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ABSTRACT: Ti** self-doped TiO, was prepared by a facile one-step thermal oxidation of
Ti,0, and TiO, mixture in air. Electron spin resonance (ESR) spectra confirmed the presence
of Ti’" in this sample. Ti*" states caused a visible light absorption, which is originated from the
isolated band in its forbidden gap. Although the photocatalytic activity of this Ti** self-doped
TiO, was negligible even under the UV light, its UV and visible light activities were drastically
increased by the grafting of Cu(1l) oxide amorphous clusters with a size of around 2 nm as a
co-catalyst. Consequently, the photocatalytic decomposition of gaseous 2-propanol (IPA) into
CO, with a maximum generation rate of 0.20 ymol/h and a quantum efficiency of 10.8% is
achieved, under the visible light irradiation. Its efficient visible light activity is highly stable in air

and can be repeatedly used for a long term.
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Bl INTRODUCTION

Titanium dioxide (TiO,) has attracted much attention during
the past years, owing to its wide applications in photo-
catalysis."> However, TiO, can only be activated under UV
light irradiation because of its large band gap, 3.2 eV for anatase
and 3.0 €V for rutile.” Therefore, a great deal of effort has been
made to modify the band structure of TiO, to make it sensitive
to visible light. The introduction of Ti’* states has been
reported as an effective way to extend the light absorption of
TiO,-based materials into visible light.” However, a Ti**
defect has been widely considered as a recombination center
for the photogenerated electrons and the lowering the photo-
catalytic activity,* owing to the fact that its energy level is
located in the intraband,” as well as the low electron mobility
in these sites.®

Our group designed a visible-light-sensitive photocatalyst
by grafting Cu(Il) or Fe(Ill) amorphous clusters onto TiO,
surfaces.” X-ray absorption fine structure (XAFS) analysis
revealed that Cu(Il) oxide or Fe(IlI) hydroxide amorphous
nanoclusters formed on the TiO, surface.” Visible light
irradiation initiates interfacial charge transfer (IFCT) from the
valence band (VB) of TiO, to the surface nanoclusters. In the
case of Cu(II) oxide amorphous nanoclusters modified TiO,
(Cu(II)-Ti0,), electrons in the valence band of TiO, can be
directly excited to Cu(Il) nanoclusters, which can serve as an
efficient oxygen reduction through the multi-electron
process.® In this system, the potential of the valence band
(VB) can be kept at deep level with strong oxidation power,
and these holes can decompose organic compounds. In other
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words, this system can take advantage of both the efficient
oxygen reduction via Cu(Il) nanoclusters and the high
oxidation power of the holes in the VB of TiO, induced by
IFCT under visible light irradiation.”* ¢ These results suggest
that some of photocatalytically inactive materials, such as low
conduction band materials,”® only UV light active materials,””
or even some inactive materials, can become good candidates
for efficient visible light active photocatalysts by this new
concept.

Herein, we demonstrate that the Ti** self-doped TiO,
(TiO,@Ti*") becomes an efficient visible light active photo-
catalyst by the grafting of Cu(Il) oxide amorphous nano-
clusters. This simple and economical method can be extended
to apply other defects, such as oxygen vacancies, interstitial T,
and interstitial O, to develop of a highly active photocatalyst
under visible light irradiation.

B EXPERIMENTAL SECTION

Synthesis of TiO,@Ti** Sample. Different from reduction
methods such as the annealing of TiO, in vacuum or hydrogen,**®
we developed a facile method for synthesis of stable TiO,@Ti*
by oxidizing TiO, and Ti,O; mixtures in air. Briefly, 1 g powder of
Ti,0;, (grain size of around 1 um, specific surface area of 5.4 m’g™",
Alfa Aesar, 99.8%) and 1 g of commercial TiO, powder (rutile form,
grain size of 15 nm, specific surface area of 90 m’g™!, MT-1504,
TAYCA Corp.) was mixed and ground into a fine powder using an
agate mortar. Then, the mixed powder was heated at 900 °C for 3 h to
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form TiO,@Ti*". After calcination, the specific surface area of TiO,@
Ti** is 3.8 m?/g, which is equal to that of annealed pure TiO,.”® As
a control sample, pure TiO, was obtained by the same annealing
(900 °C for 3 h) onto the commercial TiO, powder (MT-1504,
TAYCA Corp.).

Grafting of Cu(ll) Oxide Amorphous Nanoclusters onto
TiO,@Ti**. The grafting of Cu(II) oxide amorphous nanoclusters
onto TiO,@Ti*" was performed by the same impregnation method
reported previously in ref 7. Briefly, 1 g of TiO,@Ti** powder was
first dispersed in 10 g of distilled water. CuCl,-2H,0 (Aldrich),
acting as the source of Cu(II)-TiO,@Ti**, was weighed to give a
weight fraction of Cu relative to TiO,@Ti** powder of 1 X 107>,
The weighed CuCl,-2H,0 was then added to the aqueous TiO,@
Ti3* suspension, heated at 90 °C, and stirred for 1 h in a vial
reactor. The suspension was then filtered twice with a membrane
filter (0.025 um, Millipore) and washed with sufficient amounts of
distilled water. The resulting residues were dried at 110 °C for 24 h
and subsequently ground into a fine powder using an agate mortar.
The same process was applied for pure TiO, to obtain Cu(II)-
TiO,.

Sample Characterization. The crystal structures of the prepared
powders were identified by X-ray diffraction (XRD) (Rigaku D/
MAX25000, A=1.54178 A). The electron spin resonance (ESR)
spectra were recorded on a Bruker ESP3S0E spectrometer. UV—
visible absorption spectra were obtained by the diffuse reflection
method using a spectrometer (UV-2550, Shimadzu). The morpho-
logies of the samples were investigated by scanning electron
microscopy (SEM), using a Hitachi S-4800 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 nitrogen absorption data at liquid
nitrogen temperature, using the Barrett—Emmett—Teller (BET)
technique. The samples were degassed at 200 °C and a pressure
below 100 mTorr for a minimum of 2 h prior to analysis using a
Micromeritics VacPrep 061 instrument. The surface analysis was
studied by X-ray photoelectron spectroscopy (XPS; Perkin-Elmer
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Figure 1. XRD patterns of TiO,@Ti** sample and pure TiO,.

model 5600). The binding energy data are calibrated with the C Is
signal at 284.5 eV.

Evaluation of Photocatalytic Activities. The photocatalytic
activities of photocatalysts were evaluated by the decomposition of
gaseous 2-propanol (IPA) under visible light illumination (400—
530 nm, 1 mW/cm?) from a Xe lamp (LA-251Xe, Hayashi Tokei)
equipped with glass filters (L-42, B-47, C-40C, Asahi Techno-
Glass). For the analysis, 300 mg of the photocatalyst was uniformly
spread over a 5.5-cm” irradiation area in a 500-mL quartz vessel.
Before injecting 6 gmol (ca. 300 ppm) of gaseous IPA, the organic
compounds (originating from the air) absorbed on the surface of
catalysts were first photo-oxidized into CO, and the gas in the
quartz vessel was then replaced with pure synthetic air (N,/O,=
80%/20% with the purity of 99.9%). After injecting IPA, the
reaction vessel was kept in the dark for 12 h and was then
subjected to visible light irradiation to initiate the photocatalytic
reactions. The concentrations of acetone and CO, produced were
monitored using a gas chromatograph (model GC-8A, Shimadzu
Co., Ltd.).

B RESULTS AND DISCUSSION

Synthesis and Structural Characterization. The ob-
tained TiO,@Ti** sample shows a grayish yellow color, while
pure TiO, exhibits an ordinary white color, as shown in
Figure S1 in the Supporting Information. The powder XRD
analysis, as shown in Figure 1, shows that the TiO,@Ti’"
sample is a pure rutile phase TiO, with high crystallinity. No
Ti,0; peaks were detected, which means Ti,0; was oxidized
to TiO,.

ESR and XPS Analysis. To test for the existence of Ti**,
low temperature ESR spectra were recorded, as shown in
Figure 2a. The obtained TiO,@Ti** showed a clear ESR
signal, while no signal was seen for the pure TiO,. The
observed g-values, 1.965, 1.938, and 1.916, are assigned to be
paramagnetic Ti** centers.**® The ESR data indicate that
there is no Ti’* present on the surface of TiO,@Ti*". It was
demonstrated that surface Ti** would adsorb atmospheric
oxygen to form O, and it shows an ESR signal at g ~ 2.02."°
XPS analysis (Figure 2b) also shows no Ti*" signals on the
surface of TiO,@Ti**. In contrast, pure TiO, did not show
any ESR signal for Ti*" states. Based on these results, it can be
concluded that the origin of Ti** mainly comes from the
oxidized Ti,0O;.

UV—Vis Spectra. Figure 3a shows the UV-—visible
absorption spectra for bare and Cu(II) nanoclusters modified
TiO,@Ti** and pure TiO,, respectively. The TiO,@Ti**
exhibited broad visible light absorption, whereas pure TiO,
did not. According to Kubelka—Munk functions (Figure 3b),
the introduction of Ti** nearly did not narrow the band gap.
The Ti** would be formed as isolated states between the
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Figure 2. (a) ESR spectra and (b) Ti 2p core-level spectra of TiO,@Ti>* sample and pure TiO,.
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Figure 3. (a) UV—visible absorption spectra of bare and Cu(II) nanoclusters grafted TiO,@Ti*" and pure TiO,, respectively. The dash curves
correspond to those of the bare samples. (b) Plots of the square root of the Kubelka—Munk function against photon energy.

Figure 4. (a) TEM and (b) HRTEM images of Cu(I)-TiO,@Ti*".
Nanoclusters (marked by red arrows) were highly dispersed on the
TiO,@Ti* surface. In part b, a short dashed curve is applied to outline
the Cu(II) nanoclusters. The good attachment of nanoclusters and
TiO,@Ti>* can be clearly observed.

forbidden gap. This isolated band has various electric levels
from 0.3 to 0.8 eV below the conduction band minimum.*>¢
Therefore, TiO,@Ti*" exhibited broad visible light absorp-
tion.>

As shown in Figure 3a, it is clearly shown that, for Cu(1I)-
TiO,, the grafting of Cu(Il) nanoclusters increases the
absorption intensities in the 420—550 and 700—800 nm
wavelength regions. The slight increase in the former region
can be assigned to IFCT of VB electrons to surface-grafted
Cu(II) nanoclusters, as we reported previously in the Cu(II)-
TiO, system, and the latter is due to a simple d-d transition of
Cu(11).7*~% In contrast, for Cu(II)-TiO,@Ti**, the grafting of
Cu(II) nanoclusters slightly decreases the absorption
intensities in the 420—550 nm wavelength region, while the
increases of the absorption intensities can also be observed in
the 700—800 nm wavelength region because of d-d transition
of Cu(Il). These results indicate that the IFCT absorption is
masked, owing to the strong visible light absorption of
TiO,@Ti*.

TEM Analysis. Figure 4a shows a TEM image of Cu(II)-
TiO,@Ti’*. It clearly shows that the Cu(IT) nanoclusters, in the
size of ~2 nm, are well dispersed on the surfaces of TiO,@Ti*".
The good attachment of Cu(II) nanoclusters to the high
crystallized TiO,@Ti** surfaces with the clear lattice fringes of
the rutile phase are observed from the high resolution TEM
(HRTEM) images (Figure 4b). Point analysis of energy
dispersive X-ray spectroscopy (EDS, Figure S2 in the
Supporting Information) and surface analysis of XPS (Figure
S3 in the Supporting Information) proved that these
nanoclusters are composed of Cu.

Photocatalytic Activity. Even though an isolated band of
Ti*" states contribute to the visible light absorption, isolated
states usually act as recombination centers.*>"'
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As shown in Figure Sa, without nanocluster grafting, TiO,@
Ti** has a negligible activity either under visible light or UV
light irradiation, with the same absorbed photon numbers
condition as that of Cu(II)-TiO,@Ti*" under the visible light
irradiation. In contrast, grafting Cu(I) nanoclusters switched
these powders to an efficient photocatalyst. Figure Sb shows
the photocatalytic activities of Cu(II)-TiO,@Ti** and Cu(II)-
TiO,, evaluated by monitoring the acetone and CO,
concentrations generated by the gaseous decomposition of
IPA under visible light (400—530 nm, 1 mW/cm?). Photo-
catalytic decomposition of gaseous IPA requires strong
oxidation power of holes for the complete decomposition,
rather than some dye molecules, and proceeds via formation of
acetone as an intermediate, followed by further decomposition
of acetone to the final products CO, and H,0."* With the
onset of visible light irradiation, the Cu(Il)-TiO,@Ti*"
produced both acetone and CO, efficiently, as compared to
the Cu(II)-TiO,. The CO, generation rate of the Cu(Il)-
TiO,@Ti** is 0.20 umol/h, which is much larger than that
of the bare TiO,@Ti** (0.004 umol/h) and that of the
Cu(II)-TiO, (0.09 pmol/h). The Cu(II)-TiO,@Ti** could
completely decompose the gaseous IPA to finally produce the
CO, with the amount of ~18 gmol.” This photocatalyst was
very stable; that is, its efficient visible light activity was
maintained even after it was repeatedly used in air for 6 months
(Figure S4 in the Supporting Information). The quantum
efficiency (QE) for CO, generation on Cu(Il)-TiO,@Ti*" was
calculated to be ca. 10.8% (the calculation details are described
in ref 7 and in Figure SS in the Supporting Information), which
was comparable to the performance of WO; based photo-
catalyst.”>! Furthermore, in the present study, visible light
absorption is increased by introducing the Ti** sites into the
TiO, in addition to the IFCT absorption. The light absorp-
tion capability of our Cu(Il)-TiO,@Ti*" in the 400—530 nm
region increased to 1.85 X 10" quanta's™', which is
equal to that of our Cu(II) nanoclusters grafted conduction
band (CB) controlled TiO, (Ti,_;,W,Ga,,0,),” ca. 1.9
times, relative to Cu(II)-TiO,.

We also investigated the photocatalytic activity of our
Cu(II)-TiO,@Ti** under UV irradiation with the same absor-
bed photon numbers conditions as that under the visible light
irradiation. It can be found that its activity under visible light is
similar to that under UV light (Figure S6 in the Supporting
Information). Further, it is noteworthy that the UV light
activity of our Cu(Il)-TiO,@Ti** is comparable to that of one
of the commercially available efficient photocatalytic TiO,,
(ST-01, Ishihara Sangyo Co. Ltd., Figure S6 in the Supporting
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Figure 5. (a) Photocatalytic activities of the TiO,@Ti** sample without Cu(II) nanoclusters co-catalyst under visible light and UV irradiation.
(b) Time-dependent gas concentrations during IPA decomposition over Cu(II)-TiO,@Ti*" and Cu(II)-TiO, photocatalysts under visible light

irradiation at 400—530 nm (1 mW/cm?).
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Figure 6. Proposed photocatalysis processes.

Information). These results also reveal that the Cu(II)
nanoclusters co-catalysts suppress the recombination under
visible and UV light irradiation.

Photocatalytic Mechanisms. It has been reported that
the Ti** can produce isolated states in the forbidden
gap.6 Therefore, TiO,@Ti’" exhibits visible light absorption.”*
These Ti’* defects are occupied states and usually act as
donors.”® The electrons in these sites are excited to CB by a
thermal or photoexcitation process to form the unoccupied
states.'* This process corresponds to the light absorption at the
wavelength over 600 nm, as shown in Figure 2a. At the same
time, the electrons in the VB can be excited to these unoccupied
sites. However, these Ti’" sites are electron traps; thus,
photogenerated charge carriers are easily recombined at these
sites.*® As a result, Ti** deteriorates its photocatalytic activity
under UV light as well as under visible light. Once the sample
was grafted with Cu(II) nanoclusters, the potential of the Cu*"/
Cu" is about 0.16 V (vs SHE, pH = 0), which can be expected to
act as a co-catalyst.”*™? Visible light irradiation induced electrons
on an isolated Ti** band can be transferred to the surface Cu(II)
nanoclusters efficiently, in addition to the direct charge transfer
from the VB to the Cu(II) nanoclusters. Therefore, for Cu(II)-
TiO,@Ti*, under visible light irradiation, the holes in the VB
decomposed IPA, while photoinduced electrons were trans-
ferred to the surface Cu(II) nanoclusters and consumed via
oxygen reduction process efficiently,® which accounts for the
enhanced activity compared to bare TiO,@Ti**. As a result,
TiO,@Ti*, which was once considered to be photocatalytically
inactive, became an efficient visible-light-sensitive photocatalyst.
On the basis of these results, the photocatalytic mechanisms are
speculated in Figure 6.
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Figure 7. SEM images of (a) pure annealed TiO,, (b) pure oxidized
Ti,03, and (c) TiO,@Ti** sample, respectively.

Experimental Parameters Influences. It is noted that
the starting material (Ti,O; and TiO, mixture) is very
important for synthesizing TiO,@Ti**. If we used single
component of Ti,O; powder as a starting material, it showed
much more enhanced visible light absorption (Figure S7 in the
Supporting Information). However, its photocatalytic activity
was very low (Figure S8 in the Supporting Information). These
results indicate that the morphology and the degree of
oxidation states are important to achieve an efficient visible
light activity. When the starting material is pure Ti,O,, Ti**
ions are mainly located at the deeper position of the large
oxidized Ti,O; particles after the annealing in air, and the
oxidized pure Ti,O; shows very low photocatalytic activity.**
However, for our TiO,@Ti’*, small TiO, nanoparticles
uniformly covered large oxidized Ti,O; particles (Figure 7),
and the oxygen can diffuse between these particles under heat
treatment in air with high temperature.

We have optimized the various experimental conditions like
the ratio between the amount of TiO, and Ti,0; and annealing
temperature, as shown in Figure 8. The results in Figure §
demonstrate our best performance for visible light activity. It
may be due to the annealing temperature, and the ratio of TiO,
to Ti,O; seriously influences the morphology and the degree of
oxidation states, which are important for efficient visible light
activity.

B CONCLUSION

In summary, we developed a simple method to convert
photochemically inactive TiO,@Ti** into an efficient visible-
light-sensitive photocatalyst by the grafting of Cu(II) oxide
amorphous nanoclusters. The visible light absorption was
enhanced by introducing Ti*" ions in the TiO,. After the
grafting of Cu(Il) oxide amorphous nanoclusters, these
nanoclusters suppressed the recombination of electron—
hole pairs at the isolated Ti** band, and these Cu(II) oxide
amorphous nanoclusters acted as a co-catalyst for efficient
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Figure 8. Photocatalytic activities of Cu(II)-TiO,@Ti*" under visible light irradiation at 400—530 nm (1 mW/cm?) with different (a) annealing

temperatures and (b) ratios between the amount of TiO, and Ti,O;.

oxygen reduction to consume the photoinduced electrons.
Therefore, the photocatalytic activity of the Cu(II)-TiO,@Ti**
increased drastically under either UV or visible light irradiation,
and it can completely decompose gaseous IPA, even under
visible light irradiation. This photocatalyst is very stable in air
and can be repeatedly used without degradation in the visible
light activity. Furthermore, this simple and economical method
can be extended to apply other defects, such as oxygen
vacancies, interstitial Ti, and interstitial O, to develop of a
highly active photocatalyst under visible light irradiation.
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Photos, EDS analysis, XPS analysis, UV—vis spectra, stability,
UV light irradiation photocatalytic activity of samples, and the
quantum efficiency calculation details. This material is available
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