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ABSTRACT: The understanding of the structure—reactivity relationship is helpful for the
nanocatalyst (NC) design. However, though precisely parse, this information is challenging
due to the heterogeneity of NCs and the complex mechanism of energetic charge carrier
(e7/h* pairs) generation and transfer within the catalysts upon light irradiation. Here, the
effect of the semiconductor shell on the photocatalytic redox reaction is probed at the
single-Ag@TiO, NC level with single-molecule imaging. By engineering the TiO, shell
thickness, catalytic activities of the NCs are precisely controlled and quantitatively
measured to show a parabolic-like distribution with increasing TiO, thickness. Besides, the
varied activity among different NCs and the dynamic activity fluctuation of single NCs
during continuous redox conversion are observed. Mathematical analysis indicates that the
TiO, layer affects the activity of the core—shell NCs by simultaneously affecting the fate of
photo-induced e™/h" pairs and hot electrons generated at the Ag core. This work sheds
light on molecular-scale elucidation of the impact of metal—semiconductor NC structures

SSAWIY IBYS

YCH N
S, B

Amplex Red Resorufin

on their reactivities.
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B INTRODUCTION

Metal—semiconductor nanocatalysts (NCs) have attracted
considerable attention in a wide range of fields from clean
energy production, organic pollutant degradation to hazardous
waste remediation.' ™ Among those nanocomposites, noble-
metal (e.g, gold and silver)-semiconductor (e.g., TiO,) core—
shell nanoparticles (NPs) are of particular interest because of
their tunable optoelectronic properties and improved visible-
light photocatalytic activity.*”® In metal—semiconductor
heterojunctions, the metal surface plasmons are capable of
inducing charge separation in semiconductors through
plasmon-induced resonance energy transfer (PIRET) or a
direct hot electron injection process.” ” Recent experimental
and theoretical studies have led to progress in understanding
how PIRET and hot electron transfer can independently
enhance photocatalysis near or below the band edge of the
semiconductor. However, investigation on how these two
mechanisms coexist or compete in a plasmonic metal—
semiconductor photocatalyst lags far behind. On the other
hand, current studies on the relationship between the catalytic
performance and the structural properties of the metal—
semiconductor NCs have been mainly limited to only
providing apparent averaged information at the ensemble
level, which conceals the heterogeneous properties of
individual NCs.'"”"* To get a deeper insight into the catalytic
mechanism and the structure—activity relationship of the
metal—semiconductor NCs, it is essential to study the catalytic
process at the single-particle level.
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Single-molecule fluorescence microscopy, with appealing
features of multiplexed imaging, high sensitivity, and
spatiotemporal resolution, allows in situ characterization of
the catalytic kinetics and dynamics of individual NCs with
single-turnover resolution.”>™"° To date, single-molecule
fluorescence imaging has been exploited to resolve the
heterogeneous NC structure-dependent reactivity, the dynamic
evolution of catalytically active sites, and the activation energy
by recording photo- and electro-catalytic transformations on
different single isolated NCs, including semiconductors,'*™"?
metal NPs,°"*’ and metal—semiconductor hybrids.
Recently, by incorporating competition into the single-
molecule fluorescence detection scheme, non-fluorescent
molecular conversions on single NCs have also recently been
quantitatively imaged at the single-molecule level.”> We
envision that, by rationally designing the catalytic system,
single-molecule fluorescence microscopy will enable the
quantitative visualization of plasmon-enhanced photocatalytic
transformation on single metal—semiconductor NCs and
facilitate deciphering of the structure—function relationship.
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In this work, we report, to the best of our knowledge, the
first direct characterization of metal—semiconductor NCs at
the single-molecule and single-particle levels. As a proof-of-
concept study, Ag@TiO, core—shell nanospheres with varied
TiO, shell thickness were employed as model NCs. Ag@TiO,
hybrid nanostructures are classical plasmonic metal—semi-
conductor NCs in which the generation and transport of
charge carriers under photoexcitation may be complex
depending on their structures.”*”>* By real-time recording
of the fluorescence emission and measuring the reaction rate
constant, we quantitatively demonstrate the heterogeneous
catalytic dynamics of single NCs. The influence of TiO, shell
thickness on the apparent catalytic activity was observed.
Moreover, a mathematical model was established to resolve the
contribution of PIRET-induced electron—hole (e”/h*) pairs
and hot electrons that diffused to the outer surface of the TiO,
shell in the catalytic reaction. Our single-molecule study
enables a deeper understanding of the catalytic activity and the
underlying mechanism of plasmonic metal—semiconductor
NCs that should be useful not only for the design of new
catalysts but also for the activity improvement of given NCs.

B RESULTS AND DISCUSSION

The core—shell-structured NCs were synthesized by hydrolysis
of titanium tetraisopropoxide (TTIP) on Ag NPs that were
pre-coated with a thin layer of SiO, to decrease silver oxidation
during TiO, deposition.””*° The transmission electron
microscopy (TEM) measurements (Figures lab and Slab)
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Figure 1. (a,b) Typical TEM image of py. (c) Top: Formation of
radicals from the photogenerated e”/h" of Ag@TiO, NCs. Bottom:
TIRF microscopy to image the fluorescence reaction of Amplex Red
illuminated by a 532 nm laser. (d) Fluorescence image of single-
molecule nanocatalysts. (e) A segment of fluorescence trajectory from
the spot marked by a red circle in d at 50 nM Amplex Red.

reveal that the Ag core has an average diameter of ca. 70 nm,
which increases to ca. 110 nm after coating a 20 nm TiO, shell
(denoted p,, for simplicity). The energy-dispersive spectros-
copy and X-ray diffraction analysis demonstrate the co-
presence of Ag, Si, O, and Ti in core—shell NPs (Figure
Slc—g). By adjusting the amount of TTIP, we prepared NCs
with other thicknesses (5, 10, and 30 nm) of TiO, shells
(denoted ps, p1o, and ps, respectively) (Figure S2). The UV—
vis absorption spectrum of each hybrid NC shows a strong
characteristic band at ca. 445 nm (Figure S3a) due to the
localized surface plasmon resonance (LSPR) of the silver core
and the effect of a thin SiO, interlayer.””*" Then, the plasmon
peak gradually widens, accompanying the appearance and
increase of a new absorption peak at ca. 320 nm (TiO,, P25),
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as the thickness of the TiO, layer increases from 5 to 30 nm.
The experimental spectra are fully consistent with the results
predicted by Mie theory calculations (Figure S3b). Both the
experimental and theoretical studies demonstrate that the
semiconductor shell negligibly affects the absorption of the
hybrid NC to light as the wavelength is increased beyond 400
nm (Figure S3). To further verify this, the absorption spectra
of 70 nm Ag NPs and 25 nm TiO, NPs were determined. As
shown in Figure S4, TiO, NPs have a single sharp peak at ca.
320 nm that rapidly decays to near zero at ca. 400 nm. Since
we use a 532 nm laser to induce the catalytic reaction, the
TiO, layer is therefore considered light-transparent to the
excitation light. That is, the TiO, shell itself has no interaction
with the laser excitation during the photocatalytic process,
which is important to clarify the catalytic mechanism in later
sections.

As depicted in Figure Ic, the single-molecule imaging of
photocatalytic reaction is based on a total internal reflection
fluorescence (TIRF) microscopy of a fluorogenic catalytic
reaction. Ag@TiO, NCs can be excited with a 532 nm laser to
generate e /h™ pairs in the semiconductor shell. The
photoinduced charge carriers produce adsorbed hydroxyl
radicals (OH',4,) and superoxide anion radicals (O™ 4) on
the NC surface, respectively, by further reaction with H,0,4,/
OH™ 4, or Oy, The absorbed radicals then oxidize Amplex
Red, a non-fluorescent compound, to its highly fluorescent
product Resorufin,”* which is observed using a high-numerical
aperture oil immersion objective and imaged with a sensitive
electron-multiplying charge-coupled device (EM-CCD) cam-
era. A micro-flow cell was used to supply a continuous and
constant flow of the reactant Amplex Red solution to the NC
surface (Figure S5). Before single-molecule measurements, the
feasibility of the reaction system was initially validated by the
ensemble experiments (Figure 3). The photocatalytic reactions
were first carried out in PBS buffer containing 10 4M Amplex
Red and 0.1 mg/mL Ag@TiO, NCs and excited by a 532 nm
laser for different times. From Figure 3a—b, one can see that
no product molecules were formed in the solution without
light illumination. After illuminated with 532 nm light for 20
min, a new absorption peak at about 570 nm and a
fluorescence emission peak at about 585 nm appeared,
implying that Resorufin was generated from the reaction of
Amplex Red catalyzed by NCs. When increasing the
illumination time, the fluorescence intensity increased
gradually, indicating that more product molecules were
generated on the catalyst surface (Figure 3b,c). In addition,
a new molecule with m/z of 214.55 in the mass spectra was
generated after the reaction, which was highly consistent with
the molecular weight of Resorufin (Figure 3d). With up to 100
ms frame rate, we recorded movies of stochastic fluorescent
bursts at a localized spot on the glass surface (Figure 1d).
Figures le and S6a display the typical time trajectories of
fluorescence intensity from a single-molecule catalytic movie,
each sharp intensity spike marking the formation of Resorufin
on the NC surface; the falling of fluorescence intensity spike to
the baseline level marks a short dissociation of the product
molecules from the particle surface (Figure S7), and each off—
on corresponds to a single turnover of catalytic formation of a
product on one NC and its subsequent dissociation. Control
experiments show that no clear fluorescent bursts are observed
in the absence of substrate, and no clear fluorescent bursts are
observed on pure Ag@SiO, or TiO, NPs (Figure S8). Thus,
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Figure 2. (a) Amplex Red concentration dependence of TOR with
different NPs as the catalyst. Each data point is an average of more
than S0 individual NCs. Error bars are standard errors of mean. (b)
Y. and K| vs different NCs. Error bars are standard deviations.
Distributions of 7.4 (¢, ps), (d, pio), (&, pao), and (f, p3o) from more
than S0 trajectories at 100 nM Amplex Red.

a b
0.181 _illuminated 28]
- —Amplex R = 214
5 0.12 3.
<, -
” % 14
] [ =4
< ]
£

560 600 640 680

400 500 600 700
Wavelength [nm] Wavelength [nm]
¢ d«?100 oo 257.09
281 . Ag@TiO2+Amplex Red a T
—_ * Amplex Red . [} A AA .
S A Ag@TiO: " s
Fl 21 @Ti02 " < 0 Amplex Red
> . m/z
= 14 -
2 . 21000 21485
g . = PN
L 4 . . g LLAA,
- ._-:“"....-"" € Resorufin
113 1 333 399 9PV0PPPVPPIN 150 300
0 5 _10 15 20 mz
Time [s]

Figure 3. (a) UV—vis absorption spectra and (b) fluorescence spectra
of Amplex Red and p,, in PBS before and after illumination with a
laser for 20 min. Inset in b shows the fluorescence photos of Amplex
Red before and after illumination for 20 min. (c) Fluorescence
intensity at 585 nm versus time data after the laser light is turned on.
(d) Mass spectra of Amplex Red before and after illumination for 20
min.

the single-Resorufin fluorescent burst is attributed to the single
catalytic turnover by a single Ag@TiO, particle.

In the single-molecule fluorescence trajectories (Figures le
and S6a), the time interval (7 4) of two adjacent bursts is the
waiting time before the formation of a fluorescent product
molecule; the values of 7.4 are stochastic, and their
distributions can reflect the underlying catalytic reaction
kinetics. 7, is the standing time before the product molecules
dissociated from the surface of NCs. Notably, the narrow
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bursts on the trajectories indicate that the new product
molecules dissociate very fast after their formation on a NP
surface. Thus, the 7,, can be neglected and 7, can be
approximately regarded as the time needed to complete a
catalytic turnover.”” Then, the average turnover rate (TOR) of
a single NP can be derived directly by counting the number of
bursts within a given time with TOR = (7,4)"", where ()
denotes averaging. To probe the kinetic mechanism of NCs
with different TiO, shell thicknesses, we investigated their
activities by conducting catalytic turnovers with different
concentrations of Amplex Red [S]. The [S] concentration
titration curves of TOR for different NCs are displayed in
Figure 2a, and each curve is averaged over many NCs.
Apparently, the TORs increased with increasing substrate
concentration and then reaches saturation but with different
saturation levels and initial slopes, reflecting their hetero-
geneity in catalytic reactivity. The dependence of TOR on [S]
can be described by the Langmuir—Hinshelwood equation™”

<Toff>_1 effK [S]

TOR = <T0ff + Ton>_l ~ = TI{[S]
1

(1)
where y.¢ is the effective catalytic rate constant, representing
the reactivity of NCs and K; is the equilibrium adsorption
constant of the substrate on NCs. By fitting the data with eq 1,
and as shown in Figure 2a, the values of y4 and K, for the
catalysis with different NCs are displayed in Table 1. The

Table 1. Results of the Fits to eqs 1 and 2 for the Reactions
on Different NCs

catalysts Yeir [s71]° K, [nM~1]? Yapp [s71]¢
Ps 0.057 + 0.002 0.073 + 0.013 0.0585 + 0.075
P1o 0.072 + 0.003 0.069 + 0.014 0.081 + 0.005
Po 0.15 + 0.01 0.13 + 0.02 0.19 + 0.01
P3o 0.12 + 0.01 0.052 + 0.025 0.14 + 0.03

“Net reactivity of individual NCs. quuilibrium adsorption constant.
“Formation rate constant of Resorufin.

kinetic parameters derived from these four NCs give an insight
into the kinetics: (1) p,o possesses the largest value of y.4 and
K, suggesting that a 20 nm thickness of TiO, has higher
activity in the catalytic product formation reaction. (2)
Originally, the values of y.4 and K; show a clear increasing
trend as the semiconductor layer thickness increases from S to
20 nm. This trend is due to the increase in the number of e/
h* pairs as the film thickness increases, resulting in the
increased probability of the catalytic collision. (3) A further
increase in the shell thickness diminishes the values of y 4 and
K,. This is because the diffusion length of energetic carriers
increases as the film thickness increases, resulting in the
attenuation of plasma enhancement and reduction in the
efficiency of catalytic reactions. Figure 2b displays the point-
plot of 7 and K; versus the thickness of TiO,, which clearly
indicates the trend between the shell thickness and the values
of 74 and K;. Control experiments show that there is no
obvious TOR difference between different laser powers and no
clear visible difference in TOR upon repeating the same
experiment under the exactly same conditions, indicating that
the fluorescent bursts are not photo-induced and the system
and results are stable(Figure S9).

The catalytic activity of different NCs was also quantified by
plotting the distribution of 7,y from many NC turnover
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trajectories. The probabilitzr density functions of 7. and f(7g)
can be evaluated by eq 2°

exp(—y, 7)

foff (T) = }/app app

)
Here, y,,, is the averaged apparent formation rate constant of
Resorufin on the surface of many NCs. Figure 2c—f shows the
typical histogram distributions of 7.4 from the four types of
NCs. The solid curves are the fitting results based on eq 2 to
obtain y,,,. As shown in Table 1, the y,,, value of p,, is larger
than that of others, indicating that the production formation
on p,, is the fastest and p,, possesses the highest intrinsic
catalytic activity, which is consistent with the above results
related to 7.4 shown in Table 1.

The nanoscale catalysts are usually unstable and can
restructure dynamically, where the dynamic surface restructur-
ing can be further induced by the constantly fluctuating
adsorbate—surface interactions. The temporal variation
frequency of catalytic turnovers from a single-turnover
trajectory can be used to evaluate the underlying dynamic
activity fluctuations of single NCs. Currently, the temporal
activity fluctuations of single NCs have been demonstrated at
the single-molecule level, and it is considered that such activity
fluctuations come from the spontaneous surface atom
recombination or catalytic reaction. Here, we extracted the
sequence of individual 7 from the turnover trajectory and then
calculated their autocorrelation function C,(m) = (Az(0)Az-
(m))/{A7*),** where 7 is 7,z m is the catalytic turnover index
number in the sequence, and Az(m) = 7(m) — (7). In the
presence of catalytic activity fluctuations, C,(m) shows a decay
behavior with the decay time constant, suggesting the
underlying fluctuation correlation time.”*** For a single NC
with different TiO, shell thicknesses, Figure 4 shows that
C,(m) exhibits a single-exponential decay behavior, directly
indicating the temporal catalytic activity fluctuations of the
NCs. The exponential decay constants of C,(m) are 1.8 + 0.3
turnovers for the individual p,y, and 7.8 + 2.2, 4.1 + 1.5, and
4.5 + 1.3 turnovers for the individual ps, pj,, and ps,
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Figure 4. Autocorrelation function C,(m) of m from the catalytic
turnover trajectory of a single (a) ps, (b) p1o, () pao, and (d) p3p NC
at 100 nM Amplex Red. Inset: autocorrelation function C,(t) of 7
from the fluorescence turnover trajectories of single NCs. Solid line is
the single-exponential equation fitting.
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respectively. C,(m) of each NC can then be converted to C,(t)
in which the turnover index m is converted to real time ¢ using
the average turnover time of a single NC. When C,(t) is
averaged over many NCs, their exponential decay behavior is
preserved (Figure 4 inset). The corresponding decay time
constants are 124 + 34, 80 + 25, 25 + 6, and 82 + 29 s,
respectively, which are the activity fluctuation time scales and
also reflect the times scales of the underlying dynamic surface
restructuring at the respective active sites on the NCs. The
values revealed the underlying dynamic surface restructuring
rates of single NCs during the catalytic process.

To understand the observation of the maximum catalytic
efficiency at 20 nm TiO, shell thickness, we built a
computational model to quantitatively describe the mechanism
of photoinduced catalysis that occurred on such plasmonic
metal—semiconductor NCs. The model assumes that the
reactive probability of a single NC is proportional to the total
electron number of free radicals generated on the TiO, shell
surface, which is dependent on the actual number of energetic
electrons if we do not consider the contribution of holes for
now. The surface electrons comprise two parts: (1) Nj, the
electrons of e /h" pairs excited around the TiO, surface by the
PIRET effect’®” and (2) N,, the hot electrons that are
generated on the Ag core by LSPR and injected into the TiO,
shell and diffused to its outer surface. Considering these two
aspects, we described the catalytic probability P as follows

Px N, =N +N,

tot

()

where N is the e”/h" pair density near the TiO, surface, which
is calculated by the integration of laser E-intensity within the
surface area (eq S1), and N, is the hot electron number on the
TiO, surface, which is obtained by solving the differential
diffusion equations at the spherical coordinate (eqs S2—S4).
Thus, the catalytic probability can be finally expressed aswhere
@, is the photo-electron conversion efficiency of TiO,, 4, is
the mean free path of photo-electrons beyond which the e”/h*
pairs in the TiO, are assumed to recombine and not contribute
to the catalysis, Ry = ro+d,, + d is the outer radius of the
nanocrystal that equals the Ag core radius r, plus SiO,
thickness d,, and TiO, thickness d, p is the conversion
coefficient of hot electrons, 3, is the tunneling efficiency, Dy is
the diffusion coefficient, and erfc(x) is the Gauss error function
obtained from solving the diffusion equation.

It is worth pointing out that the calculation of catalytic
probability pre-requires the calculation of the enhanced E-field
distribution in the nanocrystal. We calculated the intensity
distribution of E-field on the Ag core surface. The E-field
intensity is axis-symmetrically distributed along the light-beam
propagation direction. The E-field intensity rises gradually
from zero at two poles and reaches the maximum at the
equator circle. Along the radius direction, the intensity is quite
stronger outside the metal core than on the inside. The E-field
distributions in Figure Sc—f show the enhancement effect of
LSPR clearly, and it also reveals the collective electron
resonant nature of LSPR. Remarkably, the intensity of E-field
on the TiO, layer outer surface shows a clear incline with
respect to the increase of TiO, shell thickness, as shown in
Figure Sa.

Once we calculated the E-field distribution in the
surrounding space of the NC particle with varying TiO, shell
thicknesses, we can calculate the photo-electron term and the
hot electron term based on N, and N, (eqs S1—S4). It is worth
pointing out that both terms are the product of the integration
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Figure 5. (a) Integration of IEI* in the NC outer layer surface that
determines the photo-electron contribution to the catalysis activity.
(b) Integration of IEI* on the Ag core surface that determines the
contribution of hot electrons to the catalytic activity. The electro-
magnetic field enhancement |EI* for (c) ps, (d) p1o, (&) pao and (£f) pso
NCs.

of IEI* and the combination of some materials parameters such
as ay, p, B, and Dy Most of these material parameters are
independent of TiO, shell thickness d, while D varies slightly
with d. The parts of IEI* integration in two terms show different
trends vs d, as shown in Figure Sa,b. The joint contribution to
the catalytic probability by the photo-electron term and the hot
electron term that have mono inclining and declining trends,
respectively, results in the existence of an optimal TiO,
thickness d generating the maximal catalytic probability.
Obviously, the exact value of the optimal d is determined by
the relative weight of the N| and N, terms in eqs 3 or 4.

P(d) = a,4,, ﬁ\E(r\r - Ro)\zds+

i 4 i 4)
Poohy, ;f(ﬁ)ﬁ |EGlr = r)fds

However, f, is difficult to measure or calculate because the
SiO, layer of the nanocrystal is not a lattice structure, and the
energy-band theory calculation would encounter significant
uncertainty. The similar issue happens in the determination of
p and Dy of the TiO, shell. Relatively, the assumption that the
p equals its corresponding bulk value is slightly more reliable,
but the validation of such assumption is also under question
since the structure of the metal core may be different from the
common bulk Ag. In order to deal with the uncertainty of
material parameters, we rewrite the catalysis efficiency in eq 4
into a new form as

P(d) < I + ¢y, ()

Similarly, we convert several parameters into one apparent
weight factor that determines the relative contribution of E-
field integration on the Ag core surface and that on the TiO,
layer surface to the catalytic activity of the NCs (eqs S5—S7).
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In order to study the effect of layer thickness, we can split the
weight factor ¢, into two factors

= Cm'cg (6)

where
+d

c, = fo erfc]

¢ o Dy (7)
and

. = ﬂzpihe

" alllte (8)

refer to the geometry factor and material factor, respectively.
The former one is dependent on the TiO, thickness d and the
latter one is not. Using the initial diffusion coeflicient Dy ~ 700
nm?/s and the diffusion time constant 7 ~ 0.06 s,> ¢, versus d
is plotted in Figure 6a—c. A key feature of such plots is that

0.8

(&
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d
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Figure 6. (a) Plot dependence of geometry factor ¢, on the shell
thickness with varying diffusion times 7 (a, 7 = 0.01), (b, 7 = 0.06),
and (¢, 7 = 0.1). The catalytic probability P vs d with a specific
diffusion time (7 = 0.06) and varying material factor c,, (d, ¢, = 1), (e,
¢ = 10), and (£, ¢,, = 100).

under certain parameters of D, and 7, the ¢, rises to a
maximum and then declines versus d. While the ¢, and E-field
integrations I; and I, are either independent of or ascends
against d, c declines in a certain range of d and causes the
rising and then the falling trend of catalytic activity versus d
that was observed experimentally, as shown in Figure 2b.

Furthermore, we calculated the effect of ¢, on the diffusion
time 7 = 0.06 s, which is the experimental value obtained from
the literature.”> The calculated curve of catalysis efficiency
clearly shows that the optimal thickness d shifts from a small
value to the larger ones when the ¢, becomes larger, which
means that the contribution of hot electrons increases
relatively largely (Figure 6d—f). Taken together, the above
analysis indicates that the photogenerated electrons and the
hot electrons simultaneously participate in the catalytic
process, and the contribution of the two aspects to the
catalytic efficiency depends on the structure (e.g, TiO,
thickness) of the catalytic NPs.

B CONCLUSIONS

In this work, the transient and quantitative in situ single-
molecule study of the semiconductor thickness effect on
plasmon-enhanced photocatalytic redox at single Ag@TiO,
core—shell NC levels has been demonstrated. Both the
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effective catalytic rate constant of individual NCs and the
apparent formation rate constant of the reaction products are
found to increase first and then decrease with increasing
thickness of the TiO, nanoshell. Furthermore, the dynamic
fluctuation of the catalytic activity during continuous redox
conversion is also quantitatively characterized by resolving the
self-correlated function. On the basis of the Langmuir—
Hinshelwood mechanism, we find that the four NCs studied in
the present work exhibit different adsorption and oxidation
abilities to the reactant molecules. Moreover, a mathematical
model was first developed to explain the underlying
mechanism of catalysis by considering the two types of carrier
contributions from the photoelectron generation in the TiO,
semiconductor shell and hot electrons generated at the Ag core
surface. Briefly, the former contribution increases with
expanding thickness of the TiO, shell from S to 30 nm
because both the E-field intensity and outer surface area
increase monotonically in this thickness scale. However, the
contribution of hot electrons is affected by the diffusion
process in the semiconductor shell whose thickness causes loss
and the arriving-surface delay of hot electrons. Such a negative
effect of hot electron diffusion counteracts the positive effect of
TiO, thickness on the E-field enhancement, as well as the
inclining trend of the contribution of photo-electrons, that
results in the maximal catalytic activity at 20 nm TiO,
thickness. The mechanism insight obtained by our single-
molecule analysis is complementary to the previous ensemble
experiment and can promote an understanding of the
structure—performance relationship of other metal—semi-
conductor hybrid NCs. In the future, it is necessary to
improve the reaction system to study the contribution of heat
and energetic charge carriers in specific photocatalytic
reactions, which is very important for the design of new
plasma NCs.”**

B MATERIALS AND METHODS

Synthesis of Ag@TiO, NCs. Ag@TiO, core—shell NCs were
synthesized by a three-step procedure.”*° For synthesis of the silver
core, AgNO; (0.38 g) and PVP (2.5 g) in 150 mL of ethylene glycol
were heated to 130 °C in 20 min under vigorous stirring. The reaction
solution was incubated for 1 h at 130 °C without further stirring and
then Ag NPs were precipitated by the addition of 500 mL of acetone.
The synthesized Ag NPs were washed twice using ethanol and water
and redispersed in ethanol for further use. To form an ultrathin
interlayer (~2 nm thickness) of silica on the outer surface of Ag NPs,
the purified Ag colloids were dissolved in 140 mL of ethanol and
stirred for 30 min at room temperature and then 30 mL of water and
1.8 mL of NH;-H,O were added to the mixture under stirring.
Afterward, 23 uL of tetraethyl orthosilicate dissolved in 14 mL of
ethanol was added dropwise into the suspension, followed by
continuously stirring for 12 h. The as-prepared Ag@SiO, NPs were
washed with ethanol and water and redispersed in 90 mL of ethanol.
To functionalize the Ag@SiO, NPs with amino groups, the NP
solution was mixed with 150 yL of APTMS, followed by refluxing at
85 °C for 4 h. The NPs were cleaned by centrifugation and dispersed
in 10 mL of ethanol. To form a layer of TiO, on the outer surface of
Ag@SiO, NPs, 10 mL of amine-modified Ag@SiO, NPs were
dispersed in 150 mL of ethanol and stirred for 3 h at room
temperature; 150 yL of TTIP ethanol solution previously dissolved in
30 mL of ethanol was then added dropwise to the NP dispersion
under stirring, followed by refluxing at 80 °C for 2 h. The sediments
were centrifuged, washed with water, dried at 60 °C, and calcined at
450 °C in air for 2 h to remove the organic species and improve the
crystallinity. The thickness of the formed TiO, shell was about 20 nm.
For simplicity, this nanoparticle was named p,,. To prepare Ag@TiO,
NPs with other thickness TiO, shells, the volume of TTIP (50 uL,
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100 uL, and 300 uL) was varied, while keeping all other procedures
unchanged, and the corresponding NPs were named ps, pjo, and pso,
respectively.

Sample Preparation. Coverslips were first washed by sequential
sonication in 1 M KOH, Milli-Q _water, ethanol, and Milli-Q_water,
each for 10 min. Then, the slides were dried under a N, stream. To
prepare the Ag@TiO, NC-coated coverslip, a slurry was first prepared
by sonicating 5 mg of NCs in 1 mL of water for 30 min. 20 uL of
diluted slurry was then adsorbed onto the surface of coverslip for 10
min and washed with 50 mM PBS (pH 7.3) to remove the excess
particles. A flow cell (height X length X width = 100 ym X 2 cm X S
mm) was formed using a double-sided tape as an intermediary to seal
up the space between the quartz slide and the coverslip, then the
outer edges of the tape were sealed by S min-epoxy (Devcon, USA).
On the quartz slide, two holes (diameter ~ 1 mm) were drilled to
connect to the polyethylene tubing and the syringe pump for
continuous solution flow at 20 xL/min (Figure SS).

Single-Molecule Fluorescence Measurements. Single-mole-
cule fluorescence measurements were performed on a home-built
prism-type TIRF microscope based on an Olympus IX 73 inverted
microscope. The 532 nm laser beam was focused by a wide-field lens
and applied to directly excite both the Ag@TiO, NCs and the
fluorescence of Resorufin. The fluorescence of Resorufin was collected
using a 100X NA1.4S oil-immersion objective (Optosplit II, Andor
Technology Plc, UK.), filtered using a filter (HQS4SLP), and
projected onto an EM-CCD camera (iXon DU897, Andor
Technology Plc,, UK.) operated at a frame rate of 100 ms. In the
experiments, the fluorescent dust or impurities in the flow channel
were first photobleached by flowing in PBS and shining a high-power
density green laser for 30 min. In this way, most of the fluorescent
impurities could be photobleached and the remaining dusts with
stable fluorescence were used as markers. After that, buffers
containing different concentrations of Amplex Red were flowed
through the flow cell and illuminated with a laser at an appropriate
intensity. The movies were analyzed using a home-written MATLAB
program, which extracted the fluorescence intensity trajectories from
localized fluorescence spots individually across the entire movie
(Figures 1d,e and S6a). The data analysis process is shown in Section
2 of the Supporting Information.

B ASSOCIATED CONTENT

@ Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsami.0c18508.

Materials; data analysis process; key points on how to
get clean or real single-molecule photocatalytic signals;
more details about the calculation results; character-
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