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ABSTRACT Titanium dioxide (Ti0,), as an excellent photocatalyst, has been

intensively investigated and widely used in environmental purification. However,
the wide band gap of Ti0, and rapid recombination of photogenerated charge

carriers significantly limit its overall photocatalytic efficiency. Here, efficient %

visible-light-active photocatalysts were developed on the basis of Ti0, modified

with two ubiquitous nanoclusters. In this photocatalytic system, amorphous Ti(IV)
oxide nanoclusters were demonstrated to act as hole-trapping centers on the

surface of Ti0, to efficiently oxidize organic contaminants, while amorphous Fe(lll)

Fe(lll) or Cu(ll)

reduction
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or Cu(ll) oxide nanoclusters mediate the reduction of oxygen molecules. Ti(IV) and Fe(lll) nanoclusters-modified Ti0, exhibited the highest quantum
efficiency (QE = 92.2%) and reaction rate (0.69 zzmol/h) for 2-propanol decomposition among previously reported photocatalysts, even under visible-light
irradiation (420—530 nm). The desirable properties of efficient photocatalytic performance with high stability under visible light with safe and ubiquitous

elements composition enable these catalysts feasible for large-scale practical applications.
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he development of a safe, abundant
Tand inexpensive photocatalyst is a

significant consideration in solving
the current energy and environmental
issues.'~® Titanium dioxide (TiO,) is one of
the promising materials because of its non-
toxic, resource abundant, chemically stable
properties, and has therefore attracted a
great deal of attention for the applications
in water splitting, decomposition organic
pollutants, solar cells and so on.”~"" How-
ever, TiO, has a wide band gap and can only
be activated under ultraviolet (UV) light
irradiation, which limits its practical applica-
tions. To effectively utilize solar light and
indoor light, the doping of TiO, with various
transition metal cations and anions has
been extensively investigated to extend its
light absorption to visible light region.’?2°
Although most systems doped in this way
can show visible light absorption, these sys-
tems are still unsatisfactory for practical use,
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because their quantum efficiencies (QEs)
under visible light are much lower than
those under UV light.?" This limit is mainly
arisen from that the dopants generate
impurity and/or vacancy levels in the band
gap, which serve as the recombination
centers for the photogenerated charge
carriers.’>=2" As an alternative, Kisch et al.
developed the photosensitization of TiO, by
surface  modification with platinum(lV)
chloride.?? The development of photocata-
lyst by surface modification process is very
attractive because the visible-light activity
can be induced by the simple process
without introduction of impurity or vacancy
levels into crystal. TiO, grafted with some
transition metal oxide nanoclusters, such as
Fe(lll) or Cu(ll) nanoclusters, are also capable
of serving as visible-light sensitive photo-
catalysts. 22’ When Fe(lll) or Cu(ll) nano-
clusters were grafted onto the surface
of TiO,, electrons in the valence band (VB)
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of TiO, can be excited to these clusters via an inter-
facial charge transfer (IFCT) process under visible light
irradiation.?®?® In addition, these clusters can mediate
the multielectron reduction of oxygen molecules.>°—3*
The QE of these systems have already exceeded 20%.
Under this condition, the oxidation reactivity caused
by photogenerated holes limits the photocatalytic
performance, while the QE of the reduction reaction
is sufficiently high because of the efficient electron
reduction of oxygen. Therefore, the next challenge for
improving the photocatalytic properties under visible
light is to promote the oxidation reaction of holes. To
date, various noble metal oxide nanoclusters, such as
RuO,, IrO, and so on,**~** have been widely used as
the cocatalysts for hole trapping centers, even though
some other nanoclusters such as cobalt phosphate can
also show good performances for hole trapping.*’
However, the use of noble metals like Pt, Ir, or Ru is
not economical and extremely limits the possibility for
practical applications. Rare metals in natural resource
are limited; thus, the concept of “ubiquitous strategy”
becomes more important and essential for the indus-
trial activities.*® Ubiquitous means existing or being
everywhere especially at the same time, and the devel-
opment of photocatalyst by a nontoxic and economic-
al resources is indispensable for the recent practical
applications.

In the present paper, we propose the three impor-
tant requirements to develop the visible-light-sensitive
photocatalysts by the modification of hole trapping
centers on the semiconductor photocatalysts; (1) both
semiconductor photocatalysts and hole trapping cen-
ters are composed of ubiquitous elements (nontoxic
and economical elements), (2) the occupied electronic
states of hole trapping centers are more negative
than those of semiconductor photocatalyst, (3) syn-
thesis of these hole trapping centers should be facile.
Recent studies indicated that the interface bonding
between semiconductors and clusters influenced their
electronic structure.*” In case of TiO,, bonding length
between Ti(lV) cation and oxygen anion in bulk is
different from that in surface specific cluster's site,
and the holes in these specific surface sites are more
stable than those in bulk.*”*® Consequently, the recent
study indicated that the specific Ti(IV) sites on the bulk
TiO, could act as efficient hole trapping centers.*®
However, the generation of these specific sites on the
surface of rutile TiO, in the previous report involved
a complicated processes of reduction in a vacuum
followed by oxidation in an oxygen atmosphere at
elevated temperatures,*® which largely decrease their
practical applicable. Herein, we demonstrate that the
amorphous Ti(IV) oxide nanoclusters grafted on the
surface of TiO, by a simple impregnation method can
serve as efficient hole trapping centers. By further
grafting of Fe(lll) or Cu(ll) nanoclusters onto TiO,, a
highly visible-light-active TiO, photocatalysts with the

LIU ET AL.

highest QE and reaction rate among the reported
visible-light sensitive photocatalystshave been achieved
for decomposing 2-propanol (IPA) under visible-light
(420—530 nm) irradiation.

RESULTS AND DISCUSSION

Ti(IV) Nanoclusters Grafted on Rutile Ti0, as Hole Trapping
Centers. To investigate the work function with grand
state of Ti(IV) nanoclusters onto bulk TiO,, kelvin probe
force microscope (KPFM) analysis was conducted
on the Ti(IV) nanoclusters grafted rutile single crystals
in the dark condition. The Ti(lV) nanoclusters were
grafted on the rutile TiO, single crystals with (110) face
by a simple impregnation method. Topographic images
(Figure 1a and Figure S1, Supporting Information)
clearly show that Ti(IV) nanoclusters were successfully
grafted on the smooth surface of TiO, single crystals.
Figure 1b shows the KPFM image of the Ti(IV) nanoclus-
ters grafted TiO, (Ti(IV)—TiO,) single crystals in the dark
condition. It can be clearly seen that the potential of
Ti(IV) nanoclusters is more negative than that of rutile
bulk TiO,, indicating that the work function of Ti(IV)
clusters is smaller than that of bulk TiO, under their
grand states.** " Both the bulk TiO, and Ti(IV) clusters
are n-type semiconductors, thus their Fermi-levels
lie under the conduction band. The KPFM results
indicate that the conduction band of Ti(IV) clusters is
more negative than that of bulk TiO,. Next, we exam-
ined the excited states of Ti(IV)—TiO, single crystals by
observing photocatalytic probing reaction. As probe
reactions, the photocatalytic oxidation of Pb(NOs), (1)
by Ti(IV)—TiO, single crystals was conducted under UV
light (300—400 nm) irradiation (Figure S2, Supporting
Information).>*~>*

Pb?* 4+ 2H,0 +2h™ — PbO, +4H" )

It can be seen that PbO, can be deposited on both bare
and Ti(IV)—TiO, single crystals (Figure 1¢,d), indicating
the TiO, can be effectively activated under UV light
irradiation. However, only limited PbO, clusters were
deposited on the surface of the bare TiO, single
crystals, showing that the charge separation efficiency
on bare single crystals is rather low. In contrast, after
Ti(IV) nanoclsuters grafting, large amount of PbO,
clusters can be obviously observed on the surface of
Ti(IV)—TiO, single crystals, indicating that the density
of photogenerated holes on the surface was drastically
enhanced after Ti(IV) nanoclusters grafting.

To investigate the excited species by spectroscopic
analysis, electron spin resonance (ESR) spectra for Ti(IV)
grafted rutile TiO, powder and bare rutile powder were
recorded under UV light irradiation (Figure S3, Sup-
porting Information). Both samples showed ESR signals
at g; = 2.030, g, = 2.011 and gz = 2.004, which are
assigned to the surface trapped holes according to the
previous reports.>>~>” Notably, the ESR signal at g, of
Ti(IV)—TiO, was more obvious than that of bare TiO,.
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Figure 1. (a) Topographic AFM image of Ti(IV)—TiO, single crystal. (b) The corresponding KPFM image of Ti(IV)—TiO, single
crystal in (a). (c) Topographic AFM image of PbO, deposited TiO, single crystal and (d) AFM image of PbO, deposited

Ti(IV)—TiO, single crystal.

Furthermore, additional small signal at g; = 2.028 was
observed on the Ti(IlV)—TiO,. These signals are as-
signed to the holes trapped at surface oxygen anion
radicals or hydroxyl radicals such as Ti*"O- Ti*"OH"~
or OH-,”® %" indicating that the photogenerated holes
are trapped in Ti(lV) clusters under UV irradiation. The
recent theoretical study indicated that both conduc-
tion and valence bands of sub 1 nm Ti(lV) clusters
supported on rutile crystal are more negative than
those of bulk rutile TiO,, even though the sub 1 nm
Ti(IV) clusters cause the band gap widening by quan-
tum size effect.” The terminal oxygen atoms in these
clusters contribute to shift of the valence band.*” Also,
recent evidence indicates that the specific surface
clusters, such as the surface oxygen centered anion
with two coordinating titanium ions, are potential sites
for trapping photogenerated holes.*® These reports
also indicate that the bonding distance between
neighboring Ti and O ions is very important to gen-
erate hole trapping sites. In the present study, the
grafting of Ti(IV) was conducted by a hydrolysis of an
aqueous TiCl, solution; thus, the oxygen ions dissocia-
tively react with titanium ions to form the clusters.
Because the coordination of the titanium ion in these
clusters is different from that in bulk TiO,, specific Ti(IV)
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sites were probably formed in the nanoclusters and at
the interface between nanoclusters and bulk rutile
TiO,. Therefore, our Ti(IV) clusters act as hole trapping
sites, which play a key role in the photoxidation reac-
tions. Our Supporting Information revealed that the
grafting of Ti(IV) clusters on bare TiO, nanoparticles
greatly improved photocatalytic activities for both
anatase and rutile cases without affecting their basic
physicochemical properties, such as crystal structure,
light absorption, morphology and so on (Figure S4—S7,
Supporting Information). Further, we grafted Ti(IV)
nanoclusters on the TiO, surface via a facile impreg-
nation method, whereas the generation of these spe-
cific sites on the surface of rutile TiO, in the previous
report involved a complicated processes.*® The facile
method facilitates the usefulness of Ti(IV) nanoclusters
in various photocatalysts and photocatalytic systems.

Ti(IV) and Fe(lll) or Cu(ll) Nanoclusters Grafted Ti0, Nano-
composites and Their Photocatalytic Activities. TiO, nano-
composites cografted with Ti(IV) and Fe(lll) or Cu(ll)
nanoclusters (denoted as Fe(lll)-Ti(IV)—TiO, and
Cu(I)—Ti(IV)—TiO,, respectively) were prepared using
a simple two-step impregnation method (Figure S8,
Supporting Information). Figure 2 shows a transmis-
sion electron microscope (TEM) image and the results
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Figure 2. TEM and point EDS analyses of Fe(lll)—Ti(IV)—TiO, nanocomposites. (a) TEM image of the Fe(lll)—Ti(IV)—TiO,
nanocomposite. (b) Point EDS spectra of the Fe(lll)—Ti(IV)—TiO, nanocomposite. The spectra correspond to the points

indicated in the TEM image.

of point energy dispersive X-ray spectroscopy (EDS)
analysis for the Fe(lll)—Ti(IV)—TiO, nanocomposite. The
TEM analysis revealed that both Fe(lll) and Ti(IV) clus-
ters were deposited on the surface of rutile TiO,
particles. The two types of clusters were less than
3 nm in size and were highly dispersed on the TiO,
surface. X-ray diffraction (XRD; Figure S9, Supporting
Information), X-ray photoelectron spectroscopy (XPS,
Figure S10, Supporting Information), scanning electron
microscopy (SEM; Figure S11, Supporting Information),
and Brunauer—Emmett—Teller (BET; Table S1, Support-
ing Information) surface area analyses showed that the
grafting of Ti(IV) and Fe(lll) nanoclusters did not alter
the crystallinity, morphology, or surface area of TiO..
UV—vis spectra (Figure S12, Supporting Information)
also revealed that grafting of Ti(IV) nanoclusters did not
affect light absorption by TiO,. However, after the
grafting of Fe(lll) nanoclusters onto the Ti(IV)—TiO,
nanocomposite, clear visible-light absorption, which
was attributed to IFCT absorption,?®2?° was observed.
XPS, XRD, UV—vis spectra and SEM analyses confirmed
that the Cu(l)-Ti(IV)—TiO, and Fe(ll)—Ti(IV)—TiO,
nanocomposites had similar structures and physico-
chemical properties (Figure S13—S16, Supporting
Information).

According to the previous X-ray absorption fine
structure (XAFS) analysis, Cu(ll) clusters on the surface
of TiO, has a distorted CuO structure, in which the
apical oxygen approaches the Cu(ll), forming the five-
coordinate square pyramid.>* Regarding the Ti(IV)
clusters, theoretical studies indicated that oxygen
atoms of metal oxide clusters on the TiO, surface could
bind to 5-fold coordinated surface Ti atoms.*” Thus,
these amorphous clusters connect with the TiO, sur-
face through the binding of oxygen atoms of clusters
with 5-fold coordinated surface Ti atoms.>**>* Fur-
ther, the roles of Cu(ll) and Fe(lll) clusters have been
thoroughly investigated by spectroscopic and chemical-
probe analyses>3> which have shown that the
electrons in the VB of TiO, are excited to the Cu(ll) or
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Fe(lll) clusters by an IFCT process. Irie et al.>* also in-
vestigated the role of Cu(ll) nanoclusters as electron-
trapping by in situ XAFS analysis performed under
visible-light in the presence of IPA and absence of
oxygen. Although Cu(l) was generated under these
conditions, it converted back to Cu(ll) upon exposure
to oxygen, indicating that Cu(l) has oxygen reduction
activity. Similar study was also conducted on the role of
Fe(lll) nanoclusters.?® These results clearly indicate that
Cu(ll) and Fe(lll) nanoclusters are efficient cocatalysts
for electron trapping and multielectron reduction re-
actions. Importantly, the chemical state and environ-
ment of surface Cu(ll) and Fe(lll) nanoclusters in the
present Cu(I)—Ti(IV)—TiO, and Fe(ll)—Ti(IV)—TiO,
samples are similar to those of the previous Cu(ll)—TiO,
and Fe(lll)—TiO, systems. Thus, Cu(ll) and Fe(lll) nano-
clusters in the present Cu(ll)—Ti(IV)—TiO, and Fe(lll)—
Ti(IV)—TiO, function as identical roles as efficient
cocatalysts for electron trapping and multielectron
reduction reactions as in previous Cu(ll)—TiO, and
Fe(ll)—TiO, systems.

The photocatalytic activities of the prepared nano-
composites were evaluated by measuring the decom-
position of gaseous 2-propanol (IPA) under visible-light
irradiation at 420—530 nm. The light intensity in
the analysis was 1.0 mW/cm? (Figure S$17, Supporting
Information), which corresponded to an illuminance of
300 Ix and was comparable to the intensity of regular
indoor lighting, such as white fluorescent bulbs and
light-emitting diodes (LED). A typical profile of the
decomposition of IPA into the final product CO, via
the intermediary product acetone for the Fe(lll)—
Ti(IV)—TiO, nanocomposite is shown in Figure 3a. After
~30 h of irradiation, the concentration of CO, gener-
ated by Fe(lll)—Ti(IV)—TiO, reached approximately 900
ppmv (~18 umol), which is nearly 3 times the amount
of IPA initially injected into the vessel (300 ppmv),
indicating that IPA was completely decomposed.
Notably, CO, generation over bare TiO, and Ti(lV)—
TiO, was negligible (Figure 3b) as these materials
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Figure 3. Photocatalytic performance of the Fe(lll)—Ti(IV)—TiO, nanocomposites. (a) Representative time-dependent gas
concentrations during IPA decomposition over Fe(lll)—Ti(IV)—TiO,. (b) Comparative analysis of CO, generation over

Ti(IV)—TiO,, TiO,_,N,, Fe(lll)—TiO, and Fe(lll)—Ti(IV)—TiO,.

TABLE 1. Photocatalytic Performances of Photocatalysts®

sample Ti0, N, Cu(l)—Tio0,
K, (quanta/seq) 1.30 x 10% 130 x 10"
R, (quanta/seq) 410 x 10" 469 x 10"
Reo, (umol/h) 0.16 0.13
QE (%) 39 277

Cu(l)—Ti(IV)—Ti0, Fe(lll)—Ti0, Fe(ll)—Ti(IV) Ti0,
130 x 10" 130 x 10" 130 x 10"
469 x 10 7.48 x 10M 7.48 x 10
042 040 0.69
89.6 53.5 9.2

"H,,, rate of incident photons; R",,, absorbed photon numbers in photocatalysts; Rmz, (0, generation rate; QE, quantum efficiency.

do not absorb visible light (Figure S6, Supporting
Information).

The Fe(ll)—TiO, nanocomposite was active under
visible-light due to the Fe(lll) nanoclusters, which
mediated the efficient IFCT and multielectron reduc-
tion reactions.?® However, over 100 h was required for
IPA to be completely decomposed, and the visible-
light activity of Fe(lll)—TiO, was lower than that of the
Fe(ll)—Ti(lV)—TiO, nanocomposite, although both
materials had almost identical physicochemical prop-
erties, including crystallinities and surface areas. Com-
paratively, TiO,_,N,, which is recognized as an efficient
visible-light photocatalyst,'® required over 300 h to
completely decompose gaseous IPA. The limited effi-
ciency of TiO,_,N, is due to the lower oxidation power
of the photogenerated holes in nitrogen levels than
those in the VB.2" For Cu(ll)—Ti(IV)—TiO, nanocompo-
sites (Figure S18, Supporting Information), in contrast,
the cografting of Ti(IV) and Cu(ll) nanoclusters on the
TiO, surface also drastically enhanced visible-light
photocatalytic performance compared with that of
Cu(l)—TiO, and TiO,_,N,, which exhibited similar
photocatalytic activities. After Ti(IV) nanoclusters were
grafted onto Cu(ll)—TiO,, the photocatalytic activity of
the obtained Cu(ll)—Ti(IV)—TiO, nanocomposites was
increased approximately three fold compared to that
of TiO5_,N,.

On the basis of the observed photocatalytic activ-
ities, the QE for CO, generation by the prepared
photocatalysts was calculated using the following
equation: QE = R,/R; = 6Rco /Ry, where R, is the
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reaction rate of photons involved in CO, generation,
Rco, is the CO, generation rate, and Ry is the absorption
rate of incident photons. The details of this calculation
are described in the literature'? and the Supporting
Information (Figure S19). The calculated data are sum-
marized in Table 1. The QE for CO, generation by
Fe(ll)—Ti(IV)—TiO, was 92.2%, which is the highest
value among the previously reported visible-light
photocatalysts. This QE is much higher than that of
P25 TiO, nanoparticles under UV light irradiation,
which is widely considered as one of the most efficient
UV-light-active photocatalysts.>” The CO, generation
rate (R) of our Fe(lll)—Ti(IV)—TiO, was estimated to be
0.69 umol/h, which is one of the highest R for visible-
light photocatalysts reported to date.?”

The photocatalytic activity of the developed nano-
composites was also found to be dependent on the
loading amount of Ti(lV) nanoclusters (Figure S20,
Supporting Information). The optimal loading amount
of Ti(IV) clusters to achieve the high photocatalytic
activity was 0.25 wt % for both Cu(ll)- and Fe(lll)-grafted
TiO,. Notably, under optimal loading conditions,
further grafting Ti(IV) nanoclusters on the surface of
Cu(I)—TiO, enhanced the QE from 27.7 to 89.6%.
Further, we demonstrated that the high performance
of these Fe(ll)-Ti(IV)—TiO, and Cu(ll)—Ti(IV)—TiO,
could be maintained under repeated light irradiation
in air for one year (Figure 521, Supporting Information),
and estimated that the turnover number of this sys-
tem exceeded 80. The Fe(lll)-Ti(IV)—TiO, and Cu(ll)—
Ti(IV)—TiO, samples were also very active under
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Figure 4. Depth profiles of metal or metal oxide deposited Ti(IV)/TiO,/Cu(ll) thin film. (a) Schematic image of the Ti(IV)/TiO,/
Cu(ll) thin film. (b) Normalized distribution of Ti, Pb, Cu and Si in Cu(ll)/TiO,/Ti(IV) thin film after oxidation of lead nitrate.
(c) Normalized distribution of Ti, Ag, Cu, and Si in Cu(ll)/TiO,/Ti(IV) thin film after reduction of silver nitrate.

UV-light irradiation. Thus, we can safely conclude that
our photocatalysts have high photocatalytic activity
with high stability, indicating their great potential for
practical applications.

Charge Transfer Processes under Visible Light Irradiation.
Next, to investigate the visible light excitation process,
we prepared Ti(IV) and Cu(ll) nanoclusters modified
TiO, (Ti(IV)/TiOo/Cu(l) thin films (Figures 4a, S22
and S23, Supporting Information) and examined the
charge transfer processes in the thin films by observing
photodeposited particles under visible light. As probe
reactions, the photocatalytic oxidation of Pb(NOs), (1)
and photocatalytic reduction of AgNOs (2) by Ti(IV)/
TiO,/Cu(ll) thin film were conducted under visible-light
(420—530 nm) irradiation.>>>*

Agt+e” — Ag )

On the basis of these reactions, we can determine the
active sites for the electron trapping and hole trapping
by observing photodeposited particles. To investigate
the distribution of photodeposited PbO, and Ag par-
ticles in the prepared thin films, the elemental depth
profiles of the Ti(IV)/TiO,/Cu(ll) thin film were recorded
by XPS using Ar* ion etching, as shown in Figure 4b,c.
The normalized elements distribution in Figure 4b
clearly shows that the Pb signal was mainly found in
the close vicinity of the thin film surface. Notably, the
Pb signal disappeared when the Cu(ll) signal appeared
at the bottom of the thin film, where the Si signal was
drastically enhanced, indicating that the photogener-
ated holes did not accumulate at the sites of Cu(ll)
nanoclusters. We also investigated amount of PbO, on
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the TiO,/Cu(ll) thin film and found that a smaller
number of PbO, particles were deposited on the sur-
face compared to that on the Ti(IV)/TiO,/Cu(ll) thin film
(Figure S24, Supporting Information). Therefore, the
results suggested that holes mainly accumulated on
the thin film surface where Ti(IV) nanoclusters were
grafted.

It is possible to consider that the efficient PbO,
deposition might be due to the high surface area and/
or adsorbability on Ti(IV) clusters. However, the inten-
sities of Pb signals under the dark condition were
similar between TiO,/Cu(ll) and Ti(IV)/TiO,/Cu(ll) thin
films, indicating that the adsorption of Pb species in
the dark is almost the same between Ti(IV)—TiO, and
TiO, (Figure S25, Supporting Information). We also
measured the zeta potentials of powders under the
neutral aqueous condition, and those of Ti(IV)—TiO,
and pure TiO, were —19 and —13 mV, respectively.
These zeta potentials difference was only 6 mV with
very close value, indicating the similar adsorbabilities
for ionic substances. Further, ESR spectra for Ti(IlV)—
TiO,—Cu(ll) and TiO,—Cu(ll) nanocomposites were in-
vestigated under visible light irradiation (Figure S26,
Supporting Information), and the results strongly sup-
ports the hole trapping in the Ti(IV) nanoclusters. On
the basis of these experimental results, we can con-
clude that the efficient PbO, deposition onto the Ti(IV)
nanoclusters is due to the hole trapping effect, rather
than the adsorbability.

On the other hand, the depth profile of the Ti(IV)/
TiO5/Cu(ll) thin film after reduction of silver nitrate
shows that Ag particles were mainly deposited at the
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Figure 5. Proposed photocatalysis processes.

sites of Cu(ll) nanoclusters. Surface XPS spectra were
also recorded after Ag deposition under visible light
irradiation (Figure S27, Supporting Information), and
the amount of Ag deposition on the Ti(IV)/TiO,/Cu(ll)
thin film was much smaller than that on the TiO,/Cu(ll)
film. These results also indicate that the Cu(ll) nanoclus-
ters act as electron trapping while the Ti(IV) nanoclus-
ters act as hole trapping centers, respectively. Weak Ag
signal appeared on the thin film surface, suggesting
the adsorption of Ag species under the dark condition
(Figure S28, Supporting Information).

The surface wetting behavior of the thin films was
also investigated (Figure S29, Supporting Information),
since the superhydrophilic conversion of TiO, is dom-
inantly induced by photogenerated holes, which cause
the surface reconstruction of hydroxyl groups.®?~%* Of
the various thin films examined in the present study, the
surface of Ti(IV)/TiOo/Cu(ll) became superhydrophilic
under visible-light irradiation. These results confirmed
that Ti(IV) nanoclusters are efficient hole trapping cen-
ters and are able to couple with electron trapping
centers, such as Fe(lll) and Cu(ll) nanoclusters, for further
enhancing the photocatalytic activity of TiO,.

On the basis of these results, the proposed photo-
catalytic reaction mechanism of our photocatalysts is
shown in Figure 5. Our experimental results clearly dem-
onstrate that photogenerated electrons accumulate

EXPERIMENTAL SECTION

Deposition of Ti(IV) Nanoclusters on Ti0, Single Crystals. The graft-
ing of Ti(IV) nanoclusters onto TiO, single crystals was per-
formed using a impregnation method.? Briefly, (110)-oriented
rutile TiO, single crystals (1 cm x 1 c¢m, around 0.22 g, Kougaku
Giken, Japan) was first dispersed in 10 mL of distilled water.
Titanium chloride (TiCl,, Wako) was used as the Ti(IV) source
and was diluted to 0.5 mol/L in a hydrochloride acid solution
and water. The hydrochloride acid solution was used to
suppress the hydrolysis of TiCl,. The TiCl, solution was added
to the aqueous TiO, suspension at a weight fraction of Ti
relative to TiO, of 0.25 wt %. The resulting suspension was
heated at 90 °C under stirring for 1 h. After the solution was
cooled to room temperature naturally, the single crystals
was washed thoroughly with distilled water and then dried
at 110 °Cfor 24 h.

Preparation of Fe(lll)—Ti(IV)—Ti0, and Cu(ll)—Ti(IV)—Ti0, Powder
Nanocomposites. Commercial TiO, (MT-150A, rutile phase,
15 nm grain size, 90 m?/g specific surface area; Tayca Co.)
was used as the starting material. To improve its crystallinity,
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in Cu(ll) and Fe(lll) nanoclusters, while photogenerated
holes accumulate in Ti(IV) nanoclusters on the surface
of TiO,. Under the visible light irradiation, electrons
in the VB of TiO, can be transferred to surface Cu(ll)
or Fe(lll) nanoclusters through an IFCT process?®2°
and efficiently consumed by multielectron reduction
reactions, while the holes react hydroxyl groups to
produce OH- radicals or directly react with organic
contaminant, 2073329761

CONCLUSION

In summary, we have developed the efficient visible-
light-active photocatalyt by the consideration of three
requirements, i.e.,, composed of ubiquitous elements,
designed by novel clusters grafting, and produced by a
facile fabrication process. Highly visible-light-active
TiO, photocatalysts have been developed by the cou-
pling of Ti(IV) and Fe(lll) or Cu(ll) nanoclusters on the
surface. Ti(IV) nanoclusters were demonstrated to act
as hole trapping centers on the surface of TiO, to
efficiently oxidize organic contaminants, while Fe(lll)
or Cu(ll) nanoclusters mediate the reduction of oxygen
molecules under visible light irradiation. Therefore, our
developed TiO, photocatalysts exhibited the highest
QE of 92.2% and reaction rate (0.69 umol/h) for
IPA  decomposition under visible-light irradiation
(420—530 nm). The desirable properties of efficient
photocatalytic performance with high stability under
visible light with safe and ubiquitous elements com-
position enable these catalysts feasible for large-scale
practical applications. Further, our research opens a
strategic approach for developing efficient hole trap-
ping centers on the semiconductors by grafting amor-
phous semicoductor nanoclusters and provide a
simple and promising route for further improvment
of the photocatalytic performances under visible light
by coupling with hole trapping centers and electron
trapping centers.

TiO, was annealed at 950 °C for 3 h, and the calcined TiO, was
then treated with 6 M HCl aqueous solution at 90 °C for 3 h
under stirring. After filtration (0.025-um membrane filter,
Millipore), washing, and drying at 110 °C for 24 h, the resulting
clear TiO, powder was used to prepare TiO, nanocomposites
with grafted nanoclusters.

The grafting of Ti(IV) nanoclusters onto TiO, was performed
using a similar impregnation method described above. The
grafting of Fe(lll) nanoclusters onto TiO, was performed using a
similar impregnation method.>® One gram of TiO, powder was
first dispersed in 10 mL of distilled water. FeCls-6H,0 (Wako,
99.9%), acting as the source of Fe(lll), was added to the aqueous
TiO, suspension to give a weight fraction of Fe relative to TiO, of
0.05 wt %. The suspension was heated at 90 °C under stirring
for 1 h. After the solution was cooled to room temperature
naturally, the suspension was filtered twice through a 0.025-um
membrane filter (Millipore) and washed thoroughly with dis-
tilled water. The resulting residues were dried at 110 °C for 24 h
and then ground into fine powder using an agate mortar
and pestle. Cu(ll)—Ti(IV)—TiO, nanocomposites were prepared
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by a similar process using CuCl,-2H,0 (Aldrich) in place of
FeCls-6H,0.

Preparation of Ti(IV)/Ti0,/Cu(ll) Thin Films. For the preparation of
Ti(IV)/TiOo/Cu(ll) thin films, Cu(ll) nanoclusters were first grafted
on the quartz substrate by a similar impregnation method to
that described above. CuCl,-2H,0 (Aldrich) was used as the
source of Cu(ll). The quartz substrate was cleaned and immersed
in an aqueous CuCl, solution containing Cu at a weight fraction
to water of 0.01 wt %, which is equal to the concentration of the
solution used in previous reports.>* The substrate was heated in
the aqueous CuCl, solution at 90 °C for 1 h. After the solution
was cooled to room temperature naturally, the quartz substrate
with grafted Cu(ll) nanoclusters was washed gently with suffi-
cientamounts of distilled water and was then dried at 110 °C for
24 h. TiO, thin films were deposited on the Cu(ll) nanocluster-
grafted quartz substrate using a spin-coating process. Commer-
cial TiO, sol (§TS-01, anatase, Ishihara Sangyo Co.) was used as
the starting material and was spin coated on the quartz sub-
strate at a velocity of 2000 rpm for 20 5.2 The thin films were
dried at 110 °C for 24 h. Finally, Ti(IV) nanoclusters were grafted
on the TiO; thin films by a similar impregnation method.

Sample Characterization. The crystal structures of the prepared
Fe(ll)—Ti(IV)—TiO, and Cu(ll)—Ti(IV)—TiO, samples were mea-
sured by powder X-ray diffraction (XRD) at room temperature
on a Rigaku D/MAX25000 diffractometer with a copper target
(A = 1.54056 A). UV—visible absorption spectra were recorded
by the diffuse reflection method using a UV-2550 spectrometer
(Shimadzu). Atomic force microscopy (AFM) and Kelvin probe
force microscope (KPFM) measurements were carried out on
an AFM instrument (SPM-9600, Shimadzu). A cantilever coated
with Pt was used to obtain the surface potential data. The
morphologies of the samples were investigated by scanning
electron microscopy (SEM) using a Hitachi SU-8000 apparatus
and transition electron microscopy (TEM) on a Hitachi HF-2000
instrument under an acceleration voltage of 200 kV. The specific
surface areas of the samples were determined from the nitro-
gen absorption data at liquid nitrogen temperature using the
Barrett—Emmett—Teller (BET) technique. The samples were
degassed at 200 °C and the pressure was kept below 100 mTorr
for a minimum of 2 h prior to analysis using a Micromeritics
VacPrep 061 instrument. Electron spin resonance spectroscopy
(ESR) measurements were performed at 77 K (liquid nitrogen)
with a JEOL ES-RE2X ESR spectrometer under UV light irradia-
tion (500 W mercury lamp (Ushio, USH 500D) with cut off filter
below 380 nm). The surface compositions and depth profiles
were studied by X-ray photoelectron spectroscopy (XPS) on
an AXIS-ULTRA DLD spectrometer (Kratos Analytical, Ltd.). The
binding energy data were calibrated with the C 1s signal at 284.5
eV. To obtain the XPS depth profile, the thin films were etched
using an argon ion etcher at an acceleration voltage of 500 V. The
argon ion etching time was 60 s for each cycle. After argon ion
etching, the chamber was vacuumed to the pressure lower
than 1077 Pa, then the XPS analysis was started to detect the
composition of the samples. Quantitative analysis was based on
the peak intensity multiplied by sensitivity factors supplied by
Kratos, which considered the geometric configuration of the
apparatus. The depth profile analysis was repeated 50 cycles. XPS
depth analysis has been conducted after the photo-oxidation of
Pb(NOs) , and photoreduction of AGNO; as described below.

Evaluation of Photocatalytic Properties. The activities of photo-
catalysts were evaluated by the decomposition of gaseous
2-propanol (IPA) under visible-light irradiation (420—530 nm)
from a Xe lamp (LA-251Xe, Hayashi Tokei) equipped with glass
filters (L-42, B-47, and C-40C, Asahi Techno-Glass). The light
intensity was measured by a light radiometer (USR-45D,
Ushio Co.) and set to 1.0 mW/cm? A 500 mL cylindrical glass
vessel was used as the photocatalysis reactor. The experiments
were performed according to the following procedure. First,
300 mg of photocatalyst powder was evenly spread on the
bottom of a circular glass dish (area, 5.5 cm?), which was
mounted in the middle of the vessel reactor. The vessel was
sealed with a rubber O-ring and a quartz cover, evacuated, and
then filled with fresh synthetic air. To eliminate organic con-
taminants from the sample surface, the vessel was preillumi-
nated with a Xe lamp (LA-251Xe, Hayashi Tokei Works) until the
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rate of CO, generation was less than 0.02 umol/day. The vessel
was evacuated and filled again with fresh synthetic air. The
pressure inside the vessel was kept at about 1 atm. To begin
the measurements, 300 ppmv (~6 umol) of gaseous IPA was
injected into the vessel. Prior to light irradiation, the vessel was
kept in the dark to achieve the absorption/desorption equilib-
rium of IPA on the surfaces of photocatalysts. The IPA concen-
tration first decreased and then remained constant, demon-
strating the absorption/desorption equilibrium of IPA had been
achieved. During this process, no acetone or CO, were detected
under dark conditions, illustrating the IPA molecules were not
decomposed by the photocatalysts under dark conditions. After
equilibrium had been reached, the vessel was irradiated with
visible light. During light irradiation, 1 mL gaseous samples were
periodically extracted from the reaction vessel to monitor the
concentrations of IPA, acetone, and CO; using a gas chromato-
graph (model GC-8A, Shimadzu Co., Ltd.).

Photo-oxidation of Pb(NO;), and Photoreduction of AgNO;. The
effects of nanoclusters on carrier trapping and separation were
studied by measuring the photocatalytic oxidation of Pb?* and
reduction of Ag™. For the analysis, 5 mL of 1 mM Pb(NOs),
(Wako) or 1 mM AgNOs (Wako) solution and TiO, thin-films were
placed in a glass reactor and kept in the dark for 1 h to reach
adsorption—desorption equilibrium. The sample was then illu-
minated with visible-light (420—530 nm) generated from a Xe
lamp (LA-251Xe, Hayashi Tokei) equipped with L-42, B-47, and
C-40C glass filters (Asahi Techno-Glass). A spectro-radiometer
(USR-45D, Ushio Co.) was employed to measure the visible-light
intensity, which was adjusted to 1.0 mW cm™2. The trapping of
holes and electrons on the surface nanoclusters were moni-
tored by two photochemical reactions: the oxidation of lead
ions by photogenerated holes and the reduction of silver ions
by photogenerated electrons, respectively. After irradiation for
1 h, thin-films were washed with water to remove the unreacted
AgNOs or Pb(NOs),. To investigate the position of deposited
Ag or PbO, particles in thin films, XPS depth analysis was
conducted.

Evaluation of Surface Wettability. The surface wettability, which
relates to the self-cleaning properties of the TiO, photocatalyst,
was evaluated by measurement of the water contact angle.
The measurements were performed at room temperature using
a commercial contact angle meter (CA-X, Kyowa Interface
Science, Saitama, Japan). High-purity water was used for all
measurements. Contact angle measurements were conducted
at three points for each sample, and the experimental error for
each point was within +1 degree. Visible-light illumination
(420—530 nm) was provided by a Xe lamp (LA-251Xe, Hayashi
Tokei) equipped with glass filters (L-42, B-47, and C-40C, Asahi
Techno-Glass). The light intensity was measured using a light
radiometer (USR-45D, Ushio Co.) and set to 1.0 mW/cm?.
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