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This article provides an overview of recent research on the
synthesis and surface-plasmon-related properties of noble
metal nanoplates. The first part is dedicated to summarizing
the most relevant wet-chemical and physical synthetic proto-
cols that have been used to obtain Au and Ag nanotriangles/
nanoplates in high yield, with a discussion of the formation
mechanisms proposed by the different authors. Finally, we

present a description of the characteristic optical properties
of nanoparticles with this particular morphology, in relation
with the possibility of exciting different surface plasmon
modes and concentrating high electromagnetic fields at
certain areas, which is important for applications in surface-
enhanced Raman scattering (SERS).

Introduction

Nanosized metal particles are the building blocks of the
emerging and highly promising field of plasmonics,!'! which
deals with the collective excitations of conduction electrons,
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light amplification at the nanoscale,? and their potential
applications in fields such as electronics,’! catalysis,[*! op-
tical sensing,! or nanobiomedicine.[) Synthetic routes for
the fabrication of plasmonic nanostructures with controlled
shape, size, and composition have undergone a severe revo-
lution over the last ten years. Regarding gold, it is possible
nowadays to prepare almost any imaginable structure in
high yield.”! However, in the case of silver, although pro-
gress in the control of the possible sizes and geometries is
not comparable to that for gold, the preparation of well-
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defined structures has also been achieved either directly
through physical or chemical routes or after one or more
purification steps.®! In contrast, control over other plas-
monic metals such as copper, palladium, platinum, ruthe-
nium, rhodium, or even alkaline elements remains still mar-
ginal.

The optical properties of plasmonic nanoparticles are es-
sentially determined by three factors: composition, size, and
shape.”) While the first two were understood a long time
ago, the effect of shape has only recently been fully appreci-
ated. Not only do the energies of localized surface plasmon
resonances (LSPR) within a given particle strongly depend
on its shape, but additionally the distribution of LSPRs in
anisotropic particles is not homogenous but concentrated
at specific surface sites. This has been theoretically and ex-
perimentally demonstrated for a variety of shapes such as
decahedra,'% plates,'!! rods,['?! stars,'3 and other nano-
particles with tips,['¥l and it has paved the way toward the
design of new, advanced optical sensors with capabilities of
detecting analytes down to the zeptomol regime in periods
of time shorter than 1s. Conversely, and for most plas-
monic applications, surface chemistry is a key factor, not
mainly because it has a direct impact on the LSPR fre-
quency of a given nanoparticle, but because direct contact
between the target molecule and the noble metal surface is
needed to obtain a plasmon-derived effect.l'>! With these
considerations in mind, together with the advantage of hav-
ing structures that can be easily organized on flat substrates,
with the possibility of tuning their plasmonic response from
the visible through the infrared, nanoplates emerge as one
of the principal alternatives for the design of plasmonic de-
vices, in particular for advanced sensing.

In this microreview, we aim at surveying the most com-
mon physical and chemical methods for the preparation of
colloidally stable and organized arrays of gold and silver
nanoplates, their optical response toward incident electro-
magnetic radiation, and their application for the design of
ultrasensitive sensors specially based on surface-enhanced
Raman scattering (SERS) spectroscopy.!®]

Synthetic Routes for the Fabrication of Ag and
Au Nano- and Microplates

During the last decade, a number of synthetic methods
have been developed to fabricate Ag and Au nano- and
microplates in high yield. This section focuses on reviewing
the different approaches, classified in wet methods, includ-
ing photoinduced and chemical reduction, and physical
methods, such as nanosphere lithography.

Photoinduced Methods

Most of the reported photoinduced strategies were de-
signed for the fabrication of Ag nanoparticles, probably ex-
cept the recent report by Zhu et al.l'’l Using 1-butyl-3-
methylimidazolium tetrafluoroborate (an ionic liquid) as re-
action medium, template and capping agent, the authors
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obtained Au microplates with sizes of the order of tens of
micrometers by photochemical reduction of Au**. Focusing
back on Ag, the first photoinduced method was published
by Jin et al.l'® Irradiation of preformed tiny Ag seeds (sta-
bilized by citrate) with visible light, in the presence of bis(p-
sulfonatophenyl)phenylphosphane dihydrate dipotassium
salt (BSPP), induced their conversion into Ag nanoprisms
with 100 nm edge length. The authors proposed a mecha-
nism based on the initial formation of small silver nano-
prisms and clusters from the preformed seeds and subse-
quent growth of the nanoprisms at the expense of the small
clusters. In a later work, the same authors reported the abil-
ity to tune particle size (from 30 nm to 120 nm edge length)
by adjusting the illumination wavelength. Longer wave-
lengths produced larger particles and, by employing dual-
beam illumination (Figure 1), unimodal (rather than bi-
modal) growth of the nanoparticles was possible.l'”] Indeed,
they observed a bimodal nanoprism size distribution when
the preformed seeds were irradiated with a single laser
beam, whereas by using a so-called secondary beam, the
fusion of preformed nanoprisms was avoided, as well as the
formation of a second population of larger particles,
thereby facilitating the slow growth of the smaller nano-
prisms by the primary beam. However, it has been recently
reported that monodisperse silver nanoprisms could be ob-
tained through single-beam excitation by simply adjusting
the solution pH,?°! which seems to be related to the influ-
ence of surface charge on the fusion between nanoprisms.
Almost simultaneously, Junior et al.?'l and Sun and Xia.*?
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Figure 1. The unimodal growth of nanoprisms. (a) Schematic dia-
gram of dual-beam excitation. (b) Optical spectra (normalized) for
six different-sized nanoprisms [edge lengths: 38=*=7nm (1),
50*=7nm (2), 629 nm (3), 728 nm (4), 95+ 11 nm (5), and
120 = 14 nm (6)] prepared by varying the primary excitation wave-
length (central wavelength at 450, 490, 520, 550, 650, and 750 nm,
respectively; width: 40 nm) coupled with a secondary wavelength
(340 nm; width: 10 nm). (c) Edge lengths as a function of the pri-
mary excitation wavelength. (d—f) TEM images of Ag nanoprisms
with average edge lengths of 38 =7 nm (d), 72=8 nm (e), and
120 = 14 nm (f). The scale bar applies to panels d—f. Reproduced
with permission from ref.[>’]
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demonstrated that Ag nanoprisms were also formed when
poly(vinylpyrrolidone) (PVP) was used instead of BSPP,
thus generalizing the synthetic method. Besides, Sun and
Xia maintained that the citrate ions used as capping agent
to stabilize the original Ag seeds play a key role in the con-
version from spheres into nanoprisms, since they interact
preferentially with the {I111} facets of the particles, in-
hibiting their growth.

Other groups have reported the tunability of the Ag
nanoprism edge length by adjusting the illumination wave-
length. Callegari et al.* showed that the photochemical
growth of Ag seeds can be controlled through the color of
the light used to drive the reaction. They proposed a two-
step mechanism based on the initial aggregation of the Ag
seeds, which caused the formation of two new populations
of larger particles and the subsequent preferential evolution
of one of these new species (determined by the illumination
conditions) at the expense of the remaining tiny seeds. Bas-
tys et al.?* used low-intensity light-emitting diodes (LEDs)
to photoinduce the formation of Ag nanoprisms from the
same Ag seeds, which appeared to be mediated by stages
comprising Ostwald ripening or nanoprisms fusion. Again,
adjusting the LED emission wavelength, they were able to
tune the edge length of the Ag nanoprisms without notably
affecting their shape and thickness. Interestingly, this of-
fered the possibility to obtain nanoparticles with strong in-
plane surface plasmon resonance bands in the NIR region.

So far, all the methods that we have described are related
to the use of light as driving force for the oriented attach-
ment of preformed Ag seeds. Nevertheless, several ap-
proaches use light for the photoinduction of the growth of
the preformed seeds by the reduction of Ag ions present in
the reaction medium. The first report, by Maillard et al.,*"]
showed the fabrication of Ag nanoprisms with visible light
irradiation for the reduction of silver ions on citrate-stabi-
lized Ag seed surfaces. Again, the final particle size could
be tuned by adjusting the illumination wavelength. Re-
cently, it has been demonstrated that irradiation has only
impact on the particle size, but minimal effects on their
thickness. Furthermore, the origin of particle anisotropy is
related to the intrinsic properties of the particles used as
seeds rather than to LSPR excitation.

Wet Chemical Reduction by Surfactant-Assisted Methods

Among all available surfactants, cetyltrimethylammo-
nium bromide (CTAB) has become the most extensively
used capping agent in the synthesis of Ag and Au nanopar-
ticles. This cationic surfactant has been applied for the
preparation of a wide variety of geometries including
spheres, rods, or nano- and microplates. In many cases
CTAB plays an essential role in acting as shape-directing
agent. Generally, these approaches for the preparation of
nano- and microplates are based on the reduction of the
metal salt with a mild reducing agent, usually ascorbic acid,
in the presence of CTAB. For example, by this approach,
the synthesis of truncated triangular Ag nanoplates is pos-
4290
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sible.[61 In this case, CTAB directs the growth of nanoplates
through selective adsorption on the (111) plane. The control
of plate size, from 40 to 300 nm, was possible by adjusting
the concentrations of CTAB and Ag seed.>”? Nevertheless,
this method yields particles with a wide size distribution, so
that LSPR tuning is rather limited. Seed-mediated ap-
proaches, previously developed to produce Au spheres or
rods,”8 have also succeeded in preparing Au nanoprisms
with average edge lengths of 144 + 30 nm (Figure 2).>1 Al-
though the procedures for the preparation of spheres, rods,
or plates are quite similar to each other, it is believed that
surfactant concentration is the critical factor toward pro-
ducing prisms rather than other shapes. This process in-
volves the successive addition of small Au seeds into three
separate growth solutions containing CTAB, Au salt, ascor-
bic acid, and sodium hydroxide. Although the process also
gives rise to a second population of spherical particles
(65%), the nanoprisms can be easily separated by using an
aluminum oxide filter. Furthermore, the Au nanoprisms can
be used as seedst® to finely tune their edge length (from
ca. 110 to 220 nm) and their optical properties, without al-
tering their original shape or thickness.

Figure 2. (A) TEM image of Au spherical and triangular nanopar-
ticles. (B) Zoom-in image. The inset shows the electron diffraction
pattern of the top of a single prism. (C) Histogram of nanoprism
edge lengths. (D) AFM image of nanoprisms on mica (tapping
mode). Inset: height profile along the dashed lines. Reproduced
with permission from ref.[>"]

Other approaches combine the use of CTAB with iodide
ions. For example, the addition of traces of iodide to a com-
mon synthesis of nanorods is enough to change dramati-
cally the obtained particle morphology to nanoprisms.[*!1
This effect has been explained on the basis of the preferen-
tial adsorption of iodide onto the Au (111) faces, repressing
the growth along this direction, and therefore allowing re-
duction on the other fcc facets. Nevertheless, the formation
of spherical particles as byproducts is always observed re-
gardless of iodide concentration. In fact, in a recent work,
Fan et al.’?! demonstrated that a key factor to obtain nano-
plates, apart from the presence of I ions, is the crystalline
structure of the seeds. In this method, seeds were prepared
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by using sodium citrate as stabilizer, rather than CTAB,
leading to particles with stacking faults, which are helpful
in obtaining plate-like structures. By adjusting the ratio be-
tween Au seeds and I ions, it was possible to tune the edge
length from 30 to 140 nm, without altering the thickness of
the plates. Further investigation of the fundamental aspects
of these experimental parameters, together with the use of
other reducing agentsi®3 or temperature,®¥ was actually
carried out to properly understand and control the fabrica-
tion of anisotropic nanomaterials. Thus, we know that tem-
peratures between 50 and 60 °C promote the growth of Au
nanoplates. Actually, thermal reduction of HAuCl, with cit-
rate in the presence of CTABP! is one alternative for the
preparation of gold plates of variable size, from tens of
nanometers to few microns. The proposed growth mecha-
nismB® for this reaction differs notably from the most
widely accepted ones based on the preferential passivation
of (111) faces by CTAB adsorption. In this case, it is be-
lieved that the formation of nanoplates takes place through
the formation of a polycrystalline Au fused mass, which
grows in size by incorporating dendritic Au nanostructures
and eventually adopting the plate-like morphology.

Another surfactant that is commonly used in the fabrica-
tion of nanoplates is bis(2-ethyl-hexyl)sulfosuccinate, AOT.
Pileni et al.’” used reverse micelles of AOT in isooctane
to prepare Ag nanodisks by reduction of a silver salt with
hydrazine. The size was controlled between 30 and 100 nm
by the relative amount of hydrazine. However, the wide size
distribution together with the important amount of Ag
spheres ruined the interesting optical properties of the
nanodisks. Nevertheless, using AOT as stabilizer, Jiang et
al.l*®¥ obtained Ag nanoplates and nanodisks with excellent
optical properties in the visible-NIR range. They employed
a self-seeding co-reduction method comprising a Ag seed
suspension with traces of NaBH,, subsequently grown by
cooperative reduction with citric and ascorbic acid. Al-
though the reaction products were triangular nanoplates,
Ostwald ripening spontaneously promoted the evolution of
the plates into disks at room temperature. The same authors
discovered that particle evolution could be detained by at-
taching thiols onto the silver surface.[*3"]

Wet Chemical Reduction by Polymer-Assisted Methods

Polyvinylpyrrolidone (PVP) is undoubtedly the most
popular polymer in the chemical synthesis of a wide variety
of metal nanocrystals since its introduction in the sevent-
ies.’? Although the major role of PVP is to act as capping
agent, it has been demonstrated that it may also act as a
mild reducing agent.*”! Additionally, PVP has often been
claimed to play a key role in determining the final particle
morphology, through stronger adsorption onto certain
crystalline facets. The first application of PVP to stabilize
silver nanoplates (truncated triangles, < 80nm edge
length), was devised by Pastoriza-Santos and Liz-Marzan
by using N, N-dimethylformamide (DMF) as reducing agent
and solvent.®?! A mechanism was proposed involving
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the aggregation of small Ag nanoparticles, followed by
recrystallization into single crystals, so that the edge size
could be controlled through the reaction time (at reflux).
Also by using DMF as reducing agent, Ag nanoplates were
prepared under sonication,[*! which was proposed to assist
Ostwald ripening, so that the final morphology was the re-
sult of the selective growth of certain crystal planes, guided
by PVP. Similar experiments were carried out with ethylene
glycol as solvent (the polyol route), also acting as reducing
agent at temperatures above 100 °C, which yielded Au
microplates with dimensions ranging from several to tens
of micrometers in length but only tens to hundreds of nano-
meters thick.[*?] The specific morphology (triangular, trunc-
ated triangular, or hexagonal), as well as the size, was found
to depend on both temperature and precursor concentra-
tion. The presence of large triangular and hexagonal par-
ticles with uniform thickness led the authors to propose two
main formation mechanisms, one based on the initial
growth of small triangular particles, which subsequently
grew by Au “atomic attachment” along the <110> direc-
tion, and another comprising the connection of the pre-
formed small triangular particles along the (110) lateral pla-
nes. Xia et al. also reported different strategies using hydro-
thermal treatment, also with PVP. An important conclusion
from their work*¥ was that PVP acts as stabilizer whereas
the role of citrate ions is directly related to inducing the
final shape. The same group later showed the possibility of
synthesizing Ag nanoplates, following also a hydrothermal
process in the presence of PVP.M4 Importantly, PVP not
only protected the particles from aggregation but also acted
as the reducing agent. A mechanism to explain particle for-
mation based on the addition of Ag atoms onto trimeric
silver clusters was also proposed.**! This method allowed
tuning the nanoplate lateral dimensions between 50 and
350 nm while keeping the thickness constant (ca. 5 nm) so
that their optical properties could be tailored within the
whole stretch of the visible and NIR regions. Hydrothermal
synthesis of Au plates was also reported with PVP,*4 but
the obtained plates were in the micrometer scale, rather
polydisperse both in size and shape, and in relatively low
yield. Exception can be made of the work of Ah et al. ]
who reported the hydrothermal synthesis of Au nanoplates
in high yield, using citrate and PVP, with control over edge
length (80-500 nm) and width (10-40 nm) by simply ad-
justing the molar ratio between the citrate/PVP mixture and
the Au salt (Figure 3). Since the mechanism proposed was
based on a seeding growth process, the relative amount of
nuclei with respect to the remaining Au salt would deter-
mine the final nanoplate size. The tight control and mono-
dispersity of the nanoplates was reflected in the excellent
optical properties with an in-plane dipolar surface plasmon
resonance band tunable from 700 to 2000 nm. In another
interesting report, in which PVP was claimed to act as re-
ducing agent, Zhang et al.l*”l used a ternary system consti-
tuted by water, PVP, and n-pentyl alcohol to synthesize Ag
nanoprisms with tunable edge lengths from 24 to 120 nm by
just changing the amount of PVP. Consequently, the main
surface plasmon band was also tuned from 475nm to
4291
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891 nm. The authors proposed an intricate growth mecha-
nism based on the initial formation of a (water/water-PVP),,/
n-pentyl alcohol (WWPN) interface region where the Ag*
ions diffused and were reduced. Since the selective adsorp-
tion of PVP on specific crystallographic planes of Ag oc-
curred, further reduction of silver ions took place preferen-
tially on those crystallographic planes with hindered PVP
adsorption, inducing the formation of nanoprisms.
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Figure 3. (a-d) FE-SEM images of gold nanoplates with average
width and thickness of 450 =29 and 39 =4 nm (a), 310 =25 and
28*=3nm (b), 158*13 and 18*3nm (c), and 96*12 and
14 =2 nm (d), respectively. The molar ratio of the repeating unit of
PVP (MW = 55 000, n = 500) to HAuCl, was 8:1 (a), 5:1 (b), 2:1
(c), and 0.1:1 (d). The scale bar is 1 pm. (¢) UV/Vis/NIR extinction
spectra of the samples in panels (a—d). Spectra 1-4 were obtained
from the corresponding samples a—d. The solutions of larger gold
nanoplates were suspended in D,O for the measurement to avoid
absorption due to H,O. (f) Aspect ratio (width/thickness) as a func-
tion of the molar ratio of PVP to Au. Reproduced with permission
from ref.[4°]

Finally, it is worth noting that conversion of Ag nano-
particles in the dark, but in the presence of NaBH,4, H,O,,
PVP, and citrate, has been used for a fine control over plate
thickness from 4 to 7 nm. While NaBH, was the critical
factor affecting the conversion of silver nanoparticles into
nanoprisms, and thereby controlling edge length, thickness,
and even tip sharpness, PVP and citrate acted as stabilizer
and shape-guiding agent, respectively.

Other Wet Chemical Reduction Methods

As demonstrated by Gentry et al.,* hydroquinone
(HQ), in the presence of tiny Ag seeds, is a suitable reducing

4292

www.eurjic.org

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

agent to obtain not only Ag spherical particles but also
nanoprisms (<100 nm in edge length). In the case of nano-
prisms, the final morphology, that is triangular, truncated
triangular, hexagonal, or even circular, depended on the ex-
perimental conditions. The key factor was the capping
agent, more controlled and monodisperse nanoprisms being
obtained when citrate was used, whereas PVP or poly(vinyl
alcohol) (PVA) led to higher polydispersity. Other param-
eters that need to be taken into account are pH (which
modifies the reducing character of HQ) and HQ concentra-
tion. It seems that the LSPR position can be tuned from
approximately 1000 nm to 500 nm by playing with the ex-
perimental conditions (including reaction time), but the
characterization of the particle dimensions was not suffi-
ciently accurate. The proposed mechanism was based on
random crystal growth into the final morphology, rather
than formation of small nanoprisms by seed aggregation/
melting. Conversely, a PVA film was used for the in situ
synthesis of polygonal Au nanoplates through thermal
treatment, in which the polymer acted as reducing agent
and stabilizer (Figure 4).1*°1 Adjusting the Au/PVA ratio,
time, and temperature of fabrication, the authors were able
to tune the morphology of the polygonal nanoplates.

® o) .. -w a-@' k i
° .
o .
o ' e ‘o"' L :
A
* - . ° "‘...\
a b b @ ¢® e T s

Figure 4. TEM images of Au-PVA films with polygonal nanoplates
generated under different conditions. The Au/PVA ratio, tempera-
ture of heating (°C), and time of heating (min) are indicated in that
order in parentheses: (a) pentagons (0.04, 170, 5); (b) hexagons
(0.08, 130, 30); (c) triangles (0.12, 100, 60). Scale bar: 50 nm. The
insets show enlarged views of a single nanoplate with the dominant
shape in each case. Reproduced with permission from ref.[#]

Block copolymers were also used to synthesize Au nano-
and microplates. Lee et al.l’” fabricated large Au micro-
plates by thermal reduction by using Pluronic P123 as both
reducing and capping agent. By using a similar strategy but
with an amphiphilic triblock copolymer made of polyethyl-
ene oxide and polystyrene oxide, Au nanoplates were ob-
tained with optical response in the NIR region. Tempera-
ture was a key factor in the final particle morphology, yield-
ing triangular and hexagonal plates in high yield (ca. 70%)
at 65 °C. Particle size could also be tuned from approxi-
mately 100 to 1000 nm by adjusting the copolymer-to-gold-
salt ratio and aging time.

Wet Chemical Reduction by Biomolecule-Assisted Methods

The utilization of natural moieties (microorganisms,
plant extracts, and soil) has recently emerged as an interest-
ing strategy for the synthesis of biocompatible metal nano-
particles. Focusing on nanoplates, the first reported synthe-
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sis of Au nanoplates in high quantities by using a natural
product yielded a mix of truncated and nontruncated sin-
gle-crystalline triangles with a wide size distribution (from
50 to 1500 nm). This method was based on a single-step
reduction of gold hydrochloride by using lemongrass ex-
tract as reducing and shape-directing agent.l>!l Although a
large amount of Au spheres was also produced (55%), these
were easily removed by centrifugation. The optical features
of the purified samples were those typical for Au nano-
plates, and the main plasmon resonance band was located
in the NIR region. While the particle size could be tuned
by changing the amount of lemongrass leaf extract,>*! the
morphology was found also to be affected by halide ions
and temperature.’3 Following a similar approach but using
Aloe vera extract, the same group synthesized Au nanotri-
angles with interesting optical properties in the NIR re-
gion.’ Lee et al.’d also investigated the synthesis of Au
and Ag nanoplates by using natural products. For example,
gold salt can be reduced to nanoparticles with Sargassum
sp. extract. The optimal growth of single-crystalline Au
nanoplates in high yield (ca 80-90%) was achieved by
working at neutral pH and room temperature. By varying
the initial reactant concentrations, it was possible to tune
the edge length of the nanoplates in the range 200—
800 nm.%41 In follow-up studies, >3 the use of the ex-
tract of the unicellular alga Chlorella vulgaris allowed the
identification of a protein with approximately 28 kDa that
was the major biomolecule involved in the synthesis of Au
nanoplates. Gold reduction was achieved mainly by the Tyr
residues, while the carboxylic groups acted as shape-direct-
ing agents. Thus, when the isolated protein was used, mi-
cron-sized triangular and hexagonal nanoplates were ob-
tained in high yield (90%). Although the protein concentra-
tion can tune the product size from micrometer to nanome-
ter scale, it also affects the yield. Finally, the use of peptides
has also been reported for nanoplates synthesis. Zhang et
al.® used glycyl glycine as reducing, capping, and shape-
directing agent in a hydrothermal process that resulted in
Ag nanoplates larger than 100 nm. Finally, Tan et al.[>7]
synthesized in situ Au nanoplates within a multilayer thin
film based on an assembly of a polypeptide (polyaspartic
acid, pLAA) and polyethyleneimide (LPEI). In this case,
pLAA acts as reducing agent (through the carboxyl side
groups) for the Au salt. It was claimed that the reduction
rate could be enhanced by increasing the a-helix content of
pLAA, which increased with the number of bilayers in the
film and therefore allowed lateral size control within a small
range (20-60 nm).

Lithography Methods

An alternative to the wet chemical and photoinduced
methods is provided by lithography techniques. While elec-
tron-beam lithography has been successfully employed in
the patterning of arrayed plates over large areas,>® it is ex-
tremely time consuming. Nevertheless, large-scale pro-
duction of surface-bound triangular nanoparticle arrays
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can be achieved though nanosphere lithography (NSL).
This multistep strategy, mainly developed by Van Duyne et
al.,[’*l has been demonstrated to be suitable for tuning par-
ticle sizes between 20 and 1000 nm and can be applied to
Ag, Au, and other materials, with a good control over the
shape and interparticle spacing. The conventional NSL pro-
cess begins with self-assembly of colloidal (typically poly-
styrene or silica) nanospheres onto a substrate, which are
then used as a mask during the physical evaporation of the
desired material(s), followed by removal of the mask by
sonication. Whereas the nanosphere diameters determine
the final size and interparticle distance, the shape is ulti-
mately controlled by the precision of the template, the metal
evaporation angle,>%% or even by post-deposition pro-
cesses, such as sintering.’® Thus, if the substrate is posi-
tioned normal to the direction of material deposition, tri-
angular nanoplates are obtained (Figure 5). Although ini-
tially the typical size of defect-free domains was in the 10—
100 um? range, several authors have been able to fabricate
large-area (up to 1cm?) Ag nanoparticle arrays by ex-
ploiting convective self-assembly for mask preparation.>%d
Van Duyne et al. have also demonstrated the possibility of
releasing into solution Ag nanoprisms prepared by
NSL,5%I through functionalization of the particles with
thiolated molecules prior to their release, to prevent aggre-
gation. However, as the release is induced by sonication,
some particles may break up during this process, thus limit-
ing further application.

Figure 5. SEM images of Ag nanoparticle arrays on indium tin
oxide (ITO). The nanosphere diameter was 590 nm, and the mass
thickness of the silver film was 67 nm. Reproduced with permission
from ref.5%

Optical Enhancing Properties of Noble Metal
Nanoplates

Prior to the development of efficient synthetic methods
for the fabrication of triangular nano- and microprisms, the
theoretical description of the plasmonic response of metal
nanoparticles was basically restricted to objects with spheri-
cal symmetry, including spheres and ellipsoids, on the basis
of analytical methods (Mie—-Gans theory). However, it was
not possible to apply such simplification for the resolution
of Maxwell’s equations to objects with lower symmetry
(high anisotropy), such as plates, and therefore numerical
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methods were required. The first combined report in which
experimental spectra were compared to numerical simula-
tions was published in 2001, for the light-induced aggrega-
tion method.!'8! In this paper, the discrete dipole approxi-
mation (DDA)!! was used for resolving Maxwell’s equa-
tions, and it was possible not only to find a good corre-
lation with the experimental spectra, but also to propose an
assignment of the different plasmon modes, in terms of in-
plane and out-of-plane dipolar and quadrupolar reso-
nances. These calculations thus revealed a complex plas-
monic response due to the anisotropy of the particles. Al-
though the precise energy of the different modes is strongly
dependent on the specific dimensions of the plates, the au-
thors also needed to include truncation effects in order to
find a good agreement with their observations. Further ad-
vances in the preparation methods allowed several authors
to compare their experimental spectra with simulations, but
even when dilute colloids were used, small polydispersity
inevitably led to broadening and loss of accuracy because
of averaging effects. To overcome this limitation, single-par-
ticle studies have been implemented for the analysis of
metal nanoparticle plasmonic properties. By using an op-
tical microscope with a dark-field condenser, Van Duyne
and co-workers!®? recorded resonant Rayleigh scattering
spectra from single silver nanoprisms, which indeed resulted
in much narrower bands than those for the corresponding
ensemble spectrum. Additionally, Van Duyne et al. showed
that changes in solvent refractive index or adsorption of
alkanethiols resulted in significant LSPR shifts, which
opened the way toward application of such nanoprisms as
LSPR biosensing substrates. A latter work by Mulvaney
and colleagues!®) showed similar results with gold triangu-
lar prisms, which offer the advantage of higher chemical
stability. However, dark-field optical microspectroscopy still
poses certain limitations in spatial resolution, so that it can-
not provide direct evidence of the electric field enhancement
intensity and distribution within the nanoparticles, which is
extremely important for many plasmonic applications. With
the increased resolution of electron energy detectors in
scanning transmission electron microscopy (STEM), the
possibility of mapping the different surface plasmon reso-
nance modes within a single nanoparticle has become pos-
sible through electron energy loss spectroscopy (EELS).
One of the first reports!''®! dealing with such characteriza-
tion showed that, as theoretically predicted,[®¥ the plas-
monic response of a silver nanotriangle comprised three
main contributions with maximum electromagnetic field en-
hancement (or energy loss) localized at the center, the edges,
or the corners of the triangle. These experimental results
were perfectly reproduced and explained by using the
boundary element method (BEM), an alternative numerical
method for the resolution of Maxwell’s equations, applied
to the calculation of EELS distributions. In a recent ex-
panded report by the same authors,!''4l the plasmon distri-
bution was analyzed in triangles with different dimensions,
from 70 to 300 nm edge length (Figure 6), invariably con-
taining the three main plasmonic contributions but red-
shifted as the side length was increased. Furthermore, the
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EEL intensity also increased with particle size, which can
be correlated with the efficiency of a given nanostructure
for optical field enhancement.

B

Intensity (arb. unit)
P
(A9) ss0] ABsouzg

Wavelength (nm)

B
°

AR
10 15 20 25 30 35 &

Energy loss (eV) 100 150 200 250 300
— Length L (nm)
(b) . —
~ 0
S . e st
5 ) b 1200
g oA\l - ]
HAVER. 3 £ "8
HED' VI i 4z
§ H N
£ 1 i ! ] 62
) i A ES S
1 | 20
AT TR R
10 15 20 25 30 35 40 4
Energy losss (eV) 3.0

0 60
Aspect ratio R

Figure 6. Size-dependent mapping of plasmons in silver nano-
prisms. EELS spectra acquired at a corner (A), the middle point of
an edge (B), and the center (C) of nanoprisms with an edge length
of 97 nm (thickness 4 nm) (a) and 176 nm (thickness 6 nm) (b). The
corresponding insets show the HAADF images of each nanoprism
and the exact positions at which the EEL data were measured. In
each case, three main resonances were identified. The energies of
these modes vary from one prism to another. Panels c, e, and g
present maps of the intensity distributions of the main resonances
detected on the prism in (a). Similarly, panels d, f, and h show the
intensity maps of the three modes on the prism in (b). For each set
of three maps, the common intensity scale is linear and is expressed
in arbitrary units. The general inset of this figure defines the two
dimensions ¢ and L. Energy dependence of the surface plasmons
of silver nanoprisms on (i) the edge length L and (j) the aspect
ratio R = L/t, as deduced from experimental images. Top: corner
mode; middle: edge mode; bottom: center mode. Reproduced with
permission from ref.[!!al

Although the complete understanding of the plasmon
modes in nanoplates is very recent, they have been widely
applied as optical enhancers for surface-enhanced Raman
scattering (SERS) during the last decade. For example, one
of the first reportsi®! on gold and silver nanoplates as
SERS substrates demonstrated the comparable perform-
ance of these structures with conventional gold and silver
citrate reduced colloidal suspensions, the most common
platforms for SERS. These seminal results were obtained in
suspension by average SERS, that is, SERS from an ensem-
ble of colloidal particles and aggregates, and characterized
by a stable average spectrum with well-defined frequency
and bandwidth.['>¥ The characteristic features of this ex-
periment, in which the analyte is naturally adsorbed in solu-
tion and the particles present in the sample volume are con-
stantly renewed as a result of Brownian motion, together
with the intrinsic contamination with other plasmonic
structures in the sample (mainly spheres), did not allow the
realization of the full potential of nanoplates as optical en-
hancing platforms. In fact, although it has been demon-
strated that triangles and plates provide higher signals in
average SERS for the detection of various analytes includ-
ing organic pollutants, inorganic anions, or biomole-
cules,[®] their complete optical performance is still hindered
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by several factors. First of all, the synthetic routes usually
include the use of polymers, such as PVP or small molecules
like CTAB or thiols, which strongly bind onto the nanopar-
ticle surface.[”) The net effect is a partial (or even complete)
passivation of the metallic surfaces to adsorb the target
molecule, so that small or zero optical enhancement is
achieved. Second, even when dealing with easily exchange-
able capping agents as citrate or porous polymers, such as
polyvinyl alcohol (PVA) or polystyrene sulfonate (PSS),
which would permit adsorption, in particular for thiolated
or aminated molecules, the adsorption of the analyte can-
not be directed toward the “hot” areas within the nano-
plate, but it is rather adsorbed on the whole metal surface.
This statistical adsorption severely limits the efficiency de-
rived from the high concentration of the electric field at
sharp tips.°®! Thus, strategies to gain advantage from nano-
particle morphology by using clean surfaces have been de-
veloped. We have described above a useful alternative that
can help solve this problem, namely the use of nanosphere
lithography (NSL).I>! These substrates can be easily pro-
duced over areas larger than 1 cm? (Figure 5), and their op-
tical properties can be tuned within the visible and the NIR
range by changing either the size of the templating polysty-
rene spheres and/or by augmenting the evaporation time of
the metal.[®! Additionally, the gap distance between two
sharp tips can be adjusted to obtain highly active hot spots
(i.e. spatial regions between two or more plasmonic nano-
structures where the electromagnetic field is extremely high
due to plasmon coupling).['%7% These substrates have been
demonstrated to function as quantitative ultrasensitive plat-
forms, and they have been applied to a number of interest-
ing biological problems, such as ultradetection of anthrax
spores,’! in vivo detection of lactate,’ or real-time in vivo
detection of glucose.l”?! Still, the success of NSL as SERS
substrate is compromised because it is not possible to take
full advantage of the extraordinary optical properties of the
nanoplates as the analyte can still be retained on the whole
available surface. While other alternatives to optimize the
mass production of patterned platforms are being devel-
oped, such as, for example, colloidal stamping,/”*! nowadays
the most promising way of taking full benefit of plasmonic
nanoplates involves the use of single particles as SERS sens-
ing elements.

Conclusions

The synthesis of noble metal nanoplates (gold and silver
in particular) has been greatly advanced during the last dec-
ade, especially by making use of colloid chemistry methods,
so that basically “pure” colloids can be obtained, with the
potential of tailoring the average particle size through syn-
thesis parameters. However, the understanding of the pre-
cise growth mechanisms is still rather poor, and further
work in this area is required. The high level of control over
nanoplate dimensions in turn permits tuning the optical re-
sponse within the visible and the NIR areas of the electro-
magnetic spectrum. Although the characterization and un-
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derstanding of such optical response has advanced to un-
suspected limits, actual exploitation of the efficient plas-
monic response still requires a further degree of handling
and directed assembly, so that, for example, analyte mole-
cules can be directed toward the “hot areas”, where electro-
magnetic field acquires very high values.[’>]
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