode surfaces. However, bravery
alone is not sufficient to achieve breakthroughs in science;
rational design, a detailed scientific plan, and finding the best
collaborators are also essential. Encouraged by Graham Hills,
the Chair of Physical Chemistry at the University of South-
ampton, Fleischmann initiated a successful collaboration with
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Hendra, an expert in Raman spectroscopy who had pioneered
the study of adsorption on oxide powder catalysts with much
larger surface areas than electrodes, and with McQuillan, a
young and energetic postdoc.

McQuillan documented the collaboration between the two
scientists in his note,> “Both were innovative scientists, enjoyed
competing with each other in scientific brainstorming sessions, and
were excited by the prospect of audacious experiments.” Recalling
the history, Hendra wrote that®* “Back in 1972 we discussed and
argued over the possibility of recording Raman spectra from an
electrode surface. Problem, of course, is that the amount of
material present is minimal. So what system to use?” “My ears
duly flapped because Calomel (Hg,Cl,) is nearly the strongest
Raman scatterer known to man (Ce, is better!), Martin came up
with the idea of generating a high area mercury surface — so we were
hopefully ‘in business’.” Fleischmann and McQuillan generated a
surface coated with micro globular mercury, which increased
the surface area to ten times that of a smooth surface. Then
they successfully recorded Raman spectra from multiple layers
of Hg,Cl,, Hg,Br, and HgO on small mercury droplets formed
by nucleation onto a platinum disc electrode. This work was
reported in early 1973 in a brief paper without figures in
Chemical Communications.> Hg,Cl, has a very strong Hg-Hg
stretch Raman signal, but detection limits for Hg,Cl, multilayers
were still significantly above the more intriguing monolayer level.
Nevertheless, this approach was a logical first step in scientific
exploration, particularly in venturing into the unknown. The
authors successfully demonstrated that Raman signals could be
obtained from their designed electrochemical cell.

Encouraged by these results, they continued to advance their
methods to achieve detection at the monolayer level. As noted
by McQuillan,> “Thus, the focus of work turned to methods of
enhancing the Raman signal. The possibilities of using phase-
sensitive detection, resonance Raman, and large-surface-area elec-
trodes were considered. As Pat had pioneered the use of Raman to
study species adsorbed on large-area oxide catalysts, so large
surface area became the favoured direction.” The collaboration
between the electrochemist and the Raman spectroscopist
facilitated the combination of Ag electrodes and pyridine
molecules. McQuillan wrote down the words about the choice
of pyridine,®® “Pyridine had long been used as a probe molecule
for infrared spectroscopic studies of acidic sites on metal oxide
catalysts and had also found use in corresponding Raman studies
that Pat’s group had conducted.” Fleischmann and McQuillan
prepared various roughed electrodes by an electrochemical
oxidation reduction cycle (ORC) method, as written by
Hendra,*® “Martin’s Group came up with many roughened sur-
faces - platinum, palladium, iron, lead, you name it — and studied
them in electrodes containing good Raman scattering prospects.
Among numerous ideas, it was decided to try silver using an
electrolyte containing pyridine.”

2.4 First observation of SERS spectra of molecules adsorbed
on electrode

On 15 May 1974, the first potential-dependent surface Raman
spectra of pyridine adsorbed on an electrochemically
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(a)—(c) Photographs of Martin Fleischmann, Patrick Hendra and Jim McQuillan, respectively. (d) Illustration of the electrochemical cell used for the

Raman detection of pyridine adsorbed on Ag electrode. And Raman spectra of pyridine in solution and on the Ag electrode at different potentials: (e)
liquid pyridine; (f) 0.05 M aqueous pyridine; (g) Ag electrode 0 V vs. saturated calomel electrode (S.C.E.); (h) —0.2 V; (i) —0.4 V; (j) —0.6 V; (k) —0.8 V; (1)

—1.0 V. (a)-(c) are reproduced from ref. 56 with permission. Copyright
permission. Copyright 1974 Elsevier B.V.

roughened Ag electrode were reported by Fleischmann, Hendra
and McQuillan (Fig. 3a-c) in Chem. Phys. Lett., 1974, 26(2), 163
166." The abstract of the article states that," “Raman spectro-
scopy has been employed for the first time to study the role of
adsorption at electrodes. It has been possible to distinguish two
types of pyridine adsorption at a silver electrode. The variation in
intensity and frequency of some of the bands with potential in the
region of the point of zero charge has given further evidence as to
the structure of the electrical double layer; it is shown that the
interaction of adsorbed pyridine and water must be taken into
account.”” Ahead of this publication, McQuillan gave a very brief
report and presented a single Raman spectrum of pyridine
adsorbed at Ag electrode in the Faraday Discussions of the
Chemical Society on Intermediates in Electrochemical Reac-
tions at Oxford on 19 September, 1973.%”

The experiments were conducted in a specially designed
electrochemical cell (Fig. 3d), well-matched with the
spectrometer.®® The collecting window for both the incident
and scattered light was optically flat, ensuring optimal effi-
ciency. The surface consisted of a Ag rod electrode sheathed in
Teflon, which could be easily adjusted in position relative to the
window. Additionally, the focused argon ion laser beam could
be incident at variable angles. The obtained Raman spectra
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were of very high quality and clearly indicated the presence of a
surface species, as evidenced by the distinctive dependence of
spectral features, particularly the relative intensity, on the
electrode potential, as shown in Fig. 3g-1.

According to McQuillan’s note,”® “the first really significant
evidence which could well be due to adsorbed pyridine” ... “a
shoulder about 1008 cm™" under the 1003 cm™ " (solution) band.”
... “On 4 July I spent a day on the Cary 82 using the 5145 A laser
line looking at Ag deposited onto Pt and included some cyclic
voltammetry of system containing pyridine. Once again evidence
for adsorbed (?) pyridine as on 22 June . . . quite a distinct variation
in the size of the adsorbed species peak with potential.” ... “Short
discussion with Martin about results. Quite enthusiastic.”

Fleischmann and McQuillan attended the Faraday Discus-
sions on Intermediates in Electrochemical Reactions at Oxford
on 19 September 1973. During the discussion session, McQuil-
lan gave a very brief report with a single spectrum about their
observations.”” Then the paper was prepared for publication at
the end of 1973, as noted by McQuillan.>® “..., and began
putting a paper together for Chemical Physics Letters. This was
finally sent to David Buckingham on 21 February 1974 after
considerable discussion over unresolved aspects, such as the
unusually high observed Raman intensities. In the end no comment
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was included on the intensities. The response from David Bucking-
ham less than a week later was to say that the paper had been
accepted and that ‘you appear to have found an interesting
phenomenon’.”

In retrospect, this was indeed the first SERS measurement,
and the roughened electrode can be considered the first SERS-
active nanostructure (albeit mixed with microstructures),
although it was not recognized as such at the time. They
initially believed that the electrochemical roughening proce-
dure had significantly increased the electrode’s surface area
and, consequently, the number of adsorbed molecules. This
increase was thought to be responsible for the intense surface
Raman signal of pyridine, a molecule with a very large Raman
cross-section.

Through persistent and broad searching, logically followed
by a focus on the pyridine/Ag system, the high-level collabora-
tion between electrochemists and Raman spectroscopists led to
the first Raman measurements of adsorbed molecules on
electrode surfaces. This initial experimental observation
marked the right entrance door, ie., the beginning of the
discovery journey of SERS.

2.5 First determination of the surface enhanced Raman effect

The deep understanding of the essence of phenomena is crucial
for further transforming a preliminary phenomenon observa-
tion into a scientific progress and even a new field. The
abnormally intense Raman spectra of pyridine adsorbed on a
roughened Ag electrode had garnered significant attention
from Van Duyne. This was not only due to its capability to
measure surface-adsorbed monolayers of molecules, but pri-
marily because their intensities were about a million times
stronger than the same species in solution, an astonishing
claim first made by Van Duyne when he was a young assistant
professor (Fig. 4a).

He described how he was surprised when he first read the
paper by Fleischmann et al.,*® “Imagine my surprise in early May
1974 when I opened the May 4th issue of Chemical Physics Letters
and found the report by Fleishmann et al describing their
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observation of normal Raman signals from a monolayer of pyridine
adsorbed on a roughened silver electrode immersed in a simple
aqueous electrolyte solution in an electrochemical cell. I was
stunned! They observed count rates of ~500-1000 -counts
per second using 100 mW of 514.5 nm argon ion laser light.”

Van Duyne’s big surprise stemmed from his own interest in
using Raman spectroscopy to study electrochemical systems
since 1973.°° He had estimated that the Raman signals of
monolayer molecules adsorbed on surfaces could not be mea-
sured using the state-of-art instrument of the time.>® “I esti-
mated that for 1 monolayer of a non-resonant adsorbate such as
pyridine adsorbed in a vertical orientation on a platinum (111)
single crystal and excited with 1 watt of argon ion laser light at
488.0 nm, the total Raman signal for the 991 cm™* fundamental
integrated over the vibrational band would be something like 25
counts per second on a (then) state-of-the-art scanning double
monochromator with a cooled photomultiplier tube as a detector.
I concluded that this experiment was just barely possible and
therefore was of limited practicality.” Subsequently, he just
focused on improving the Raman sensitivity by several meth-
ods, especially by taking advantages of the resonance Raman
effect of dye molecules.”®

To resolve the confusion in his mind, Van Duyne then
visited Fleischmann’s laboratory at the University of South-
ampton after the International Society of Electrochemistry
meeting in Brighton, England in September 1974. As written
in ref. 59, “I was very keen to understand how it was possible to
observe surface Raman signals from pyridine because I had just
calculated how unlikely this experiment was to succeed. I learned
from Jim that surface roughness was likely to be the key factor.”

Although Fleischmann’s article attributed the enhancement
of the pyridine Raman signal on the surface of rough Ag
electrodes to the increased surface area of the rough electrodes,
Van Duyne still raised several questions about the renowned
electrochemist’s interpretation upon his return to Northwes-
tern:*>® “1. Why was the Raman intensity of 500-1000 counts s~ so
high? 2. If the surface area was made ~ 1000 times greater, should
not the double-layer capacitance of the electrode/solution interface
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(a) Photograph of Richard P. Van Duyne. Reproduced from ref. 58 with permission. Copyright 2020 Wiley. (b)—(e) Raman spectra of pyridine

adsorbed on a Ag electrode. The solution contained 50 mM pyridine and 0.1 M KCI. Electrode potentials are —0.2V, —0.4V, —0.6 V and —0.8 V for (b)—(e).
The Raman spectra were enhanced by image processing methods as the original spectra were blurry. Reproduced from ref. 2 with permission. Copyright

1977 Elsevier B.V.
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have increased in proportion to the area, yielding a huge, easily
measurable value of ~40000 uF cm™ >?”

He persuaded his graduate student David Jeanmaire to
check the questions via scrutinizing the Fleischmann experi-
ments, and they successfully repeated, and largely extended the
experiments over the next two years. As surface roughness was
speculated to be a key factor, they started with the surface
roughness dependence of Raman intensity and found unex-
pected results. As written in ref. 59, “To test the surface area
hypothesis, we repeated the Fleischmann electrochemical rough-
ening procedure and carefully measured pyridine surface Raman
intensity vs. the number of coulombs of charge passed. Surpris-
ingly, we found that, starting from roughness conditions used by
Fleischmann, the surface Raman signals increased as the surface
roughness decreased! Eventually, we found that the ‘optimum’ level
of roughness corresponded to the oxidation and re-reduction of
approximately 100 monolayers of silver.”

The surface roughening procedure for Ag electrodes was
modified by using a slightly treated electrode that underwent a
few cycles of electrochemical oxidation-reduction. This elec-
trode displayed a yellowish surface and produced Raman
signals that were either equivalent to or even stronger than
those obtained from deeply roughened Ag electrodes used in
the Fleischmann experiments. The latter electrodes, subjected
to over a hundred cycles of treatment, exhibited a very dark
color. This observation suggests that the unexpectedly intense
Raman signals were likely attributed to specific surface proper-
ties of the roughened electrode, rather than an increase in
surface area.

Chance favors the prepared mind. Utilizing his previous
research experience on electrochemical Raman spectroscopy
based on the resonance Raman effect, Van Duyne and Jean-
maire calculated the enhancement factor.”® “Subsequently,
David and I devised a procedure to measure the surface enhance-
ment factor which compared the signal intensity per molecule on
the surface to the signal intensity per molecule for the same
molecule in free solution and discovered the 10°-10° enhancement
factor associated with SERS.” This result led them to propose the
surface enhancement effect, as stated in their article published
in J. Electroanal. Chem., 1977, 84(1), 1-20:> “Given that the
experimentally observed intensities of NR scattering from adsorbed
pyridine in our laboratory are 5-6 orders of magnitude greater
than expected, we felt that some property of the electrode surface or
the electrode/solution interface is acting to enhance the effective
Raman scattering cross section for these adsorbed amines.”

They compiled the results and sent it out for publication in
1976. However, their paper underwent a multi-year, multi-
journal review process, as the so-called surface enhancement
was initially met with strong skepticism. How could the Raman
signal from molecules adsorbed on rough metal surfaces be
dramatically and substantially increased compared to their
solution state? This notion was indeed too surprising and
difficult for the scientific community to accept. Their paper
was submitted to J. Electroanal. Chem. (received 7 October 1976)
and accepted on 12 May 1977. Subsequently, the paper was
published on November 1977.%
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Independently, Creighton and Albrecht reported a similar
result in J. Am. Chem. Soc., 1977, 99(15), 5215-5217,® which was
submitted 6 months later than Van Duyne’s. Both papers
presented compelling evidence indicating that the enormously
intense surface Raman signal is attributable to a true enhance-
ment in the efficiency of Raman scattering itself.

The effect was then designated as surface-enhanced Raman
scattering (SERS) in 1979 by Van Duyne.” “Such enormous
enhancements of the normal Raman (NR) scattering process com-
pletely overcome the traditional limitation of SRS - its low
sensitivity. The experimental context in which surface enhanced
Raman scattering (SERS) was first recognized was that of an
electrochemical cell.”

After five decades, it may be essential to draw inspiration by
delving deep into the starting point and asking three correlated
questions. Why was the discovery of the SERS effect first made
in pyridine that was adsorbed on an electrochemically rough-
ened Ag electrode? Why did Van Duyne and other colleagues
continue their investigations in the same Ag-pyridine system?
More surprisingly, why does the combination of Ag and pyr-
idine, proposed half a century ago, remain one of the best
electrochemical SERS systems with the strongest signal among
all non-resonance Raman molecules? Nowadays, every new-
c