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the conduction band of WO; through SPR, H, would not be

ABSTRACT: Photocatalytic H, and O, formations under formed because the potential of the conduction band of WO,
visible light irradiation (4 > 400 nm) are demonstrated (ca. +0.5 Vg at pH 0) is insufficient for the proton reduction
using Pt—Au nanopaticles for the reduction site and WO, (0 Vyue at pH 0). Therefore, electron transfer to WO; should
for the oxidation site in solid-state Pt/Au/WOs,. be avoided if we expect H, formation in the Au/WOj; system.

In the course of our studies on SPR-type photocatalysts,” we
reported formation of H, from various compounds in aqueous

oupling of two kinds of photocatalysts responding to suspensions of Au/TiO, with co-catalysts under visible light

visible light has recently attracted much attention as a Z- irradiation. By using the traditional photodeposition (PD)
scheme process. The Z-scheme process has various advantages: method and subsequent colloid photodeposition (cPD)"°
(1) effective charge separation can be achieved, (2) high method, Au/TiO, with co-catalysts exhibiting stronger photo-
reduction power and deep oxidation power can be simulta- absorption at around 550 nm due to SPR and higher levels of
neously obtained even by using visible light having less energy, activity for H, production were successfully prepared. These
and (3) various photocatalysts can be paired." However, since results indicate that introduction of a co-catalyst such as
stable photocatalysts producing H, under visible light platinum is important for efficient H, formation because the co-
irradiation are rare, only a few combinations have been catalyst works as a site for H' reduction.
reported. In most cases, mediators connecting two kinds of In this study, we prepared a new type of photocatalyst, i.e.,
photocatalysts are essential. Therefore, an eflicient photo- Pt/Au/WO,, in which Pt nanoparticles were loaded on Au
catalyst for H, formation under visible light irradiation and a particles. To achieve the Pt-on-Au structure, Au particles were
mediator-free system are needed. first loaded on WO; by using CPD, and then Pt particles were

It.is known that gold nan9particles (AHNPS) sgppc?rted on loaded on Au particles by using PD. The Pt/Au/WO; sample
semiconductors such as cerium(IV) oxide and titanium(IV) was used for formation of H, and O, under visible light
oxide (TiO,) exhibit strong gllﬁtoabsorptlon due to surface irradiation in the presence of sacrificial reagents such as biomass
plasmon resonance (SPR). Recently, supported Au under mediator-free conditions. We also investigated whether

materials have .been usefi as v151.b1e-l12g.ht-respond1nlg RhOto' two types of photoabsorption contribute to the formation of H,
catalysts for various chemical reactions,” including oxidation of . . .
and O, by using an action spectrum, and we discuss the

. 5 . . . .
organic substrates, selecétlve omdatlog of an aromatic alcoglol to working mechanism in formation of H, and O, over Pt/Au/
a carbonyl compound,” H, formation from alcohols,” and WO

3

. . 8 .
reduction of organic compounds.” We consider an SPR-type The contents of Au and Pt were fixed at 3.0 and 0.5 wt%,

photocatalyst to be a strong candida.te for an H, formation respectively, and the sample is designated here as Pt(0.5)/
photocatalyst in the coupling of two kinds of photocatalysts. In . .
the case of Au/TiO, TiO, only works as an electron Au(3.0)/WO;. Figure S1 shows absorption spectra of the WO,
2 2 :
transportation material under visible light irradiation because anth.bI.’tt(c(l).Sg/AuE?.O) /\/\1703t s;r:pslgsd The dbarte ‘t/}\iof) sadmple
TiO, only responds to UV light, which leads us to the idea that extubIted apsorpHon onty a nm due 1o the band-gap
excitation (2.8 eV). In the spectrum of the Pt(0.5)/Au(3.0)/

. Au .

tungst'en(VI) oxide (WO3) can be used as @ Au-supporting WO, sample, strong photoabsorption was observed at around

material. Two absorptions due to band-gap excitation of WO, Lich ‘buted SPR of th d

(<450 nm) and SPR of AuNPs (450—600 nm) hardly overlap, ZS(I’\HZ‘H}_]‘I” ich was attributed  to of the supporte
uNPs.

indicating that solar light can be effectively utilized without o . .
conflict between WO5 and AuNPs. In a Au/WO, sample, an A transmission electron microscope (TEM) image of
efficient charge separation can be expected by coupling of the Au(3-0)/ WO3 Prepared by CPD using the Au colloidal sqlutlon
band-gap excitation of WO; and the SPR of AuNPs. In this 18 shom mn legure la. Gold particles were observed in the
case, WOj; and supported AuNPs would work as photocatalysts image, indicating that AuNPs were deposited on the.WO3
for O, and H, evolution, respectively. Since AuNPs and WO, surface by CPD. The average diameter of Au particles in the
are in direct juncture, no mediators are required for the
electron transfer in the Au/WQ; system. However, there is one Received: October 5, 2013

problem in the Au/WOj system: if electrons of Au transform to Published: December 27, 2013
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Figure 1. TEM photographs of (a) Au(3.0)/WO; and (b) Pt(0.5)/
Au(3.0)/WOs,.

sample was determined to be 13 nm (Figure S2), which was in
good agreement with the average diameter of original colloidal
AuNPs before Au loading (Figure S3). In the TEM image of
the Pt(0.5)/Au(3.0)/WO; sample (Figure 1b), small Pt
particles were observed on a Au particle, indicating that
deposition of Pt on Au particles can be attributed to an increase
in the volume of nanoparticles.

Figure 2 shows time courses of evolution of H, from glycerin
(10 pmol) in aqueous suspensions of Pt(0.5)/Au(3.0)/WO,
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Figure 2. Time courses of evolution of H, (blue) and CO, (red) from

glycerin (10 ymol) in aqueous suspensions of Pt(0.5)/Au(3.0)/WO,
under visible light irradiation from a Xe lamp with an L-42 filter.

under visible light irradiation from a Xe lamp with an L-42 filter
under a deaerated condition. Since a large amount of glycerin is
formed as a byproduct in production of soap and biodiesel oil
from fats and oils, effective utilization of glycerin is now keenly
desired. Just after visible light irradiation, H, and CO, were
evolved from suspensions of Pt(0.5)/Au(3.0)/WO;. With
increasing photoirradiation time, the amounts of H, and CO,
increased linearly, and the rates of H, and CO, evolution were
determined to be 6.6 and 2.8 umol h™, respectively. Since the
amount of CO, was in good agreement with that of H,, glycerin
was shown to have decomposed stoichiometrically to H, and
CO, as shown in eq 1.

C,H,(OH), + 3H,0 — 3CO, + 7H, 1)

No gas was evolved in the dark between 0 and $ h, indicating
that no thermocatalytic H, formation occurred over Pt(0.5)/
Au(3.0)/WOj; under the present conditions. To evaluate the
stability of Pt/Au/WO; in H, and CO, production from
glycerin, Pt/Au/WO; was used repeatedly. Visible light
irradiation to the reaction mixtures after evacuation and
glycerin injection (10 pmol) resulted in evolution of H, and
CO, again, and the reaction proceeded with no noticeable
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deactivation, even for long irradiation times. The total amount
of H, gas evolved reached ca. 210 umol, exceeding the
stoichiometric amounts of the photocatalysts (Au, 7.5 pmol,
corresponding to 3.0 wt%; WO;, 210 ymol), indicating that the
H, production observed under the present irradiation
conditions was not the result of a quantitative reagent reaction
between Au and glycerin but the result of a (photo)catalytic
reaction.

The combination of two kinds of light-emitting diodes
(LEDs) has been shown to be useful for evaluating a composite
photocatalyst consisting of two types of photocatalysts
responding to light with different wavelengths.'> To examine
whether Au and WO, in Pt(0.5)/Au(3.0)/WO; contribute to
H, formation under visible light, lights of blue and green LEDs
were used solely or simultaneously as the sources (see Figure

3a).
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Figure 3. (a) Visible light from blue and green LEDs and (b) time
course of evolution of H, from 2-propanol in aqueous suspensions of
Pt(0.5)/Au(3.0)/WO; under visible light irradiation from the blue
and/or green LED.

Light of the blue LED mainly induces band-gap excitation of
WOj; because the blue light hardly overlaps with SPR of
AuNPs. On the other hand, light of the green LED matches
photoabosorption due to SPR of Au particles but does not
induce band-gap excitation of WO;. It was preliminarily
confirmed that formation of H, was negligible in the
combination of green LED and Pt/WO; and the combination
of blue LED and Au/WOj; because of mismatching between the
wavelength and the photoabsorption. Figure 3b shows
formation of H, from 2-propanol in aqueous suspensions of
Pt(0.5)/Au(3.0)/WO; under visible light irradiation from the
blue and/or green LED. The amount of H, formed was very
small under irradiation by light from either the blue or green
LED. On the other hand, H, was formed linearly with
irradiation by light from both the blue and green LEDs, and
apparent quantum efficiency (AQE) was determined to be
0.40%. These results indicate that both lights were essential for
H, formation; in other words, band-gap excitation of WO; and
SPR of AuNPs simultaneously contribute to H, formation.

It is important to examine, for any given photoreaction
system, the wavelength response for the reaction. In a study on
an indium oxide—copper oxide (CuO) photocatalyst, we
examined the action spectrum under additional irradiation by
light only inducing band-gap excitation of CuO."> To elucidate
the working mechanisms of Pt(0.5)/Au(3.0)/WOQ;, the action
spectrum was measured in H, formation from 2-propanol
under additional irradiation by light from the blue or green
LED. Figure 4 shows the dependence of AQE on the
wavelength of incident light of monochromated visible light
from a Xe lamp with light width of +5 nm in the presence and
absence of irradiation by light from the blue LED (5.9 mW
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Figure 4. Dependence of rates of H, evolution by Pt(0.5)/Au(3.0)/
WO; on the wavelength of incident light in the presence and absence
of irradiation by light from the blue LED. The line means AQE under
irradiation by light from the blue LED. The subtraction spectrum
obtained from the spectra of Pt(0.5)/Au(3.0)/WO; and WO; is also
shown.

cm™?). The value of AQE was determined by using eq 2. The
denominator of eq 2 includes all of the photons irradiated to
the photocatalyst, i.e., photons from both the monochromator
and blue LED.

2 X theamount ofH,

AQE = X 100

the amount of incident photon

)

The dependency was similar to the subtraction spectrum
obtained from the spectra of Pt(0.5)/Au(3.0)/WO; and WO,.
These results indicate that H, formation was induced by
photoabsorption due to SPR of Au. The large difference in
AQE with and without the blue LED (Figure 4) indicates that
light from the blue LED greatly accelerated H, formation.
Figure S shows action spectra in the presence and absence of
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Figure S. Dependence of rates of H, evolution by Pt(0.5)/Au(3.0)/
WO; on the wavelength of incident light in the presence of irradiation
by light from the blue LED. The line means AQE under irradiation by
light from the green LED. The diffuse reflectance spectrum of WO; is
also shown.

irradiation by light from the green LED (7.3 mW cm™?). The
dependency was similar to the absorption spectrum of WOj,
indicating that H, formation was also induced by photo-
absorption due to the band-gap excitation of WO;. The large
gap between AQE around 400 nm in the presence and absence
of the green LED shows that the band-gap excitation of WO,
contributes to H, formation only when there is SPR due to
AuNPs.

Since a WO; photocatalyst is one of the most efficient
materials for O, formation from water under visible light
irradiation, we examined water oxidation over the Pt/Au/WO,
sample. Water oxidation activity of the Pt/Au/WO; sample was
evaluated in the presence of hexavalent chromium (Cr®" in
Cr,0,%7) as an electron acceptor.11 In this O, evolution system,
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no change in the photocatalyst occurs because nothing is
deposited on the photocatalyst, in contrast to the use of silver
ions as electron acceptors. Rates of O, formation from H,O
over various photocatalysts under irradiation by both the blue
and green LEDs are shown in Figure 6.
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Figure 6. Rates of formation of O, in aqueous suspensions of various
photocatalysts under visible light irradiation from the blue LED in the
presence and absence of the green LED.

For comparison, results under irradiation by light from either
the blue or green LED are also shown. Results for WO; and
Pt(0.5)/WO; indicate that Pt worked as a co-catalyst in the
reduction of Cr® ' and that the effect of green light irradiation
on O, formation was negligible in WO; and Pt(0.5)/WO;.
Since WOj is not photoexcited by light from a green LED, the
negligible effect is reasonable. A synergistic effect of the band-
gap excitation by blue light and SPR by green light was
observed in O, formation over Au(3.0)/WO; and Pt(0.5)/
Au(3.0)/WO;. Results shown in Figure 6 indicate that the
combination of a WOQOj; semiconductor, AuNPs, and Pt co-
catalyst is effective for O, formation and that green light, i.e.,
light with less energy, can be applied for acceleration of O,
formation. In the case of Pt/Au/WO;, AQE for water oxidation
was calculated to be 0.2% under visible light irradiation from
the blue and green LEDs.

It was clearly shown that both the band-gap excitation of
WOj; and the photoabsorption due to SPR of Au supported on
WOj; contributed to the photocatalytic H, and O, formation
under irradiation by light from both the green and blue LEDs.
The higher photocatalytic activities of Pt(0.5)/Au(3.0)/WO,
are explained by an efficient charge separation by successful
coupling of the band-gap excitation of WO; and the SPR of
AuNPs. Based on the results shown above, the expected
working mechanism for photocatalytic H, formation in the
presence of electron donors over Pt/Au/WO; under visible
light irradiation is shown in Scheme la.

Scheme 1. Expected Reaction Mechanism for Production of
(a) H, and (b) O, in Aqueous Suspensions of Pt/Au/WO,

(a) H, formation

(b) O, formation
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Five processes would occur: (1) the incident photons are
absorbed by Au particles through their SPR excitation,” " (2)
electrons are transferred from the Au particles into the Pt
particles, and (3) H* is reduced by electrons over Pt, resulting
in the formation of H,. On the other hand, (4) the incident
photons are absorbed by WO, and holes in the valence band of
WO; oxidize various substrates such as glycerin and 2-propanol,
and (5) electrons in the conduction band of WO, are
transferred to the electron-deficient Au particles, returning to
the original state. The mechanism may be applied for the
synergy effect of simultaneous irradiation by UV and visible
light on H, formation over Au/TiO,’ in which band-gap
excitation of TiO, and SPR of Au particles are induced by UV
and visible light, respectively.

Since hydrogen overvoltage of Pt metal (0.01 V'*) is smaller
than that of Au metal (0.18 V'*), i.e, H, evolution over Pt is
easier than that over Au, electron transfer from Au to Pt in
process (2) is reasonable. If electrons are transferred to the
conduction band of WO; in process (2), H, formation would
not occur any more because of insufficient potential of the
conduction band of WO, for H* reduction as mentioned in the
second paragraph. Formation of H, indicates that electrons of
AuNPs are transferred to Pt particles, not to the conduction
band of WO;. For comparison, another sample, Au/WO;—Pt,
in which Pt particles were loaded on WOj; without alloying Au
particles,”” was prepared (Figure $4) and used for H, formation
under the same conditions (Figure SS). The Au/WO;—Pt
sample showed negligible activity, indicating that electron
transfer from Au to the conduction band* of WO, (or Pt on
WO,) was predominant in this sample. Large differences in H,
formation rate between Pt/Au/WOj; and Au/WO,—Pt (Figure
SS) indicate that keeping the electron potential negative
(preventing electron transfer to WO3) in the Au/WOj catalyst
system is important for H, evolution under visible light
irradiation. The value of AQE over Pt/Au/WQO; was, however,
low, suggesting that a part of the electrons is injected to WO,
and finally transferred to the electron-deficient Au particles.

The expected working mechanism for photocatalytic O,
formation in the presence of an electron acceptor over Pt/
Au/WO; under visible light irradiation is shown in Scheme 1b.
As well as the H, formation system, effective charge separation
accounts for the higher activity of Pt/Au/WO;.

In summary, by using colloid photodeposition of Au particles
on WO; followed by photodeposition of Pt particles onto Au
particles, a Pt/Au/WOj; sample was successfully prepared. The
Pt/Au/WOj; sample continuously yielded H, and CO, from
glycerin under visible light irradiation. Results for H, formation
under visible light irradiation from a blue and/or green LED
indicate that both lights were essential for H, formation. The
action spectrum under additional irradiation by light from the
blue LED or green LED clarified that both the band-gap
excitation of WO; and SPR of AuNPs simultaneously
contribute to the H, formation. Pt/Au/WO; also produced
O, by oxidation of H,O under visible light irradiation, to which
both the band-gap excitation of WO; and SPR of AuNPs
simultaneously contributed. The SPR photocatalyst was applied
for the first time to a two-step photoexcitation system through
combination with WOj;. There are many variations in
combination of plasmonic photocatalysts and band-gap photo-
catalysts. The results obtained in this study can be widely
applied to design of a new type of photocatalyst utilizing both
SPR and band-gap excitation.
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