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Abstract: To establish the structure–catalytic property relation-
ships of heterogeneous catalysts, a detailed characterization of
the three-dimensional (3D) distribution of active sites on
a single catalyst is essential. Single-particle catalysis of
a modular multilayer catalytic platform that consists of
a solid silica core, a mesoporous silica shell, and uniformly
distributed Pt nanoparticles sandwiched in between these
layers is presented. The first 3D high-resolution super-local-
ization imaging of single fluorescent molecules produced at
active sites on the core-shell model nanocatalysts is demon-
strated. The 3D mapping is aided by the well-defined geometry
and a correlation study in scanning electron microscopy and
total internal reflection fluorescence and scattering microscopy.
This approach can be generalized to study other nano- and
mesoscale structures.

Heterogeneous catalysis has been studied extensively by
various surface science techniques on single-crystal surfa-
ces.[1–3] Much understanding has been achieved about the
structure of active sites and the catalytic reaction mechanisms.
However, most catalysts used in industry are metal nano-
particles (NPs) supported on three-dimensional (3D) porous
supports.[4–6] The techniques that can be used to understand
the distribution of active sites on these 3D supports are very
limited, especially if the characterization has to be carried out
under reaction conditions.

High-resolution electron tomography is the most broadly
used technique in measuring the distribution of metal NPs in

3D supports. For example, within individual zeolite Y par-
ticles, the numbers, size distributions, and interparticle
distances of Pt particles have been characterized.[7] The
heterogeneities of Pt loading in the zeolite were discovered to
vary up to a factor of 35 between different zeolite crystals,
which clearly demonstrated the importance of catalyst
preparation and characterization. Electron tomography was
also able to measure the location and size distribution of
Pd NPs on and inside carbon nanotubes of different internal
diameters.[8]

Recent developments of in situ transmission electron
microscopy (TEM) have opened up exciting new opportuni-
ties to acquire fundamental understanding of reaction mech-
anisms of heterogeneous catalysis.[9, 10] However, its applic-
ability is still greatly limited by technical challenges, such as
the use of sophisticated sample holders, strict restrictions on
experimental conditions, inability to capture chemical infor-
mation of reagents and products, and relatively slow speed to
carry out tomography scans.

To study the activity, selectivity, and mechanism of action
of single nanocatalysts under real-life conditions, single-
molecule super-localization fluorescence microscopy has
been employed to map individual fluorogenic turnover
events on single nanocatalysts with nanoscale localization
precision in the two-dimensional (2D) horizontal plane.[11–23]

This fluorescence super-resolution mapping technique is
advantageous over other spectroscopic techniques, such as
electrochemical detection[24] and surface plasmon spectrosco-
py,[25, 26] for acquiring detailed information on single nano-
catalysts. Recent investigations have led to better under-
standing of the effects of facets,[11, 27] defects,[16] and photo-
generated reactive sites (electrons and holes)[17] in single
nanocatalysts. Furthermore, 3D super-resolution imaging has
been demonstrated by stochastic optical reconstruction
microscopy (STORM) for determining both axial and lateral
positions of individual fluorophores in cells.[28,29] However,
the 3D super-resolution mapping on single nanocatalysts
under reaction conditions has not been reported so far, and it
is still elusive because the axial localization precision[30]

(typically 2–3 times the corresponding lateral localization
precision) is often insufficient to resolve the axial distribution
of fluorescent events on single nanocatalysts of up to a few
hundred nanometers high.

Herein, we report the first 3D super-resolution mapping
of catalytic activities in a model multilayer catalytic platform
under reaction conditions. This model platform (Figure 1A),
which consists of Pt NPs sandwiched between an optically
transparent solid SiO2 core (ca. 200 nm in diameter) and
a mesoporous SiO2 shell (SiO2@Pt@mSiO2),[31] resembles the
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nanostructures of many intensively investigated high-perfor-
mance core–shell nanocatalysts.[32–39]

This type of multilayer nanocatalyst is an attractive
heterogeneous model catalyst for the following reasons:
First, the catalytic activity can be tuned readily by controlling
the number of the supported metal NPs. Second, the outer
SiO2 mesoporous shells isolate the catalytically active metal
NPs and protect them from the possibility of sintering during
catalytic reactions at high temperatures, while allowing
reactant molecules to approach the surface of metal NPs
through the pores. Third, spherical nanocatalysts can be
employed as a 3D multilayer catalytic platform for systematic
investigations to understand the factors (such as size,
structure, molecular transport) affecting their catalytic prop-
erties and efficiency. There have been no reports to study the
catalytic behavior of this type of multilayer nanocatalysts at
the single-molecule and single-particle levels under turnover
conditions. In this context, it is highly desirable to go beyond
the averaging inherent in ensemble experiments and reveal
catalytic properties of individual nanocatalysts during cata-
lytic reactions.

The multilayer SiO2@Pt@mSiO2 nanocatalysts used in this
study were synthesized according to literature procedures
(see details in the Supporting Information, Figure S1).[31] As
shown in Figure 1A, the PtNPs with a diameter of 3.6�
0.7 nm are sandwiched between a SiO2 sphere with an
average diameter of 200� 20 nm and a SiO2 shell with an
average thickness of about 10 nm. SiO2 was chosen as both
core and shell material because it has excellent thermal
stability, tunable surface functionality, and optical transpar-

ency in the UV/Vis range. The UV/Vis absorption spectra of
the multilayer nanocatalysts and the SiO2 spheres are shown
in the Supporting Information, Figure S2; a peak is observed
at around 275 nm in Figure S2 A because of the presence of
PtNPs.[40]

To investigate the catalytic activity of the multilayer
nanocatalysts, we used the fluorogenic oxidation reaction of
non-fluorescent amplex red (10-acetyl-3,7-dihydroxyphenox-
azine) to produce highly fluorescent resorufin (lex = 563 nm;
lem = 587 nm, at pH 7.5) at the single-molecule level (Fig-
ure 1B).[17] A sample slide was prepared by spin-casting the
nanocatalyst solution on a poly-l-lysine functionalized fused
quartz slide. The concentration of the nanocatalysts immobi-
lized on the fused quartz slide was controlled to be about
1 mm�2 for single-particle catalysis. Two pieces of double-
sided tape with a thickness of 25 mm were used as spacer
between the fused quartz slide and a glass coverslip to form
a sample flow chamber.

Single molecule imaging experiments were carried out
under a prism-type total internal reflection (TIR) fluores-
cence microscope (Supporting Information, Figure S3).[41] An
evanescent field is created when the total internal reflection
of an incident laser beam occurs at the solid/liquid interface.
The evanescent field intensity decays exponentially with the
vertical distance (up to a few hundred nanometers) from the
interface.[42] This unique home-built prism-type TIR fluores-
cence microscope is capable of finding the optimum incident
angle automatically by scanning a range of angles at intervals
as small as 0.28.[41] The optimum incident angle in our
experiments was found to be about 688, which was close to
the critical angle of 668 for the fused quartz/water interface, to
result in a deep penetration depth and the highest possible
signal-to-noise ratio (S/N) for single molecule detection.

A 532 nm green laser was used to excite the fluorescent
resorufin product. Before initiating the fluorogenic oxidation
reaction, the 532 nm laser beam was first shined onto the
sample for 20 min to remove possible fluorescent dusts and
impurities. Then the reactant-containing solution (0.4 mm

amplex red, 20 mm H2O2, and 50 mm pH 7.5 phosphate
buffer) was introduced over the nanocatalysts in the sample
flow chamber. PtNPs are very reactive in the fluorogenic
oxidation reaction of amplex red to resorufin.[14] Thus,
fluorescent resorufin molecules were formed at many possible
reactive PtNPs on single nanocatalysts (Figure 1C; Support-
ing Information, S4A) and detected by an electron multi-
plying charge-coupled device (EMCCD) camera. These
experiments clearly demonstrated the nanocatalyst activity
for the fluorogenic reaction at the single-particle level.

We recorded movies of stochastic fluorescence bursts at
many localized spots on the fused quartz surface with
a temporal resolution of 100 ms. Figure 1D shows a segment
of a typical fluorescence intensity trajectory from one spot
highlighted in the white frame in Figure 1C containing
stochastic fluorescence ON–OFF signals. Each burst corre-
sponds to a single resorufin molecule. It is evident in
Figure 1D that these fluorescence bursts vary significantly
in intensity with the S/N ranging from 3 to 12. This can be
ascribed primarily to different vertical positions of these
resorufin molecules on the surface of a 200 nm spherical

Figure 1. Single-molecule catalysis of a fluorogenic oxidation reaction
on single SiO2@Pt@mSiO2 nanocatalysts. A) TEM image of PtNPs
confined between a SiO2 sphere and a mesoporous SiO2 shell.
B) Experiment using total internal reflection fluorescence microscopy.
Non-fluorescent amplex red is converted into highly fluorescent
resorufin by a SiO2@Pt@mSiO2 nanocatalyst in the presence of H2O2.
C) Typical image of fluorescent product at localized spots during the
catalytic reaction under 532 nm illumination. D) A typical plot of
fluorescence intensity vs. time for the fluorescent spot highlighted in
the white frame in (C). Temporal resolution was 100 ms. The corre-
sponding movie is included as Movie S1 in the Supporting Informa-
tion.
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nanocatalyst within the evanescent field, which extends only
a few hundred nanometers into the sample.

The fluorescence image of a single resorufin molecule
during one burst spreads over a few pixels as a point spread
function (PSF; Supporting Information, Figure S4A). The
center position of this PSF can be determined by 2D Gaussian
fitting of its fluorescence profile (Figure S4B). The local-
ization precision is typically in the range of a few nanometers
to tens of nanometers depending on the signal to noise ratios
(S/N) of individual fluorescence bursts. Furthermore, to
correct for sample drifting, two red-fluorescent beads with
a diameter of 100 nm were used as position marker (Figur-
es S4 A and S5).

This commonly used localization method generates high-
resolution 2D maps of individual turnover events on single
nanocatalysts; however, it does not provide essential infor-
mation related to the nanocatalyst 3D structure. To surmount
this limitation, we have made further efforts to develop a new
approach for geometry-assisted 3D superlocalization imaging
of single fluorescent molecules in the evanescent field. The
core idea is to take advantage of the uniform spherical shape
of the nanocatalysts. The new approach consists of two key
steps. First, the Pythagoras theorem is used to convert 2D to
3D localization of each resorufin molecule on the nano-
catalyst spherical surface. Second, the volume intensity is used
to determine whether a given product molecule is formed at
the top or bottom half of a spherical nanocatalyst (see the
detailed procedure in the Supporting Information, Figure S6).

Two sets of experiments have been performed to validate
the method described above. The first set verifies that the
intrinsic fluctuations in the molecular fluorescence emission
do not significantly affect the accuracy in the vertical position
determination. We plotted (Supporting Information, Fig-
ure S7) the S/N distributions of resorufin molecules immobi-
lized on a flat surface or produced catalytically on the
spherical surface of the nanocatalysts under similar exper-
imental conditions. The relative standard deviation (RSD) of
the S/N distribution for the spherical surface case (ca. 36 %) is
significantly larger than that for the flat surface case (ca. 9 %).
The vertical distribution of resorufin molecules in the
evanescent field is the main cause of this disparity, and it is
also the more significant factor contributing to the recorded
fluorescence intensity variations than the intrinsic fluctua-
tions. Furthermore, it should be emphasized that the fluores-
cence intensity is only used to determine on which hemi-
sphere a resorufin molecule is located, and this operation can
tolerate much larger uncertainties in the fluorescence inten-
sity than those caused by the intrinsic fluctuations.

Another relevant point of discussion on uncertainty is
about the resorufin molecules located in the middle section
(equator) of a spherical nanocatalyst. These molecules have
to be treated as one group because of the lack of resolving
power to decide whether they are actually above or below the
equator. The width of this middle section is estimated to be
roughly � 10 nm when the RSD of the fluorescence intensity
fluctuations is set to 10%. The complete analysis at different
incident angles and intensity fluctuations can be found in the
Supporting Information.

The second set of experiments was a correlation study of
same nanocatalysts in scanning electron microscopy (SEM),
TIR scattering microscopy, and TIR fluorescence microscopy
(Figure 2). The position and diameter of each nanocatalyst
were first measured in the SEM image (Figure 2A). Then we
located the same nanocatalysts in the TIR scattering mode,
which was converted from the TIR fluorescence mode by
simply replacing the 532 nm long-pass filter for fluorescence
emission with a 532 nm band-pass filter for laser excitation in
front of the EMCCD camera. The 2D Gaussian fitting
method was used again here to determine the center position
of each nanocatalyst in the TIR scattering image (Figure 2B).
Finally, we performed the fluorogenic oxidation reaction over
the same nanocatalyst sample as described earlier, and
recorded a series of movies showing stochastic fluorescence
bursts in the same sample area. All five nanocatalysts labeled
in Figure 2 were active for the catalytic reaction, as the
corresponding fluorescence bursts were found in the corre-
lated TIR fluorescence image (Figure 2C). A MATLAB
program was developed to carry out the data analysis for the
entire imaging area (Supporting Information, Figure S8).
Through the careful correlation study, 3D super-resolution
maps of resorufin molecules on single nanocatalysts can be
generated reliably and accurately.

Figure 3 shows the 3D super-resolution map of single
resorufin product molecules formed on NP4 during the
catalytic reactions. The diameter of NP4 was measured to be
240 nm from the high-magnification SEM image (Figure 3A).
As expected for this nanocatalyst with a high density of
PtNPs, a large number of turnover events were recorded
within about 1 h. Figure 3B shows a broad distribution of the
signal intensity, which is consistent with the intensity trajec-
tory provided in Figure 1D. In the 2D super-resolution map
(Figure 3C), a circular shape can be observed with an
estimated diameter of 270 nm, which is consistent with the
particle diameter of 240 nm plus the uncertainties in 2D
localization. The center of the circle nearly overlaps with the
geometric center of the nanocatalyst obtained from the
correlated TIR scattering image (Figure 2B). Finally, the 2D
coordinates of the resorufin molecules were projected onto
the spherical surface to generate the final 3D super-resolution
map (Figure 3D).

To further demonstrate the 3D super-resolution mapping,
we synthesized similar nanocatalysts but with a very low
density of PtNPs (1–5 PtNPs per particle) (Figure 4A). We
performed the same fluorogenic reaction over the low Pt
loading nanocatalysts under identical experimental condi-

Figure 2. Correlation of SEM (A), TIR scattering (B), and TIR fluores-
cence (C) images of the same area showing five single SiO2@Pt@m-
SiO2 nanocatalysts (high PtNP loading).
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tions. As shown in Figure 4B, we found two distributions of
fluorescence intensity of single product molecules on a nano-
catalyst.

Figure 4C shows a 2D super-resolution map of single
product molecules. Two groups of the turnover events can be
observed on the 2D map. It can be found from the two

intensity distributions (Figure 4B) that one group (black dots
with higher fluorescence intensity) is positioned at the lower
side of this nanocatalyst while the other group (gray stars with
lower fluorescence intensity) is located at the upper side. The
observation of the two intensity groups serves as further
evidence that the fluorescence intensity can be used as the
secondary criterion together with the primary criterion (2D
location) to assign individual fluorescence bursts to the 3D
spherical surface. It can also be observed in Figure 4 B that the
shoulders of the two distributions overlap owing to the
intrinsic fluorescence fluctuations, causing common and
expected uncertainty associated with single molecule imaging
experiments.

Another example with three groups of localized fluores-
cence bursts is provided in the Supporting Information,
Figure S9. These two examples clearly demonstrate the
capability to conduct the 3D super-resolution mapping of
single fluorescent molecules produced on a 3D nanocatalyst.

In conclusion, we report the first 3D super-resolution
mapping of single fluorescent product molecules on single
spherical multilayer nanocatalysts during catalytic oxidation
reactions. The 3D imaging is aided by the well-defined
geometry of the nanocatalyst, a careful correlation study in
SEM and TIR scattering and fluorescence microscopy, and an
algorithm to convert 2D maps to 3D maps. This super-
resolution mapping approach can be generalized to study
other regularly shaped nano- and mesoscale structures, if the
actual shapes and dimensions can be established through
correlated SEM or TEM images.

Single molecule catalysis with 3D super-localization
imaging allowed us to better understand the catalytic activity,
the identity and 3D distribution of reactive sites of the
multilayer nanocatalysts. Note that the SiO2@Pt@mSiO2

nanocatalysts are a highly modular 3D multilayer catalytic
platform with controllable pore size, length, and active site
location. We therefore expect that the sandwiched core–shell
catalytic platform combined with the 3D super-localization
imaging technique will enable us to address more fundamen-
tal challenges such as molecular transport phenomena in the
porous catalytic nanostructures. Further studies to clarify the
catalytic efficiency and characteristic molecular transport
phenomena in terms of the thickness of a shell and the size of
pores in the highly modular catalytic platform are underway.
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