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ABSTRACT: Cu(acac), is chemisorbed on TiO, particles [P-25 (anatase/rutile = 4/1 w/w), Degussa] via coordination by surface
Ti-OH groups without elimination of the acac-ligand. Post-heating of the Cu(acac),-adsorbed TiO, at 773 K yields molecular scale
copper(Il) oxide clusters on the surface (CuO/TiO,). The copper loading amount (/7Cu-ions nm™) is controlled in a wide range by
the Cu(acac), concentration and the chemisorption-calcination cycle number. Valence band (VB)-X-ray photoelectron and photo-
luminescence spectroscopy indicated that the VB maximum of TiO, rises up with increasing /; while vacant mid-gap levels are
generated. The surface modification gives rise to visible-light activity and concomitant significant increase in UV-light activity for
the degradation of 2-naphthol and p-cresol. Prolonging irradiation time leads to the decomposition to CO,, of which amount in-
creases in proportion to irradiation time. The photocatalytic activity strongly depends on the loading, /; with an optimum value of
I for the photocatalytic activity. Electrochemical measurements suggest that the surface CuO clusters promote the reduction of ad-
sorbed O,. First principles density functional theory (DFT) simulations clearly show that at 7'< 1, unoccupied Cu 3d levels are gen-
erated in the mid-gap region, and at /7> 1, the VB maximum rises and the unoccupied Cu 3d levels move to the conduction band
minimum of TiO,. These results suggest that visible-light excitation of CuO/TiO, causes the bulk-to-surface interfacial electron
transfer at low coverage and the surface-to-bulk interfacial electron transfer at high coverage. We conclude that the surface CuO
clusters enhance the separation of photogenerated charge carriers by the interfacial electron transfer and the subsequent reduction of

adsorbed O, to achieve the compatibility of high levels of visible and UV-light activities.

1. INTRODUCTION

Much effort has been devoted to the visible-light activation of
TiO, for the applications as the environmental catalyts and
self-cleaning materials.'"” A conventaional approach for the
material modification is substitutional cation or anion doping
at titanium or oxygen sites.”'" Since there are many issues
with doping, including solubility, stability and charge
recombination, there is need to find alternative ways to shift
the band gap of TiO, in order to make it more efficient in
terms of visible-light absorption. Recently, visible-light
activation of TiO, has been achieved by metal halide- and
metal ion-graftin%“'“’ and the surface modification with metal
oxide clusters.'”* Among them, Cu*" ion and CuO have
attracted much interest as a promising surface modifier.”>””
Interestingly, Irie et al. have shown that Cu*'-grafted TiO,
(Cu*'/TiO,) prepared by the impregnation method has
oxidation ability sufficient for completely decomposing 2-
propanol under visible-light irradiation.® Even if visible-light
activity appears, it is usually much smaller than UV-light
activity, and thus, the compatibility of high visible and UV-
light activities is important from a viewpoint of effective
sunlight use. However, UV-light activity has not been reported
for the Cu*/TiO, system and CuO-surface modified TiO,. We
have recently reported that FeO, and NiO cluster-surface
modified TiO, prepared by the chemisorption-calcination cycle
(CCC) technique shows high photocatalytic activities under
illumination of visible- and UV-light."' In both the systems,
strong dependence of the photocatalytic activity on the loading
amount of the clusters is observed, ' but the reason has not
been fully understood.

Herein we show that the surface modification of TiO, (P-25,
Degussa) with molecular scale copper(Il) oxide clusters by the
CCC technique (CuO/P-25) causes visible-light activity and a

significant increase in the UV-light activity. P-25
(anatase/rutile = 4/1 w/w, specific surface area = 50 m? g")
is known to have the highest level of UV-light activity
among the commercial TiO,, and is widely used as a high
standard photocatalyst. The strong dependence of the
photocatalytic activity on the loading amount of CuO clusters
is discussed at an electronic level on the basis of the results
from spectroscopic experiments and first principles density
functional theory (DFT) simulations.

2. EXPERIMENTAL SECTION

2.1 Catalyst preparation. TiO, particles (anatase/rutile
= 4/1 w/w, specific surface area = 50 m’ g'l, P-25, Degussa)
were used as a standard photocatalyst. After TiO, particles (2
g) had been added to 200 mL of a Cu(acac), acetonitrile
solution, they were allowed to stand for 24 h at 298 K. The
Cu(acac), concentration was changed from 0.1 mM to 7.0 mM.
The solid samples were separated by centrifugation and
washed twice with the solvent for the physisorbed complexes
to be removed. Then, they were dried in vacuum at room
temperature, followed by heating in air at 773 K for 1 h. For
electrochemical measurements, mesoporous TiO,
nanocrystalline film electrodes were used. A paste containing
anatase TiO, particles with a mean size of 20 nm (PST-18NR,
Nikki Syokubai Kasei) was coated on F:SnO,-film coated
glass substrates (12 Q/0) by a squeegee method, and the
sample was heated in air at 773 K to form mesoporous-TiO,
films (mp-TiO,/FTO).

2.2 Catalyst characterization. The Cu loading amount
was determined by inductively coupled plasma spectroscopy
(ICPS-7510, Shimadzu). The sample (0.1 g) was dispersed to
hot conc. H,SO, (5 mL), and the deposits were thoroughly



dissolved into the solution by stirring. The solution was
diluted 5 times in volume with water, and then the Cu
concentration was measured. UV-vis diffuse reflectance
spectrum of CuO/TiO, was recorded on a Hitachi U-4000
spectrophotometer. Transmission electron microscopic (TEM)
observation and energy dispersive X-ray (ED) spectroscopic
measurements were performed using a JEOL JEM-3000F and
Gatan Imaging Filter at an applied voltage of 300kV. X-ray
photoelectron  spectroscopic  (XPS) measurements were
performed using a Kratos Axis Nova X-ray photoelectron
spectrometer with a monochromated Al Ko X-ray source (hv
=1486.6 eV) operated at 15 kV and 10 mA. The take-off angle
was 90°, and multiplex spectra were obtained for Culp
photopeaks. All the binding energies (Eg) were referenced
with respect to the Cls at 284.6 eV. The electrochemical
properties of the CuO/mp-TiO,/FTO electrodes were measured
in 0.1 M NaClO, aqueous solution in a regular three-electrode
electrochemical cell using a galvanostat/potentiostat (HZ-5000,
Hokuto Denko). Glassy carbon and an Ag/AgCl electrode
(TOA-DKK) were used as a counter electrode and a reference
electrode, respectively.

2.3 Photocatalytic activity evaluation. 50 mL of 1.0
x 10° M 2-naphthol solution (solvent, acetonitrile : water =1 :
99 v/v) or 5.0 x 10™ M p-cresol solution (solvent, water) was
placed in a double-jacket type reaction cell made of
borosilicate glass, and then P-25 (Degussa) or CuO/P-25
particles (0.1 g) was added. The reaction cell was irradiated
with a Xe lamp (Wacom XRD-501SW) through a band-pass
filter (33U, SIGMA KOKI CO., Ltd.) superposed on FTO-
coated glass (two pieces of FTO glass for 2-naphthol and a
piece of FTO glass for p-cresol) transmitting only the 330-400
nm range for the UV-light photocatalytic activity evaluation
and a high pass filter (L-42, Toshiba) to cut off UV-light for
the visible-light-induced activity test. The irradiation
conditions are as follows: for 2-naphthol UV-light (330 < 4 <
400 nm, I320.400 sm = 0.5 mW cm™) and visible-light (1 > 400
nm, Loass nm = 1.0 mW cm™); for p-cresol UV-light (330 < A
< 400 nm, I320.400 sm = 2 MW c¢m™) and visible-light (4 > 400
nm, 40485 nm = 2 MW cm'z). Three mL of the solution was
sampled every 15 min, and the absorbance at 4 =224 nm was
measured using a spectrometer (UV-1800, Shimadzu) to
determine the concentration of 2-naphthol. The p-cresol
concentration was determined by high performance liquid
chromatography [SPD-6A, Shimadzu; column = Fluofix
INW425 4.6 x 250 mm (NEOS), mobile phase water-ethanol
(3/7 viv), A=277 nm].

2.4 CuO-TiO, Calculations. CuO-modified TiO, rutile
(110) and anatase (001) surfaces are modelled using a three
dimensional periodic slab model with the VASP code.”® The
cut-off for the kinetic energy is 396 eV. The valence electrons
are described by a plane wave basis set and include 4 valence
electrons for Ti, 6 for O and 11 for Cu. The exchange-
correlation  functional is the generalised gradient
approximation of Perdew-Wang (PW91).***® We used the
Monkhorst-Pack scheme for k-point sampling with a (2x2x1)
sampling grid. The model anatase (001) surface is
unreconstructed and is terminated by two-fold coordinated
oxygen atoms while the Ti atoms in the surface layer are 5-
fold coordinated. The (110) rutile surface is terminated by
two-fold coordinated bridging oxygen atoms and the next
sublayer consists 6-fold and 5-fold coordinated Ti atoms. We

employed a (2x4) surface supercell for each TiO, surface and a
larger (4x4) surface supercell for some calculations, in order to
reduce periodic interactions between adsorbed CuO
nanoclusters. The free CuO nanoclusters are calculated in the
same supercell as the corresponding CuO-modified TiO, and
the same technical parameters are used. The clusters were
deposited on both TiO, surfaces and fully relaxed. The
adsorption energy was computed from:

Eygs = E((Cu0),-TiO,) — {E((Cu0),) + E(TiO,)} (1
Where E((CuO),-TiO,) is the total energy of the (CuO),
nanocluster, with n CuO units, supported on the TiO, surface.
E((Cu0),) and E(TiO,) are the total energies of the free
(CuO), cluster and the bare TiO, surface respectively. A
negative adsorption energy signifies that the cluster adsorption
is more stable than a separated cluster and surface.

The calculations were carried out using DFT corrected for on-
site Coulomb interactions, DFT+U,***" where we applied U =
4.5 ¢V on the Ti 3d states' and for Cu in CuO (with Cu**
states), we apply U = 4 eV, a typical value from the
literature.” The +U correction results in a relatively good
description of the d states in oxidised and reduced Ti and in
CuO.

3. RESULTS AND DISCUSSION

The adsorption isotherm of Cu(acac), on P-25 from acetoni-
trile solution was measured at 298 K. As shown in Figure 1A,
the adsorption apparently obeys the Langmuir behavior. From
the Langmuir plot (inset in Figure 1A), the saturated adsorp-
tion amount and the adsorption equilibrium constant were cal-
culated to be 0.54 ions nm™ and 1.34 x 10° M, respectively.
These results suggest that Cu(acac), is chemisorbed on P-25.
In the present system, the copper loading amount was ex-
pressed by the number of copper ions per unit surface area of
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Figure 1. (A) Adsorption isotherm of Cu(acac), on P-25 from acetoni-
trile solution measured at 298 K. The inset shows the Langmuir plot:
the x-axis denotes the amount of Cu adsorbed per unit mass of TiO,.
(B) Plots of I' vs. chemisorption-calcination cycle number (N)
([Cu(acac),]o = 7 mM).



TiO, (/7ions nm™). Figure 1B shows plots of I"vs. CC cycle
number (N) at the initial Cu(acac), concentration = 7 mM. The
[ increases with an increase in N. In the CCC technique, the
Cu loading amount can be precisely controlled by the
Cu(acac), concentration at /'< 0.5 and by N at 7~ > 0.5.

To further study the mechanism of Cu(acac), adsorption on
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Figure 2. (A) UV (A) and visible (B) absorption spectral change of a
Cu(acac), solution with adsorption.

P-25, the absorption spectral change of the solution was traced
with adsorption. In the UV range (Figure 2A), Cu(acac), and
free acethylacetone (Hacac) have absorption bands at 294 and 272
nm due to the 77 transition, respectively. As the adsorption
proceeds, the absorption at 294 nm weakens, but the absorbance
at 272 nm is invariant. In the visible range (Figure 2B), there is a
weak d-d transition absorption of Cu(acac), around 625 nm. The
absorption intensity also decreases with adsorption. This finding
indicates that Cu(acac), is adsorbed on P-25 without liberation of
the acac-ligand.

To gain information about the states of the adsorbed species
before and after heating, diffuse Fourier-transformed infrared
spectra (DRIFT) were measured. Figure 3 shows difference
DRIFT spectra for Cu(acac),/TiO, minus TiO, (a) and

;
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Figure 3. Difference DRIFT spectra: Cu(acac),/TiO, minus TiO, (a)
and Cu(acac),/TiO, heated at 773 K minus TiO, (b).

Cu(acac),/TiO, heated at 773 K minus TiO, (red). In spectrum (a),
three absorption peaks are present at 1593, 1527, and 1374 cm’,
which can be assigned to the combination of WC-C) + ®C-0),
the combination of WC-O) + UC-C), &(CH;), respectively.*”
Also, a negative signal due to the surface OH groups of P-25 (Tis-
OH) appears at 3668 cm™.* These results above suggest that
Cu(acac), is chemisorbed on P-25 via the chemisorption via sur-
face Ti-OH coordination without elimination of the acac-ligands.
This is contrast to the Fe(acac); adsorption on TiO,, which pro-
ceeds via the ligand-exchange between the acetylacetonate ligand
and the surface.'®

To examine the oxidation state of the copper on the TiO,
surface, UV-visible absorption spectra of the samples were
measured. Cu®"/TiO, prepared by the impregnation method has
an absorption tail in the 400-500 nm region in addition to the
appreciable d-d transition absorption of Cu®" ions at 700-800
nm, whereas the absorption edge is invariant.”*** The former
weak absorption was assigned to the transition from the
VB(TiO,) to vacant Cu’" ion levels. Figure 4 shows UV-
visible absorption spectra of the samples prePared by the CCC
technique. In contrast to the spectra of Cu”"/TiO,, band gap
narrowing occurs with an absorption tail at 400-500 nm. At /I~
> 0.32, the weak d-d transition band of Cu®" ions appears at
700-800 nm. However, the absorption due to the interband
transition of Cu,O with a band gap of ~2 eV is absent.” These
optical features indicate that unique copper oxide species with
the oxidation state of +2 are formed by the CCC technique.

Also, X-ray photoelectron spectroscopic (XPS) measure-
ments were performed. Figure 5 shows the Cu 2p-XP spectra
for the copper oxide-surface modified P-25 with varying 7" In
the spectrum for the sample with /"= 0.015, the signal due to
the emission from the Cu2p3/2 orbital is observed at the bind-
ing energy (Eg) = 931.3 eV. Closer inspection is indicative of
a slight shift in the Eg towards higher energy side with increas-
ing I In the spectrum for the sample with 7" = 2.1, the
Ep(Cu2p3/2) are located at 932.7 eV in addition to a shake-up
satellite around 943.1 eV. These Ep values are significantly
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Figure 4. UV-visible absorption spectra of the samples prepared by the
CCC technique: F(R.,) denotes the Kubelka-Munk function.



lower than that for bulk CuO (933.8 eV).* It is known that the
Eg(Cu2p3/2) value shifts to lower binding energy as the load-
ing amount of highly dispersed copper species decreases.”’
The Ep(Cu2p3/2) value and the presence of the satellite peak
indicate that the copper oxidation state is +2. Evidently, Cu(II)
oxide clusters are formed on the TiO, surface in a highly dis-
persion state by the CCC technique. The copper(Il) oxide
species are formally shown as CuO below.

Cu2p,,

cuzp,,

/_M_\__/L r=2.08

r=0.28
M r=018
T —~——r=0015

960 950 940 930
Binding energy / eV

Intensity / cps

Figure 5. Cu 2p-XPS spectra for the copper oxide-surface modified
P-25 with varying CuO loading (7).

On the basis of these results above, the mechanism of the
CuO clusters on TiO, by the CCC technique can be written as
follows:

Cu(acac), + TiO-H - Cu(acac),(HO-Tiy) 2)
A
Cu(acac),(HO-Tis) - CuO/TiO, 3)
A
nCuO/TiO, - (Cu0),/TiO, @)

Figure 6 shows transmission electron micrographs (TEMs)
of the samples with 7"< 2.1. No deposits are observed on the
P-25 surface, whereas CuO particles with a mean size of ~5
nm are deposited on TiO, by the impregnation method.*® In
this manner, extremely small copper oxide clusters are formed
on P-25 by the CCC technique. This would result from the
strong chemisorption of Cu(acac), on P-25 (eq 2) to restrict the
growth of the CuO clusters during the post-heating process (eq
4).

(B) 7 =0.50

Figure 6. TEMs of the samples with varying /" prepared by the CCC
technique: (A) 7'=0, (B) 7"=0.50, (C) I"=2.08.

2-Naphthol and p-cresol are widely used as a starting mate-
rial of azo-dyes and a disinfectant, respectively. For evaluation
of the photocatalytic activity of CuO/P-25, 2-naphthol and p-
cresol with no absorption at 4 > 330 nm were employed as
model water pollutants. Both the degradations of 2-naphthol
and p-cresol apparently followed the first-order rate law under
irradiation of UV-light (330 < 4 < 400 nm, I350.400 s = 0.5 mW
em™) and visible-light (1> 400 nm, Lyg.4s54m = 1.0 mW cm™).
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Figure 7. Plots of the rate constants for the degradations of 2-naphthol
(A) and p-cresol (B) under irradiation of visible-light and UV-light as a
function of CuO loading (7).

The activity was assessed by the pseudo-first-order rate con-
stant (k/h™"). Without photocatalysts or irradiation, the degrada-
tions of 2-naphthol and p-cresol hardly occurred. Figure 7A
shows the rate constants for the 2-naphthol degradation under
visible-light (ky/h™") and UV-light (kyv/h™) as a function of 77
Significant increases in both the visible- and UV-light activi-
ties are induced by the CuO surface modification. The kg
value possesses a maximum of 0.47 h™ at 7"~ 0.5. Also, the
kyv abruptly increases to 6.1 h™' at 77~ 0.025, which is greater
than that for pristine P-25 by a factor of 3.4. While several
unidentified intermediates were detected by HPLC, prolonging
irradiation time resulted in the complete oxidation of 2-
naphthol CO,. CuO/P-25 appears pale green before the reac-
tions to change red, which suggesting the Cu’" ions in the clus-
ter are partially reduced to Cu’ ions during the reaction.

On the other hand, Figure 7B shows the k,; and kyy values
for the p-cresol degradation as a function of 77 Both the plots
exhibit profiles similar to those of the k vs. /plots for the 2-
naphthol degradation, although the enhancing effect by the
surface modification is smaller than that for the 2-naphthol
degradation.

Valence band (VB)-XPS measurements were carried out to
examine changes in the filled energy levels of CuO/P-25 with
CuO loading. Figure 8A shows the VB-XP spectra for CuO/P-
25 with varying I". The emission from the VB of TiO, primar-



ily consisting of occupied O2p orbitals extends from 2 to 9 eV.
As shown in Figure 8B, the VB edge shifts upwards by ~0.7
eV with increasing I". The energy of the VB maximum is im-
portant because it determines the oxidation ability of the holes
— a deep VB edge usually results in good oxidative ability and
increasing the energy of the VB reduces the oxidative power
of the holes. The effective mixing between the surface CuO
cluster levels and the O2p states from the surface, as a result of
the Ti-O-Cu interfacial bond is considered to yield a surface d
sub-band dispersing around the energy level to overlap with
the TiO, VB (see DFT simulation). These considerations ex-
plain the shift in the VB edge and the band gap narrowing of
TiO, with CuO modification, i.e., the visible-light absorption
of CuO/TiO, can mainly be attributed to the interfacial elec-
tron transfer from the d-sunband to the conduction band (CB)
of TiO,. From the band gap for CuO(I" = 1.9)/P-25 (~1.7 eV),
the top of the surface d band is estimated to be situated at +1.8
V vs. standard hydrogen electrode (SHE) at pH 7. The elec-
trode potentials are shown with respect to SHE below.
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Figure 8. (A) VB-XP spectra for CuO/P-25. (B) Change in the position
of the VB maximum level as a function of CuO loading (7).

Information about empty levels can be obtained by photo-
luminescence (PL) spectroscopy. Figure 9 shows PL spectra of
CuO/P-25 with varying I"at 77 K. P-25 has a broad emission
band around 540 nm (E,;) in addition to the weak band-to-band
emission at 400 nm (E,). The E,; signal intensity remarkably
weakens with heating P-25 at 773 K for 1 h in air. This PL
band was assignable to the emission from the surface oxygen
vacancy levels of anatase TiO,,* which are healed upon an-
nealing. On modifying P-25 with CuO clusters, the PL inten-
sity gradually decreases with an increase in /~ to disappear at
I"=2.1. Concomitantly, a weak PL band (E;) appears near 470
nm, which would arise from the emission from the CuO de-
rived cluster levels. Consequently, the excited electrons in the
CB of TiO, are preferentially transferred to the CuO cluster
levels rather than the surface oxygen vacancy levels. As sug-
gested by Irie et al., the visible-light-driven transition from the

VB of TiO, to the vacant CuO cluster levels is also possible
(see DFT simulation).”®*?
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Figure 9. PL spectra of CuO/P-25 with varying CuO loading (/) at
77 K: excitation wavelength = 320 nm.

Further, the dark current (/)-potential (E£) curves of the mp-
TiOy/FTO and CuO/mp-TiO,/FTO electrodes were measured
in the potential range between -0.4 and + 0.4 V in 0.1 M Na-
ClOy, solutions. As shown in Figure 10, for the mp-TiO,/FTO
electrode, only small current flows in the potential range under
deacrated conditions. Under aerated conditions, a current peak
is observed at -0.3 V, which is close to the potential for one-
electron reduction of O, ((E°(0,/0,) = -0.28 V)." On the
other hand, for the CuO/mp-TiO,/FTO electrode, a current
peak due to the reduction of the surface Cu(Il) oxides to the
Cu(I) oxides appears at ~+0.05 V. Interestingly, under aerated
conditions, the reduction current significantly increases in the
potential range from +0.25 to -0.2 V. Nosaka and co-workers
have confirmed by means of electron spin resonance spectros-
copy and chemiluminescence photometry that visible-light
irradiation to Cu*"/TiO, yields Cu’ ions in vacuum and O,
ions in water.”” In the present system, there is a possibility that
the interaction between the CuO species and O, molecule en-
hances the O, reduction, although multi-electron reduction of
0, can not be excluded.”® Thermodynamically, the multi-
electron reduction is permitted (E°(0,/H,0,) = +0.68 V and
E° (Oy/H,0) = +1.23 V), whereas one-electron reduction is
impossible. Consequently, the surface Cu(Il) oxide species on
the TiO, surface would be reduced to Cu(I) oxide ones acting
as a promoter for the O, reduction.

To understand the surface modification effect by CuO clus-
ters (Cu0O), at an electronic level, we present the results from
first principles DFT simulations. The cluster size n was
changed to study the influence of the Cu-loading amount or /7~
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Figure 10. Dark current (/)-potential (£) curves of the mp-TiO»/FTO
and CuO/mp-TiO,/FTO electrodes measured in 0.1 M NaClOy solu-
tions.



on the electronic structure of TiO,. Figure 11 shows the atomic
structure and projected electronic density of sates (PEDOS),
where the Cu and Ti 3d and O 2p EDOS are displayed, for
rutile TiO, modified with (CuO), nanoclusters, with n =1 - 4.
Figure 12 shows the atomic structure and PEDOS for anatase
modified with (CuO), nanoclusters. The 7~ values of CuO,
Cu,0, and Cu,O4 nanoclusters on the rutile and anatase sur-
faces as are follows. On rutile: 0.64, 1.28 and 1.78 (on the
(4x4) surface supercell) Cu atoms/nm’ and on anatase 0.85,
1.70 and 1.70 (on the (4x4) surface supercell) Cu atoms/nm’.

For both anatase and rutile, the adsorption energies signify
strong adsorption of the CuO nanoclusters at the respective
surfaces, driven by formation of new interfacial Cu-O and Ti-
O bonds between the cluster and surface and surface and clus-
ter, respectively. For the same cluster size, the energy of ad-
sorption on rutile is larger than that for anatase.

The surface modification by CuO clusters causes a signifi-
cant change in the TiO, energy bands at the VB and conduc-
tion band (CB) edges, which are strongly dependent on n. For
modification of rutile (110) with an isolated CuO cluster (n =
1) we find the appearance of unoccupied Cu 3d levels in the
mid-gap region, while the top of VB rises albeit by a smaller
amount. For anatase (001), modification with the CuO cluster
also introduces the unoccupied Cu(Il) state into the mid-gap
region.

If we now consider the impact of the Cu-loading amount
on rutile, we find interesting behavior in that, as the 7 in-
creases, a significant rise in the top of VB is found, which is
up to ca. 0.7 eV for CuyO4-modified rutile (110). At the same
time, the unoccupied Cu(Il) derived levels undergo an upwards
energy shift, to approach the CB minimum of TiO,, e.g. for
Cuy04-modified rutile (110), the unoccupied CuO states lie at
the TiO, CB edge. This also results in a narrowing of the band
gap compared to unmodified TiO,, but for a different reason to
the smallest CuO nanocluster. In this case, it is the upwards
shift in the VB edge with increased CuO loading that narrows
the band gap.

In Figure 12, we show the atomic structure and PEDOS for
anatase (001) modified with CuO nanoclusters. In this case,

—Ti3d surface — —Cu3dCu0 — V 3

Energy/ eV

VN
—Ti3d Ti02 —Cu3d Cu202

PEDOS

Energy/ eV

Ti3d Ti02 —Cu3d Cud04

Energy/ eV

Figure 11. Atomic structure, adsorption energy in eV and Ti 3d and
Cu 3d projected electronic density of states (PEDOS) for rutile TiO,
modified with CuO, Cu,0, and Cu4O, clusters.

while a similar trend in the nature of the electronic structure is
observed in that the nature of the VB and CB edges depends
on the loading amount of CuO clusters, we find a difference to
modified rutile. For modified anatase, the unoccupied CuO
states are rather deep in the energy gap, while the upwards
shift of the VB edge is not as significant as seen for modified
rutile.

Recently, Liu et al. has reported that loading Cu,O parti-
cles smaller than 3 nm on TiO, nanosheets with {001} facets
shows a visible-light activity for degradation of phenol three
times larger than that of N-doped TiO,.* In the nano-coupling
system, the band energy of each component is essentially in-
variant, and the high visible-light activity can be explained in
terms of the efficient charge separation resulting from the in-
terfacial electron transfer from the CB(Cu,0) to the CB(TiO,).
On the other hand, the molecular scale CuO clusters acts as an
electronic modifier for TiO,. The action mechanism of the
CuO clusters on the photocatalytic activity of P-25 is dis-
cussed in detail below. For isolated CuO cluster (or n = 1),
visible-light irradiation can lead to the excitation of the elec-
trons from the VB(Ti0,) to the unoccupied Cu 3d levels or the
bulk-to-surface interfacial electron transfer as suggested by
Irie et al.”® Although Irie et al. do show a band gap reduction
for their CuO clusters grafted by the impregnation method,
that are larger than those prepared in the present work, they do
not provide any analysis of the origin of the reduced band gap.

On the other hand, at n > 2, the DFT simulations and ex-
perimental results show clearly that excitation from the occu-
pied surface CuO derived levels to the CB of TiO, or the sur-
face-to-bulk electron transfer will likely dominate. Further
evidence for this comes from the upwards shift in the VB edge
with increasing 7/ that tracks the decrease in the energy gap
with CuO cluster loading. Similar shifts in the VB edge for
other metal oxide-nanocluster modified TiO, are explained on
the basis of the formation of new VB states coming from the
oxide nanocluster.'”" This interfacial electron transfer causes
efficient charge carrier separation contributing to the increases
in the photocatalytic activities and the reduction in the TiO,
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—Ti3d surface ——Cu 3d Cu202— \JI
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Figure 12. Atomic structure, adsorption energy in eV and Ti 3d and
Cu 3d projected electronic density of states (PEDOS) for anatase
TiO, modified with CuO, Cu,0, and CuyOy clusters



derived PL signal.

In the cathodic process, the excited electrons in the CB of
TiO, can be transferred to the surface CuO cluster levels,
which enhances the electron transfer to O,. Recently, we have
shown that the TiO,-photocatalyzed degradations of 2-
naphthol and p-cresol proceed via the direct hole oxidation."
In the anodic process, the holes in the VB of isolated CuO
cluster-surface modified TiO, possess strong oxidation ability
to decompose organic compounds including 2-naphthol and p-
cresol. As the I increases, the visible-light absorption intensi-
fies, whereas the rise in the VB maximum weakens the oxida-
tion ability of the holes or the surface non-radiative recombi-
nation of the charge carriers may be enhanced. The balance
between them would determine the optimum loading amount.

4. CONCLUSIONS

The CCC technique using Cu(acac), as a precursor has formed
molecular scale CuO clusters on the surfaces of TiO, particles
(P-25, Degussa) in a highly dispersed state. Band gap narrow-
ing occurs as a result of the surface modification with a very
weak absorption due to the d-d transition. Also, visible-light
activities for the degradations of 2-naphthol and p-cresol are
induced concomitantly with the UV-light activities signifi-
cantly increased. DFT simulation has indicated that the TiO,
surface modification by a small amount of isolated CuO clus-
ters yields unoccupied Cu 3d levels in the midgap region with
the VB maximum hardly changed. However, as the loading
amount increases, the experiments and simulations show that
the VB maximum rises and furthermore the simulations show
that the unoccupied Cu 3d levels approach the CB minimum,
thus giving a different mechanism for band gap reduction. The
enhanced visible-light absorption and increased charge separa-
tion efficiency lead to a remarkable increase in the photocata-
Iytic efficiency with the CuO nanoclusters acting as a promoter
for the reduction of O,.
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