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The development of visible light driven photocatalysts has been
an active research field in recent years,l‘7 with most research
focused on achieving efficient decomposition of environmental
organic contaminants under sunlight or indoor fluorescent light. It
is generally considered that the conduction band (CB) level of a
semiconductor should be more negative than the potential for the
single-electron reduction of oxygen (O, + e~ = O, (aq), —0.284
V vs NHE; O, + H" 4+ e~ = HO, (aq), —0.046 V vs NHE) in
order to allow efficient consumption of photoexcited electrons and
subsequent oxidative decomposition of organic compounds by holes
to proceed in air. Recent studies have focused on the introduction
of midgap levels above the top of the O 2p valence band (VB) of
titanium oxide (e.g., nitrogen- or sulfur-doped TiO,),"? as well as
hybridization of the O 2p with other orbitals such as N 2p (e.g.,
oxynitrides),>” to achieve both visible light absorption and a
sufficiently negative CB level for O, reduction. On the other hand,
the CB levels of simple oxide semiconductors with visible light
absorption, such as tungsten oxide (WOj;), are generally more
positive (e.g., +0.5 V vs NHE for WOs3) than the reduction
potentials of O, due to the deeply positive level of VB, which
mainly consists of O 2p orbitals.® This fact has so far led us to
believe that WOj; is unsuitable for achieving the efficient oxidative
decomposition of organic compounds in air and limited the use of
WOj; photocatalysts to reactions with strong electron acceptors.’
Only a few studies have so far been reported on the oxidative
decomposition of organic compounds using WOj or its composite-
type photocatalysts.”' In the present study, WO; loaded with
nanoparticulate Pt is demonstrated to exhibit high efficiency for
the decomposition of organic compounds under visible light
irradiation. Transient photoabsorption analysis by photoacoustic
(PA) spectroscopy reveals that the photoexcited electrons in WOs3
are reactive toward O,, and that the reaction rate is enhanced
considerably by loading with particulate platinum, certainly due to
promotion of multielectron O, reduction.

Platinum-loaded WO; samples (Pt-WO3) were prepared with a
photodeposition method from H,PtCle*6H,O on fine particulate
WO; (50—200 nm, ca. 10.5 m? g~ ') under visible light irradiation
in pure water and subsequently in an aqueous methanol (10 vol
%) solution. This procedure resulted in a highly uniform dispersion
of platinum particles (average size, 5 nm) on the WO; surface. The
detail procedure and the scanning transmission electron microscopy
(STEM) images of the Pt-WO; powder are provided in the
Supporting Information (Figure S1). A homemade nitrogen-doped
TiO, (N-TiO,, ca. 88.9 m? g~ ') was prepared as a reference sample
according to the previously reported method.'®
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Figure 1. (a) Time course of CO, evolution over TiO, (P25), Pt-WO3 (1
wt % Pt), bare WO3, Pt—N—TiO; (1 wt % Pt), and N-TiO; photocatalysts
suspended in aqueous acetic acid solution under full-arc (300 < 4 < 500
nm) or visible light irradiation (400 < 4 < 500 nm). (b) Action spectra of
acetic acid decomposition over Pt-WO3 and TiO, photocatalysts.

Figure 1a shows the time courses of CO, generation over WOs3,
TiO, (P25), and N-TiO, photocatalysts suspended in aqueous acetic
acid solution (AcOH aq). Under full-arc irradiation from a xenon
lamp (4 > 300 nm), the rate of CO, generation over Pt-WOj3
photocatalyst (1 wt % Pt) is higher than that over TiO,. Whereas
CO, generation over TiO, photocatalyst is negligible under visible
light (1 > 400 nm), Pt-WOj; exhibits relatively high activity for
CO, generation, achieving a rate comparable to that under full-arc
irradiation. The rate of CO, generation over WO; from aqueous
AcOH increased remarkably with increasing Pt loading to a
maximum of 230 umol h™! CO, at 1 wt % Pt. This rate of CO,
generation is ca. 30 times higher than that over bare WO; (8 umol
h™"). Although detectable amounts of CO, gas were generated over
N-TiO,, the rate (ca. 12.0 umol h™"' with optimal Pt loading) was
much lower than that over Pt-WOj. The action spectrum (Figure
1b) for Pt-WOj3 resembles the photoabsorption spectrum of WOs,
indicating that the decomposition of AcOH can be ascribed to the
band gap photoexcitation of WOs.

The change in the amount of acetaldehyde (AcH) and CO, in
the gas phase during reactions over the photocatalysts is shown in
Figure 2a. With the onset of visible irradiation, the amount of AcH
in the gas phase over Pt-WO; (0.1 wt % Pt) decreased rapidly
accompanied by an increase in CO, generation. The final molar
amount of CO; (ca. 30 umol) is twice that of the AcH injected,
indicating that complete decomposition of AcH (CH3;CHO + 5/20,
— 2C0O; + 2H,0) proceeds in this reaction. Stable CO, generation
was observed over N-TiO,, although at a rate (ca. 5.3 umol hfl)
much lower than that over Pt-WOj3 (ca. 70 umol h™ '), even with
optimal Pt loading. In the case of AcH decomposition, appreciable
CO, generation was observed even over bare WOs3 in the initial
period of irradiation. However, CO, generation reached saturation
within 20 min, before complete decomposition of AcH. This is
likely to be attributable to the accumulation of stable intermediates
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Figure 2. (a) Time course of acetaldehyde (1000 ppm, ca. 15 umol)
decomposition over Pt-WO3 (0.1 wt % Pt), bare WO3, Pt—N—TiO, (0.5
wt % Pt), and bare N-TiO, under visible irradiation (400 < A < 500 nm).
(b) Time course of CO, generation from IPA (1200 ppm, ca. 17 umol)
over the photocatalysts under full-arc or visible light irradiation.
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Figure 3. (a) Progression of PA signal at 625 nm during reactions over
bare and Pt-WOs3 (0.05 wt % Pt). (b) Normalized decay profiles of PA
intensity in the dark.

on the surface of WOs, as suggested by Sayama et al.” Figure 2b
shows the time course of isopropyl alcohol (IPA) decomposition
for the photocatalysts. In this case, an optimal Pt loading (0.5 wt
%) onto WO; photocatalyst resulted in a complete decomposition
of IPA with ca. 100-fold enhanced CO, generation rate (from 0.4
to 48 umol h™'), while only 4-fold increase was observed for
N-TiO, by optimal Pt loading. The CO, generation rate over Pt-
WO; was almost comparable to that over TiO, when compared
under full-arc irradiation (4 > 300 nm).

These results strongly suggest that the photoexcited electrons in
WOs; are reactive toward O,, especially when loaded with Pt,
contradicting the general understanding that the CB level of WO;
is insufficient to reduce O,. The reactivity of photoexcited electrons
in WO; was analyzed using a double-beam PA spectroscopic
technique recently developed by our group.'' The PA spectrum of
bare WO; under UV irradiation in the presence of air and IPA vapor
exhibits an upward shift in the visible region at wavelengths longer
than 470 nm (Figure S2). This shift is attributable to the accumula-
tion of pentavalent tungsten (W>"), which has a broad absorption
in the visible region,'? by the capture of photoexcited electrons at
trapping sites in WO; (counterpart of hole consumption by IPA).
The time course of PA intensity at a fixed wavelength of 625 nm
is shown in Figure 3a for bare and Pt-loaded WO; samples. Under
an N atmosphere, the PA intensity increases rapidly when exposed
to UV irradiation and then decreases slowly in the dark. In the
presence of O,, W>* accumulation is suppressed, and the PA
intensity decreases rapidly when irradiation is ceased. These results
indicate that W>™ is consumed through electron transfer from W>"
to O,, regenerating the original hexavalent tungsten (W°™"). Loading
with a small amount of Pt (0.05 wt %) enhances the decay of W>*
considerably in the dark (Figure 3b). The accumulation of W3
could not be observed under UV irradiation in the presence of O,
for WOs3 loaded with more than 0.5 wt % Pt, indicating that the

photoexcited electrons react efficiently with O, before being trapped
to generate W>*. It can thus be concluded that the photoexcited
electrons in WOQOj; are reactive toward O,, and that the reaction is
accelerated considerably by Pt loading. It is known that the potential
of multielectron reduction of O, is more positive (e.g., O, + 2H"
+2¢” = H,0, (aq), +0.682 V; O, + 4H' + 4 ¢~ = 2H,0, +1.23
V) than for the single-electron process. It seems reasonable to
consider that such multielectron reductions more readily proceed
on the surface of Pt that works as an electron pool and catalyzes
O, reduction, compared to the bare surface of oxide semiconductors,
while the formation of H,O, over TiO, has been reported in the
presence of a particular electron donor.'® The high activity of Pt-
WOs is therefore likely to be due to the promotion of multielectron
reduction of O, on the Pt cocatalyst rather than single-electron
reduction, which is generally considered the main pathway for
electron consumption over TiO, and N-TiO, photocatalysts.''*
This is reasonably supported by the result that the Pt-associated
enhancement of the photocatalytic activity of TiO, (not shown) and
N-TiO, was considerably less than that for WO; since both
photocatalysts possessing sufficient CB level for the reduction of
O, by single electron.

In summary, WOj3 loaded with nanoparticulate Pt was demon-
strated to exhibit high photocatalytic activity for the decomposition
of organic compounds both in liquid and gas phases; the activity
was almost comparable to that of TiO, under UV light irradiation
and much higher than that of N-TiO, under visible irradiation. The
present results indicate that loading with a particulate cocatalyst to
promote multielectron O, reduction is an effective strategy for the
development of highly efficient and durable visible light driven
photocatalysts based on simple oxides.
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