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ABSTRACT: Investigating a catalyst under relevant application
conditions is experimentally challenging and parameters like
reaction conditions in terms of temperature, pressure, and reactant
mixing ratios, as well as catalyst design, may signi cantly impact the
obtained experimental results. For Pt catalysts widely used for the
oxidation of carbon monoxide, there is keen debate on the
oxidation state of the surface at high temperatures and at/above
atmospheric pressure, as well as on the most active surface state
under these conditions. Here, we employ a nanoreactor in
combination with single-particle plasmonic nanospectroscopy to
investigate individual Pt catalyst nanoparticles localized inside a
nano uidic model pore during carbon monoxide oxidation at 2 bar
in the 450 550 K temperature range. As a main nding, we
demonstrate that our single-particle measurements e ectively resolve a kinetic phase transition during the reaction and that each
individual particle has a unique response. Based on spatially resolved measurements, we furthermore observe how reactant
concentration gradients formed due to conversion inside the model pore give rise to position-dependent kinetic phase transitions of
the individual particles. Finally, employing extensive electrodynamics simulations, we unravel the surface chemistry of the individual
Pt nanoparticles as a function of reactant composition and nd strongly temperature-dependent Pt-oxide formation and oxygen
spillover to the SiO, support as the main processes. These results therefore support the existence of a Pt surface oxide in the regime
of high catalyst activity and demonstrate the possibility to use plasmonic nanospectroscopy in combination with nano uidics as a
tool for in situ studies of individual catalyst particles.
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INTRODUCTION

Kinetic bistability is a characteristic property of the carbon
monoxide (CO) oxidation reaction and the consequence of the
poisoning e ect that CO has on catalysts due to its strong
bond with Pt-group metals.> ® This e ect is responsible for the
so-called cold-start problem of three-way catalytic converters.
Mechanistically, it has been shown to be strongly in uenced by
changes in the apparent rate coe cients of the elementary
reaction steps, which in turn are controlled by the given
reaction conditions in terms of the pressure, temperature, and
relative reactant concentration ( ©©), as well as by the catalyst
design.’ Here, © is de ned as

co Cco
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where €O is the relative CO concentration and ¢; is the gas-
phase concentration of species i. The existence of two separate
kinetic phases is caused by the fact that the catalyst either can

nd itself in a state of low activity, when the surface is CO
poisoned, or in a highly active state, where its surface is
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predominantly covered by dissociated chemisorbed oxygen
(0). Bistability arises when both states can be kinetically stable
for the same reactant mixing ratio. This occurs in the low-
temperature regime, where the state depends on the previous
state of the catalyst in terms of €, giving rise to hysteresis.**
In the O-dominated regime, the reaction rate is almost
proportional to the supplied CO concentration, since the
in uence of O on the adsorption probability of CO is small,
and it increases until a critical relative CO concentration, *, is
reached, and a so-called kinetic phase transition’ to a new state
takes place. In this new state, CO predominantly covers the
surface and the reaction rate is reduced because the adsorbed
CO molecules e ectively block chemisorption of O, and thus
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Figure 1. Nanoreactor chip design. (a) Schematic layout of the nano uidic chip with inlet and outlet -channels that connect the nanoreactor to

the gas supply system. (b) Reaction zone of the chip where the nano uidic reactor consists of six parallel nano uidic channels

the model pores

each containing catalyst nanoparticles. (c) Optical microscope image of a nano uidic model pore containing 16 nanoparticles. (d) Spectroscopic
CCD image of ve individual catalyst nanoparticles inside the model pore. () Scanning electron microscopy (SEM) micrograph of a particle
placed inside a ca. 400 nm wide nano uidic model pore. (f) Side-view SEM image of a representative Au SiO, Pt hybrid nanoparticle consisting
of a 40 nm high Au base covered by an 8 nm thick SiO, layer with a 15 nm thick Pt catalyst on top. The image was taken after annealing at 823 K in
N, for 12 h. (g) Scattering spectra of such a hybrid nanostructure at 523 K in pure Ar ow (red) and in 7% O, in Ar (blue). The spectral position
of the localized surface plasmon resonance (LSPR) peak maximum (' p) and the full width at half-maximum (FWHM) are indicated by the dashed

lines.

limit the supply of O to form CO,. When decreasing ©©, a

similar scenario takes place but with the Kkinetic phase
transition at di erent * due to hysteresis.>>’

In this context, there is also ongoing debate about the most
active phase of Pt under application conditions, where the
exact role of a formed surface oxide layer is still not fully
established.® * This is, to a large extent, the consequence of
the fact that most insights related to CO oxidation over Pt
catalysts over the last decades have been generated on the basis
of surface science studies on (single crystal) model catalysts at
low pressures, where no signi cant surface oxide formation has
been observed.***> More recently, structurally less perfect
systems have been investigated and studies under more
technologically relevant conditions in terms of pressure have
become available. To this end, it has been shown for
polycrystalline Pt foils under low-pressure conditions that *
exhibits a distinct dependence on the surface index of the
individual crystallites in the foil® and that the abundance of
di erent facets and defects in uences the nature of the
bistability.>'® Furthermore, studies performed at higher
pressures have indicated more dramatic changes in the Pt
surface during CO oxidation.***” One study, performed at 0.5
bar, investigated Pt(110) with surface-sensitive X-ray di rac-
tion (XRD) and concluded that an oxide surface had
signi cantly higher activity than a metallic Pt-terminated
surface.® Similarly, time-resolved X-ray absorption spectrosco-
py (XAS) of a packed-bed reactor investigated at atmospheric
pressure and 382 K has, with millimeter spatial resolution,
identi ed the mechanism of oscillations in CO oxidation as
mediated by the local transient formation of a highly
disordered Pt oxide.” In contrast, another operando XAS and

2022

IR thermography study, conducted at atmospheric pressure
and 373 448 K, concluded that reduced Pt was responsible for
the highest activity and that Pt-oxide formation resulted in
reduced activity.' Similarly, ambient-pressure X-ray photo-
electron spectroscopy (AP-XPS) at 250 mTorr was used to
study Pt(110) during CO oxidation and an -PtO, phase was
detected as a less active phase than an oxygen-terminated Pt
surface."* Furthermore, in situ transmission electron micros-
copy (TEM) studies have revealed that the chemical dynamics
on Pt nanoparticles are mediated both by morphological
transformations and by structural changes.>***° Finally, we
have recently demonstrated that the kinetic phase transition
can be resolved on single Pt nanoparticles using plasmonic
nanospectroscopy at atmospheric pressure.’ However, to the
best of our knowledge, no studies exist that investigate the
surface oxidation state and the CO oxidation reaction kinetics
of a Pt nanocatalyst under high-pressure conditions with single
nanoparticle resolution and for a catalyst material that takes
the distribution of the metal nanoparticles in a nanocon ned
space explicitly into account. The former is, however, critical if
ensemble averaging is to be avoided to enable a direct
quantitative comparison of experiments with theoretical
modeling. The latter is important because the nanocon ne-
ment may locally de ne reaction conditions that are very
di erent from the global ones. In other words, the catalyst may
locally attain di erent oxidation states or experience
signi cantly di erent reactant compositions at di erent
positions, e.g., due to local conversion on neighboring particles
in direct proximity, or generally due to reactant conversion on
particles upstream.?*
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