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Fig. 9 (A) Normalized populations distribution (%) of type-a and
type-b Au-nanoparticles at different resazurin substrate concentrations.
(B) Population distribution (%) of the Au-nanoparticles across different
type-a-to-b switching concentrations. The x-error bars are from the
concentration gap between two neighboring experimental substrate
concentrations.

Here we put forth two possible dynamic models for the
switch behavior of Au-nanoparticle surface sites: a conversion
model and an inactivation-activation model (Scheme 1). In the
conversion model (Scheme 1A), a Au-nanoparticle only has
type-a sites on its surface at low substrate concentrations.
With increasing substrate concentrations to the switching
concentration, the substrate-nanoparticle interactions and
the accompanying catalysis convert all surface sites from
type-a to type-b, and the catalytic behavior of a Au-nanoparticle
switches accordingly. The physical process for this conversion
could be surface reconstruction induced by substrate
adsorption and catalysis, which could have contributions from
resazurin, NH>OH, and the catalysis products; or could be
some unknown processes. In the inactivation-activation model
(Scheme 1B), a Au-nanoparticle always has both type-a and
type-b sites on the surface. However, at low substrate
concentrations, the type-b sites are at an inactivated state;
when the substrate concentration reaches the switching
concentration, the type-b sites get activated while the type-a
sites get inactivated. The physical process for the inactivation-
activation could also be substrate or catalysis-induced surface

Scheme 1 Models for Au-nanoparticle surface site switching.

reconstruction, or some unknown processes. A combination
of conversion and inactivation-activation is of course also
possible.

One may possibly argue for a static model: the type-a and
type-b sites are both present and active at any substrate
concentration and there is no change in surface sites with
increasing substrate concentrations, and the behavior difference
of Au-nanoparticles at low and high substrate concentrations
is simply determined by the different substrate occupations of
the surface sites. At low substrate concentrations, substrate
only binds to type-a sites, and a Au-nanoparticle exhibits
type-a behavior; at high substrate concentrations, type-b sites
will be significantly populated and dominate the nanoparticle
behavior. However, this static model will require significantly
different substrate binding affinities between the type-a
and type-b sites, whereas their experimental K; only differ
slightly (Table 1). Moreover, this static model predicts that at
intermediate substrate concentrations, a Au-nanoparticle
should have contributions from both type-a and b sites, and
thus behave somewhere between this two types. Adversely, no
intermediate behavior were observed, and the nanoparticles
behave either like type-a or type-b (Fig. 6). Therefore, this
static model should not be applicable for the switching
behavior of Au-nanoparticles.

Alternatively, the type-a and type-b behavior could result
from different states of the reactants on the nanoparticle
surface at different concentrations, rather than from different
surface structures. For example, resazurin could change its
adsorption orientation on the surface at different concentrations,
or oligomerize at high concentrations, both of which could
result in changes in binding affinity and reactivity. For the case
of oligomerization, it should involve many molecules to have
high-order kinetics to behave like a switch, as we observed
experimentally.

The dependence of surface site types on substrate concen-
trations has strong implications in experimental studies of
nanoparticle catalysts, or heterogeneous catalysts in general.
Since the catalytic properties of surface sites can behave
differently at high substrate concentrations, it is imperative
to study heterogeneous catalysis at conditions relevant to real
applications. Ultrahigh vacuum studies of heterogencous
catalysts, for which many powerful spectroscopic techniques
are available to provide rich information on catalytic
mechanisms, should be complemented with high pressure,
high concentration studies (e.g., in solution), to gain a full
understanding of their catalytic properties.®!

5. Conclusion

By following the catalytic reactions of individual Au-
nanoparticles in real time at single-turnover resolution, we
have examined in detail the activity heterogeneity among 6 nm
spherical Au-nanoparticles and quantified the heterogeneous
distributions of their kinetic parameters. Large activity
heterogeneity is observed in both the catalytic conversion
reaction and the product dissociation reaction, which are
challenging to unmask in ensemble-averaged measurements.
Analyzing the temporal fluctuation of catalytic activity of
individual Au-nanoparticles further reveals that they can
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switch between two different types of surface sites that have
different catalytic properties and that participate in catalysis at
different substrate concentration regimes. The substrate-
concentration dependent catalytic property and dynamic
switching of nanoparticle surface sites make imperative to
study nanoscale catalysts at high concentrations and in real
time to understand their catalytic properties completely. The
heterogeneous and dynamic behavior of Au-nanoparticles
revealed by the single-particle study here highlight the
intricate interplay between catalysis, structural dispersion,
variable surface sites, and surface restructuring dynamics in
nanocatalysis.
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