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ABSTRACT: Locally probing chemical reactions or catalytic processes on
surfaces under realistic reaction conditions has remained one of the main
challenges in materials science and heterogeneous catalysis. Where conventional
surface interrogation techniques usually require high-vacuum conditions or
ensemble average measurements, plasmonic nanoparticles excel in extreme light
focusing and can produce highly confined electromagnetic fields in subwavelength
volumes without the need for complex near-field microscopes. Here, we
demonstrate an all-optical probing technique based on plasmonic smart dust for
monitoring local chemical reactions in real time. The silica shell-isolated gold
nanoparticles that form the smart dust can work as strong light concentrators and optically report subtle environmental changes
at their pinning sites on the probed surface during reaction processes. As a model system, we investigate the hydrogen
dissociation and subsequent uptake trajectory in palladium with both “dust-on-film” and “film-on-dust” platforms. Using time-
resolved single particle measurements, we demonstrate that our technique can in situ encode chemical reaction information as
optical signals for a variety of surface morphologies. The presented technique offers a unique scheme for real-time, label-free, and
high-resolution probing of local reaction kinetics in a plethora of important chemical reactions on surfaces, paving the way toward
the development of inexpensive and high-output reaction sensors for real-world applications.
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he accelerating development of energy and chemical techniques to probe local chemical reactions while they occur
conversion technologies calls for a comprehensive under- under diverse environmental conditions.
) . ) 1

standing of physical and chemical processes on the nanoscale. Plasmonic nanoparticles can concentrate light into a

As size decreases, the importance of localized features such as
shapes, facets, defects, and boundaries in nanostructures grows,
giving rise to unpredictable changes in activity and behavior.”
Probing and controlling local chemical reactions on the
nanoscale is crucial and will enable significant progress in
nanochemistry, esgecially in nanocatalysis where unanswered

nanoscale volume, converting incident optical radiation into
highly localized electromagnetic fields at a prescribed spot with
subdiffraction-limit size.”*~>° In recent years, plasmonics has
also branched out into other research fields, tackling intriguing
problems in pharmacology, biology, and chemistry, among

questions abound.”~> Conventional probing methods often rely others.*' > For example, large plasmonic field-enhancements
on ultrahigh vacuum conditions.®” Scanning tunneling have been shown to significantly increase the efficiency of
microscopy, for example, offers a unique tool to gain insight photocatalytic water splitting for hydrogen production, laying
into well-defined reaction systems but has difficulties to provide the groundwork for solar to chemical energy conversion.”®

pervasive information at realistic reaction conditions. Surface-
enhanced Raman spectroscopy is a powerful alternative to
characterize the kinetics of chemical reactions.® However, the
interpretation of Raman spectra can be time-consuming as trace
contaminants may contribute additional peaks. Tip-enhanced
Raman spectroscopy (TERS) allows for the investigation of
arbitrary substrates”'® but suffers from weak Raman scattering

Burning hydrogen produces no pollutants, making it an ideal
candidate for clean energy storage and conversion in an
economy increasingly based on green fuels. Consequently, safe
chemical hydrogen storage requires the sensitive and reliable

detection of hydrogen uptake in such materials.”* >

signals.ll’12 Also, the fabrication of robust, reproducible, and Received: February 8, 2013
highly enhancing tips is still challenging. Thus, there is a critical Revised: ~ March 1, 2013
unmet need for sensitive, robust, and easy to implement Published: March 4, 2013
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Figure 1. Plasmonic probing of local chemical reactions. (a) Sketch of
the probing platform. Plasmonic smart dust (shell-isolated Au
nanoparticles) are spread on a thin Pd film to locally probe diffusion
of atomic hydrogen in Pd. (b) Exemplary TEM bright-field image of a
smart dust nanoparticle deposited on a carbon membrane. (c) Energy-
filtered TEM image using the Si L-edge of the same nanoparticle. The
orange color indicates the presence of Si. The homogeneity of the
ultrathin SiO, shell is excellent. (d) Exemplary SEM image of the
smart dust deposited on a 15 nm thick Pd film via drop-coating. The
particle separations are ideal for single-particle spectroscopy.

Here, we demonstrate all-optical probing of local chemical
reactions along with hydrogen uptake in palladium (Pd) using
single shell-isolated gold (Au) nanoparticles (Figure 1a). These
nanoparticles, spread as plasmonic smart dust at reaction sites,
can transduce local chemical reaction information into optical
spectral changes in real time. The reactions under consideration
involve the chemisorption of hydrogen molecules on the Pd
surface, their near barrierless dissociation, and the diffusion of
atomic hgdrogen into Pd to form palladium hydride
(PdH).>”*® The Au core concentrates strong electromagnetic
near-fields into a subwavelength volume adjacent to the Pd film,
where the chemical reactions take place. Simultaneously, the Au
core serves as a plasmonic probe to report the local reaction
processes during hydrogen uptake through the dielectric
changes of Pd at varying hydrogen concentrations. The
scattering spectra of single plasmonic smart dust particles are
recorded in situ by dark-field microscopy. Importantly, the
ultrathin SiO, shell of the smart dust separates the Au core
from direct contact with the probed agents. This constitutes a
clear advantage of our platform over TERS-based methods that
require complex tip-to-sample approaches, whereas our smart
dust can simply be spread onto a catalytic or reactive surface.
Our method also allows for simultaneous imaging of chemical
processes at different reaction sites, combining indirect
plasmonic sensing’® and the highly uniform core—shell
nanoprobes previously developed for SERS enhancement.””
Furthermore, the smart dust particles can work as resonant
antennas whose plasmon resonance can be tuned to the
excitation wavelength of a probing laser.

The plasmonic smart dust used in this study consists of
chemically grown SiO, shell (10 nm) isolated Au nanoparticles
(150 nm). Synthesis details can be found in the Supporting
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Information. Figure 1b presents an exemplary transmission
electron microscopy (TEM) image of a smart dust nano-
particle. The energy-filtered TEM image using the Si L-edge of
the same particle is shown in Figure lc in which the Au core
and the SiO, shell can be nicely distinguished. The key virtue of
our plasmonic smart dust is its uniform and ultrathin SiO, shell,
which allows the Au core to generate strong electromagnetic
near-fields and simultaneously protects it from the chemical
environment. To demonstrate the versatility of our approach
for diverse surface morphologies, we investigate two
representative probing platforms: “dust-on-film”, where the
plasmonic smart dust is dispersed on a thin Pd film, and “film-
on-dust”, where the smart dust is covered with a highly curved
Pd film. In both cases, careful dilution and drop-coating of the
smart dust yield samples with interparticle distances suitable for
single-particle spectroscopy (Figure 1d).

We first investigate the dust-on-film platform as shown in the
inset of Figure 2a. Here, the smart dust nanoparticles are
dispersed on a thin Pd film, which resides on a quartz substrate.
After placing the sample in a stainless-steel reaction chamber,
the concentration of hydrogen during the reactions is
controlled by tuning the ratio of high-purity hydrogen and
nitrogen gas through mass-flow controllers. The hydrogen
uptake processes are probed in situ by recording the scattering
spectra of single smart dust particles. Experimental details are
described in the Supporting Information. Figure 2a shows the
complete time-resolved optical response of a single smart dust
particle on a 15 nm Pd film at different hydrogen
concentrations. Upon introducing hydrogen into the reaction
chamber at concentrations as low as 0.5%, the resonance of the
smart dust particle at roughly 600 nm shows an immediate
response both in intensity and wavelength position, indicating
the onset of hydrogen molecule dissociation and subsequent
atomic hydrogen diffusion into the Pd. More specifically, the
plasmonic resonance shifts to the blue and its intensity
increases. Hydrogen uptake in Pd leads to a phase transition,
turning it into more semiconductor-like than metal-like, which
is manifested in its dielectric function change.*”** These
changes are closely correlated with the amount of hydrogen
stored in the Pd. Because of the strong electromagnetic near-
fields associated with the plasmon excitation, the smart dust
particle can capture this information arising from the chemical
reactions at its specific location and converts it into optical
spectral changes. As a result of the evanescent nature of particle
plasmons, the smart dust particle works as a point probe that
only conveys the hydrogen uptake information in a confined
subwavelength sensing volume at its location. The information
beyond this sensing volume is fully discarded, making it an ideal
local reaction reporter.

To test the ability of our plasmonic smart dust for resolving
different hydrogen contents in Pd, the sample is repeatedly
exposed to hydrogen concentrations ranging from 0.5 to 3%. As
shown in Figure 2a, different hydrogen concentrations can be
clearly identified as intensity changes of the plasmonic
resonance with response times on the order of seconds. The
observed fast reaction kinetics compared to bulk palladium
systems are due to the shorter diffusion lengths associated with
Pd thin films and nanomaterials.>* In general, higher hydrogen
concentrations lead to increased resonance intensity and
spectral blueshift of the resonance position.

To resolve the small spectral shifts associated with low
hydrogen concentrations, we employ a centroid analysis
method.** In contrast to simply tracking the scattering spectral
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Figure 2. Optical trajectories of local hydrogen uptake and release. Color-coded spectral scattering intensity over time. (a) Dust-on-film, single smart
dust particle on a 15 nm Pd film. (b) Film-on-dust, single smart dust particle covered by a 15 nm Pd film. In both cases, the black lines denote the
centroid wavelengths and serve as guides to the eye. The plasmonic smart dust detects the local chemical reactions and converts the information into
optical signal changes, which are manifested in resonance intensity and resonance position with a response time on the order of seconds. The single
particle measurements are carried out using dark-field microscopy in real time. (c) Concentration of hydrogen in nitrogen carrier gas during the

reactions.

maximum, the centroid method computes the “center of mass”
of the scattering spectrum, providing a highly reliable way to
determine the resonance wavelength position (see Supporting
Information). In addition, a bootstrapping approach*"* is used
to estimate the statistical error (standard deviation) of the
retrieved centroid wavelength position.

To demonstrate the spatially confined nature of our
plasmonic probes, we alter the local environment of the
plasmonic smart dust by using a thinner Pd film (10 nm). We
compare the time-resolved centroid wavelength position
changes under the same reaction conditions for samples with
10 and 1S5 nm Pd films, respectively (Figure 3a,b). In both
cases, clear shifts of the resonance position are observed upon
hydrogen uptake and release. The 15 nm Pd sample displays a
much more pronounced optical response compared to the
10 nm Pd sample at identical hydrogen concentrations. More
specifically, the former exhibits a pronounced blue-shift as large
as 8 nm at 3%, whereas the latter only leads to half of this
blueshift value. A Pd film thickness change of 5 nm already
suffices to induce a notable influence on the hydrogen storage
behavior. In turn, this elucidates that our plasmonic smart dust
can optically resolve the difference of hydrogen uptake
processes arising from extremely small environmental changes
at its probing site. This is of great importance for studies of
heterogeneous catalysis, where local structural characteristics
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such as size, shape, geometry, and surface morphology of
catalysts are crucial. For gaining a broader view, the plasmonic
smart dust may be used to produce a local reaction map by
pinning multiple nanoparticles at reaction sites of interest and
optically monitoring spatially distinct local chemical reactions
simultaneously.

To further demonstrate the ability of our plasmonic smart
dust to probe local chemical reactions for more complex surface
morphologies, we investigate the second sensor platform: film-
on-dust (see the inset of Figure 2b). The plasmonic smart dust
is dispersed on a quartz substrate and a Pd film (1S nm) is
evaporated on the nanoparticles through titled angle evapo-
ration, forming a highly curved Pd surface on the particles. The
sample is then placed in the reaction chamber. The
experimental procedures are the same as those in Figure 2a,
and results are plotted in Figures 2b and 3c for the same smart
dust particle. All concentration steps are again clearly identified
through the changes of the optical response. The resonance
intensity does not change as dramatically as that in the dust-on-
film configuration. Still, the resonance exhibits a pronounced
8 nm red-shift at a hydrogen concentration of 3%. Strikingly,
the direction of the spectral shift is reversed with respect to the
dust-on-film case in Figure 2a. Our plasmonic smart dust can
therefore sensitively distinguish subtle changes at its probing
site, yielding large associated optical changes. This shows that

dx.doi.org/10.1021/nl4005089 | Nano Lett. 2013, 13, 1816—1821
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Figure 3. Experimental time-resolved centroid wavelengths in
response to hydrogen uptake and release. (a) Dust-on-film, single
smart dust particle on a 10 nm Pd film. (b) Dust-on-film, single smart
dust particle on a 15 nm Pd film (same particle as in Figure 2a). The
minute 5 nm film thickness change can easily be resolved optically
under the same reaction conditions. (c) Film-on-dust, single smart
dust particle covered by a 15 nm Pd film (same particle as in Figure
2b). The spectral response shifts completely to the opposite direction
compared to that in the dust-on-film platform. This underlines the
suitability of our technique for studying local reactions on various
surface morphologies. Gray areas behind the red curves denote the
errors of the centroid analysis, estimated using a bootstrapping
method. The statistical error (standard deviation) of the calculated
centroid wavelengths is below ¢ = 0.13 nm in all cases.

our method can easily be adapted for a multitude of different
surface morphologies and associated local chemical reactions.
In addition, the low statistical error of the centroid wavelength
position (standard deviation ¢ = 0.13 nm) together with a
spectral shift of 1.5 nm at 0.5% hydrogen holds great promise
for detecting low amounts of hydrogen in the part per million
range.

To theoretically support our experimental observations, the
scattering spectra of a plasmonic smart dust particle upon
hydrogen uptake are calculated for the dust-on-film and film-
on-dust platforms, respectively. The calculations were per-
formed using a commercial implementation of the method of
moments (MoM) based on the surface equivalence principle
(FEKO 6.2). More details on the numerical simulations can be
found in the Supporting Information. The calculated results for
the dust-on-film configuration are shown in Figure 4a. In the
case of a 15 nm Pd film, a clear spectral blue-shift of Al =
11 nm together with an increase of the resonance intensity is
predicted when changing the dielectric function of the film
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Figure 4. Numerical simulations for the dust-on-film platform. (a)
Simulated scattering spectra for a single smart dust particle on an
infinitely extended 15 nm Pd film before and after hydrogen uptake. A
fully hydrided state PdH is used in the calculation to establish the
maximum spectral shift in the reaction. A maximum blueshift of
A = 11 nm together with a resonance intensity increase is predicted.
(b) Electric near-field distribution at resonance. The intense near-fields
are strongly localized at the touching point between the smart dust and
the Pd film. (c) Hybridization model for interpreting the observed
spectral blueshift. The localized plasmon of the Au nanoparticle
hybridizes with the induced mirror plasmon in the Pd film, leading to
the observed bonding mode. The higher energy antibonding mode is
not allowed in this configuration. When changing from Pd to PdH, the
properties of the film become less metallic. This leads to weaker
plasmonic coupling and therefore a reduced energy splitting, resulting
in a resonance blueshift.

from pure Pd to fully hydrided Pd, that is, PAH.** In the
experiment, the blueshift is around 8 nm at a hydrogen
concentration of 3%, which is still below the fully hydrided
state. Thus, the numerical calculations neatly confirm the trend
of the spectral changes in response to hydrogen uptake in the
experiment.

The highly localized nature of our plasmonic nanoprobe
becomes evident from the simulated electric near-field
distribution at resonance (Figure 4b). Intense near-fields are
strongly concentrated around the touching point of the smart
dust particle with the Pd film, allowing for the interrogation of
local reactions with high spatial resolution. When linearly
polarized light impinges on a smart dust nanoparticle, it excites
an oscillating particle plasmon in the Au core. This charge
distribution induces the oscillation of a mirror plasmon in the
underlying Pd film. The particle and mirror plasmons mix and
hybridize, resulting in a lower-energy bonding mode and a
higher-energy antibonding mode (Figure 4c). The latter cannot
be observed due to the parity of the mirrored charge

dx.doi.org/10.1021/nl4005089 | Nano Lett. 2013, 13, 1816—1821
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Figure S. Numerical simulations for the film-on-dust platform. (a)
Simulated scattering spectra for a single smart dust particle coated with
a 15 nm Pd film. When changing the dielectric function of the shell
from Pd to PdH, a redshift of A4 = 10 nm is predicted. The resonance
intensity increase is not as large as that in Figure 4a. (b) Electric near-
field distribution at resonance. The electric near-fields are more
localized at the side surfaces of the smart dust, indicating resonant
coupling of the particle plasmons in the Au and Pd parts of the
structure. (c) Hybridization model for interpreting the observed
spectral redshift. For clarity, a continuous Pd shell is utilized. The
particle plasmon in the Au core hybridizes with the particle plasmon in
the Pd shell, resulting in a lower-energy bonding mode and a higher-
energy antibonding mode. When changing from Pd to PdH, the Pd
shell plasmon shifts to a lower energy level, leading to a corresponding
redshift of the bonding mode.

distribution.*> When transitioning from Pd to PdH upon
hydrogen uptake, the real part of the Pd film’s dielectric
function becomes less negative,39 giving rise to a less metallic
character of the film and thus weaker coupling between the
particle and mirror plasmons. This leads to reduced plasmonic
mode-splitting and the bonding mode shifts to a higher energy
or, when considering wavelengths, to the blue. The reduction in
metallic character during the Pd/PdH transition also explains
the increase in the scattering amplitude due to increased light
transmission through the film.

The numerical results for the film-on-dust platform are
shown in Figure 5a. We again compare the scattering spectra
for the Pd and PdH cases. In contrast to the dust-on-film
platform, a resonance redshift of A4 = 10 nm upon hydrogen
uptake is predicted and the resonance intensity increases only
slightly due to the lack of a fully closed Pd film. All these
spectral characteristics are in excellent agreement with the
observations in our experiment.

Taking a further step, the electric near-field distribution at
resonance is again calculated for this configuration (Figure Sb).
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Unlike the dust-on-film platform where a clear focusing of the
near-fields at the base of the nanoparticle is observed, the
intense fields are localized more at the side surfaces of the smart
dust particle, indicating strong interaction between the gold
core and the curved Pd shell. For simplicity, we utilize a
continuous Pd shell around the dust particle in our hybrid-
ization model (Figure Sc). Here, the particle plasmon of the
smart dust particle hybridizes with the particle plasmon excited
in the Pd shell, leading to a lower-energy bonding and a higher-
energy antibonding mode. Because of the large intrinsic
damping in gold at short wavelengths, the antibonding mode
is not clearly observable in the wavelength range of interest.
When changing the dielectric function of the shell from Pd to
PdH, the shell plasmon shifts to a lower energy, leading to a
redshift of the bonding mode, which agrees well with the
spectral shift trend in the experiment.

In conclusion, our versatile, all-optical technique offers a
unique way to probe local chemical behavior and catalytic
processes at individual reaction sites. The noninvasive nano-
optical measurements circumvent the need and high expense of
specialized equipment associated with conventional surface
science characterization techniques. Our single-particle plat-
form enables simultaneous probing of chemical reactions at
various surface morphologies and local reaction environments
under identical reaction conditions. By combining two-
dimensional imaging and spectroscopic techniques, synchron-
ized mapping and chemical sensing on a subdiffraction-limit
scale could be achieved.*”** Our method can be extended to
investigate a plethora of chemical reactions on surfaces, ranging
from the reduction and oxidation steps in fuel cells***” to
catalytic water splitting.**
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Description of methods, derivation of the shell thickness in the
film-on-dust case, and TEM image of several smart dust
particles. This material is available free of charge via the
Internet at http://pubs.acs.org.
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