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Photocatalytic systems working under visible light have been
studied extensively from the viewpoints of energy conversiom
environmental accountabiliy.Recently, it was discovered that
substitutional doping with anion elements such as N, S, and C to
semiconductor photocatalysts, such asjJi@ads to extension of
the photoactive region to visible lightA considerable number of
materials have been developed on the basis of this strategy.

However, the present achievements are not enough compared to

the performance demanded by the practical application, and the
preparation of more efficient visible-light photocatalysts is antici-
pated. The main obstacle toward this is the fact that design and
control of properties of semiconductor photocatalysts is strictly
limited in flexibility, since the doping needs to be made under highly

reactive conditions. Furthermore, the serious problems of attendant

formation of effective chargecarrier recombination centers have

also remained unsolved yet. These have now been recognized ag

inherent drawbacks of semiconductor photocatalysts toward the
effective utilization of visible-light photons.

The inventive work for this end has been recently reported by
Frei et al* They demonstrated the use of metal-to-metal charge
transfer (MMCT) of hetero-bimetallic assemblies as a new class
of visible-light absorbing chromophorésThe anchored Zr(IV)-
O—Cu(l) assembly on the pore of mesoporous silica showed the
photochemical splitting of COto CO by photoexcitation of the
Zr(IV)/Cu(l) MMCT band at 355 nn® The use of oxo-bridged
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Figure 1. (A) Schematic illustration of anchored Ti(IV)/Ce(lll) bimetallic
assembly on the pore of MCM-41 and its photocatalysis driven by the
photoinduced MMCT. (B) Diffuse reflectance WWis spectra of dehydrated
(1) Ti/Ce—MCM-41, (2) mononuclear Ce(IyMCM-41, and (3) Ti(IV)—
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hetero-bimetallic assembly as a photoinduced redox center is aMCM-41 wafer. (C) Ce ly-edge XANES spectra of (1) Ti/CEeMCM-41,

promising strategy for developing the visible-light photocatalysts
because the molecular design and fine control of oxidation/reduction
potential as well as absorption wavelength of photocatalysts are
readily made if the proper combination of two metal ions are
selected according to their redox potential. More importantly, such
design and control can be realized without using organic function-
alities. Thus these allow developing molecular-based inorganic
photocatalysts with high durability and high degree of flexibility
in their photo and electronic properties.

Herein we report the first photocatalysis driven by the visible-
light induced MMCT for hetero-bimetallic Ti(IV)-©Ce(lll) as-
semblies on the pore of mesoporous silica, MCM-41 (Figure 1A).
The combination of Ti(IV) and Ce(lll) ion as constituting elements
(E(Ce*r/Cet) = 1.72 V,EX(TiO,/Ti®") = —0.67 V) was selected
to drive the photocatalytic oxidative decomposition of organic
compounds under visible-light irradiation. The bimetallic Ti/Ce
assembly exhibited the intense MMCT absorption up to 540 nm
and its visible-light activity was remarkably higher than the one of
the most active photocatalyst, nitrogen-doped ;#0O

The synthesis of Ti(IV)-O—Ce(lll) assemblies on the pore of
MCM-41 was made by applying the nucleophilic character of titanol
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(2) Ce(NQ)3-6H20, and (3) Ce@ (D) Diffuse reflectance UVvis spectra
of dehydrated (1) CeTiO; (rutile) and (2) TiQ (rutile) wafer.

groups of (OH)Ti(OSh sites. Namely, isolated (OH)Ti(O3i3ites
were first synthesized on the pore surface of MCM-41 using the
TiCp.Cl, precursor methdd(Ti/Si = 0.03). Subsequently, dehy-
drated T-MCM-41 crystalline was added to a dry acetonitrile
solution of Ce(llI)NQ and stirred at 58C for 18 h. The pale yellow
crystallites thus obtained were filtered, washed, and dried under
dynamic vacuum at 46C.

The UV-vis diffuse reflectance spectrum of Ti/€E&ICM-41
exhibits the intense absorption extending from the UV to 540 nm,
as can be seen from Figure 1B, trace 1. Since neither the Ce(lll)
nor the Ti(lV) ion possesses the4f 5d transition or LMCT band
in this spectral region, trace 2 and 3 in Figure 1B, respectively, the
visible absorption is attributed to the MMCT of Ti/Ce assemblies,
that is, Ti(IV)/Ce(lll) — Ti(lll)/Ce(IV). The Ce L-edge XANES
spectrum for Ti/Ce-MCM-41 is shown in Figure 1C, trace 1. The
spectral shape and position of TI/lEMCM-41 agreed well with
that of Ce(lll)NG; (Figure 1C, trace 2), confirming that the valency
of Ce ion is trivalent and also excluding the possibility of formation
of CeQ, clusters. Since Ce(lll) but not Ce(lV) can act as an electron
donating element in Ti/Ce MMCT chromophores, these results
strongly support the aforementioned assignment. No MMCT band
was observed when Ce(lll) grafting was underwent at room

10.1021/ja073668n CCC: $37.00 © 2007 American Chemical Society
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Figure 2. (A) The time course of amount of (1) acetone and (2,&0m

10 mg of Ti/Ce-MCM-41 wafer under 460 nm-light illumination & 27

mW cn?) in the presence of 2-propanol (10 Torr) and @50 Torr).
Acetone generation from (3) GMCM-41 and (4) Ti-MCM-41 wafer
under the same photochemical conditions as those for Ti/Ce-MCM41. (B)
Difference UV~vis spectra after 460 nm-illuminationrf@ h for Ti/Ce—
MCM-41 in the presence of (1) 2-propanol and &hd (2) Q only.

temperature. This is an indication that the mild heating atG%
needed to facilitate anchoring of Ce(lll) ions to titanol groups.
As expected, grafting of Ce(lll) ions onto nanocrystalline FiO
(rutile) powdef also led to the change in color of crystalline from
white to intense yellow, and its absorption band was now extended
to 620 nm (Figure 1D, trace 1). Red shift of the absorption band
compared to the Ti/CeMCM-41 (Figure 1B, trace 1) is charac-
teristic to MMCT since the absorption energy of MMCT is
dominated by the difference in energy between the HOMO of
acceptor and LUMO of donor elementsThe conduction-band
bottom of rutile-TiQ lies at 0.6 eV more positive than the LUMO
of isolated TiQ species so that the corresponding shift in energy
can be regarded as a conclusive evidence for formation of Ti(IV)/
Ce(lll) MMCT chromospheres for bimetallic Ti/Ce assemblies.
To prove the abilities to drive photocatalysis by photoexcitation
of the Ti/Ce MMCT band, we made the photooxidation reaction
of 2-propanol in the presence of, @r pressed wafers of Ti/Ce
MCM-41 under monochromic light irradiation dt= 460 nm®

Products analyses were made by transmission FTIR and GC. As

shown in Figure 2A, trace 1 and 2, light irradiation led to formation
of acetone and C9 They were increased in amount with time,
and turnover number was reached to 8 after 45 h of irradiation. No
products were formed for the mononuclear CetHiand Ti(IV)—
MCM-41 samples (Figure 2A, trace 3 and 4). Therefore it was
concluded that the catalytic oxidation of 2-propanol is driven by
the visible-light induced MMCT of Ti(IV)}-O—Ce(lll) assemblies.

It is to be noted here that the MMCT band remains almost

nm is equivalent between Ti/C&MCM-41 and TiQ godNo.002° It

was observed that the apparent quantum efficiehcésicetone
and CQ formation for Ti/Ce-MCM-41 are 0.035 and 0.138, respec-
tively, while that for TiQ ged\o.002are 0.004 and 0.029, respectively.
The TiOy.g0d\0.002iS One of the most active visible-light photocata-
lysts for the oxidative decomposition of organic compounds reported
so far® Therefore remarkably higher activity demonstrates the
significance of the Ti(IV)/Ce(lll) hetero-bimetallic photocatalysts.

Furthermore, we observed that the nanocrystalline, TiGtile)
powder grafted with Ce(lll) ion§,whose UV-vis spectrum was
shown in Figure 1D, have photocatalytic activities as well as
photocurrent responses under visible-light irradiation up to 600 nm
(Figure S5 and S6). The generation of cathodic photocurrent for
Ce(lll)-grafted TiQ electrodes in @saturated acetonitrile solutions
definitely demonstrates that the reduction eft®@0,* was initiated
by the photoinduced charge transfer from the Ce(lll) ions to Ti-
(IV) of nanocrystalline TiQ. This again confirms the aforemen-
tioned mechanism of site-specific redox reaction for bimetallic Ti/
Ce assemblies and also proves the effectiveness of the method of
grafting as a novel strategy for sensitization of wide-band gap
photocatalysts. We have confirmed, in fact, that this grafting method
can be applied also for Cr(IV)/Cr(lll) redox coupld®, = 2.10 V,
in which the Cr(lll)-grafted TiQ powder showed the photocatalytic
activities under the visible-light excitation of the Ti(IV)/Cr(lll)
MMCT band.

In summery, the first photocatalysis operated by the visible-light
induced MMCT has been demonstrated for the Ti(IV)/Ce(lll)
heterobimetallic assemblies synthesized on the pore of MCM-41.
The combination of Ti(IV) and Ce(lll) enabled to drive the
photocatalytic oxidative decomposition of 2-propanol into acetone
and CQ under visible-light irradiation. The Ti/Ce assembly is an
attractive metal combination also for constructing the photosynthetic
units because the Ce(IV) ion is known to be an effective oxidant
to drive the oxygen evolving complex&d.o date, the grafting of
metal cations on the silica surface has been established for about
one-fourth of the elements in the periodic tabl€herefore, the
abilities of hetero-bimetallic assemblies to drive photocatalysis and
also their high flexibility in metal combination offers the opportuni-
ties to design and fabricate a wide variety of molecular-based
inorganic photocatalysts according to the needs from the target
reactions as well as their operation environments.
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unchanged in intensity after the photocatalytic reaction, as can be ~ Supporting Information Available: XANES, XRD, FT-IR, pho-

seen from the difference optical spectrum before and after irradiation
in Figure 2B, trace 1. In contrast, most of the intensity was lost
and the complementary growth of absorption band of Ce(IV) was

observed in the same experiment if 2-propanol is absent (Figure

2B, trace 2). These clearly demonstrate that the Ce(IV) formed by
photoinduced MMCT of Ti/Ce assemblies continuously re-reduced
to Ce(lll) by extracting an electron from 2-propanol. Isotopic
labeling experiments usifi§O, instead oftf0, showed the inclusion
of 180 into acetone and CFigure S4 in Supporting Information).
This implies that @ was reduced to ©* by photogenerated Ti-
(1), though the alternative mechanism that 2-propanol-derived
o-hydroxyalkyl radical reduces Qiirectly might not be excluded
completely at present.

We then compared the photocatalytic activities of Ti*G&CM-
41 with the nitrogen-doped TiPTiO,- Ny, X = 0.002) powdepc6
Photocatalytic oxidation of 2-propanol was made under the same
conditions as those mentioned above except that the light intensity
was adjusted in a way that the number of adsorbed photons at 460

tocatalytic and photoelectrochemical data. This material is available
free of charge via the Internet at http://pubs.acs.org.
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