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The conduction band edge (CBE) of WOs; quantum dots (QDs) was
determined experimentally and engineered by size control to around
one nanometer. Photocatalytic reactions of proton and molecular
oxygen were tuned by changing the CBE of WO3-QDs.

Photocatalytic reactions on semiconductor materials have been
attracting much attention as an approach to solving problems
of global energy and environmental issues by converting solar
energy into chemical energy." Photocatalytic water splitting is
being actively investigated to produce hydrogen as a future fuel.?
Photocatalytic decomposition of organic pollutants and photo-
reduction of carbon dioxide are examined for their potential for
leading to a clean environment and as a solution to global
warming, respectively.>* In photocatalytic reactions on semicon-
ductor materials, photoexcited electrons in the conduction band
and holes in the valence band cause reduction and oxidation
reactions, respectively.>® The generation of hydrogen, the
production of superoxide radicals, and the decomposition of
carbon dioxide are induced by photoexcited electrons in the con-
duction band. Therefore, a detailed investigation of the reduction
reactions induced by photoexcited electrons is required to promote
efficient light energy harvesting.

Photocatalysts reduce chemical species when their conduction
band edge (CBE) potential is more negative than the reduction
potential of the reactants. Fujishima et al. reported the photo-
catalytic reduction of carbon dioxide to methanol (CH;0H) on
various semiconductor photocatalysts suspended in water.” The
production yields increased as the CBE potential became more
negative than the redox potential of H,CO;/CH;OH. Recently, the
architecture of the advanced photocatalysts has been studied by
using solid solutions. We can control the band structure of solid
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solution photocatalysts by changing their composition. Tsuji et al.
reported efficient photocatalytic hydrogen production using
(AgIn),Zny(;, xS, photocatalysts with a tunable bandgap.® Photo-
catalytic activity increased with a CBE potential that was suffi-
ciently negative to reduce H,O to H, as the ratio of ZnS increased.
Liu et al. investigated the correlation between band structures and
the photocatalytic activities of Cd,Cu,Zn;_,_,S solid solutions.’
Cd,CuyZn;_,_,S with a lower x value has a higher CBE. The
quantum efficiency of the photocatalysts for H, production was
enhanced as the CBE of the solid solution shifted upon changing
the composition. However, the correlation between the CBE and
the photocatalytic activity cannot be investigated in detail because
of the different overvoltages caused by the change of substance
and composition. The variation of the reduction efficiency by
tuning its band structure should be investigated using a single
semiconductor without changing its composition. Thus, we can
evaluate the CBE of the semiconductor experimentally for a
detailed discussion on the photocatalytic performance.
Quantum dots (QDs) are tiny particles of semiconductor
materials with a size below 10 nm.'>'" Tuning the CBE of a
single semiconductor is achieved through the quantum size
effect by changing the size of the QDs. Since typical QDs of
CdSe and ZnS are susceptible to oxidation, metal oxide QDs are
required for practical photocatalytic systems. However, the
quantum size effect on the metal oxide QDs is generally weak
in the size region larger than 2 nm due to their small Bohr
exciton radius.’® In our previous study, we observed the
remarkable expansion of the bandgap of WO;-QDs using the
pores of supermicroporous silicas (SMPSs) as templates.'?
The preparation of QDs smaller than 2 nm using SMPSs is
beneficial because the bandgap of most metal oxides markedly
expand in the size region. The photoreduction of molecular
oxygen that does not occur with bulk WO; was achieved by the
bandgap expansion of WO;-QDs. However, the upshift of the
CBE potential, which is essential for photoreduction, was not
estimated experimentally and the correlation between the CBE
and photoreduction activity was not examined in the previous
work. The correlation between the CBE of WO3;-QDs and the
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photoreduction reaction efficiency has not been investigated in
detail because of a lack of experimental evaluation of the band
edge potential.

In the present study, the size of WO;-QDs was strictly tuned
to be below 1.8 nm by changing the pore size of SMPSs as
templates and the amount of the precursor solution of
WO;-QDs impregnated into SMPSs. The variation of the CBE
of WO;-QDs was experimentally examined in combination with
a photosensitive organic compound. Finally, we investigated
the reactivity of the photocatalytic reduction as a function of
the CBE of a single oxide semiconductor. We observed remark-
ably enhanced photoreduction of proton and molecular oxygen
by the upshift of the CBE of WO;-QDs. The band engineering
using the quantum size effect is found to be useful for tuning
the efficiency of specific photocatalytic reactions.

WO;-QDs were prepared in the pores of SMPSs. The size
of the WO,-QDs was controlled by changing the pore size of
the SMPSs and the amount of the precursor solution of the
WO,;-QDs impregnated into the SMPSs (Fig. S1 and S2 in the
ESIt). The presence of the tungsten(vi) species in the SMPSs was
confirmed by EDX and XPS (Fig. S3 and S4, ESIt). The influence
of surface defects (i.e. W>") was negligible because of the
absence of defect absorption in the UV-Vis spectra (Fig. S5,
ESIt). As shown in Fig. 1a-d, FE-TEM images indicate that the
WO;-QDs were well dispersed in the SMPSs. WO3-QDs with a
narrow size distribution were obtained by using the pores of
SMPSs as templates. The size of the WO;-QDs clearly increased
with the increased pore size of the SMPSs and the amount
of the precursor solution of the WO;-QDs impregnated into
the SMPSs (Fig. S6 and S7, ESIt). We succeeded in controlling
the size of the WO;-QDs in the range of 0.66 and 1.79 nm by
changing the pore size of the SMPSs and the amount of the
impregnated precursor solution.

The bandgap of WO;-QDs depended on their size due to the
quantum size effect. Fig. S8 (ESIT) shows Tauc plots of Cn x m
whose diameters were directly estimated from FE-TEM images
(Fig. 1a-d and Fig. S6, ESIt). Because the smaller WO;-QDs
show larger blue shifts of the absorption edge, the bandgap
expands from 2.87 to 3.45 eV by decreasing their size (Fig. 1e).
The variation of the bandgap energy of WO;-QDs larger than
1.3 nm can be fitted using the Brus equation (Fig. 1e)."* The
reduced mass of the electron and hole was calculated using
the relation between the size of the WO;-QDs and the band-
gap energy (Fig. S9, ESIt). However, the bandgap energy for
WO;-QDs smaller than 1.1 nm is overestimated by the Brus
equation. Lippens et al. reported that the experimental values
of the bandgap of CdS-QDs were lower than the theoretical
values as their size decreased to below 3 nm.'®> The quantum
size effect is relatively weakened in the small size region. Thus,
a higher bandgap than 3.3 eV can be obtained by miniaturizing
of WO; to ~1 nm.

We prepared WO;-QDs/phenol complexes to evaluate the
CBE of WO;-QDs experimentally. Derivatives of phenol and
catechol on metal oxide give photoinduced charge-transfer
excitation (CTE) from their HOMO to the CBE of the metal
oxide.'® We ignored the HOMO level pinning of phenol because
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Fig. 1 (a—d) Typical FE-TEM images of Cn x m with histograms of the

particle size of WO3-QDs and (e) the relationship between the particle size
and the bandgap energy. The well-dispersed black dots are WO3-QDs. The
gray matrixes are SMPSs. The products are denoted as Cn x m (n = 4-18,
n: carbon number of the alkyl chain of CnTAC(B) which is related to the pore
size of the SMPSs; m = 1-10, m: the amount of the precursor solution of the
WO3-QDs impregnated into the SMPSs).

the HOMO of phenol is lower than the fermi energy of
WO;-QDs.'” Therefore, we estimated the CBE of WO;-QDs by
the surface complex formed with phenol. The color of Cn x m
changed from white and yellow to orange and brown upon
complexation of phenol. The dashed lines in Fig. 2a and
Fig. S10 (ESIf) are Tauc plots of Cn x m/phenol complexes.
The red shift of the absorption edge was induced by the com-
plexation of phenol.

The charge-transfer excitation energy Ecr was estimated
from Tauc plots of Cn x m/phenol complexes. The HOMO
of the phenol was evaluated to be 1.73 Vgyg by photo-
emission yield spectroscopy in air (PYSA) (Fig. S11, ESIY).

This journal is © The Royal Society of Chemistry 2016
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Fig. 2 (a) Tauc plots of Cn x m (solid lines) and Cn x m/phenol com-
plexes (Cn x m/P, dashed lines) and (b) the relation between the estimated
CBE of WO3-QDs and the bandgap energy of WOs-QDs.

We obtained the CBE of WO;-QDs using the following equa-
tion (Fig. S12, ESIT).

Ecge = Enomo(phenol) — Ect

Fig. 2b shows the relationship between the CBE estimated by
the absorption of WO;-QDs/phenol complexes and the bandgap
energy of WO;-QDs. The slope of the approximation of experi-
mental CBE values (Fig. 2b, solid line) is given by the following
equation:

AEcge _
AE,

1/me mp

U/me+1/my  me +my

Slope =

The slope value —0.6 indicates that the effective mass of
electron m. is smaller than the effective mass of hole my, in
WO;. From the slope value and g = 1.47m,, m. and my, are
calculated to be 2.39m, and 3.83m,, respectively. Therefore, the
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upshift of the CBE is larger than the downshift of the valence
band edge (Fig. S12, ESIY).

Photoreduction of proton and molecular oxygen was per-
formed under UV irradiation (290-350 nm) in the presence
of ethanol as the sacrificial reagent. Equal amounts of WO;
were used for all photocatalytic activity evaluations (Tables S1
and S2, ESIT). We synthesized the WO3-QDs with CBE between
+0.18 Vgyg to —0.10 Vg in the same sized pores of SMPSs
(pore size: 3.0 nm), by changing the amount of the impregnated
precursor solution. Therefore, the influence of the pore size of
SMPSs on the photocatalytic efficiency was excluded.

The photoreduction efficiency of molecular oxygen was
monitored by using the ESR spin trapping method in ethanol
solution of 5,5-dimethyl-1-pyrroline-N-oxide (DMPO). The
photogenerated O, anion radicals were trapped by DMPO.
We regarded the double integral values of the ESR signal of
DMPO-OOH as the efficiency of the photoreduction of mole-
cular oxygen (Fig. S14, ESI{)."® Closed circles in Fig. 3a show
the relationship between the double integral ESR values and
the CBE of WO;-QDs. The radicals were hardly produced
by WO; having CBE that was positive or less negative than
the single-electron reduction potential of molecular oxygen
[E°(HO,*/0,) = —0.05 Vsgg].'° On the other hand, photoreduc-
tion of molecular oxygen occurred when the CBE of WO;-QDs
was more negative than the reduction potential. Efficiency was
drastically boosted as the negative shift of the CBE from the
reduction potential increased.

The photoreduction of proton was conducted in the aqueous
suspension of the WO;-QDs in the presence of 20vol% ethanol.
The amounts of hydrogen molecules produced were monitored
by gas chromatography. The open circles in Fig. 3a show the
relationship between the efficiency of photoreduction of proton
and the CBE potential of WO,-QDs. Photocatalytic production
of hydrogen molecules was hardly observed with the WO;-QDs
having a CBE potential that was more positive than +0.1 Vgpg.
On the other hand, photoreduction of proton occurred when
the CBE potential of WO;-QDs was close to the reduction
potential of proton [E°(H,/H") = 0 Vgyg]. The efficiencies were
increased by the negative shift of the CBE. However, a decrease
in the efficiency was observed when the CBE potential was more
negative than —0.05 Vggg, which corresponds to the reduction
potential of molecular oxygen. This decrease in the reduction
efficiency was owing to the competition of the two reactions, i.e.
reduction of molecular oxygen and proton. This suggests that
the photoreduction of molecular oxygen preferentially occurred
instead of hydrogen molecule evolution in the region of the
CBE potential more negative than —0.05 Vgyg. A single electron
transfers from the semiconductor surface to a molecule for the
molecular oxygen reduction, while the hydrogen production
requires a stepwise reaction. Thus, the molecular oxygen reduction
will take place preferentially.

In the present photocatalytic system, the bulk WO; and
WO;-QDs larger than 1.5 nm are not effective for photoreduction
(Fig. 3b). The efficiency of the photoreduction of proton
increased with expansion of the bandgap over 3.0 eV by decreas-
ing the size of WO3-QDs to ~ 1.5 nm. Moreover, the efficiency of
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Fig. 3 (a) The relationship between the efficiency of photoreduction of

proton (open circles) and molecular oxygen (closed circles) and the CBE
potential of WO3-QDs and (b) band diagram of WO3-QDs. The particle size
of WOz-QDs was estimated from bandgap energy by using the Brus
equation (Eg = 2.87-3.30 eV) and the approximation curve (dotted line
for Eq = 3.30-3.40 eV) in Fig. le.

the photoreduction of molecular oxygen steeply increased instead
of hydrogen molecule evolution with an expansion of the bandgap
over 3.3 €V by decreasing the size of WO;-QDs to ~1.0 nm. Thus,
we can tune the photocatalytic reduction by conduction band
engineering of WO3-QDs via size control of WO3-QDs.

We revealed the correlation between the CBE of WO;-QDs and
their photocatalytic activity without changing their composition
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by using the band engineering of the single metal oxide with the
quantum size effect. The size of WO;-QDs was controlled by
changing the pore size of the SMPSs and the amount of the
precursor solution of the WO;-QDs impregnated into the
SMPSs. The CBE of WO3-QDs was experimentally determined
by surface complexing with phenol. We found that the effi-
ciency of the photoreduction of proton and molecular oxygen
increased steeply as the negative shift of the CBE from the
reduction potential by decreasing the size of QDs in the range
below 1.5 nm. Moreover, tuning of the photocatalytic reduction,
such as the formation of oxygen radicals and H, evolution, was
achieved by the control of the size of WO;-QDs. These results
suggest the possibility of the design of an advance photocatalyst
of a single semiconductor material by using its band engineering
with the quantum size effect.
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