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ABSTRACT: We used a fluorogenic reaction to study in
conjunction the photocatalytic properties for both active
sites (trapped photogenerated electrons and holes) on
individual Sb-doped TiO, nanorods with single-molecule
fluorescence microscopy. It was found that active sites
around trapped holes show higher activity, stronger
binding ability, and a different dissociation mechanism
for the same substrate and product molecules in
comparison with the active sites around trapped electrons.
These differences could be elucidated by a model involving
the charged microenvironments around the active sites.
S ince the discovery of photoinduced decomposition of water
on a TiO, electrode,' TiO,-based photocatalysts have
attracted wide attention.””® When TiO, is exposed to light of
energy greater than the band-gap energy, electrons are excited
from its valence band into the conduction band to form
spatially separated electron/hole (e™/h*) pairs by light
absorption. These photogenerated charge carriers can either
recombine or become trapped and react with electron donors

or acceptors adsorbed on the surface of the photocatalyst.” As
shown in Scheme 1A, in an aqueous environment, photo-

Scheme 1. (A) Scheme for the Generation of
Photogenerated Electron/Hole Pairs and Subsequent
Trapping by the Chemicals Adsorbed on a TiO,-Based
Photocatalyst Surface To Form Two Radicals; (B) Reactions
of Hydroxyl and Superoxide Anion Radicals with Amplex
Red To Form the Fluorescent Product Resorufin
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generated electrons are trapped by adsorbed oxygen, generating
bound superoxide anion radicals (O,”*), and photogenerated
holes are trapped by adsorbed water or hydroxyl (OH™),
generating bound hydroxyl radicals (OH®).>~* This scheme has
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been extensively validated by the detection of these two radicals
during the TiO, photocatalytic reactions at the ensemble'®™"®
and single—moleculelg_21 levels. Photochemical reactions and
photocatalysis are known to be based on these two basic
radicals h*/OH® and e7/O, ™" or their associated catalytic sites,
although the nature of these two basic catalytic sites has not
been clarified.****

Here, on the basis of the fact that both of these radicals or active
sites h"/OH® and e7/O,® can react oxidatively with non-
fluorescent amplex red to form the fluorescent product resorufin
(Scheme 1B),** the two photocatalytic redox reactions were
studied in conjunction using the same single-molecule detection
scheme. We have obtained new insight into the active sites involved
in h*/OH® and ¢ /0,™*, which can be elucidated by a model
involving the charged microenvironments around the active sites.

Anatase TiO, nanorods were synthesized according to the
literature® and then doped with antimony (Sb) [for details, see
the Supporting Information (SI)]. Transmission electron
microscopy (TEM) showed that the length and diameter of
these Sb-doped TiO, nanorods were ~42 nm and ~2.4 nm,
respectively (Figure 1). Diffuse reflectance and absorbance
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Figure 1. (A) TEM image of Sb-doped TiO, nanorods. (B) Diameter
distribution (average 2.4 nm). (C) Length distribution (average 42 nm).

spectroscopy (Figure 2A) revealed that the band gap of the
unmodified TiO, nanorods (white) was ~3.3 eV, while the
onset of the optical absorption of the Sb-doped TiO, nanorods
(yellowish) was lowered to ~2 eV (~600 nm). Since Sb dopin
on TiO, could not lead to the formation of oxygen vacancies,”
this sub-band-gap red absorption in the Sb-doped TiO,
nanocrystals is likely due to intraband transitions.>”’

For single-molecule reaction experiments, individual Sb-
doped TiO, nanorods were immobilized on a quartz slide
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Figure 2. (A) Diffuse reflectance spectra of undoped and Sb-doped
TiO, nanorods. (B) Scheme showing excitation of both the Sb-doped
TiO, nanorod and the fluorescent product molecules formed on its
surface using the same visible-light source. (C) (left) Segment of a
typical fluorescence trajectory from a single-molecule experiment with
1.0 uM amplex red, 20 mM DMSO, and 50 mM phosphate buffer (pH
7.3); (right) histogram distribution of the fluorescence intensity on the
segment of the trajectory shown at the left.

surface. The substrate amplex red (the reductant in the redox
system) in phosphate buffer solution was flowed over the surface
with nanorods sandwiched within a flow cell assembly as described
previously.”® In this redox system, the oxidants (bound OH® or
0O,™* radicals) are formed in situ on the surface of the nanocatalyst
and then undergo a redox reaction with amplex red (Scheme 1).
To study purely dopant-induced photon absorption and
subsequent photocatalysis,”*” we excited the nanorods with a
green laser with A = 514 nm, well below the band gap of undoped
TiO,. The green laser was used both to excite Sb-doped TiO,
nanorods to create photogenerated e /h* pairs and to image
fluorescent product resorufin molecules formed by the photo-
catalysis (Figure 2B). This fact was also validated by ensemble
control experiments (see the SI).

To study the reactivity of bound OH® radicals formed from
trapped holes solely, superoxide dismutase (SOD) (200 units/mL)
was used to quench O,™° radicals formed on the Sb-doped
TiO, nanorod surfaces (Figure S1 in the S1).*° Similarly, for
the study of O,”* anion radicals, dimethyl sulfoxide (DMSO)
(20 mM) was used to quench OH* radicals formed on the Sb-
doped TiO, nanorod surfaces.”’ We were thus able to study
separately the reactivities of the two radicals or active sites h*/
OH* and /0O, * on the surface of individual Sb-doped TiO,
nanorods by observing the individual fluorescent product
formation locally with a total internal reflection fluorescence
(TIRF) microscope and single-turnover resolution. We
recorded movies of fluorescence intensity bursts resulting
from the formation of single resorufin molecules in the redox
reactions. Figure 2C shows a typical time trajectory of the
fluorescence intensity obtained from a single-molecule catalytic
movie using DMSO as the quencher. The trajectory contains
two-state off/on signals. The digital, two-state nature of these
fluorescence trajectories indicates that each burst comes from a
single product molecule. Otherwise, the trajectory would have a
variable number of intensity states depending on the number of
molecules.”® No digital signals were observed from the Sb-
doped TiO, surface when both radical quenchers were added to
the substrate solution. No digital signals were observed on pure
TiO, or in the absence of substrate. Therefore, we attribute the
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single-product fluorescence bursts to the oxidation of amplex
red to form resorufin by either one of these two radicals rather
than the photogenerated electrons or holes.

In the single-molecule trajectories (Figure 2C), each sudden
intensity increase corresponds to the oxidative formation of a
single product molecule at a reactive site on a Sb-doped TiO,
nanorod. Here the reactive site on the Sb-doped TiO, could be
defined as a site on which an e”/h" pair formed by an absorbed
photon is trapped by O, or H,0,4/OH 4, to form reactive
radicals. Accordingly, we classify active sites on TiO,-based
photocatalysts into two types: h"/OH® and ¢ /0O, ". Sudden
intensity decreases in trajectories could be due to (1) photo-
bleaching of product molecules; (2) fluorescence blinking of
product molecules; (3) product dissociation from the reactive site;
or (4) further oxidation of the fluorescent product resorufin to
form nonfluorescent resazurin. Under similar laser excitation and
buffer conditions, control experiments with resorufin but no
quenchers on the Sb-doped TiO, surface showed that the average
blinking on time was ~16 s (Figure S2) and the average photo-
bleaching time was even longer than 16 s. Both of them are much
longer than the average t,, in the fluorescence trajectories (typically
<1 s). Also, if further oxidation of resorufin by either of the two
radicals could occur easily on the Sb-doped TiO, surface, we could
not get such long average on times. Therefore, statistically,
photoblinking, photobleaching, or further oxidation of resorufin to
resazurin could not be main contributors to the sudden intensity
drops. We therefore attribute the sudden decreases in intensity to the
dissociation of product from the surface of the nanorod (see the SI).

In the single-molecule fluorescence trajectories (Figure 2C), the
waiting times 7. and 7, are the two important characteristic
durations. Resolving them enabled us to probe the kinetic
mechanism of the reactions in two separate stages: 7.g is the
waiting time before the formation of a fluorescent product on the
Sb-doped TiO, nanorod, and 7,, is the characteristic time for
which persistent emission is exhibited, which should be related to
the rate of dissociation of the product molecule from the nanorod
surface as discussed above.*”

For both OH® and O,™* radicals, the product formation rate,
(7og)~", was dependent on substrate concentration [S] (Figure 3A),
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Figure 3. Dependence of (A) (tz™' and (B) (t,,)™' on the
concentration of the substrate, amplex red, with () OH*® or (O0) O,~*
as the oxidant. Each point was obtained from the average of more than
50 individual nanoparticles. Error bars are standard errors of the mean.
Solid lines are fits to the data using (A) eq 1 and (B) eq 2.

as expected. Here, because of the huge number of photogenerated
e”/h" pairs and the high concentration of H,O/OH™ and O, in
the (air-saturated) buffer system, we assume that the concen-
trations of these two radicals formed according to Scheme 1A on
Sb-doped TiO, surfaces were much higher than the substrate
concentration and remained fairly constant during the course of a
whole study.*’The dependence of the product formation rate on
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Table 1. Results of the Fits to Equations 1 and 2 for the Reactions on the Two Catalytic Sites with OH® and O,™* Radicals as
Oxidants

active site K (M) Yer (57) G 73 (s7) K, (M)
h*/OH* 19 + 038 0.12 + 0.02 1.26 + 0.36 21 +02 21 +£13
e /0,° 0.55 + 0.33 0.04 + 0.01 SS+ 11 2.8 +£0.1 0.007 + 0.002
[S] can be then described by the Langmuir—Hinshelwood sites, the product dissociation was much faster and proceeded
equation (eq 1)*® mainly through the substrate-assisted pathway (y, = 55 57", 75 =
. 2.8 s7'). The product dissociation rate ([] curve in Figure 3B)
Yefle[S] increased with increasing substrate concentration because of the
Toff = TKI[S] smaller y;, which reflects the fact that more product molecules
1) dissociate through the faster substrate-assisted pathway at higher
where K; is the equilibrium adsorption constant for the substrate substrate concentrations. The slower dissociation process of the
on Sb-doped TiO, nanorods and 7. the net reactivity of the product on h*/OH® sites could be attributed to the attraction
individual nanorod. By fitting the data with eq 1, as shown in between the negatively charged product molecule and the
Figure 3A, the values of K; and 7, for the reactions with the two positively charged microenvironment around the trapped holes.
different radicals as oxidants were obtained. Interestingly, as shown The faster product dissociation around e”/O,™* may be related to
in Table 1, K, and 7,4 for the reactions with OH® as the oxidant the repulsive force between the negatively charged product
are 4 and 3 times larger, respectively, than those for the reactions molecule and the negatively charged microenvironment around
with O,™* as the oxidant. The large difference in the value of K, the trapped electrons. The value of K; is larger for the h*/OH®
probably arises because the positively charged (or electrophilic) active sites (21 uM™') than for the e7/O,™ active sites
microenvironment around trapped holes can enhance the (0.007 uM™). This possibly indicates that the product molecule
adsorption of negatively charged substrate molecules while the (which contains one negatively charged group) can be more easily
negatively cha_rged microenvironment around trapped photo— substituted by a substrate molecule (Whlch contains two negatively
generated electrons minimizes the adsorption of the negatively charged groups) at a h"/OH" active site in comparison with the
charged substrate molecules. The higher value of y¢ for the similar substitution process at an e¢”/O,™" active site.
reaction with OH® as the oxidant on an individual nanorod The photocatalytic effect of the Sb dopant has been
indicates that the reactivity of OH" is 2 times higher than that of demonstrated previously.>® Although the mechanism of
0O,7°, which is consistent with a previous observation in an visible-light photocatalytic activity of Sb-doped TiO, is not
ensemble experiment.®’ The oxidative reactivity difference also definitively known, it is believed that Sb doping creates an
could be attributed in part to the fact that the electrophilic effective shallow trap for charge carriers.®® As an electron
microenvironment around trapped holes (h*/OH®) makes the donor, Sb* can easily donate one electron to Ti*" (3d° which
electron transfer from the substrate to the reactive site easier in is above or at the edge of the conduction band) to form Ti**
comparison with that allowed by the nucleophilic microenviron- (3d", which is localized in the band gap well below the bottom
ment around trapped electrons. The other possible reason for the of the conduction band).”” The Sb>* ions can be substituted
7. difference could be a higher surface concentration of OH® than into the TiO, lattice to create [O—Ti—O—Sb, Ti—O—Sb—0]
0,”°, since y.; contains a contribution from the oxidant sites.>* Upon excitation with green light, as shown in the optical
concentration. absorption spectra in Figure 2A, electrons are excited from
For the product dissociation step (Figure 3B), the product oxygen atoms in the conduction band, probably to the Ti 3d
dissociation rates for the reactions with these two different orbitals, and are further trapped by adsorbed O, to produce
radicals as oxidants were also dependent on [S], indicating that O,* radicals. The photogenerated holes are trapped by
substrate molecules were also involved in the product adsorbed H,0 or OH™ to produce OH*® radicals bound to
dissociation process. The total product dissociation rate can the surface.'”> These trapped electrons (e7/O,™®) or holes
be described by eq 2:>> (h*/OH") react with the nearby adsorbed substrate molecules,
_1 as shown in Scheme 1. As a result of hole trapping, the active
LK[S] + 13 sites around trapped holes are on average positively charged,
Ton B + K[S] ) while the active sites around trapped electrons are negatively
charged. The differently charged microenvironments eventually
in which y, is the rate constant for product dissociation in the decide the reactive properties of these two types of active sites.
substrate-assisted pathway, 75 is the rate constant for direct It is possible the Sb doping influences the substrate binding. It
product dissociation, and K, = y,/(y_; + 7,), where 7, the rate has previously been found with noncontact atomic force
constant for the substitution of a product molecule by a microscopy that under certain conditions, Sb-rich nanoclusters
substrate molecule on a reactive site and y_, is the rate constant form on TiO, surfaces as a result of surface segregation of Sb.*¢
for the reverse process. Here, however, we were unable to see Sb-rich nanoclusters on
Interestingly, for the reactions on the h"/OH® active sites, the the TiO, nanorod surfaces directly using high-resolution TEM
product dissociation was slow and proceeded mainly through the or energy-filtered TEM, possibly because of the formation of
direct product dissociation pathway (y, = 1.26 57", y3 = 2.1 s7%). only few-atom-sized clusters or a homogeneous distribution of
The product dissociation rate (Jll curve in Figure 3B) decreased dopant on the entire surface.
with increasing substrate concentration because of the smaller y, In conclusion, our data indicate that on a doped semi-
value, which reflects the fact that more product molecules conductor photocatalyst, the positively or negatively charged
dissociate through the slower substrate-assisted pathway at higher microenvironment around trapped holes or electrons, respec-
substrate concentrations. For the reactions on the e”/O,™* active tively, greatly affects the electron transfer ability of the substrate
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and the binding or dissociation ability of substrate/product
molecules at the h"/OH® or e7/0O,™" active sites. A charged
microenvironment model has been used to explain the
difference in properties of the two active sites around trapped
electrons and holes. This model may also be applicable to
several other semiconductor-based photocatalytic systems, such
as Si-based catalysts.*® The results obtained here improve our
understanding of the nature of the two basic active sites in this
semiconductor photocatalyst.
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