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Abstract: Titanium dioxide nanoparticles (TiO, NPs) have
traditionally been utilized as industrial catalysts, finding widespread
application in various chemical processes due to their exceptional
stability and minimal toxicity. However, quantitatively assessing the
reactive sites on TiO, NPs remains a challenge. In this study, we
employed a fluorogenic reaction to probe the apparent reactivity of
TiO2 NPs. By manipulating the number of defect sites through control
of hydrolysis speed and annealing temperature, we determined that
the Ti(IlT) content is positively correlated with the reactivity of TiO-
NPs. Additionally, these Ti(IlI) sites could be introduced by reducing
commercial TiO, NPs using NaBH,. Our findings suggest that
fluorogenic oxidation of Amplex Red is an effective method for probing
defect site densities on TiO, NPs.
fluorescence imaging, we demonstrated the ability to map defect site
density within TiO, nanowires. Achieving sub-nanoparticle spatial
resolution, we observed significant intraparticle and interparticle
variations in the defect site distribution, leading to substantial
reactivity heterogeneity.

Utilizing single-molecule

Introduction

TiO2 NPs have attracted significant attention owing to their
distinctive properties, including exceptional chemical stability,
high catalytic efficiency, eco-friendliness, and facile synthesis'2.
Since the original work by Fujishima and Honda, who pioneered
the photochemical hydrogen production on TiOz* 5, TiO2 NPs

have found widespread utility as catalysts in energy conversion
and pollutant remova®®. In contrast to the bulk phase TiO,, the
catalytic performance of TiO, NPs is highly dependent on their
surface structure. It has become a common practice to control the
size of catalytic NPs to optimize the surface-to-volume ratio and
manipulate the NP shape to introduce distinct facets and
coordination patterns of central atoms for catalytic applications®
015 To further enhance the catalytic performance, it is crucial to
elucidate the chemical nature of reactive sites on TiO, NPs and
pinpoint the distributions of the reactive sites on TiO, NPs.
Considerable efforts have been made to the exploration of the
physical and chemical properties of TiO,'6-'8. Recent studies have
revealed that the reactivity is facet-dependent. Furthermore,
researchers discovered that O-Ti-O centers with lower
coordination numbers exhibit the highest catalytic reactivity,
especially in oxidative reactions® '7- 1920, These low-coordination
Ti centers are known as defect sites due to their unsaturated
bonding. The oxygen vacancies are the most important form of all
defect sites because they exist widely in all kinds of TiO2 NPs. It
was confirmed experimentally and theoretically that the oxygen
vacancies can directly affect adsorption and activation during
heterogeneous catalysis'” 19.21. 22,

The oxygen vacancies play a pivotal role in catalyzing
transformations of Oz, H20O, or H,O- into diverse reactive oxygen
species (ROS), which serve as crucial intermediates during these
processes. Notably, the oxidation efficiency of ROS significantly
surpasses that of their parent oxidants. For instance, Lu et al.



found that O, radicals were generated on highly dispersed TiO,
NPs in the presence of H,O,. These oxygen vacancies acted as
the primary active sites for the oxidative desulfurization of
dibenzothiophene (DBT) 2%. Sanchez et al. reported the catalytic
degradation of methylene blue by TiO, NPs where both *OH and
HOO- radicals were generated on oxygen vacancies®. It is
generally believed that the defect sites on TiO, NPs would govern
the overall catalytic reactivity. However, it is unclear how these
defect sites would be distributed along the TiO, NPs because
conventional methods do not offer information on sub-
nanoparticle activities. Single-molecule fluorescence imaging is
the solution to this obstacle, since it offers unprecedented
spatiotemporal resolution for heterogeneous catalysis.

In this work, we discovered that the N-deacetylation oxidation of
Amplex Red (AR) is converted to a highly fluorescent molecule
resorufin (RF) at the Ti(II) centers. Previously, AR was used as
a probe in photochemical catalysis to map out the hole
distributions?>28, We found that in the presence of H,0,, the
amplex conversion on TiO, samples is directly proportional to the
number of Ti(Ill) centers. Through thermal annealing and
chemical reduction, we were able to adjust the number of reactive
sites on both commercial and homemade titania NPs.
Furthermore, we discovered that the *OH and +O;™ radicals were
generated at the reactive sites which are responsible for the
apparent reactivity. By harnessing the power of single-molecule
fluorescence microscopy and super-resolution imaging, we
demonstrated that such a fluorogenic reaction can effectively map
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out the defect site distribution within a single TiO, nanowire (TiO,
NW), a typical 1D structural material. The fluorogenic reaction in
combination with the single-molecule fluorescence approach
offers a rapid and straightforward way to evaluate structural
properties of TiO2 NP at the sub-nanoparticle level.

Results and Discussion

To explore the role of defects in catalysis, we utilized two distinct
TiO2 samples: the commercial TiO; (C-TiO2) and the homemade
TiO2 (HM-TiO2-2.5-110). The C-TiO,, a blend of rutile/anatase
phases, underwent thermal annealing at 900°C, according to the
manufacturer, to eliminate defect sites. Conversely, HM-TiO2-2.5-
110 was produced via a hydrothermal method without subsequent
annealing, leading us to anticipate a high defect content. During
synthesis, we noted the solution's color transitioned to light blue
following initial hydrolysis ( TiCl; + H,0 — Ti(OH)(0H,)2* ),
suggestive of Ti(IlI) formation. These Ti(Ill) oxidized only partially
into TiO, resulting in a sample rich in Ti(Ill) defect sites. The
transmission electron microscopy (TEM) images of HM-TiO,-2.5-
110 revealed a distinct lattice plane distance of 0.32 nm, aligning
with the (1 1 0) lattice plane of rutile TiO,. The structural
characteristics were further examined by X-ray diffraction (XRD)
patterns, detailed in the Supporting Information Fig. S3.
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Figure 1. Catalytic performance of C-TiO, and HM-TiO,. (a) Time-dependent fluorescence spectra of AR oxidation catalyzed by C-

TiO2. The spectrum curves were collected every 30 min.

Excitation wavelength = 532 nm. (b) The fluorescence intensities at 583 nm

versus time from the measurements on C-TiO, and HM-TiO,-2.5-110. (c) Catalytic reaction rates comparison between C-TiO,, HM-
TiO, and Ti(OH)s.x precursor?. HM-TiO,-pH-T represents the sample prepared at corresponding pH and annealed at T°C. #: Ti(OH)3.x
precursor (light blue suspension) was formed when the hydrothermal of TiCl; solution had been processed for ~3 h. Reaction conditions:
[AR] = 19.4 uM, [H20,] = 60 mM, [TiO,] = 0.5 mg mL™". All experiments were performed in a 5 mM pH 7.4 phosphate buffer. The

spontaneous reaction (grey dash line) is shown as a comparison.

We used the oxidation of AR as a probe reaction to determine the
reactivity of TiO2, NPs. AR transforms into a highly fluorescent
molecule, RF, in the presence of hydrogen peroxide (H202) and a
catalyst. As depicted in Fig. 1a, there was an escalation in the
fluorescence intensity during product formation. The peak
intensity at approximately 583 nm demonstrates a linear
dependence on the reaction duration, indicative of pseudo-zero
order reaction kinetics. Typically, AR oxidation is regarded as a
pseudo-first order reaction®: 2°. The linear increase in the RF

concentration at 30-minute intervals is likely attributable to the
relatively slow reaction rate (Fig. 1b). Consequently, we
determined the slope of each time-dependent trajectory to
quantify the reactivity for each TiO2 NP. We observed that C-TiO,
displayed a reactivity of approximately 0.2 min~' mg™ (Fig. 1c).
In comparison to the 30 nm gold nanoparticle (AuNP), a catalyst
previously analyzed for the same AR oxidation, the reactivity of
C-TiO; is 36 times inferior (Fig. S5b). Therefore, C-TiO, exhibits
negligible activity for AR oxidation.
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suggests that defect sites are responsible for the chemical
reactivity, and the hydrolysis rate is the key to defect site
formation. In particular, we measured the reactivity of the light
blue sol precursor, a hydrolyzed TiCls solution, in catalyzing AR
oxidation. This precursor exhibited approximately tenfold higher
reactivity compared to C-TiO, (Fig. 1c). This extremely high
reactivity can be attributed to two compounds present in the
precursor solution: Ti** ions in the form of soluble Ti(Ill)-
complexes and fine particles of Ti(Ill)-Ti(IV)-based double oxide,
the Magnéli's phase®-32. Magnéli's phase is known for its high
density of surface defects and elevated surface potential, which
could account for its remarkable catalytic reactivity. Notably, HM-
TiO2 NPs precipitated at pH 2.5 exhibited a rod-like morphology,
while those precipitated at pH 4.0 exhibited clear morphological
changes. The average particle size was estimated to be
approximately 6 nm for HM-TiO,-2.5-110 and 5 nm for HM-TiO,-
4.0-110. High-resolution TEM images (Fig. 2a, inset) revealed
that HM-TiO2-2.5-110 exhibited a clear lattice plane distance of
0.32 nm, corresponding to the (1 1 0) lattice plane of rutile TiO,.
In contrast, HM-TiO02-4.0-110 displayed a lattice distance of 0.35
nm (Fig. 2b, inset), corresponding to the (1 0 1) plane of anatase
TiO.. These findings suggest that the Ti(III) defects could alter the
morphology of TiO; in addition to influencing chemical reactivity.

Figure 2. TEM images of HM-TiO»-2.5-110 (a) and HM-TiO2-4.0-
110 (b). Insets: high resolution TEM images of the region boxed
in (a) and (b), the corresponding lattice distance is measured for
each image.

Surprisingly, the HM-TiO,-2.5-110 sample exhibited twofold
higher reactivity than C-TiO,. The reactivity variation between C-
TiO2 and HM-TiO2-2.5-110 is attributed to the amount of Ti(III)
defect sites present in these samples. To investigate the role of
Ti(IlT) defects in catalysis, we synthesized the homemade HM-
TiO2-4.0-110 sample by elevating the pH value to 4.0 during TiCls
hydrolysis. The increased pH value favors more rapid TiCl;
hydrolysis, creating more Ti(IlI) defects in the resulting HM-TiO,-
4.0-110. As expected, HM-TiO,-4.0-110 displayed reactivity 1.5
times higher than that of HM-TiO2-2.5-110. This result further
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Figure 3. Modulation of the catalytic performance on HM-TiO,. (a, b) Annealing temperature dependence on the catalytic reactivity of
HM-TiO; prepared at pH 2.5 (a) and 4.0 (b). (c) Catalytic reaction rates versus annealing temperature from (a) and (b). HM-TiO2-pH-T
represents the sample prepared at the corresponding pH and annealed at T°C. All reactions were performed with 19.4 yM AR, 60 mM
H.0, and 0.5 mg mL™" HM-TiO, at 5 mM pH 7.4 phosphate buffer. The reaction rates were calculated from the linear fitting in (a) and
(b).

This emergence of Magnéli's phase may account for the observed
To mimic C-TiO; and determine the role of thermal annealing, we  increase in reactivity. Upon annealing at 600°C, the reactivity of
annealed the HM-TiO2-2.5 and HM-TiO,-4.0 samples at 300°C, = HM-TiO2-2.5 remained relatively stable, suggesting that the rutile
600°C, and 900°C for 12 hours, respectively. The corresponding  phase is relatively stable within the temperature range of 300 to
samples are annotated with their treatment temperatures (Fig. 3a  600°C. Conversely, for HM-TiO2-4.0, the reactivity experienced a
and b). Remarkably, the impact of annealing temperature on  sharp decline due to a crystal phase transformation from anatase
reactivity exhibited distinct behaviors for HM-TiO.-2.5 and HM-  to rutile. At the highest temperature of 900°C, particle sintering
TiO2-4.0, as depicted in Fig. 3c. For HM-TiO,-2.5, its reactivity = occurred in both HM-TiO2 NPs, resulting in the formation of larger
decreased with increasing annealing temperature. Other than the  particles, approximately 60 nm in size, and a subsequent
oxidation of Ti(Ill) defects, several additional factors also  decrease in reactivity. This drop in reactivity brought it in line with
contributed to the decreased reactivity. These factors include the  that of C-TiO,, as expected.
particle shape shift (Fig. S3d and e) and particle size increase
from 5.0 to 7.2 nm (Table S1). Conversely, annealing at 300°C
resulted in an approximate 25% increase in reactivity for HM-
TiO2-4.0. It was found that there was a slight increase in the
particle size from 4.9 to 5.6 nm, and the Magnéli TiO, phase
became the dominant form after this annealing step (Fig. S4).
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Figure 4. Reversible catalytic reactivity of C-TiO, for the AR
oxidation. (a) Reactivity measurements of the reduced C-TiO,
(presented as R-TiO.-T, T for reduction temperature). (b)
Reactivity measurements of the re-oxidized R-TiO»-500 annealed
at different temperatures (presented as O-TiO.-T, T for annealing
temperature). Reaction conditions: [AR] = 19.4 uM, [H20,] = 60
mM, [TiOz] = 0.5 mg mL™". All experiments were performed at 5
mM pH 7.4 phosphate buffer.

To gain further insight into the pivotal role of low-valence titanium
Ti(IlI) as defect sites in catalytic enhancement, we employed a
reduction process involving the use of NaBH4 under a nitrogen
atmosphere to prepare reduced TiO, (R-TiO). The clear color
change from white to deep blue-black indicated the introduction
of Ti(Ill) centers by forming TiO,3*3°. We systematically
investigated the relationship between reduction temperature and
reactivity, as illustrated in Fig. 4a. Interestingly, we observed that
as the reduction temperature increased, the reactivity exhibited a
corresponding increase. Notably, R-TiO,-500 displayed
approximately six times higher reactivity than the parent C-TiO,
for AR oxidation. This observation clearly associates the
existence of oxygen vacancies to defect sites on TiO, NPs, which
greatly impacts their catalytic reactivity. Moreover, we conducted
a reverse oxidation process on R-TiO»-500 under air at varying
temperatures. As depicted in Fig. 4b, the reactivity decreased
following the oxidation in air. It is worth noting that the abrupt
disappearance of reactivity enhancement after annealing at
600°C provided a valuable insight into the crystal transition and

annealing temperature, which can be leveraged in catalyst design.

The blue powder reverted to its original white color, signifying the
complete oxidation of TiO,-y.
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Figure 5. Radical trapping experiments for AR oxidation

catalyzed by HM-TiO,-4.0-110. (a) Trapping experiments of <Oz~

by using p-BQ as the superoxide radical scavenger. (b) Trapping
experiments of *OH by using t-butanol as the hydroxyl radical
scavenger. Reaction conditions: [AR] = 9.7 uM, [H20;] = 20 mM,
[TiO2] = 0.5 mg mL™". All experiments were performed at 5 mM
pH 7.4 phosphate buffer.
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It is important to note that there are typically two types of ROS,
*O;™ and *OH radicals on the surface of TiO, NPs during catalytic
transformations. To identify which of these radicals were primarily
produced during the catalysis, we conducted radical scavenging
experiments using p-benzoquinone (p-BQ) and tert-butanol (t-
butanol) as *O,™ and *OH scavengers®® ¥ (Fig. 5), respectively.
Our observations revealed that the reactivity of AR oxidation on
HM-TiO2 NPs was significantly influenced by the concentration of
p-BQ and t-butanol, indicating the coexistence of *OH and *O5"
radicals. In the presence of H,O,, the reductive activation of H,O,
by transition metal ions is known to generate *OH as an
intermediate radical species. Notably, Ti** is widely recognized as
an inorganic reductant due to its exceptional electron-donating
properties® - 19 38 The one-electron redox reaction between Ti®*
and H,O, proceeds rapidly and follows the well-established
Fenton mechanism3 4. However, in heterogeneous catalysis,
catalytic reactions predominantly occur on the surface of catalysts,
and the activation of HyO, on solid catalysts is significantly
influenced by their chemical composition, elemental valence,
crystal structure, and surface state® 17 1% 2134 |n this study, the
presence of low-valence Ti(Ill) species enabled the defective
lattice =Ti(Ill) to serve as reactive sites for the Fenton-like
reaction. Based on these results, we propose a plausible
mechanism for the generation of ROS (Scheme 1). Such a
mechanism is distinctively different from previous studies in which
AR was employed to evaluate the photochemical reactivity of
semiconducting nanostructures?: 4147 Others' previous studies
used AR under UV excitation, and without the presence of H205;
thus, the reaction is considered a hole probe without the formation
of ROS at the defect centers.

Scheme 1. The proposed Fenton-like mechanism for ROS
generation.
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Several reaction steps are involved in the proposed reaction
cycle: (1) H2O, adsorbs onto the defective =Ti(IlI) sites (indicated
by *) with a high adsorption energy, resulting in the formation of
=Ti(I)-H,0,* 4. (2) The adsorbed H,O. becomes activated,
leading to the elongation and eventual cleavage of the O—O bond.
This cleavage generates *OH radicals and =Ti(IV)-OH species®®
53, (3) A ligand exchange takes place between =Ti(IV)-OH and
H20,, yielding a new peroxide species, =Ti(IV)-OOH. This
peroxide species is typically observed as a yellow compound



during the reaction®%. (4) Subsequently, =Ti(IV)-OOH
undergoes decomposition to produce +O,” radicals and
regenerate =Ti(IlI) sites® 6. The Ti(Ill) sites are fully recovered
after this entire cycle. Furthermore, it's important to highlight that
the reversible redox process, involving electron transfer between
=Ti(IIT) and =Ti(IV), can occur at any point during the reaction.
This phenomenon facilitates more efficient electron transfer,
enhancing the Fenton-like reactivity. In the final step, the
adsorbed AR molecule reacts with the generated ROS, ultimately
transforming into the highly fluorescent product RF.

Our analyses clearly demonstrate that defect sites on TiO, are
responsible for the observed reactivity in AR oxidation. In turn,
fluorogenic AR oxidation effectively correlates to the number of
defect sites within a TiO, NP. When combined with single-
molecule fluorescence imaging, one can chemically image the
distribution of defect sites at the sub-nanoparticle level. As a
demonstration, we employed single-molecule fluorescence
microscopy (SMFM) and STORM-based super-resolution
imaging to quantitatively map the defect site distributions within
single TiO, NWs (Fig. 6a). Since the reaction is positively
correlated to the defect contents, the localization of surface-
generated RF molecules readily reflects the density and
distribution of the defect sites (Fig. 6b). It is worth noting that the
RF molecules do not reside on the TiO; surface for long. Most of
them desorb from the surface in tens of milliseconds after
formation, resulting in the disappearance of the fluorescence
signal under the microscope. Before they desorb, we utilized
super-resolution imaging analysis to precisely determine the
centroids of the emission signal at approximately 20 nm spatial
resolution?-28. 57. 8 (Fig. 6¢). The accumulation of all the RF
centroids within an approximately 15 min reaction period reflects
the density of defect sites along the nanowire. Notably, within
each individual NW, the reactivity exhibited heterogeneity along
its length (Fig. 6d and e). Furthermore, the reactivity varies from
one NW to another, even when they share the same chemical
composition and crystal phase (as illustrated in Fig. S3b and c).
This reactivity heterogeneity, often concealed in ensemble
measurements, poses a significant challenge. However, spatial
catalysis mapping on single nanocatalysts offers a promising
solution to this issue. Further analyses will be presented in our
forthcoming research works.
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Figure 6. Single-molecule catalysis mapping along single TiO;
NWs. (a) Experimental design of single-molecule catalysis
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mapping, by using TIR fluorescence microscopy. (b) A typical
fluorescence image of a single RF molecule. The emission of TiO,
NW was subtracted out. (c) Localizing an RF molecule in (b) by
fitting its emission signal to a two-dimensional Gaussian function.
The localization error is + 4.8 nm. (d, e) Correlation between the
morphology of individual TiO, NW captured by bright-field imaging
(left), and super-resolution fluorescence imaging (right), reflecting
the reactivity distributions. All experiments were performed with 1
UM AR and 60 mM H,O; in 50 mM pH 7.4 phosphate buffer.
23483 (d) and 6442 (e) fluorescence bursts were collected.

Conclusion

In summary, we successfully synthesized TiO, NPs with highly
tunable catalytic reactivity for the AR oxidation. The structures
and catalytic properties of these NPs were carefully tailored
through controlled preparation conditions. Our comprehensive
investigation unveiled that Ti(Ill) species are responsible for
converting this fluorescence probe. The pH control during the
hydrolysis step, thermal annealing, NaBH4 reduction, and the
existence of Magnéli's phase collectively suggest that the AR
probe is sensitive to the Ti(Ill) content on TiO, nanoparticles.
Furthermore, the catalytic reactivity was inhibited by radical
quenching reagents, shedding light on the presence of the
concealed ROS, including *O,™ and *OH radicals. Based on the
catalytic analyses, we put forth a Fenton-like mechanism to
elucidate the catalytic process on TiO, NPs, wherein Ti(IlI) sites
were found to recover after completing the reaction cycle.
Additionally, our utilization of single-molecule catalysis mapping
provided invaluable insights into the distribution of defect sites
along individual TiO2, NWs, which is challenging to attain through
ensemble analyses. We envision that the application of single-
molecule methods can be extended to the field of heterogeneous
catalysis, further aiding in the optimization of solid catalyst
designs with enhanced reactivity.

Supporting Information
1. Materials.

Commercial TiO, NPs with rutile/anatase phase (CM-TiOg,
634662), TiO2 nanowires (TiO2 NWs, ~100 nm x 10 ym, 774510),
TiCl3 (10-15% basis, 14010), sodium hydroxide (NaOH, S5881),
sodium borohydride (NaBH4, 452882), p-benzoquinone (p-BQ,
B10358) and tert-butanol (t-butanol, 471712) were purchased
from Sigma-Aldrich. 30% hydrogen peroxide (H-O2, H1070) and
2.0 N hydrochloric acid (HCI, 18-603-172) were purchased from
Spectrum Chemical Corp. The colloidal gold nanospheres (30
nm) were purchased from Nanopartz (A11-30-CIT-DIH). The
fluorogenic probe, Amplex Red reagent (A12222), with a purity
295%, was purchased from Invitrogen. Prior to single-molecule
experiments, AR was dissolved in 50 mM, pH 7.4 phosphate
buffer as the stock solution.

2. Synthesis and characterization of HM-TiO2 NPs.



HM-TiO, NPs were synthesized by hydrothermal method®® 6°.
Specifically, 20 mL of TiCls stock solution was diluted with 400 mL
Dl-water and the homogeneous solution was heated to 60°C.
Subsequently, 50% NaOH aqueous solution was dropped into the
solution with intense stirring, until the pH reached 2.5 or 4.0,
respectively. 2.0 N HCI solution was used to adjust the pH to
desired value. The hydrolysis of TiCls occurred which was
indicated by the color change from purple to dark blue. Then, the
dark blue precursor was kept at 60°C for 24 h. The composition is
complex during the hydrothermal process. According to previous
reports, we summarized the possible products to the best of our
knowledge as shown in Fig. S$1:

o TiCly —
JlspH<_¥

Ti(OH,)g** Ti(OH)(OH,)s>* Ti(OH)3.
(existing species)

l 1spH<_‘5/\lispH<4i '/
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(hydrothermal Magneli’s phases

for 24 hours) after 7 hours) after 24 hours) (white solid)
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TiO, (pure rutile phase) TiO, (rutile phase)

Figure S1. Diagram of the TiCls hydrolysis at various pH values.

After cooling down to room temperature, the obtained sol was
filtered, washed with DI-water twice and then dried at 110°C for
24 h. The sample was divided into several parts, and annealed at
300, 600 and 900°C for 24 h, respectively.

For the synthesis of reduced TiO, (R-TiO2), 1 g of CM-TiO,
(rutile/anatase mixture) was mixed with 200 mg of NaBH,4 (molar
ratio of TiO;:NaBHs = 8:3), and the mixture was ground
completely. The resulting mixture was heated under N
atmosphere to 300, 400 and 500°C, respectively, with a heating
rate of 10°C min™', and kept for 30 min. The reduction followed
the empirical equation®!-64:

8 TiO, + NaBH4 — 8T|O15 + NaBO, + 2H,0O

The stoichiometric ratio of TiO2:NaBH, is 8:1. Thus, the amount
of NaBH,4 was in excess. The obtained sample was then cooled
down to room temperature and washed with DI-water to remove
excess NaBHs. The resulting black powder was presented as R-
TiO2-T (T for annealing temperature). A portion of the sample was
then used in reverse oxidation under air atmosphere in a furnace

for 1 h at 300, 600 and 900°C, respectively, at a rate of 20°C min™".

2.1. Thermogravimetric analysis and differential scanning
calorimetry (TG-DSC).

The thermogravimetric analysis for HM-TiO, was conducted on a
TA instrument TGA Q500 thermogravimetric analyzer.
Approximately 50 mg of HM-TiO, powder was used in this
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measurement. As shown in Fig. S2, there are three endothermic
peaks for HM-TiO, prepared at pH 2.5 and 4.0.

The endothermic peak below 100°C belongs to the dehydration
of fresh TiO, powder, while the peak around 200-300°C is
attributed to partial crystalline transformation. Once the
temperature is higher than 800°C, the crystal starts to transfer to
rutle phase (the most stable crystalline phase). Thus, the
annealing temperatures for HM-TiO, were set at 300, 600 and
900°C.

100 030 O

B pH25 TG o

- O pH 25 DSC 2
2 ® pH4.0 TG E
- O pH4.0 DSC S
K —
o (4
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3]

=

0 500
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Figure S2. TG-DSC results of HM-TiO, prepared at pH 2.5 and
4.0.

2.2. Transmission electron microscopy (TEM).

All samples were dispersed in ethanol to the concentration of 10
pug mL™" for TEM imaging. Subsequently, 2 uL of the dispersed
solution was drop-casted onto 200-mesh carbon-coated copper
grid (Ted Pella, catalog #01840). The grids were dried in air for 2
h. The TEM and high-resolution TEM images were acquired using
a Tecnai G2 F20 microscopy at an accelerating voltage of 200 kV.



Figure S3. TEM images of C-TiO2-R/A (a), TiO2, NWs (b), high-
resolution of TiO, NW (c), HM-TiO2-2.5-110 (d), HM-TiO»-2.5-300
(e), HM-Ti0,-2.5-900 (f), HM-TiO,-4.0-110 (g), HM-TiO»-4.0-300
(h), HM-TiO2-4.0-900 (i).

The TEM images of TiO2 NPs are shown in Fig. S3. It is observed
that the fresh HM-TiO, NPs precipitated at pH 2.5 exhibited a rod-
like morphology, while those precipitated at pH 4.0 exhibited clear
morphological change. After annealing, the particles grew to a
round shape and then sintered at 900°C. Besides, the high-
resolution TEM image of TiO, NW reflected the lattice plane
distance of ~0.32 nm, corresponding to the (1 1 0) facet of rutile
phase.

2.3. X-ray diffraction (XRD).

Each sample was ground in a mortar and placed in the holder.
XRD patterns of HM-TiO, NPs were recorded on a Rigaku
MiniFlex X-ray diffractometer at 40 kV and 40 mA, using Cu Ka
radiation (A = 1.5406 A).

The crystalline structure of these prepared samples was analyzed,
as shown in Fig. S4. The XRD patterns of commercial TiO; are
presented for comparison. The strong diffraction peaks at 26 =
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are assignedtothe (101),(004),(200),(105),(211)and (2
0 4) planes, respectively, for the anatase phase (JCPDS 21-1272).
Thus, for fresh HM-TiO, sample prepared at pH 2.5, the dominant
crystalline phase was rutile, while that for HM-TiO, prepared at
pH 4.0 was anatase. Brookite phase was not observed in both
samples. Interestingly, there are few peaks for sub-stoichiometric
titanium oxides (TixO2x-1), known as Magneli phase, in the HM-
TiO,. The Magneli phase is reported to have relatively high
reactivity3® 3. However, it was not observed in commercial TiO.
Further, the particle size was estimated by Scherrer’s equation:

D= K2
" Bcosh

In which K is the dimensionless shape factor with a value close to
unity, A is the X-ray wavelength (1.5406 A), B is the line
broadening at half the maximum intensity (FWHM), and 0 is the
Bragg angle.

The estimated particle sizes summarized in Table S1 are
consistent with the size obtained from TEM images.

R R | Ti0,-4.0-900
A A N A ritdis]
A T2 TiO,-4.0-300
a—'n N
=] A TiO,-4.0-110
© R
g J R Ti0,-2.5-900
& R T Ti0,-2.5-300
w b
= R T1 Ti0,-2.5-110
B C-Tio, (B)
PN, NSV PR
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e A ey
10 40 70
2 theta (°)

Figure S4. XRD patterns of HM-TiO, samples. Commercial TiO>
is shown for comparison. R, A, B represent the crystalline phase
of rutile, anatase and brookite, respectively. T4+ and T, represent

27.4 and 36.1°, are assigned to the (1 1 0) and (1 0 1) planes, the sub-stoichiometric titanium oxides, TisO; and TizOs,
respectively, corresponding to the rutile phase (JCPDS 34-0180),  respectively.
while diffraction peaks at 25.3, 37.8, 48.0, 53.9, 55.1 and 62.7°,
Table S1. Particle size of HM-TiO, and C-TiOs..
) HM-TiO,- HM-TiO,- HM-TiO,- HM-TiO,- HM-TiO,- HM-TiO,-
S I C-TiO2 (R/A
ampies 02(RIA) 5 5110 2.5-300 2.5-900 4.0-110 4.0-300 4.0-900
Size (nm) 14.5 n.d.? 7.2 60.9 n.d.? 5.6 541

Note: (1 1 0) plane is used to the size estimation for rutile phase, while (1 0 1) plane is for anatase phase.
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a: weak diffraction peaks due to the amorphous phase.
3. Fluorogenic probing reaction.

The N-deacetylation of AR oxidation, which is triggered by
radicals?®, was used to probe the catalytic reactivity of HM-TiO,
NPs. This reaction yields the highly fluorescent product RF at a
1:1 stoichiometric ratio, as shown in below equation:

a. 0 o TiO, o o
+ H,0, ——

N N
o

® 4 CH,CO0~ + H,0

The reactivity of TiO, NPs was confirmed by the time-dependent
absorbance spectrum, which was obtained on Cary60 UV-Vis
spectrometer. The formation of RFs is evidenced by increasing
intensity of the absorbance peak at 571 nm (Fig. S5a).

To determine the reaction rates of HM-TiO, NPs, the ensemble
catalysis was further performed by measuring the fluorescence
spectra in an Agilent Cary60 fluorometer. Solutions of 19.4 uM AR
and 60 mM H,O, were pre-mixed in a 5 mM pH 7.4 phosphate
buffer. The radical scavengers, p-BQ and t-butanol were mixed
with the solution for the radical trapping experiments. To initiate
the catalytic reaction, 0.5 mg of TiO, NPs were added to the
reaction mixture. The formation of RF was indicated by increasing
intensity of fluorescence signal at 583 nm (Fig. 1a in the main
text). The AR to RF conversion is a pseudo-first order reaction;
the fluorescence intensity increases linearly with the reaction time
because of the relatively slow reaction rate (Fig. S5b). Hence, we
used the slopes of the intensity-time trajectories for the calculation
of reaction rates.

E 0.14 b 500 B Spontaneous
3 571 oy ® C-TiO,-RIA
o nm 3 # HM-TiO,-2 5-110
- L A HM-TIO4.0-110
3 ; - AuNPs
5 01 G 250
& 5
2 E
2 =
< 008 0
400 600 800 0 80 160

Wavelength (nm) Time (min)

Figure S5. (a) In-situ absorbance spectra measurements of AR
oxidation catalyzed by C-TiO,. (b) The fluorescence intensities
versus time from the measurements on C-TiO, (R/A represents
the mixture of rutile and anatase) and HM-TiO, NPs. The catalytic
reaction on 30 nm AuNPs (cyan symbol) is shown as a
comparison. Reaction conditions: [AR] = 19.4 uM, [H20,] = 60 mM,
[TiO2 NPs] = 0.5 mg mL™". [AuNPs] = 50 pM. All experiments were
performed in a 5 mM pH 7.4 phosphate buffer.

4. Single-molecule catalysis on single TiO2 NWs.

Single-molecule catalysis experiments were performed on an
objective-type total internal reflection (TIR) fluorescence
microscope (Olympus 1X83) inside a microfluidic chamber.
Approximately 50 uL of 5 yg mL™" TiO, NWs ethanol solution was
spin-casted onto a coverslip for the optimal nanoparticle
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dispersion. Subsequently, the coverslip was assembled onto a
flow chamber, following the protocols outlined in our prior work>*
57, Once the chamber was mounted under the microscope, single
TiO, NWs were identified through bright field imaging.
Subsequently, premixed reactant solution (1 uM AR, 60 mM H;0-
and 50 mM pH 7.4 phosphate buffer) was supplied via a syringe
pump (Genie Touch, Kent Scientific) at the rate of 20 yL min-'
throughout the measurement.

To excite the fluorescence emission, we focused a 532 nm
continuous-wave laser (DragonLaser) onto a 35 x 35 ym? area
within the microfluidic cell. It is worth mentioning that although
TiO- exhibits photochemical activities, the 532 nm laser does not
trigger the AR conversion, as demonstrated in our previous work®®.
The emission signals of RF were collected by a 100x NA 1.49 oil
immersion objective lens (UAPON 100xOTIRF, Olympus), filtered
by a longpass filter (Chroma, ET542Ip) and a bandpass filter
(Chroma ET575/50m), and captured by a sCMOS camera
(Photometrics Prime 95B) at a frame rate of 50 ms.

To obtain the catalysis mapping of the product RF molecules
along single TiO, NWs, the analysis included the following major
steps: (1) Capture the bright-field image for single TiO, NWs. (2)
In the same field of view, record the fluorescence signals at a
given reaction condition ([AR] = 1 pM, [H20;] = 60 mM). (3)
Identify single RF molecules in each frame and fit their emission
signals to 2D  Gaussian  function: PSF¢(x,y|0) =

N (X—ex)2+()"9y)2
e (S
fluorescence level, 6, is the imaged size of the molecule, 6,
and 6, are the sub-pixel molecular coordinates and PSF; gives

)+ 6y, . Here 6, is the background

the expected photon count at the integer pixel position (x, y)%.
The fitted results were further filtered using the uncertainties (3
nm ~ 38 nm) and ¢ value (30 nm ~ 500 nm) because the filtered
fluorescence events were unlikely from single fluorophores
according to the previous studies®®%'. In addition, we applied an
intensity filter (< 800 counts) to remove the intense noise signals
from the output results. Thus, the accurate position of a single RF
molecule in sub-pixel resolution was extracted. (4) Correlate the
bright-field images of each TiO2, NW with the positions of its
catalytic product RF molecules from single-molecule fluorescence
imaging.
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Defect site-rich titanium dioxide promote the activation of hydrogen peroxide generating more reactive oxidative species and exhibit
outstanding advantages on chemical oxidation. The cycle of Ti(IlI) and Ti(IV) plays an important role in the catalytic enhancement.

More importantly, single-molecule catalysis has great potential to avoid the heterogeneity of nanocatalysts and probe the defect site
distributions.
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