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Abstract
Nanoplasmonic sensing has over the last two decades emerged
as and diversified into a very promising experimental platform technology for studies of biomolecular interactions and
for biomolecule detection (biosensors). Inspired by this success, in more recent years, nanoplasmonic sensing strategies
have been adapted and tailored successfully for probing functional nanomaterials and catalysts in situ and in real time. An
increasing number of these studies focus on using the localized surface plasmon resonance (LSPR) as an experimental
tool to study a process of interest in a nanomaterial, with a
materials science focus. The key assets of nanoplasmonic
sensing in this area are its remote readout, non-invasive
nature, single particle experiment capability, ease of use and,
maybe most importantly, unmatched flexibility in terms of
compatibility with all material types (particles and thin/thick
layers, conductive or insulating) are identified. In a direct
nanoplasmonic sensing experiment the plasmonic nanoparticles are active and simultaneously constitute the sensor and
the studied nano-entity. In an indirect nanoplasmonic sensing
experiment the plasmonic nanoparticles are inert and adjacent
to the material of interest to probe a process occurring in/on
this material. In this review we define and discuss these two
generic experimental strategies and summarize the growing
applications of nanoplasmonic sensors as experimental tools
to address materials science-related questions.
Keywords: direct nanoplasmonic sensing; in situ spectroscopy; indirect nanoplasmonic sensing; materials science;
nanoplasmonic spectroscopy.

1. Introduction
Nanomaterials, such as thin films and nanoparticles, bring
along fascinating technological opportunities due to properties and functionalities that are uniquely different from their
corresponding bulk counterparts. For example, the typical

size of a nanomaterial is of the same scale as the critical size
for numerous physical phenomena. Hence fundamental electronic, magnetic, optical, chemical, and biological processes
often become nanomaterial size/thickness and shape dependent. At the lower end of the nanomaterial size range, i.e.,
is typically the 1 nm to 10 nm interval, the considered systems may have different electronic and crystal structure and,
consequently, show interesting thermodynamic, reactivity
and kinetic properties upon interaction with other materials
and molecules. The small number of atoms per nanomaterial
entity is one reason for the novel properties. The large (sub)
surface/bulk atom ratio (for particles) or the dominating role
of interfaces (for thin films) is a second reason. The shape
dependence is usually a direct consequence of the different
crystal facets exposed to the environment. Nanomaterials in the
10 nm to 100 nm size range usually exhibit similar electronic
and atomic structure, as well as thermodynamic and kinetic
features, as the corresponding bulk materials. Nevertheless,
there are still numerous quantitative differences regarding,
e.g., exposed crystal facets, annealing behavior, defects like
grain boundaries and dislocations, short diffusion path length,
mechanical strength and optical excitations that make such
systems equally relevant in nanotechnologies. Another class
of interesting nanomaterials, where nanosized voids/pores
exert a key functionality that is widely controlled by their size
and chemistry, are micro- (pore size smaller than 2 nm) and
mesoporous materials (pore size between 2 nm and 50 nm)
such as metal-organic framewoks (MOFs), zeolites or porous
oxides like silica, alumina or titania.
To understand and efficiently exploit these materials and
the novel properties present at the nanoscale is a prime driving force of nanoscience and nanotechnology in general,
and of nanomaterials science in particular. As a natural consequence, the development of efficient experimental in situ
probes to scrutinize the functionality of nanomaterials under
real application conditions is of key importance but also a
major challenge in this area. The experimental challenge
comes from a number of factors including the intrinsic small
size of the probed entities, inhomogeneous sample material,
harsh environments in numerous applications (e.g., catalysis
where nanoparticles have been used for decades), fast studied
processes, and often only small amounts of available sample material. Another challenge originates from the invasive
nature of numerous probes that are used to analyze materials
at the nanoscale, such as scanning probes, electrons, neutrons
or X-rays. Techniques utilizing such probes are often prone
to introducing artifacts in the material response by disturbing
the true equilibrium state of the probed system, either due to
the rather high energies and strong interactions of the probes
with the sample material or due to direct physical contact.
Nanoplasmonics, rooting itself in a nano-phenomenon, may
offer a unique tool to address the aforementioned challenges
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and alleviate a number of long-standing problems in a wide
variety of sub-areas of nanomaterials science, as we will
illustrate with this review. The presented examples, where the
nanoplasmonics-toolbox was applied to probe a specific process in a nanomaterial, will highlight the key benefits of localized surface plasmon resonances (LSPRs) as in situ probes in
nanomaterials science. These benefits include the flexibility of
the underlying sensing principles in terms of applicability to
very different material systems, and the simplicity of the necessary optical and general experimental “hardware” (usually
simple small measurement cells to control the sample environment are enough) in combination with high local sensitivity at
the nano-scale. Moreover, LSPR-based probing of materials
employs low-power optical readout, which basically makes it
non-invasive with minimal impact on the studied processes
(in contrast to e.g., electrons, X-rays or scanning probes).
The possibility to operate the sensors in a very wide range of
environments, reaching from ultra high vacuum (UHV) to the
liquid phase, and including very low to high temperatures and
harsh chemical environments is another important advantage.
In other words, very valuable real time information can be
obtained in widely varying environments from, in comparison, extremely simple and fast experiments. Moreover, the
fact that the sensing elements (i.e., the plasmonic nanoparticles) and the sensing volumes are of the same size/length
scale as the probed entities, which ensures local sensitivity, is
another key advantage, exemplified by the unique possibility
to probe remotely single functional nano-entites. The latter
is particularly interesting since it may provide a possibility
to obtain detailed information about the role of specifics in
nanomaterial/particle shape (such as different facets, special
sites, etc.) and local chemical composition that otherwise is
lost in an ensemble measurement due to averaging over a
large number of slightly different particles. First steps in this
direction are represented below (in the “hydride formation”
and the “gas sensing and catalysis” sections) and indicate that
indeed such highly valuable information can be obtained.
As a general remark we note that a significant fraction of
the scientific work that we review here was performed with
focus on using the specific arrangements for sensing purposes. In other words, the functional material in contact with
the plasmonic entity is used as a mediator needed to be able
to detect a process or a species rather than, with a materials
science focus, being probed by the LSPR to learn more about
its response to a stimulus. Therefore, in many examples, wellknown material-analyte systems were used. Nevertheless we
have chosen to include a large number of these more sensing
oriented studies in this review because (i) it is straightforward to identify the respective possibilities of many proposed
arrangements for materials science rather than sensor applications, and (ii) in order to stimulate the thinking of the community in this new “materials science” direction.

2. Nanoplasmonic sensing and readout
Plasmonics is a branch of nanoscience that deals with the
interaction of light with metallic entities at the nanoscale,

typically in the near-100 nm size range. This interaction with
light invokes the direct photon-induced resonant collective
oscillation of valence electrons, established when the frequency of photons matches the natural frequency of the metal
electrons oscillating against the restoring force of positive
nuclei. Such LSPRs are characterized by a large amplification of the electric field near the particle surface and (usually)
field decay lengths smaller than the wavelength of the exciting light in free space. Due to the large field enhancement
offered, physical processes that are sensitive to the electric
field experience amplification [1–4].
At the same time, and in the focus of this review, a myriad
of chemical and physical processes can be detected with high
sensitivity, if taking place within the enhanced field region
that creates a spatially nano-confined sensing volume as
illustrated in Figure 1A and B. Processes within the sensing
volume can be detected if they involve a change of the polarizability of the matter localized within it and are identified as
a slight change of the LSPR frequency, i.e., is a “peak shift” in
the extinction spectrum. The latter constitutes the fundament
of nanoplasmonic sensing, which over the last two decades
has diversified into a very promising experimental platform
technology for in situ studies of biomolecular interactions and
for biomolecule detection (biosensors) [6–8].
In addition, the LSPR frequency of metallic nanoparticles
is well known to also depend strongly on the particle size,
shape and material [9–13]. In other words, even if no change
is occurring in the dielectric environment of a plasmonic particle, if the plasmonic particle itself undergoes a change that
is stimulated in a controlled way, the LSPR can be used as a
probe for that process.
Inspired by the success of nanoplasmonic sensing in the
bio-area and the two available routes of LSPR sensitivities
(towards local environment and intrinsic changes), two main
experimental strategies have in recent years been adapted and
tailored successfully for probing nanomaterials. The first one
relies on the LSPR sensitivity towards structural, chemical
and volumetric changes of the plasmonic particle itself, and
the second one (in analogy to biosensing) on significant sensitivity of the LSPR towards changes in the plasmonic particle
environment via the enhanced field, i.e.:
(1) Plasmonic nanoparticles are active and simultaneously
constitute the sensor and the studied nano-entity – direct
nanoplasmonic sensing (Figure 1C).
(2) Plasmonic nanoparticles are inert and adjacent to another nanomaterial to probe a process of interest in/on
this adjacent material – indirect nanoplasmonic sensing
(Figure 1D).
Independent from the specific application and sensing strategy, the wavelength of maximum light extinction (the “peak”)
of the LSPR in the plasmonic sensor particles, λmax, is used as
the main observable during a nanoplasmonic sensing experiment and it is the shift of λmax that provides the main sensing
function (Figure 1E). The latter can, by utilizing the curvefitting procedures introduced by Dahlin et al. [14] (referred
to as high resolution (HR-) LSPR by Bingham et al. [15]), be
efficiently measured with a spectral resolution of 0.01 nm and
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the signal/noise of the readout. As additional observables to
the shifts of the spectral peak position (Δλmax), changes in the
peak full-width-at-half-maximum (Δfhwm – inversely proportional to the lifetime of the LSPR excitation and, hence, to
the total damping of the system) and in the absorbance at peak
(ΔAbsmax) can also be used (Figure 1E). The latter may either
yield improved signal-to-noise ratio during an experiment or
also, in some cases, provide additional information [16].
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Figure 1 (A) Cross-section through and (B) top-view onto an Au
nanoparticle illuminated at the LSPR wavelength. The color-coding
illustrates the locally enhanced dipolar field surrounding the particle,
as calculated by the finite-difference time domain (FDTD) method.
The enhanced field region constitutes a spatially nano-confined sensing volume, extending a few tens of nanometers from the particle
surface. The plotted local field amplitudes |E| are normalized to the
incident light. Reproduced with permission from [5]. Copyright 2012
American Chemical Society. Schematic depictions of the direct (C)
and indirect (D) nanoplasmonic sensing schemes. In the direct case
the process of interest (indicated by the blue “molecules” interacting
with the particle) takes place directly on/in the plasmonic particle.
The latter thus constitutes sensor and probed system at the same
time. In the indirect case a usually Au (for inertness) nanoparticle
acts as plasmonic sensor probing a process of interest in an adjacent nanomaterial located within the sensing volume. (E) Schematic
illustration of the readout from a plasmonic sensing experiment. The
wavelength of maximum extinction (the “peak”) of the LSPR, λmax,
is used as the main observable. As additional observables, changes in
the peak full-width-at-half-maximum (Δfhwm) and in the absorbance
at peak (ΔAbsmax) are also often used to either provide improved signal/noise or, in some cases, also additional information.

Despite their proven wide applicability as summarized below,
and their numerous advantages outlined in the introduction,
nanoplasmonic sensors applied to materials science related
questions have a number of specific drawbacks that are generic
and independent from the sensing strategy applied. In order to
get the right perspective, we find it therefore appropriate to
briefly discuss the main complications before addressing in
detail the different experimental strategies and reviewing the
state of the art.
As the main weakness of nanoplasmonic sensing in general
we identify the fact that the readout simply corresponds to
spectral shifts of the LSPR, which are attributed to a specific
process in the probed material. In other words, the obtained
signals are non-specific and do not provide information about
what process is being monitored unless this is either known
from the beginning or determined by additional experiments
by a complementary technique. Moreover, it is often not
straightforward to quantify the obtained peak shift signal
without specific modeling/simulation.
These “complications” highlight clearly the importance of
appropriate experimental design in cases where the sensing
mechanism and origin of signal may be difficult to ascertain.
This is typically the case in situations where the occurrence of
parallel (e.g., chemical) reactions and interactions of the sample
or support material, or local temperature changes may convolute
with the “desired” signal stemming from the process of interest. Typical measures one can take to get rid of such unwanted
“background signals” are calibration measurements on a blank
sensor without the nanomaterial of interest and in inert/nonreacting environments. Furthermore, as also shown below,
“calibration” of the LSPR signal by means of a complementary technique (e.g., by intermittent SEM/TEM imaging, XPS,
QCM, etc.) or the direct combination of INPS with other probes
(mass spectrometry, FTIR, QCM) might be necessary to distinguish between different contributions to the observed signal.

4. Direct nanoplasmonic sensing
temporal resolution in the millisecond range under optimal
conditions and by means of a simple pixel array spectrometer. This high resolution is possible (despite typical spectral
resolutions of such spectrometers in the 1 nm range only)
(i) because in an experiment relative temporal variations of
the peak position are of interest and not the absolute ones, (ii)
because the LSPR peak has a width of 100 nm or more (it is
thus much wider than the resolution limit of the spectrometer),
and (iii) because the applied curve-fitting efficiently increases

As the key ingredient for the direct sensing strategy we identify
the need to create a plasmonic excitation in the nanoparticle/
material of interest. In other words, the system to be studied
needs to support LSPRs. In this context it is therefore interesting to highlight the following recent development. During the
past two decades’ rapid progression of nanoplasmonics the
focus was almost entirely on Au and Ag due to their specific
and advantageous dielectric properties in the (UV-)vis-NIR
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spectral range, i.e., low intrinsic losses due to a lack of interband excitations at energies below 2.4 eV and 3.9 eV for Au
and Ag, respectively. Moreover, Au was usually the material
of choice due to its nobleness guaranteeing excellent chemical
inertness and stability. However, surface plasmons and LSPR,
in principle, may exist in any metal and metal-like system.
This is illustrated in Figure 2 that shows extinction spectra of
amorphous arrays of nanodisks of similar size, fabricated by
hole-mask colloidal lithography [17], for eight different metals. Clearly, despite their significantly different bulk dielectric
properties, the confinement to nanodisk geometry gives rise to
well-defined LSPRs at visible wavelengths with similar spectral peak positions for all materials. We also observe spectral
line-widths and optical cross-sections, which are strongly
dependent on material specific damping processes. A number
of recent studies discuss plasmonic excitations in “unconventional” plasmonic metals in more detail, e.g., Pt and Pd [18,
21–23], Cu [24–26], Al [19, 27, 28], Sn [20], Ni [29] or several of the metals [30]. Moreover, localized surface plasmons

have also been demonstrated in materials like VO2 [31] or
Graphene [32]. This wide availability of LSPR in a wide
range of materials leads to interesting opportunities since one
can combine the intrinsic material properties of the chosen
plasmonic material with the possibility to explore the LSP
excitation as transducer in the direct nanoplasmonic sensing
scheme. Typically processes on the surface and/or in the bulk
of the plasmonically active nanoparticle can be addressed in
detail and with very high sensitivity by this approach. Such
processes, as shown below, may include chemical (e.g., catalytic) reactions, hydride formation, oxide formation, liquidsolid phase transitions, metal-insulator transitions, etc.

5. Indirect nanoplasmonic sensing
The indirect nanoplasmonic sensing scheme exploits the
spatially nano-confined volume of enhanced electric field
(the sensing volume) formed around the inert (usually gold)

Figure 2 Tunable LSPR in numerous metal nanodisks fabricated by the hole-mask colloidal lithography [17] method. The top row comprises
different SEM images of Pd nanodisks with a diameter D = 300 nm and height h = 20 nm. The middle row shows extinction spectra of Ag, Au, Pt
and Pd nanodisks with D = 110 nm and h = 20 nm [18]. The bottom row contains extinction spectra of Ni (D = 110 nm and h = 20 nm), Al (D = 110
nm and h = 20 nm) [19], and Cr (D = 136 nm, h = 20 nm), as well as Sn (D = 107±10 nm, h = 52±6 nm) nanodisks covered with a 20 nm thick SiO2
layer [20]. Reproduced with permission from [8].
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plasmonic sensor particle to detect minute local changes in a
material located within the sensing volume. The plasmonic
nanoparticles are thus used as transducers, which translate the
local changes of interest into a slightly changed resonance condition for the LSPR. The latter, in turn, is reflected in a shift
of the resonance wavelength, which can be read-off remotely,
with high resolution, by means of rather simple optical transmission or reflection spectroscopy. The typical material-related
processes that can be monitored in this way, as shown below,
may be the addition/removal of moieties, swelling, diffusion,
the re-arrangement of material or another change such as a
phase transition, a solid-state reaction or the presence of different types of adsorbate molecules on the material surface.
The LSPR is also sensitive to temperature changes [33],
which makes it possible to use it as an efficient nanosized
optical thermometer for calorimetry-type experiments.
Calorimetry is a widely used technique for, e.g., investigating the thermodynamic and kinetic aspects of catalytic reactions. Also other processes like phase transitions or chemical
reactions in the solid state are often studied by approaches
like differential scanning calorimetry (DSC). The principle
behind calorimetry is that by measuring the energy dissipation from an exothermic process one obtains a direct measure
for, e.g., the conversion efficiency of a catalyst or the latent
heat of a phase transition. Optical calorimetry-type measurements were first demonstrated by Langhammer et al. who
showed, using their “INPS” platform depicted in Figure 3A,
that it is possible to use the temperature readout to scrutinize
size-dependent catalytic activity of Pd nanoparticles in situ
[34]. Their finding also demonstrated that any indirect nanoplasmonic sensor can provide two different readouts, a dielectric one and a temperature one. Naturally, this double readout
capability can be advantageous in certain situations but also
give rise to convoluted signals that are hard to interpret.
For indirect nanoplasmonic sensors numerous different sensor – probed material arrangements and general sensor designs,
tailored for the specific material to be probed, are possible and
a selection of them is shown in Figure 3. The sheer number of
different designs and probed materials summarized in the figure
illustrates clearly the wide applicability and flexibility of the
indirect nanoplasmonic sensing concept. Studies of all material
classes such as metals, polymers and inorganic materials have
already been reported in the literature for systems ranging from
metallic nanoparticles in the sub-5 nm size range to inorganic
systems like MOFS, mesoporous films and composites, as well
as homogeneous organic polymer layers and brushes.
In the second part of our Review we will present an overview of different processes occurring in or on nanomaterial
systems that have been probed successfully by one of the
introduced nanoplasmonic sensing schemes. The examples
are summarized under relevant sub-headings, indicating the
nature of the probed process.

6. Polymer swelling
Polymer surfaces and thin films play an increasingly important role in a wide range of applications, e.g., packaging,
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barriers, membranes, drug release and medical implants. It is
therefore important to be able to study and understand wanted
and unwanted processes in polymers, such as the swellingshrinking transition, in response to external stimuli. In addition, active-stimuli-responsive polymers and polymer brushes
have applications in e.g., optoelectronics, nanoactuators and
nanosensors [42].
Plasmonic nanostructures have been quite extensively used
to monitor the swelling-shrinking transition of polymer films
and brushes in response to changes in pH, temperature or solvent polarity. Many of these studies focused on the sensor
aspect of detecting a reaction to a stimulus, rather than seeing
the plasmonic sensor as a tool to probe and generate understanding of swelling-shrinking process in the polymer upon
external stimulation. Hence, the application of plasmonic
nanostructures to quantitatively follow the swelling-shrinking transition in polymers with a materials science focus is
rare [37]. Nevertheless, it is easy to envision how the applied
approaches and designs for sensing could be used to extract
information about local changes in the material structure
and properties during, e.g., a swelling process. The latter is
also pointed out by some of the authors themselves [42–45].
Consequently, we will in this review discuss studies, which
were made with either of these two application areas (sensor
vs. experimental probe) in mind.
The first report on the use of plasmonic particles to detect
the swelling and shrinking of polymer brushes was made by
Tokareva et al. in 2004. They monitored the pH induced swelling and shrinking of poly(2-vinylpyridine) (P2VP) brushes
that were attached to gold nanoislands on a substrate. A blueshift of 6 nm of the plasmon peak was observed when the pH
was decreased from 5.0 to 2.0 resulting in the swelling of the
polymer brushes. By attaching gold nanoparticles also to the
other end of the polymer brushes the observed peak shift was
increased by almost a factor 10 to 50 nm (Figure 4A) due to
the near field coupling between the particles. Later on Tokarev
et al. used the same sandwich structure (nanoislands-polymer brush-nanoparticles) to monitor the swelling-shrinking
transition in poly(N, N′-dimethylaminoethyl methacrylate)
(PDMAEMA) brushes induced by pH changes in the nearphysiological range [47]. In 2010 Tokarev et al. expanded the
sensing concept to hydrogels by using a substrate decorated
with silver nanoislands covered by a 20–25 nm hydrogel thin
film and silver nanoparticles (diameter ca. 11 nm) encapsulated within the thin film as illustrated in Figure 4B [44].
Azzaroni et al. used spherical gold nanoparticles embedded
within polymer brushes to monitor the swelling of polyelectrolyte brushes when immersed in water [48]. They also showed
that the swelling behavior of the brush was not affected by the
presence of the nanoparticles. Similarly Kozlovskaya et al.
used nanorods incorporated into thin (55 nm) layer-by-layer
hydrogels to detect pH changes [49].
A slightly different approach was taken by Gupta et al. who
used silver [50] and gold [51] nanoparticles immobilized on
responsive polymer brushes. Using this approach they showed
that their sensing platform can be used to detect swellingshrinking induced by changes in pH [50], organic solvents
[51] and temperature [52]. The detected shifts in the plasmon
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Figure 3 A selection of different sensor – probed materials arrangements and general sensor designs for indirect nanoplasmonic sensing.
(A) The original indirect nanoplasmonic sensing platform, INPS, is comprised of an amorphous array of Au nanodisks, which are covered
by a thin dielectric spacer layer for protection of the Au and tailoring of the surface chemistry of the sensor chip [34, 35]. The material of
interest (here smaller nanoparticles) is deposited onto the sensor. Reproduced with permission from [5]. Copyright 2012 American Chemical
Society. (B) A nanofocus arrangement where the triangular plasmonic Au sensor probes the hydrogen absorption in the proximal Pd nanoparticle at the single particle level. Reproduced with permission from [36]. Copyright 2011 NPG. (C) A Au nanorod sensor embedded in
a polyelectrolyte multilayer is used to probe the polyelectrolyte swelling in water. Reproduced with permission from [37]. Copyright IOP
2012. (D) INPS platform with TiO2 spacer layer used for monitoring the dye molecule impregnation kinetics into a 10 μm thick mesoporous
TiO2 dye sensitized solar cell photoelectrode mimic. Reproduced with permission from [38]. Copyright 2012 American Chemical Society.
(E) Truncated Au/SiO2/Pd nanocone arrangement for the scrutiny of the hydride formation thermodynamics in individual Pd nanoparticles.
Reproduced with permission from [39]. Copyright 2011 Wiley-VCH Verlag GmbH & Co. (F) TEM image of 10 nm Au nanoparticles attached
to a bulk-like BaTiO3 crystal. The inset shows the Au particles attached to the facet of a BaTiO3 crystal. This arrangement is used to probe
the size dependence of the ferroelectric phase transition in the BaTiO3. Reproduced with permission from [40]. Copyright 2011 American
Chemical Society. (G) High-magnification SEM image and true-color dark-field image of an individual Au nanoparticle located on a VO2
film. This arrangement is used to probe the temperature-induced metal-insulator transition in the VO2 film. Reproduced with permission from
[41]. Copyright 2010 The Optical Society.
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Figure 4 (A) Top: Schematics of the reversible pH change-induced
swelling of gold nanoparticle-coated poly(2-vinylpyridine) polymer
brushes. Bottom: Absorbance spectra obtained at pH 2.0 and 5.0.
Reproduced with permission from [46]. Copyright 2004 American
Chemical Society. (B) Schematic illustration of the sensing structure consisting of silver nanoislands immobilized on a substrate and
silver nanoparticles encapsulated within a hydrogel, which undergoes pH induced swelling/shrinking. Reproduced with permission
from [44]. Copyright 2010 Wiley-VCH Verlag GmbH & Co. (C)
Schematic illustration of a sensing structure consisting of polymer
brushes immobilized in between gold nanoparticles on a substrate.
Reproduced with permission from [42]. Copyright 2007 American
Chemical Society.

255

resonances were caused by swelling-shrinking induced
changes in the distance between immobilized nanoparticles.
All the sensing approaches mentioned above have been
based on a shift in the LSPR due to changes in the distance
between nanoparticles. Although such approaches have been
found to generate signals that to some extent correlate with the
degree of swelling-shrinking of polymer films and brushes,
using such platforms for quantitative analysis may be difficult. In such cases it may be advantageous to utilize plasmonic
signals caused by swelling-shrinking induced refractive index
changes. The latter would require immobilization of the polymer/brush onto plasmonically active nanostructures. Such a
refractive index based approach to LSPR detection of polymer swelling-shrinking was first taken by Mitsuishi et al. in
2007 who used gold nanoparticles immobilized on a substrate
[42]. The polymer brushes [poly(N-isopropylacrylamide)]
were also attached to the substrate and located in between the
gold nanoparticles as illustrated in Figure 4C. The structure
showed reversible and reproducible changes of the plasmonic
spectrum upon temperature induced stretching and shrinking
of the polymer brushes. In 2008 Kim et al. used hexagonal
nanodot arrays as a tool to study thickness and conformational changes of poly[2-(methacryloyloxy)ethyltrimethyl]
ammonium chloride brushes [43]. A good linear correlation
between the brush layer thickness ( ≤ 13.5 nm) and the shift in
plasmon peak position was observed. The same year Karakouz
et al. utilized gold island systems coated with polymeric films
for vapor recognition, i.e., differences in the degree of solvent
induced polymer swelling was monitored using LSPR [53].
As model coatings they used polystyrene (PS) and polystyrene sulfonic acid sodium salt (PSS). For relatively thin PS
films ≤ 55 nm they observed a decrease in the extinction and
a blue shift of the plasmon resonance upon polymer swelling.
However, for thicker PS films, 120–270 nm, the results were
more complex because of interference effects. They found
that the optical response of the two polymer coated transducers correlated directly with the hydrophobicity of the polymer
coating and the analyte.
In 2010 Volden et al. showed that refractive index based
sensing of changes in polymers can also be made on nanoparticles that are not located on a surface [45]. They used anionic
diblock and uncharged triblock copolymers adsorbed onto
gold nanoparticles and monitored the temperature response of
the polymers. The obtained LSPR shifts upon heating of the
gold nanoparticle-polymer complexes was found to originate
from an increase in the refractive index of the polymer shell
and an increase in the volume fraction of the shell layer.
The first “true” application of plasmonic sensing to quantitatively follow the swelling-shrinking phase transition in
a polymer with a materials science focus was described by
Tian et al. in 2012 [37]. They used gold nanorods to probe
the growth and swelling of polyelectrolyte multilayers (PEM)
(Figure 3C). The growth of the PEM was monitored with
single layer sensitivity. Using the plasmon peak shift in air,
obtained during the deposition of the PEM together with the
a priori known refractive index and thickness of the PEM,
and by assuming that the enhanced electromagnetic field
decays exponentially away from the nanorod surface, they
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estimated the refractive index sensitivity of the nanorods to be
153 nm/RIU. Without knowledge of the thickness of the
swollen polymer layers they were subsequently able to, by
using the obtained refractive index sensitivity of the nanorods
together with the known information about the polyelectrolyte
layers, calculate the refractive index of the swollen polymer
layer. This information could subsequently be used to calculate the thickness of the swollen polymer layer using effective
medium models.

7. Hydride formation
The possibility of storing hydrogen in metals, in so-called
metal hydrides, has been explored extensively since hydrogen constitutes an alternative carbon-free fuel for, e.g.,
fuel cell powered vehicles but also for stationary applications in family homes or local small-scale power stations.
Storage of hydrogen in solids, like metal hydrides, circumvents typical safety concerns related to storage of gas
phase hydrogen in high pressure tanks [54] and storage in
nanomaterials is anticipated to have a number of advantages [55]. In this context, i.e., if hydrogen is to be used
as a fuel on a large-scale, hydrogen sensors will become
very important to assure that possible hydrogen leaks are
detected before the hydrogen concentration in the environment reaches a critical limit and becomes explosive. The
optical detection of hydrogen is attractive since it does
not involve any current leads and is therefore intrinsically
safe. As summarized in this section both direct and indirect nanoplasmonic sensing schemes have been successfully used for hydrogen sensing and fundamental hydrogen
storage material characterization.
The direct nanoplasmonic sensing approach to study hydrogen sorption was first introduced by Langhammer et al. for a
nanofabricated Pd nanodisk model system [56]. The essence
of the study was to monitor the spectral LSPR response during hydrogen sorption as a function of hydrogen pressure. The
observed change in the plasmonic response of Pd nanodisks
was then interpreted as a direct consequence of hydrogeninduced changes in the dielectric properties of the absorbing
metal and of volume expansion of the nanodisks. This first
study was followed by a more detailed quantitative work on
Pd nanodisks and Pd nanorings by the same authors including
a “calibration” of the optical response to hydrogen concentration in the nanoparticles by using quartz crystal microbalance
(QCM) measurements [57, 58] (Figure 5A). The calibration
with QCM demonstrated a linear scaling of Δλmax with hydrogen concentration. This scaling was very recently confirmed
also theoretically by Poyli et al. by means of a combination of
ab initio quantum mechanical calculations of the Pd-H dielectric properties and a full electrodynamic study of light scattering in H-modified Pd nanodisks [59]. Direct sensing was
also used to investigate the hydrogenation of Pd nanorings
with a constant average inner diameter of 240 nm and varying wall-thickness. As the main finding a double plateau in
the hydrogenation coexistence curve was identified, whereas
a single plateau was seen during dehydrogenation for all wall

Figure 5 (A) Plasmonic pressure-composition isotherms of the hydride
formation and decomposition in an ensemble of Pd nanodisks as shown
in the SEM micrographs to the right. Reproduced with permission from
[57]. Copyright 2010 Wiley-VCH Verlag GmbH & Co. (B) Left: SEM
image and schematic depiction of a stacked single particle plasmonic
hydrogen sensor. It consists of an approximately 40 nm high truncated
gold nanocone (the sensor) with a nominal base diameter of 105 nm, covered by a 15 nm SiO2 spacer layer (to avoid alloying between gold and
palladium) and a palladium particle with approximate dimensions of 75
nm×15 nm on the tip, which interacts with hydrogen via hydride formation. Right: Corresponding optical hydrogenation isotherm that indicates
that the hydrogen concentration in the environment can be quantitatively
measured using a single nanoparticle. Reproduced with permission from
[39]. Copyright 2011 Wiley-VCH Verlag GmbH & Co. (C) Left: Sketch
and SEM image of a plasmonic nanofocus arrangement where the triangular plasmonic gold sensor probes the hydrogen absorption in the
proximal Pd nanoparticle at the single particle level for hydrogen sensing. Right: Optical-scattering measurements of a single palladium-gold
triangle antenna upon hydrogen exposure. The hydrogen partial pressure
is raised from 0 torr to higher pressures and back, at room temperature.
The right diagram shows the LSPR peak shift, Δλmax, on increasing and
decreasing hydrogen concentration, respectively. Reproduced with permission from [36]. Copyright 2011 NPG.
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thicknesses. This was the first experimental observation of
asymmetric hysteresis in a single metal system [60]. Finally,
Tittl et al. used a so-called perfect absorber structure to measure the hydrogen uptake in Pd in a different direct sensing
arrangement [61]. In particular they utilized the plasmonic
response of palladium nanowires stacked above and separated
from, by a 65 nm MgF2 layer, a 200 nm thick gold film to
induce a magnetic response highly sensitive to the hydrogen
concentration in the Pd wires.
Indirect nanoplasmonic sensing approaches have also
been used to study hydride formation processes, both at the
ensemble and the single particle level. Langhammer et al.
successfully used the INPS-platform to study size-effects
in hydride formation and decomposition thermodynamics
[34, 62] and kinetics [34, 63] of small Pd nanoparticles
(D < 8 nm). Also here “calibration” of the INPS platform
was made, i.e., a linear scaling of the response of the INPS
sensor with the absolute hydrogen concentration in the
studied Pd nanoparticles was found by complementary
QCM experiments [34].
More recently, numerous efforts have been made towards
single particle indirect hydrogen sensing. In the pioneering
work by Liu et al. and Shegai et al. two slightly different sensor – probed material arrangements were successfully used
to measure LSPR peak shifts induced by the hydride formation in individual Pd [36, 39] and Mg nanoparticles [39]
(Figure 5). Liu et al. used a planar arrangement with a triangular gold sensor nanoparticle creating a plasmonic “nanofocus” probing the adjacent palladium nanoparticle (Figure
5C). The sensing mechanism for this arrangement was also
investigated theoretically [64]. Shegai et al. exploited truncated Au nanocones with tips functionalized by a Pd or Mg
nanoparticle (Figure 5B). Pressure-composition isotherms
of hydride formation in both these metals were successfully
measured for individual particles and, by measuring at different temperatures, also the enthalphy of hydride formation
could be determined for the Pd system [39]. In another study,
Tang et al. measured hydrogen sorption in faceted, crystalline Au/Pd core/shell nanocrystals and their interaction with
a SiO(x)/Si support at the single-particle level [65]. Their
analysis of the heterogeneous ensemble of particles revealed
the hydrogen uptake trajectory of each nanocrystal to be
shape-dependent. Dasgupta et al. furthermore presented a
numerical analysis of Pd-bridged Au nanocylinder dimer
structures indicating the usefulness of such an arrangement
for indirect nanoplasmonic sensing studies of hydride formation in nanoparticles [66].
Finally we also highlight a slightly different approach
to LSPR-based hydrogen sensing, which exploits a nanoplasmonic color routing process first reported by Shegai
et al. [67]. It is caused by internal optical phase shifts in
bimetallic plasmonic structures. Such heterometallic optical nanoantennas in the form of closely spaced Pd and Au
nanodisks (“dimers”) were used for directionality-based
sensing of hydrogen and single-wavelength self-referenced
measurements of hydrogen across the α-β transition in the
palladium-hydrogen phase diagram, which could be
mapped with high resolution [68].
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8. Phase transitions
8.1. Melting/freezing transition

The application of LSPR to study the melting transition of
metallic nanoparticles was first demonstrated by Dalacu and
Martinu in 2000 [69]. They studied both the intra- and interband responses of small gold nanoparticles (1.6–20 nm) in
a temperature range that included the melting temperature.
The gold nanoparticles were stabilized against microstructural changes by embedding them in a silica matrix. A monotonic red shift and a broadening of the LSP excitation were
observed upon heating.
In 2007 Yeshchenko et al. used the LSP excitation in spherical Cu nanoparticles (5–65 nm) embedded in a silica matrix to
investigate the dependence of the melting properties on nanoparticle size [70]. Monitoring the temperature dependence of
the spectral line-width and energy of the LSP excitation in the
Cu nanoparticles, two distinct melting regimes were observed.
For particles smaller than 20 nm, the line-width and energy of
the LSPR changed monotonically with the temperature, which
suggested a gradual solid-liquid phase transition of the nanoparticles or the existence of a superheated solid. In contrast,
for nanoparticles larger than 20 nm, a gradual increase of the
line-width along with an abrupt significant increase (about 1.5
times) of the line-width was observed with the increase of the
temperature. A second study by Yeshchenko et al. addressed
the liquid-solid transition in 5 nm spherical gold nanoparticles
embedded in a polymer polytetrafluoroethylene matrix [71]. A
third study by the same authors addressed the size dependent
melting of Ag nanoparticles (8–30 nm) embedded in a silica
matrix [72]. The measured size dependences of the surface
melting and melting points of the Ag nanoparticles demonstrated the lowering of the melting point with the decrease in
nanoparticle size. A hysteresis was observed in the temperature dependence of the LSP line-width proving a first-order
phase transition (melting) in the studied silver nanoparticles.
Similarly to Cu nanoparticles, they found that the melting of
small ( < 5 nm) Ag nanoparticles occurred gradually and did
not have the characteristics of a first-order transition.
Schwind et al. used the intrinsic LSPR of Sn nanoparticles (average diameter 107 and height 52 nm) to study their
kinetics of melting and freezing for increasing and decreasing temperature, respectively [20] (Figure 6A). A thin silica
overlayer to prevent structural reshaping encapsulated the
Sn nanoparticles. The measurements were performed under
controlled conditions in ultra high vacuum (UHV) and with
high temporal resolution. During the temperature ramps, the
kinetics was found to exhibit distinct hysteresis. The authors
also investigated the crystallization kinetics at different fixed
temperatures in the hysteresis region in the framework of the
classical nucleation theory.
8.2. Insulator/semiconductor-metal transition

Vanadium dioxide (VO2) is a transition metal oxide that
exhibits a semiconductor/insulator-to-metal phase transition
as the temperature is raised above the critical temperature (ca.
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67°C). The phase transition is accompanied by changes in the
crystal structure of the material and a large transmission contrast in the near-infrared range. In 2008 Suh et al. showed how
the semiconductor-to-metal phase transition in VO2 could
be used to dynamically control the optical behavior of plasmonic nanoparticles [73]. They observed a blue shift ( > 60 nm
depending on nanoparticle shape and light polarization) in
the plasmon resonance of lithographically fabricated gold
nanoparticles covered by a VO2 layer when the structure was
heated above the critical temperature.
Two years later Lei et al. used dark-field microscopy to monitor the thermally controlled plasmon resonance modulation
of single gold nanoparticles in vanadium dioxide films [41]
(Figure 3G). Similarly to Suh et al. they observed a blue shift
of the LSP excitation when the VO2 undergoes the insulator-tometal phase transition. They also found that the resonance shift
shows a clear reversible hysteresis mirroring the behavior of
the VO2 film. The same year the same group also used a plasmonic split-ring resonator metamaterial to detect the nanoscale
size dependence in the VO2 phase transition [74].
Appavoo et al. used monitoring of the intrinsic plasmon
resonance of VO2 nanoparticles in combination with density
functional calculations to investigate the role of defects in the
phase transition of the VO2 nanoparticles [31] (Figure 6B).
By lithographically defining the size of the nanoparticles, the
number of grain boundaries within each nanoparticle was
constrained from none to only a few, thus controlling the relative number of defects that could be thermally activated in
the heterogeneous nucleation process. By tracking the dipolar
plasmonic response of the VO2 nanoparticles as they metalize, they observed a decrease in the hysteresis width with
increasing particle size and number of grain boundaries,
which corresponds to a decreased energy barrier for the phase
transition.
8.3. Ferroelectric/paraelectric transition
Figure 6 (A) SEM picture of Sn nanoparticles, covered by a
10 nm SiO2 shell for stabilization, in the frozen state after several
heating and cooling cycles (left). The inset comprises a schematic
drawing of the sample structure. LSPR response of solid (blue)
and liquid (red) Sn nanoparticles at 27 and 247°C, respectively
(right). Reproduced with permission from [20]. Copyright 2010
American Chemical Society. (B) SEM micrographs of single(left) and poly-crystalline (right) VO2 nanoparticles used to
monitor the metal-to-insulator phase transition in the material by
a direct nanoplasmonic sensing scheme relying on the intrinsic
LSPR of the system. The typical plasmonic response over the
phase transition, including hysteresis, is also shown. Reproduced
with permission from [31]. Copyright 2012 American Chemical
Society. (C) TEM image of ca. 10 nm Au nanoparticles attached
to 16 nm sized BaTiO3 nanocrystals. Left: Experimental LSPR
peak at 10 and 20°C of nanoparticles attached to 16 nm sized
BaTiO3 nanocrystals. A redshift of ca. 6 nm is observed. The inset
shows FDTD calculated optical response for a 10 nm Au nanoparticle attached to the facet of a ca. 20 BaTiO3 nanocrystal. Right:
Temperature-dependent LSPR peak position signal. The sudden red-shift at 20°C indicates the phase transition. Reproduced
with permission from [40]. Copyright 2011 American Chemical
Society.

Another important phase transition is the ferroelectricparaelectric one. Understanding the fundamental aspects of
ferroelectricity at the nanoscale is important for various applications of ferroelectric materials, such as non-volatile memories and pyroelectric and piezoelectric devices. Szwarcman
et al. demonstrated the use of LSPR spectroscopy to probe
the temperature dependence of the dielectric constant of ferroelectric materials by monitoring the LSPR wavelength of
gold nanoparticles attached to ferroelectric BaTiO3 nanocrystals [40] (Figure 3F). It was estimated that the local electromagnetic field produced by the LSPR decayed within ca. 1 nm
into the BaTiO3 nanocrystals and thus probed only the surface. The ferroelectric to paraelectric phase transition was
studied for three sizes of BaTiO3 nanocrystals: ca. 16 nm,
47 nm, and > 0.1 μm, where the latter is commonly accepted
to have a bulk-like behavior. In Figure 6C the temperature
dependence of the plasmon peak wavelength is shown for
the 16 nm BaTiO3 nanocrystals. As the temperature reached
approximately 25°C, there was a sudden red shift of the plasmon resonance followed by a blue shift after which the LSPR
signal remained constant with further temperature increase.
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The rapid red shift followed by a blue shift was attributed
to the ferroelectric to paraelectric phase transition since the
dielectric constant usually peaks around the critical temperature in ferroelectrics. The results obtained for the different
nanocrystal sizes indicate different surface and interior (bulk
like) contributions to ferroelectricity and the corresponding
phase transition.
8.4. Glass transition in polymers

Another example of a phase transition is the glass phase
transition in polymers. Langhammer et al. studied the size-/
thickness dependence of the glass transition temperature, Tg,
in polystyrene (PS) nanoparticles and thin films of atactic
poly(methyl methacrylate) (PMMA) using the INPS platform
shown in Figure 3A [34]. The glass transition in polymers
is related to significant slowing of the motion of polymer
chain segments when cooled below Tg. In nanosystems Tg is
known to become size/thickness dependent due to the existence of a near surface layer, where polymer segments have a
different mobility. For PS particles with a diameter < 100 nm
Langhammer et al. found a pronounced temperature dependence of Tg, with a decrease in Tg and a broadening of the
glass transition range for smaller particles. For the PMMA
films a significant increase in the average Tg as well as a
broadening of the glass transition region for decreasing film
thickness was observed.

9. Corrosion
Corrosion typically refers to (electrochemical) oxidation of
metals with an oxidizing agent such as oxygen or water, often
with various co-factors that speed up the corrosion, such as
sulfur or halogens. Typically, in a corrosion process, oxide(s),
hydroxides and/or salt(s) of the corroding metal are formed.
Corrosion has become a significant reliability concern in
microelectronics, typically through galvanic corrosion, which
causes increased contact resistance and/or electrical short
circuits leading to fatal failure of a device. Because of the
miniaturization of such components down to and below the
micrometer regime, their dimensions approach or overlap
with the typical size range of plasmonically active nanostructures. Therefore, using the direct sensing scheme, LSPR can
be used as very sensitive in-situ probes to study and scrutinize
oxidation and corrosion processes at the nanoscale and/or to
test corrosion inhibitors.
Van Duyne and co-workers reported in 2007 how the presence of an oxide layer influences the LSPR in Cu nanotriangles [25]. Cu is prone to surface oxidation (Cu2O and CuO)
upon exposure to ambient atmosphere at room temperature.
In their work they studied the optical properties of 2-D arrays
of Cu nanotriangles by implementing a simple oxide removal
procedure using glacial acetic acid, which demonstrated that
removal of the ca. 1 nm thick copper oxide from the nanotriangle surface yields a dramatic difference in the observed
LSPR (Figure 3A) response, i.e., peak shifts of the order of
50 nm.
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Using again Cu as the plasmonic material in a direct sensing experiment, Alsawafta et al. recently developed a simple
method to prepare copper nanoparticles under ambient atmosphere, in an aqueous environment [75]. During the synthesis,
they relied on the intrinsic LSPR in the Cu nanoparticles to
both determine the rate of formation, and to assess the beginning of the oxidation process.
Following a similar line, in 2012 Susman et al. prepared
glass substrates coated with Cu nanoparticles and utilized the
dependence of the LSPR absorbance on the local dielectric
environment for in situ monitoring of the Cu nanoparticle corrosion processes and its inhibition [76] (Figure 7A). In the
study, they demonstrated the stabilization of the synthesized
Cu nanoparticles against corrosion by treatment with the corrosion inhibitor benzotriazole (BTAH).
Al is another material for which its intrinsic LSPR was
used as an in situ probe to study oxidation kinetics in ambient conditions [19, 27] and in water [16]. In the first study in
air, the presence and growth of an oxide layer was monitored
by relying on two different inherent properties of LSPR: (i)
the high sensitivity to refractive index changes (caused by
the growing oxide), and (ii) the high sensitivity to size and
shape changes of the particles (shrinking metallic core upon
oxidation, possible surface roughening, etc.). Direct logarithmic kinetics, as expected for oxidation in humid air and in
agreement with classic Cabrera-Mott theory of metal oxidation, were found [19]. In the second study, corrosion (oxidation) kinetics of Al nanodisks, 260 nm in diameter and 20 nm
in height, was measured in deionized water both by quartz
crystal microbalance with dissipation monitoring (QCM-D)
and direct nanoplasmonic sensing. Highly resolved kinetic
data were obtained, which show different corrosion stages
(Figure 7B). Two main corrosion mechanisms, namely homogeneous oxide growth and nanoparticle fragmentation and
roughening, could be distinguished [16].
Another example, where direct nanoplasmonic sensing
was applied, is a study of the oxidation kinetics of individual
Au nanorods by H2O2 in the presence of Br - by Cheng et al.
[77]. In their work they successfully identified heterogeneous
oxidation reaction pathways and intermediate states unobservable in ensemble measurements.

10. Nanoparticle sintering
Nanoparticle sintering, of particular interest in heterogeneous catalysis, is the coalescence of catalyst nanoparticles
with concomitant loss of surface area and catalytic activity.
Catalyst deactivation by sintering significantly reduces the
productivity and energy efficiency of the chemical industry,
as well as the effectiveness of environmental cleanup processes (e.g., automotive exhaust catalysts). It also hampers
the introduction of novel energy conversion devices such
as fuel cells. The use of experimental techniques that allow
the scrutiny of sintering in situ at high temperatures and
pressures in reactive environments is a key to alleviate this
situation but it is a significant challenge due to the harsh
conditions.
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on a SiO2 support in an oxygen atmosphere at temperatures
up to 610°C was studied [78]. It was shown that, as the Pt
nanoparticles undergo significant sintering, the LSPR peak,
λmax, of the INPS sensor shifts towards shorter wavelengths
(Figure 8A and B). The INPS readout signal, Δλmax, was correlated with the degree of sintering using intermittent TEM
imaging (Figure 8C) and analysis of the Pt particle size and
density. For all sintering experiments starting with identical
Pt particles, a linear correlation between the plasmonic signal
and the Pt particle density after different sintering time intervals was found (Figure 8D). The latter information was used
to derive a function correlating the plasmonic signal with the
average Pt particle diameter, which could then be used to fit
an analytical kinetic model to the experimentally obtained
data. For the particular case investigated, the fitting yielded
excellent agreement for parameters implying Ostwald ripening with the detachment activation energy dependent on the
particle size as the main sintering mechanism.

11. Recrystallization

Figure 7 (A) Transmission spectra corresponding to the chemical reduction (in 5 mm NaBH4) of a Cu2O nanoparticle film. The red
curve is the response of the Cu2O and the black curve the one measured after the reduction to metallic Cu. Clearly a pronounced LSPR
peak has emerged. To the right of the spectra, corresponding SEM
images (scale bars: 200 nm) are shown. Reproduced with permission
from [76]. Copyright 2012 American Chemical Society. (B) Oxidation
kinetics obtained by direct nanoplasmonic sensing with 262 nm Al
nanodisks, as shown in the left SEM micrograph) in degassed Milli-Q
water at 23°C and neutral pH. The upper graph shows the evolution
of the dipolar LSPR peak position and the lower graph of the peak
extinction at multiples of 10 h. Clearly, different corrosion regimes
are resolved (transitions indicated by A and B in the figure). It can
also be seen that the two different readout variables yield different
kinetic curves due to different sensitivities towards different corrosion mechanisms, as discussed in detail in the original paper. The
SEM pictures illustrate the structural changes occurring during the
corrosion process. While the majority of the nanodisks appear geometrically almost unchanged after oxidation a few percent of them are
fragmented. Reprinted from [16], with permission from Elsevier.

The usefulness of indirect sensing, by means of the INPS
platform, to monitor in situ and in real time catalyst sintering
processes was demonstrated in a recent study by Larsson et al.
where the sintering of ca. 3 nm sized Pt catalyst nanoparticles

In 2007 Zheng et al. investigated the thermal behavior of
the LSPR of Au nanoparticles covered by a ca. 36 nm thick
TiO2 layer [79]. They observed a blue shift of the plasmon
resonance upon heating of the sample when the Au nanoparticles were heated to 600°C before the TiO2 deposition.
The pre-TiO2 heating caused the Au nanoparticles to obtain
a thermally stable morphology. The observed blue shift was
attributed to the TiO2 structure changing from amorphous to
crystalline.
Dahlin et al. used the LSPR of Au nanodisks and hole
arrays to monitor the electrochemical recrystallization of gold
[80]. By doing so they were able to monitor the growth of
crystal grains in real time. The recrystallization occurred in
a salt solution at room temperature as soon as any potential
was applied to the nanostructures. They showed that plasmon
resonances in nanostructures provide a simple independent
way of monitoring the grain growth with high time resolution.
Due to the mildness of the crystallization they were also able
to independently study the influence of metal crystallinity on
plasmon resonances. Grain growth was detected primarily as
a blue shift in the LSPR wavelength although other spectral
changes such as peak sharpening also occurred.

12. Molecular diffusion in materials
Understanding diffusion or combined diffusion/adsorption/
desorption kinetics and the corresponding mechanisms is
relevant for many applications where molecules diffuse
through porous or solid materials, such as porous catalyst
systems, polymers, gas adsorbing/absorbing materials,
metal-organic frameworks, zeolites, (molecular)filters, and
slow release systems for, e.g., controlled drug release. As a
first example illustrating the usefulness of LSPR-based indirect sensors for the purpose of scrutinizing diffusion and sorption processes inside materials, Gusak et al. used the INPS
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Figure 8 Indirect nanoplasmonic sensing of model catalyst sintering kinetics with the INPS platform shown in Figure 3A. (A) Absorbance
spectra from the INPS sensor obtained at different times during the sintering of the Pt model catalyst in 4% O2 in Ar carrier gas at 610°C. (B)
Real time sintering kinetic curves obtained for six different samples and sintering times under identical experimental conditions (4% O2/Ar at
550°C) demonstrate very good reproducibility between experiments. (C) Corresponding TEM micrographs obtained after each sintering time
interval, i.e., 10 min, 30 min, 1 h, 3 h, 6 h, and 12 h, illustrate the significant sintering of the Pt model catalyst. (D) Δλmax vs. the Pt particle
density, P, on the sensor surface, as obtained from TEM image analysis for three different measurement series obtained at different temperatures. The black solid line corresponds to a linear regression fit yielding an empirical calibration curve that can be used to translate the Δλmax
signal into time-dependent particle size of the Pt nanoparticle. Adapted with permission from [5] and [78]. Copyright 2012 American Chemical
Society.

platform to study dye molecule adsorption/impregnation of
two types of TiO2 materials: (i) thick (10 μm) mesoporous
films of the kind used as photoanode in dye-sensitized solar
cells (DSCs), with particle/pore size in the range of 20 nm,
and (ii) thin (12–70 nm), dense, and flat films [38] (Figure
9A and B). For the thick-film experiments the porous TiO2
layer was placed on top of the INPS platform by screenprinting. This yielded plasmonic Au nanoparticles located at
the hidden, internal interface between the sensor surface and
the mesoporous TiO2 to selectively follow dye adsorption
locally in the hidden interface region inside the material. The
measurement revealed a time constant of thousands of seconds before the dye impregnation front (the diffusion front)
reached the hidden interface (Figure 9C). This new type of
INPS measurement provides a powerful tool to measure
and optimize dye impregnation kinetics of DSCs and, from
a more general point of view, offers a generic experimental platform to measure adsorption/desorption and diffusion
phenomena in solid and mesoporous systems and at internal
hidden interfaces.

13. Gas sensing and catalysis applications
The interaction of molecules in the gas phase with solid materials is the heart of catalysis and surface science, which in turn
nourish the development and improvement of many industrial and environmental cleanup processes that involve (often
toxic) gaseous chemicals. Therefore it becomes immediately
clear that two main application directions can be identified, if
LSPR spectroscopy is reviewed in these contexts: the first one
with a focus on understanding the materials involved in such
processes, and the second one focusing more on the detection
of hazardous molecules in the gas phase (chemo-sensing). So
far, the large majority of publications reporting on the use of
LSPR in this field are focused on gas sensing with very few
exceptions where the “materials science” perspective is in
focus. We will first highlight here the second category by discussing four specific examples since these correspond to the
scope of this Review. We will then also, but only very briefly,
summarize the sensing related work motivated by our attempt
to stimulate thinking in the materials science direction.
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Figure 9 (A) INPS sensor chip structure used for studying dye
molecule adsorption inside a 10 μm thick mesoporous TiO2 film.
(B) SEM image of a mesoporous TiO2 film on the sensor. (C) LSPR
peak position shift and absorbance at 525 nm signal (the wavelength
of maximal light absorption by the dye) during three dye adsorption
steps and two intermittent solvent rinsing steps. The LSPR signal
responds with a delay of almost 6000 s to the dye injection, reflecting the necessary diffusion time for the dye molecules to reach the
internal interface. The absorbance signal at 525 nm, obtained from
the dye molecules directly, corresponds to the integrated dye concentration in the entire TiO2 film and in the liquid phase and, indeed,
starts rising directly after dye injection into the measurement cell.
Adapted with permission from [38]. Copyright 2012 American
Chemical Society

In 2008 Novo et al. showed that dark field scattering
spectroscopy could be used to monitor the rate of the Au
catalyzed oxidation of ascorbic acid on a single Au decahedral nanoparticle [81]. The authors determined the reaction
rate by detecting, via the plasmon resonance position, the
transferred electrons stored in a single catalyst particle and
by quantifying the concentration in real time (Figure 10A).
Their results were the first direct measurements of the rates
of redox catalysis on single nanocrystals and demonstrated a
highly interesting route to determine the role of redox catalyst structure, size, etc. on the reaction rate.
Two years later Larsson et al. used the INPS platform to
study reactant surface coverage changes during heterogeneous catalytic reactions on nanocatalysts under realistic
application conditions [35]. As demonstrators the oxidation reactions of CO and H2 on SiO2-supported Pt catalyst
nanoparticles were chosen and it was shown that the reactant
surface coverage on the catalysts could be monitored during
reaction in situ and in real time. The obtained results suggested the use of direct and indirect nanoplasmonic sensing schemes as powerful experimental tools to study size,
material and shape effects on the performance and reaction

Figure 10 (A) Single particle scattering spectra of the Au decahedron shown in the SEM micrograph at the bottom right (scale bar,
100 nm), before (black) and at 1, 2, 3 and 60 min after electron injection by ascorbate ions during the redox reaction. The image at the top
right corresponds to a dark field microscope image of Au decahedal
nanoparticles (scale bar, 50 μm). Adapted with permission from [81].
Copyright 2008 NPG. (B) Top: Schematic depiction of a measurement on a single Au@Pt/CdS catalyst particle with “built-in” indirect
plasmonic readout. Bottom: LSPR peak shifts of a single Au@Pt/
CdS hollow cube along the photocatalyic reaction process of hydrogen formation from decomposing lactic acid on CdS. To start the
photocatalytic reaction on the CdS, at t = 0 a 10% lactic acid solution in water was introduced as a proton source, and the plasmon
scattering signal of an individual particle was measured every minute. Adapted with permission from [82]. Copyright 2012 American
Chemical Society.

mechanisms of heterogeneous catalyst materials under realistic reaction conditions.
In the same work by Larsson et al. the indirect nanoplasmonic sensing concept was used to monitor nitric oxide (NOx)
storage in and release from BaO layers as used in automotive
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emission cleaning for diesel and so called “lean burn” engines,
i.e., engines operated at oxygen excess, where the conventional 3-way catalyst cannot reduce NOx efficiently. It was
shown that the NOx storage in and release from BaO could be
easily monitored, and a concentration and storage time dependent response of the plasmon peak position was obtained for
0–1000 ppm NO2, indicating a detection limit of (less than)
2 ppm. From the obtained kinetics further information about
the NOx storage process in the BaO can be obtained, which is
useful when optimizing NOx abatement catalyst systems.
In another study Borensztein et al. showed by means of
diffuse optical reflectance measurements of Au/TiO2 powder catalysts that the exposure of TiO2 to oxygen leads to the
adsorption of oxygen species at the surface of the Au nanoparticles [83]. Furthermore, they identified a charge transfer from
the Au particles to the adsorbed oxygen species, combined
with a slight flattening of the Au nanoparticles. The exposure
to CO gave a similar but much smaller effect than the one
observed upon exposure to oxygen.
Very recently Seo et al. used a different indirect sensing
approach to monitor the photocatalytic decomposition of lactic acid to generate hydrogen gas in situ at the single particle
level by designing a catalytic structure composed of platinized
cadmium sulfide with gold domains as the built-in plasmonic
probe [82] (Figure 10B). They found that the LSPR shift
throughout the reaction exhibits significant particle-to-particle variation. From the obtained information, by simulating
the reaction kinetics, the rate constant together with structural
information (including the diffusion coefficient through the
shell and the relative arrangement of the active sites) could be
determined for individual catalyst particles.
As the last part of our review we now briefly summarize
examples from the literature where indirect concepts, using
various plasmonic sensor-active material combinations, were
applied for (hazardous) gas detection. As already indicated
above, many of the presented sensing experiments could also
be used in order to address materials science questions related
to the active material-gas interaction processes.
In 1993 and the following years Haruta et al., in their pioneering work, investigated the gas sensing performance of Au
composite films of transition metal oxides with focus on NiO
films [84–86] and later also other composite systems including CuO [87], WO [88] and CO3O4 [89]. In 2009, Buso et al.
used gold nanoparticle monolayers for the reversible detection of CO (100–10000 ppm) at 300°C [90].
TiO2-Au nanoparticle nanocomposites have also been
explored for gas sensing applications. Buso and coworkers
used TiO2 sol-gel films doped with gold nanoparticles as both
optical and conductometric sensors for the detection of CO
and H2 [91]. Della Gaspera et al. used thin films composed
of Au nanoparticles dispersed inside a TiO2-NiO mixed oxide
matrix for the detection of hydrogen sulfide (H2S) [92].
Plasmon shifts induced by electron transfer can also be
used for gas sensing applications as shown by Carpenter and
coworkers who used nanocomposite materials consisting
of Au nanoparticles in an yttrium stabilized zirconia (YSZ)
matrix for CO [93], H2 [94] and NO2 [95] detection. Moreover,
the kinetics of the hydrogen reaction on a nanocomposite
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Au-YSZ film was determined through analysis of the LSPR
of the Au nanoparticles. An Arrhenius analysis of the data
determined the activation energy to be about 0.2 eV for the
H(2) reaction [96]. In the latest work by the same group a
Au-CeO(2) nanocomposite film was investigated as the sensing element for selective high-temperature detection of H(2),
CO, and NO(2) in an oxygen containing environment [97].
The interaction of these gases affected the LSPR peak position either by charge exchange with the Au nanoparticles or
by changes in the dielectric constant of the ceria material surrounding the particles.
Kreno et al. used a different and very interesting approach
for amplifying the gas sensing signal from an indirect nanoplasmonic sensor by coating plasmonic Ag nanoparticles with
a metal-organic framework (MOF) material [98]. Preferential
concentration of CO2 within the MOF pores produces a 14-fold
signal enhancement for CO2 sensing. This approach is generic
since MOFs can be tailored for sorbing different analytes,
making them ideal materials for this amplification strategy.

14. Discussion and outlook
During the past couple of years nanoplasmonic sensing has
evolved, inspired by the efforts and success in the biosensing
area, as a powerful and promising experimental tool to probe
nanomaterials in situ, in real time, and both at the ensemble
(for particles or bulk/thin films) and the single particle level.
Two different generic experimental strategies have been
developed and they come in a significant number of different sensor designs, depending on the specific application. In
a direct nanoplasmonic sensing experiment the plasmonic
nanoparticles are active and simultaneously constitute the
sensor and the studied nano-entity on/in which a process of
interest is occurring. In an indirect nanoplasmonic sensing
experiment the plasmonic nanoparticles are inert (typically
Au) and adjacent to the material of interest to probe a process occurring in/on the adjacent material. Key advantages
with both nanoplasmonic sensing schemes within the materials science area are their remote readout, non-invasive nature,
high temporal resolution, high sensitivity, single particle
experiment capability, ease of use, and versatility in terms of
compatibility with all material types (particles and thin/thick
layers, conductive or insulating).
In this Review we have provided a concise overview of
how both direct and indirect nanoplasmonic sensing can be
successfully applied to address materials science questions.
Examples have been provided from areas as diverse as polymer swelling, hydride formation, solar cell materials and
catalysis, and of materials consisting of small clusters, nanoparticles, composites, thin films and mesoporous layers. We
have also highlighted works that have been performed having
“sensor” applications in mind rather than materials science
questions. The presentation of these studies in the context at
focus here was motivated by the fact that it is easy to envision how the used sensor designs (and in some cases also the
obtained information) could equally well have been used to
acquire material specific information.
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As the major generic drawback with LSPR spectroscopy,
independent from the used specific sensing strategy, sensor
design or probed material, we identify the lack of specificity of
the readout signal, typically a shift of the LSPR peak. As demonstrated in the reviewed examples, by careful design of experiments and, in some cases, combinations with complementary
techniques such as SEM, TEM, QCM or mass spectrometry
and theoretical analysis/simulations, the lack of specificity can
be overcome. However, if LSPR spectroscopy is to evolve
further into a key experimental technology for nanomaterials
science the direct integration of the LSPR sensing function
with other simultaneous readouts has to have high priority.
Furthermore, we believe that more efforts directed towards
the probing of individual nanoparticles are well motivated by
the potential to efficiently circumvent inhomogeneous sample
material artifacts, as common in any ensemble spectroscopy
technique used today. Efforts in this direction will naturally
face challenges related to sensitivity (in particular if very small
entities are to be probed) and stability of both plasmonic structures and spectroscopic hardware if long experiments under
harsh conditions are considered.
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