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ABSTRACT: The ongoing quest to develop single-particle
methods for the in situ study of heterogeneous catalysts is
driven by the fact that heterogeneity in terms of size, shape,
grain structure, and composition is a general feature among
nanoparticles in an ensemble. This heterogeneity hampers
the generation of a deeper understanding for how these
parameters a ect catalytic properties. Here we present a
solution that in a single benchtop experimental setup
combines single-particle plasmonic nanospectroscopy with
mass spectrometry for gas phase catalysis under reaction
conditions at high temperature. We measure changes in the
surface state of polycrystalline platinum model catalyst
particles in the 70 nm size range and the corresponding
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bistable kinetics during the carbon monoxide oxidation reaction via the peak shift of the dark- eld scattering spectrum of
a closely adjacent plasmonic nanoantenna sensor and compare these changes with the total reaction rate measured by the
mass spectrometer from an ensemble of nominally identical particles. We nd that the reaction kinetics of simultaneously
measured individual Pt model catalysts are dictated by the grain structure and that the superposition of the individual
nanoparticle response can account for the signi cant broadening observed in the corresponding nanoparticle ensemble
data. In a wider perspective our work enables in situ plasmonic nanospectroscopy in controlled gas environments at high
temperature to investigate the role of the surface state on transition metal catalysts during reaction and of processes such
as alloying or surface segregation in situ at the single-nanoparticle level for model catalysts in the few tens to hundreds of

nanometer size range.
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heterogeneous catalysis," * where they are widely used

and where polydispersity in terms of size, shape, and
grain structure is a general feature among them. This
heterogeneity hampers the generation of a deeper under-
standing for how these structural parameters a ect catalytic
activity since they, together with electronic and spillover
interactions with the support,®  directly control the catalytic
performance. Assessing the state, activity, and selectivity of
individual nanoparticles thus has signi cant potential to
contribute to the development of e cient catalyst materials.
Therefore, the characterization of single nanoparticles at in situ
conditions is a major tour de force in catalysis, and signi cant
e orts are invested in the development of the required
experimental techniques.

S tudying individual nanoparticles is of high relevance in
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To this end, plasmonic nanospectroscopy is an experimental
concept that employs metal nanoparticles capable of
manipulating light at the nanoscale, via electron oscillations
known as localized surface plasmon resonance (LSPR).” **
Such plasmonic nanoantennas have been successfully used as
nanoscopic probes of various processes including phase
transitions,™* biomolecule interactions and sensing,** **
metal hydride formation,®> gas- and chemosensing,’**° and
catalytic reactions.”” > In catalysis applications they can
report directly on the catalyst nanoparticle surface or bulk state
due to the intrinsically very high sensitivity of LSPR to surface
and bulk changes.* One of the most appealing assets of the
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plasmonic nanospectroscopy concept, when projected onto
catalysis research, is the possibility to address individual
nanoparticles in the 10 100s nm size regime, which is
accessible to the enhanced precision of top-down nano-
fabrication that enables the preparation of controlled and
precisely tunable model systems.*?* 2> Notably, this single-
nanoparticle resolution comes without principle restrictions on
the surrounding medium; that is, both liquid and gas phase
environments are accessible at ambient pressure or
above 531926 31 Moreover, multiple individual nanoparticles
can be addressed simultaneously using concepts such as
hyperspectral imaging and derivatives.® ** This potentially
0 ers similar insights as recently obtained by in situ X-ray
absorption spectromicroscopy at a beamline®’ but with
benchtop optical microscopy instrumentation for optical
dark- eld scattering spectroscopy.*®

To date, the plasmonic nanospectroscopy concept has been
successfully applied to study catalytic processes at the single-
particle level at in situ conditions in the liquid phase, as
introduced in the seminal paper by Novo et al.*® Subsequent
studies by various groups further diversi ed the concept®’ to,
for instance, investigate the photocatalytic decomposition of
lactic acid,®** Au nanog)article-catalyzed redox reactions
between glucose and O,,*® hydrogenation of chemisorbed 4-
NTP* electron transfer rates from di erent nanoparticle
facets,*® spectroelectrochemistry,* and spillover e ects to an
oxide support.® However, while elegantly demonstrating the
single-particle capabilities of plasmonic nanospectroscopy in
catalysis, all these studies have been carried out in the liquid
phase and at or close to room temperature. Thus, they leave
unaddressed the important eld of gas phase heterogeneous
catalysis, which typically takes place at several hundred Kelvin
at atmospheric pressure or above. Furthermore, all these
investigations have in common that they solely rely on the
plasmonic signal, that is, the spectral shift of the resonance
peak as the readout. In other words, only the state of the
catalyst nanoparticle itself (e.g., charge or oxidation state)'°°
or of the surrounding medium (e.g., via spillover)® is reported,
while the reaction products remain unanalyzed.

As a rst step toward overcoming these limitations, we
report an experimental concept and the corresponding setup
that combines in situ single-particle plasmonic nanospectro-
scopy of catalyst nanoparticles with a gas phase catalytic ow
reactor operating at up to 623 K and equipped with a
quadrupole mass spectrometer (QMS) for the simultaneous
quantitative analysis of reaction products from an adjacent
ensemble (on the order of 10° particles) of nominally identical
nanoparticles prepared by nanofabrication (Figure 1). This
design enables the direct investigation of ensemble averaging
e ects in a single experiment since individual nanoparticles
(LSPR) and a corresponding ensemble (QMS) can be probed
simultaneously in the same experiment. To this end, we also
note that for the detection of bioanalytes in the liquid phase
both SPR** and LSPR*® sensing setups have been combined
with mass spectrometry, however, not simultaneously as done
here.

As the second step we introduce a Au@SiO, Pt
nanostructure design according to the indirect nanoplasmonic
sensing""** scheme, where a nanofabricated single Au
plasmonic antenna observer, which is completely encapsulated
in SiO, and closely adjacent to the active single Pt catalyst
nanoparticle, boosts the total light-scattering signal of the
structure and serves as optical transducer in the plasmonic
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Figure 1. Overview of the setup that is centered on a ow-reactor
tube made from glass. To enable dark- eld scattering spectrosco-
py, the reactor tube is equipped with a at 200 m thick optical
window. The ow reactor arrangement is mounted on the sample
stage of an upright optical microscope. It is connected to a
spectrometer equipped with a CCD camera to collect scattered
light from (individual) catalyst nanostructures via a long-working-
distance 50x dark- eld objective and epi-illumination. It is also
equipped with a gas inlet connected to mass- ow controllers for
accurate control of reactant concentration and reactant ow. The
quadrupole mass spectrometer (QMS) is mounted on a high-
vacuum chamber that is connected to the ow reactor chamber via
a stainless steel tube. To enable the QMS readout directly from the
close vicinity of the nanofabricated sample surface, we use a glass
capillary “sni er” mounted inside the ow reactor. It acts as ori ce
leak and has a 5 m opening. Its position can be accurately
controlled via an x y z micrometer stage. To control sample
temperature, the system is internally equipped with a at ceramic
carbon heater that serves as the sample holder for the nano-
fabricated model catalyst.

nanospectroscopy single-nanoparticle readout. This arrange-
ment is necessary since most of the transition metal catalysts
are poor light scatterers,”> and it has the potential to enable
studies of individual catalyst particles in the sub-10 nm size
regime most relevant to industrial catalysis.”®***” Here, we use
nanofabricated 20 x 70 nm polycrystalline Pt nanoparticles as
our model system to deliberately create sizable particle
heterogeneity in terms of grain structure, defects, and surface
faceting to demonstrate how such parameters impact reaction
kinetics at the single-nanoparticle level.

As the third step and to demonstrate and benchmark our
setup using these Au@SiO, Pt structures, we investigated the
kinetic phase transition phenomenon and the corresponding
bistable kinetics that have been reported for the carbon
monoxide (CO) oxidation reaction both on single-crystal
surfaces*® and on nanofabricated Pt model catalysts.”**%*” As
the main results obtained at atmospheric pressure conditions,
we found that the reaction kinetics of simultaneously measured
individual model catalyst nanoparticles are remarkably di erent
and critically depend on their grain structure in terms of
abundance of grains and of the corresponding surface faceting
and that the superposition of the individual nanoparticle
response can account for the signi cant broadening observed
in the corresponding nanoparticle ensemble data.

Our experimental setup (Figure 1; for a more technical
drawing refer to Figure S1 in the Supporting Information, SI)
comprises an upright optical microscope operated in dark- eld
epi-illumination mode. It is connected to a spectrometer
equipped with a CCD camera, which is used to collect
scattered light from (individual) plasmonic nanostructures via
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a long working-distance 50 objective and thus enables both
ensemble and single-particle plasmonic nanospectroscopy
readout from a tailor-made catalytic reactor described below.
Plasmonic nanospectroscopy relies on the fact that the LSPR
frequency of a metal nanoparticle is very sensitive to minute
changes on its surface or on a second nanoparticle in its close
vicinity.**1"?829 Using dark- eld scattering spectroscopy, the
induced change in LSPR frequency can be e ciently detected
as a spectral shift of the peak maximum in the light-scattering
spectrum of a single nanoparticle, with resolution high enough
to detect single molecules.* In our setup focusing on catalysis
applications, the nanofabricated plasmonic/catalytic sample is
mounted on an inert at ceramic carbon heater installed inside
aglass ow reactor tube with 400 mm diameter, which we have
equipped with a 1 in, 200 m thin at optical window to
facilitate dark- eld scattering spectroscopy readout from inside
the reactor. It is also equipped with a gas inlet connected to
mass- ow controllers for accurate control of reactant
concentration. An active feedback loop controls the temper-
ature of the sample up to 623 K via a thermocouple and a
temperature controller. To facilitate the QMS readout directly
from the nanofabricated sample surface, we use a glass capillary
“sni er”*® which is mounted inside the ow reactor. Its
position can be accurately controlled viaan x y z micrometer
stage connected to the reactor by a stainless steel bellow. Via a
stainless steel tube, the sni er is further connected to a UHV
chamber, on which the QMS is mounted. The opening of the
glass capillary sni er toward the sample is tuned to 5 m using
the method introduced by Kasemo.*® In this way it e ectively
acts as ori ce leak for local, fast-response gas sampling using
the QMS by ensuring the necessary pressure drop from 1 atm
inside the reactor to below the maximal operation pressure of
the QMS, which is on the order of 10 ¢ mbar.

To initially validate the function of the setup, we
benchmarked it with our earlier work on the kinetic phase
transition that occurs during the hydrogen oxidation reaction
over a Pt nanoparticle ensemble model catalyst due to bistable
kinetics, which we had studied when introducing the indirect
nanoplasmonic sensing concept.”” The corresponding analysis
of a very similar set of experiments using our combined
plasmonic nanospectroscopy and QMS setup presented here is
summarized and discussed in detail in the SI and Figures S2
and S3. As the rst key result, it reproduces the insights
obtained in our previous study using a traditional quartz-tube

ow reactor setup and simple optical transmittance measure-
ments."” As the second key result, it demonstrates the
anticipated complementarity of the optical and the QMS
signals, that is, that the QMS reports the catalyst activity of the
nanofabricated model catalyst ensemble and that the
plasmonic nanospectroscopy optical signal directly reports
the catalyst surface state, as identi ed by the observed
coincidence of the highest reaction rate and change of the
catalyst surface state at the kinetic phase transition (Figure
S2c).

To enable single-particle plasmonic nanospectroscopy from
a Pt model catalyst, which by itself is a weak light scatterer,*
we want to place it closely adjacent to an inert plasmonic
nanoanetanna “observer” in order to enhance the total
scattering cross-section of the system. However, in contrast
to the earlier implementations of this concept,”®?%°! here we
also have to consider the high operating temperature of our
system and thus develop a means to spatially separate the
catalyst from the Au nanoantenna to prevent alloy or
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intermetallic phase formation between the two.*** For this
purpose, we further tailored our hole mask colloidal
lithography nanofabrication approach (see Methods for
details), to enable the chemical vapor deposition of a thin
SiO, layer through the nanofabrication mask that encapsulates
the entire Au nanoantenna before the growth of the Pt catalyst
nanoparticle (Figure 2a). In this way, due to the self-alignment,
it becomes possible to grow the catalyst exclusively on top of
the nanoantenna sensor, while simultaneously still completely
encapsulating the underlying Au nanoantenna. This results in a
Au@SiO, Pt hybrid nanostructure with combined sensing
(via the Au nanoantenna) and catalytic (via the Pt) function
(Figure 2b d). Furthermore, since di erent types of
separating layers, as well as catalyst particle materials, can be
grown in this way, our approach is generic and can be easily
expanded to other catalyst systems to tailor the catalyst
formulation in a modular fashion.

To test the thermal and chemical stability of the Au@SiO,
Pt nanostructures used here, we thermally annealed them at
623 K in 3% H, + 3% O, for 2 h and exposed them to reaction
environment for the CO-oxidation reaction (3% CO + 3% O,)
at 623 K for 0.5 h and in Ar carrier gas. The corresponding
scanning electron microscopy (SEM) analysis reveals their
structural integrity, as well as the anticipated recrystallization of
the Pt (Figure 2e g). Furthermore, comparing a representative
single-particle scattering spectrum of such a nanoarchitecture
after the thermal and reaction treatment (Figure 2h) with a
corresponding  nite-di erence time-domain (FDTD) simu-
lation (Figure 2i depicts the used simulation scheme) reveals
good agreement and thus further corroborates both the
integrity of the nanostructure and the anticipated coupling
between the two metal elements, essential for the indirect
sensing principle.

To further characterize the Pt model catalyst nanoparticles,
we performed transmission electron microscopy (TEM)
analysis. However, since the entire Au@SiO, Pt hybrid
structure would be too thick for TEM imaging, as well as
would lead to convoluted images due to the stacked Au and Pt
particles, we nanofabricated analogous Pt model catalyst
nanoparticles (i.e., without Au underneath) with the same
size on a TEM membrane and treated them in the same way as
the real sample at the reaction conditions described above. The
corresponding TEM images of representative Pt nanoparticles
reveal the formation of mainly polycrystals with various
numbers of grains (Figure 3a). Further resorting to our earlier
detailed characterization of the grain structure in equivalently
nanofabricated Pd nanoparticles using transmission Kikuchi
di raction (TKD), we conclude that each nanoparticle has its
distinct and unique grain structure with di erent grain
orientation (cf. Figure 5 in ref 35) and multiple surface facets
exposed by the di erent grains (cf. Figure S17 in ref 35).
Hence they ful Il the desired criterion to serve as single-
particle model systems for structurally distinctly di erent
catalyst nanoparticles.

As the nal characterization step of the Au@SiO, Pt hybrid
nanostructures to ensure that the SiO, layer indeed
encapsulates the Au nanoantenna and prevents direct contact
between Au and Pt elements even at reaction conditions, we
carried out X-ray photoelectron spectroscopy (XPS) analysis
(Figure 3b). It reveals that the distinct characteristic Pt 4f
peaks are preserved even after the reaction treatment and thus
corroborates that no mixing with the Au nanoantenna has
occurred.
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Figure 2. Characterization of nanofabricated Au@SiO, Pt hybrid
nanostructures with combined sensing and catalytic function. (a)
Schematic depiction of the structures that are composed of a Au
nanoantenna (20 nm thickness) encapsulated in a 10 nm thin silica
layer with a nanofabricated Pt model catalyst nanoparticle on top.
(b) Top-view (scale bar: 100 nm), (c) top-view zoom-in (scale bar:
50 nm), and (d) side-view (scale bar: 100 nm) SEM images of such
nanoarchitectures directly after deposition of the respective layers
and prior to any thermal treatment or catalytic reaction. SEM
images taken after thermal annealing under reaction conditions
described in the text: (e) Top-view (scale bar: 100 nm), (f) top-
view zoom-in (scale bar: 50 nm), and (g) side-view (scale bar: 100
nm). Note the structural integrity of the nanoarchitecture and its
components and the change in dimensions of the Pt catalyst due to
recrystallization. (h) Representative single-particle scattering
spectrum of the thermally treated Au@SiO, Pt nanostructure
displayed in (f) together with the corresponding nite-di erence
time-domain (FDTD) simulation. (i) Graphic illustration of the
used FDTD simulation scheme assuming the following nanostruc-
ture dimensions to mimic the Au@SiO, Pt architecture after
annealing: Au disk: 90 nm x 27 nm, SiO, thickness: 10 nm, Pt
nanoparticle: 65 nm x 28 nm.

To generally characterize the catalytic properties of the Au@
SiO, Pt hybrid nanostructures, we rst performed ensemble-
type experiments using the oxidation of carbon monoxide (CO
+1/20, CO,) over Pt as the model reaction.>* Speci cally,
we put our focus on the phenomenon of kinetic phase
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Figure 3. TEM and XPS sample characterization. (a) TEM images
of representative Pt nanoparticles after high-temperature anneal-
ing and reaction condition treatment. (b) High-resolution XPS
spectra in the Pt 4f spectral region of a fresh and a reaction-treated
Au@SiO, Pt sample, as well as of a Au@SiO, (i.e., no Pt on top)
control. As the main observation, we note that no signi cant
changes in terms of intensity or binding energy take place for the
Pt 4f lines (the small di erence observed is a consequence of
surface charging e ects due to the used oxidized silicon substrate),
corroborating that no Pt Au alloy/intermetallic phase is formed,
and thus that the SiO, encapsulation layer does not deteriorate
during reaction.

transitions and the corresponding reported kinetic bistabilities,
that is, the existence of two stable kinetic regimes that may
coexist for a given set of reaction conditions, which has been
reported for the CO oxidation reaction both on nanofabricated
Pt model catalysts”> and on single-crystal surfaces.*® In the
present case, as illustrated schematically in Figure 4, this means
that at low relative CO concentration, ©© = [CO]/([CO] +

Figure 4. Schematic depiction of the CO oxidation reaction and
the three kinetic regimes. The top scheme illustrates the key steps
of the CO oxidation reaction over a Pt catalyst, involving
dissociative adsorption of molecular oxygen, nondissociative
adsorption of CO, and formation and desorption of the CO,
reaction product. The bottom scheme depicts the origin of the
bistable kinetics at the interface between the O-rich and CO-rich
reaction regimes. In oxygen excess, the surface of the Pt
nanoparticles is mainly covered by dissociated chemisorbed
oxygen (O). By increasing the CO concentration in the feed the
reaction rate increases until a critical CO concentration is reached
and a so-called kinetic phase transition occurs to a state where CO
predominantly covers the surface.
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