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Abstract: Nanohybrids of CdS—poly-
oxotungstate with strongly coupled
electronic structures and visible-light-
active photofunctions can be synthe-
sized by electrostatically derived self-
assembly of very small CdS quantum
dots, or QDs, (particle size~2.5 nm)
and polyoxotungstate nanoclusters
(cluster size~1 nm). The formation of
CdS—polyoxotungstate nanohybrids is
confirmed by high-resolution transmis-
sion electron microscopy, elemental
mapping, and powder X-ray diffraction
analysis. Due to the strong electronic
coupling between two semiconductors,

show a narrow bandgap energy of
around 1.9-2.7 eV, thus reflecting their
ability to harvest visible light. Time-re-
solved photoluminescence experiments
indicate that the self-assembly between
nanosized CdS and polyoxotungstate is
very effective in increasing the lifetime
of holes and electrons, thus indicating
an efficient electron transfer between
two-component semiconductors. The
hybridization results not only in a sig-
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nificant improvement in the photosta-
bility of CdS QD but also in the crea-
tion of visible-light-induced photo-
chromism. Of particular importance is
that the present nanohybrids show visi-
ble-light-driven photocatalytic activity
to produce H, and O,, which is superi-
or to those of the unhybridized CdS
and polyoxotungstate. The self-assem-
bly of nanometer-level semiconductor
clusters can provide a powerful way of
optimizing the photoinduced function-
alities of each component (i.e., visible-
induced photochromism and photoca-
talysis) by means of strong electronic

the CdS-polyoxotungstate nanohybrids

Introduction

Hybridization between two types of nanostructured materi-
als provides a valuable opportunity to improve the function-
ality of each component and also to create unexpected
novel functions by means of the synergetic combination of
two existing properties."! In one instance, an efficient pho-
todegradation of volatile organic compounds under visible-
light illumination can be accomplished by hybridization be-
tween the 2D nanosheets of wide-bandgap semiconducting
titanate and the 0D nanoclusters of narrow-bandgap semi-
conducting metal hydroxide.*'? To explore new hybrid pho-
tocatalysts active for visible-light-induced H, production,
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coupling.

cadmium sulfide quantum dot, or CdS QD, is supposed to
be a useful building block."*'” This supposition is based on
advantageous electronic characteristics of CdS QD such as
narrow-bandgap separation, high quantum yield, and suita-
ble band position for proton reduction.!'>*! Most prepara-
tion methods of CdS QD, however, adopt hydrophobic sol-
vent as reaction media,”? and thus the resulting nanopar-
ticles are neither soluble in aqueous media nor have signifi-
cant surface charge. For this reason, most coupling experi-
ments between metal oxide and cadmium sulfide are carried
out by the direct growth of CdS on the surface of metal
oxide bulk particles.'>?! Such a surface sensitization of CdS
results in only a limited electronic coupling between the two
semiconductors. This synthetic route is not so effective in
synthesizing strongly coupled hybrid materials. Alternative-
ly, a solution-based method has been developed for the
aqueous suspension of hydrophilic CdS QDs with small di-
ameters of around 2-3 nm."™ The resulting CdS QD can be
positively charged by the anchoring of ammonium groups
and thus can readily combine with negatively charged nano-
clusters.®32 As a candidate for the hybridization with
amine-anchored CdS, there are many polyoxometalate, or
POM, anions formed by the hydroxylation of metal ions
such as W, Mo, and V.*** Most of the POM ions possess
intriguing physicochemical characteristics and semiconduct-
ing properties; for example, polyoxotungstate cluster anion
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can be used as an efficient precursor for a nanocrystalline
WO; material that shows promising photocatalytic activity
and photochromic properties.**>*! Moreover, the uniform
small size of polyoxotungstate (<1 nm) renders this species
very suitable for coupling with CdS QDs. The electrostati-
cally induced self-assembly between two oppositely-charged
0D nanoclusters with limited crystal dimensions is expected
to be highly effective not only in homogeneously hybridizing
two different semiconductors on the nanometer-scale but
also in enhancing the charge transfer between them and
thus tailoring their photoinduced functionalities. At the time
of the publication of the present study, however, we are
aware of no reports on the self-assembly between semicon-
ducting QDs and polyoxometalate nanoclusters.

Here we report the synthesis of self-assembled CdS-poly-
oxotungstate nanohybrids in terms of an electrostatic attrac-
tion between positively charged CdS 0D QDs and negative-
ly charged polyoxotungstate 0D nanoclusters. Charge trans-
fer and electronic coupling between the two components are
investigated with diffuse reflectance UV/Vis spectra and
time-resolved photoluminescence, or PL, spectra. The ef-
fects of self-assembly on the photocatalytic activity, photo-
chromic properties, and the photostability of component
semiconductors are systematically investigated.

Results and Discussion

Powder XRD, HRTEM, and zeta-potential measurements
for CdS QDs: As a building block, the amine-anchored CdS
QD was synthesized by a solution-based method.* This
CdS nanoparticle was prepared in the form of a stable col-
loidal suspension. The crystal structure of precursor CdS
QD was examined with powder X-ray diffraction (PXRD).
As plotted in Figure 1, the CdS QD shows very broad XRD
peaks at 20 =20-60°, which reflects its small particle size.
These peaks are indexable with a cubic zinc blend structure
and/or a hexagonal wurzite structure. Very broad features of
the observed XRD peaks prevented us from conclusively as-
signing the crystal structure of the obtained CdS QDs.
There is another intense peak at the lower angle region of
260=~4°, which can be attributed to the formation of the re-
stacked superstructure of QD nanoparticles.’” The particle
size and shape of the CdS QDs were probed with high-reso-
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Figure 1. Left: a) Powder XRD pattern of the as-prepared CdS QDs and theoretical Bragg reflection positions
of b) cubic CdS and c) hexagonal CdS phases. Center: HRTEM image. Right: zeta-potential curve of the as-

prepared CdS QDs.
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lution transmission electron microscopy (HRTEM). As illus-
trated in Figure 1, the obtained CdS QDs showed monodis-
perse spherical morphology with a particle size of approxi-
mately 2.5 nm. Since the surface of the present CdS QD is
anchored with amine groups, this material was expected to
be positively charged. The positive surface charge of the
CdS QDs was confirmed by zeta-potential measurements
that showed the positive zeta potential of +50 mV.

PXRD analysis: On the basis of zeta-potential measure-
ments, we tried to combine positively charged CdS QDs
with polyoxotungstate anions. The crystal structures of the
self-assembled CdS—polyoxotungstate nanohybrid and its
calcined derivatives were studied with PXRD, as plotted in
Figure 2. The as-prepared nanohybrid displays no well-de-
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Figure 2. Powder XRD patterns of a) the as-prepared CdS—polyoxotungs-
tate nanohybrid and its derivatives calcined at b) 330, c) 600, and
d) 800°C. In (d), the star and diamond symbols represent the Bragg re-
flections of hexagonal CdS and hexagonal WO, phases, respectively.

veloped XRD peaks of CdS, polyoxotungstate, and tungsten
oxide phases, thus suggesting the nanoscale mixing of both
components. After calcination at 330°C, there is still no dis-
tinct peak in the XRD pattern of the nanohybrid. Converse-
ly, the heat treatment at 600-800°C makes discernible the
Bragg reflections of hexagonal CdS and hexagonal WO,
phases, thereby indicating the
improvement of crystallinity of
these phases. As the heating
temperature was elevated, the
XRD peaks became sharper
and stronger.

HRTEM and SAED analyses:
The self-assembly between CdS

PR R BT S

1 1 n
20 30 40 50 60 70 80 .
Zeta potential / mV nanoparticles and  polyoxo-
tungstate nanoclusters was con-
firmed by HRTEM analysis. As

illustrated in Figure 3, the as-
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Figure 3. Top: HRTEM and SAED/FFT data of the as-prepared CdS-
polyoxotungstate nanohybrid and (bottom) its calcined derivative at
600°C.

prepared nanohybrid is com-
posed of the nanoscale mixture
of two different domains. The
simulation results of the fast
Fourier transform (FFT) images
clearly demonstrate that the
CdS domains show diffraction
spots of CdS phase, whereas no
clear spots appear for the poly-
oxotungstate  domains.  This
finding underscores that the as-
prepared nanohybrid consists of crystalline CdS domains
and poorly crystalline polyoxotungstate domains. After cal-
cination at 600°C, both domains became highly crystalline.
As can be seen clearly in Figure 3, clear lattice fringes are
observable in both the domains of cadmium sulfide and
tungsten oxide. From the interplanar distances, the observed
lattice planes can be indexed as a (101) plane of hexagonal
CdS lattice and a (110) plane of hexagonal WO; lattice, re-
spectively. The crystallization of both the structures is fur-
ther confirmed by the observation of diffraction spots in
FFT images of both domains and also by diffraction spots of
both phases in selected-area electron diffraction (SAED).1 !
Before and after the calcinations at <600°C, the nanoscale
mixing of two materials remained unchanged. The present
findings clearly demonstrate that a self-assembly between
two oppositely charged nanospecies is quite effective in syn-
thesizing the nanohybrids composed of homogeneously
mixed CdS and tungsten oxide nanoparticles. Conversely,
the heat treatment at 800°C induced a distinct phase separa-
tion of rod-shaped tungsten oxide crystals and polyhedral
cadmium sulfide crystals, as evidenced by field-emission
scanning electron microscopy (FE-SEM).! Thus, the fur-
ther characterizations were carried out for the as-prepared
nanohybrid and its derivatives calcined at <600°C.

calcined derivative at 600 °C.
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Elemental mapping, TGA, and ICP analyses: To confirm
the hybridization between cadmium sulfide and polyoxo-
tungstate, the spatial distributions of Cd, S, W, and O ele-
ments in the as-prepared nanohybrid and its calcined deriva-
tive were examined with energy-dispersive spectrometry
(EDS) and elemental mapping analysis. As illustrated in
Figure 4, all of the cadmium, sulfur, tungsten, and oxygen el-
ements are homogeneously distributed in entire parts of the
as-prepared CdS—polyoxotungstate nanohybrid, thereby un-
derscoring the homogeneous combination of cadmium sul-
fide and polyoxotungstate on the nanometer scale. Such a
homogeneous distribution of four elements was well main-
tained after heat treatment at 600°C. This finding provides
strong evidence for the nanoscale mixing between the two
species without any spatial separation of cadmium sulfide
and tungsten oxide. Our analysis of the inductively coupled
plasma (ICP) spectrometry and EDS clearly demonstrated
that the as-prepared nanohybrid contains Cd, S, and W with
the ratios of Cd/W=4.53 and S/Cd=1.14. According to the
thermogravimetric analysis (TGA) of the as-prepared CdS-

Figure 4. Left: Elemental mapping data of the as-prepared CdS-polyoxotungstate nanohybrid and (right) its

polyoxotungstate nanohybrid,*” this material showed a con-
siderable mass loss in the temperature range of 25-250°C,
which corresponds to the removal of surface-adsorbed water
and hydroxyl groups. Based on the results of ICP and TGA,
the chemical formula of the as-prepared nanohybrid
was determined to be  4.53[(CdS)(SC,H,NH,), 4]
*W(OH),4,:2.12H,0.

Cd K-edge and W Ly;-edge X-ray absorption near-edge
structure (XANES) spectroscopy: The electronic structure
and local atomic arrangement of cadmium and tungsten ions
in the CdS—polyoxotungstate nanohybrids were investigated
with XANES spectroscopy at the Cd K-edge and W Ly-
edge. The Cd K-edge XANES spectra for the as-prepared
CdS-polyoxotungstate nanohybrid, and its calcined deriva-
tives are presented in the left panel of Figure 5 together
with the reference spectra of CdO and precursor CdS
QD."! There are notable differences in the spectral features
between the reference CdS and CdO spectra. The spectrum
of the as-prepared nanohybrid appears nearly identical in
edge position and overall spectral features to that of CdS.
Even after the calcination at elevated temperatures, the
overall spectral features remained unchanged, which are ob-
viously distinguishable from that of the CdO. There is no

Chem. Eur. J. 2011, 17, 9626 —9633
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Figure 5. Left: Cd K-edge XANES spectra of a) CdS QD (solid lines)/
CdO (dashed lines), and b) the as-prepared CdS-polyoxotungstate nano-
hybrid and its derivatives calcined at c¢) 330 and d) 600°C. Right: W L;-
edge XANES spectra of a) the as-prepared CdS—polyoxotungstate nano-
hybrid (solid lines)/Na,WO,2H,0 (dashed lines)/ammonium polyoxo-
tungstate (dot-dashed lines), and the calcined nanohybrids at b) 330 and
¢) 600°C, and d) bulk WO;.

marked difference between the spectra of the nanohybrids
calcined at 330 and 600°C, although the XRD analysis for
these compounds demonstrates the initiation of the crystalli-
zation of cadmium sulfide at temperatures above 600°C
(Figure 2). This finding indicates that CdS in the X-ray
amorphous nanohybrids (i.e., the as-prepared and 330°C-
calcined samples) has very similar local atomic arrangement
to crystalline CdS, and the heat treatment at elevated tem-
peratures has little influence on the chemical-bonding
nature of the CdS component. The right panel of Figure 5 il-
lustrates the W Ly-edge XANES spectra of the CdS-poly-
oxotungstate nanohybrids and some references. There is an
intense and broad white-line peak A at around 10210 eV in
all the present spectra. This peak is attributed to dipole-al-
lowed transitions from the 2s level to unoccupied 5d
states.’**! Considering the fact that W 5d orbitals are sepa-
rated into t,, (or €) and e, (or t,) orbitals under an octahe-
dral (or tetrahedral) crystal field, the observed broad
peak A for the present tungsten compounds consists of over-
lapped features that correspond to 2s—5d,, (or 5d.) and
2s—5d, (or 5d,) transitions.***¥ Since the crystal field of
tetrahedral symmetry is weaker than that of the octahedral
one,*** the reference Na,WO,2H,O with tetrahedral WO,
unit shows a narrower full width at half-maximum (FWHM)
for the peak A than the reference WO; with WOg octahe-
dral units. Both the as-prepared and calcined nanohybrids
display broader FWHM than Na,WO,2H,0, which clearly
demonstrates the maintenance of the octahedral symmetry
of tungsten ions before and after the calcination.

Diffuse reflectance UV/Vis spectroscopy for CdS—polyoxo-
tungstate nanohybrids: The electronic structure of the CdS—
polyoxotungstate nanohybrids was examined with diffuse re-
flectance UV/Vis spectroscopy. Figure 6 represents diffuse
reflectance UV/Vis spectra for the as-prepared CdS-poly-
oxotungstate nanohybrid and its calcined derivatives relative
to several reference spectra. The bandgap energy (E,) can
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Figure 6. Diffuse reflectance UV/Vis spectra of the as-prepared CdS-
polyoxotungstate nanohybrid (solid lines), its calcined derivatives at 330
(dashed lines) and 600°C (dot-dashed lines), the as-prepared CdS QDs
(circles), bulk CdS (squares), ammonium polyoxotungstate (diamonds),
and bulk WO; (triangles).

be estimated by the linear interpolation of a/S absorption
coefficients converted from the reflectance data through the
Kubelka-Munk function.***! Whereas the bulk CdS has a
narrow bandgap energy of 2.3 eV, a larger bandgap energy
of approximately 2.9 eV was observed for the CdS QDs due
to the quantum confinement effect.*! As plotted in
Figure 6, another precursor of ammonium polyoxotungstate
exhibits a bandgap energy of around 3.0 eV. The as-pre-
pared CdS—polyoxotungstate nanohybrid shows a smaller
bandgap energy of 2.7 eV, which is compatible with the E,
of CdS QD. The calcinations at 330-600°C gave rise to a
further decrease of E, to <1.9 eV. This result clearly demon-
strates that the electronic coupling between CdS and poly-
oxotungstate occurs in the present self-assembled nanohy-
brid. The decrease of bandgap energy upon heat treatment
can be interpreted as a result of an enhanced electronic cou-
pling between the two semiconducting components and/or
the crystal growth of CdS QD domains.

Time-resolved PL measurements: The electron transfer be-
tween CdS and polyoxotungstate in the as-prepared nanohy-
brid was investigated by monitoring the time-resolved PL
signal of this compound. As plotted in the left panel of
Figure 7, the CdS—polyoxotungstate nanohybrid shows much

PL intnesity / arb. unit
Counts / arb. unit

400 500 600 700 800
Wavelength / nm

Decay time / ns

Figure 7. Left: PL spectra for a) CdS QDs, b) the as-prepared CdS—poly-
oxotungstate nanohybrid, and c) ammonium polyoxotungstate. Right:
Time-resolved PL decay curves for a) CdS QDs and b) the as-prepared
CdS—polyoxotungstate nanohybrid. The gray lines represent calculated
data from the fitting analysis.
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slower decay of the PL signals
than unhybridized CdS QDs,
which strongly suggests the re-
markable increase of the life-
time of electrons and holes
after the hybridization. Accord-
ing to nonlinear least-squares
fitting analysis, the lifetime of
electron-hole pair remarkably
increases from 84.3 ps for the
bare CdS to 2.44 ns for the as-
prepared CdS—polyoxotungstate
nanohybrid. This finding high-
lights the high efficiency of
electron transfer from the CdS Qb
QDs to polyoxotungstate do-
mains, thereby resulting in the
effective spatial separation of
electrons and holes, and the re-
markable depression of their
recombination rate. The highly
effective electron transfer between the two components is
further supported by the dramatic depression of PL intensity
after the hybridization. As plotted in the right panel of
Figure 7, the present CdS—polyoxotungstate nanohybrid
shows a much weaker PL signal than the references CdS
QD and polyoxotungstate, thus indicating the effective elec-
tron transfer between these two components. The observed
weak PL signal of the nanohybrid is also responsible for the
poor signal-to-noise ratio in the time-resolved PL decay
curves (the left panel of Figure 7). In addition, an intriguing
blueshift of the PL emission peak of CdS QD was observed
after the hybridization. The energy of the PL peak of the
nanohybrid is higher than that of the CdS QD but lower
than that of the polyoxotungstate. Although the exact mech-
anism is not clear at present, we supposed this unique phe-
nomenon to be attributable to the migration of excited elec-
trons from the conduction band (CB) of CdS to that of the
polyoxotungstate component and the subsequent electronic
transition to unoccupied interband states above the valence
band (VB) of polyoxotungstate. To clearly understand this
unique observation, further investigations will be required
in future.

derivative.

Photochromic property measurements: To study the effect
of CdS hybridization on the electronic structure of the poly-
oxotungstate component, evolution of photochromic behav-
iors upon the hybridization was investigated. As illustrated
in the left panel of Figure 8, a color change of polyoxotungs-
tate can be induced only by UV irradiation. The observed
color change of tungsten compound (i.e., photochromism)
occurred through the photoreduction of hexavalent tungsten
ions.”* Due to the large bandgap energy of the polyoxo-
tungstate species, no color change occurred under the irradi-
ation of visible light. Conversely, the CdS—polyoxotungstate
hybrid displayed a distinct color change from yellow to
green under visible illumination (4 >420 nm), thus indicat-
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Figure 8. Top: Photochromism images of the as-prepared CdS—polyoxotungstate nanohybrid and ammonium
polyoxotungstate (left) before and (right) after visible-light illumination (4>420 nm). Bottom: Schematic
models for the electronic structures of a) the as-prepared CdS—polyoxotungstate nanohybrid and b) its calcined

ing the visible-induced photochromism of the present nano-
hybrid. The dependence of photochromism behaviors on the
wavelength of irradiated beam is summarized in Table 1 for

Table 1. Energy dependence of the photochromism!® of the as-prepared
CdS-polyoxotungstate nanohybrid and ammonium polyoxotungstate.

A Energy CdS-polyoxotungstate Ammonium
[nm] [eV] nanohybrid polyoxotungstate
295 42 ¢ o

335 3.7 o o

420 3.0 o X

430 2.9 ¢ x

495 2.5 x x

550 2.3 x x

[a] o: Photochromism. x: No photochromism.

the nanohybrid and ammonium polyoxotungstate (i.e., met-
atungstate). The observed wavelength dependency of the
photochromism is fairly consistent with the change of
bandgap energy before and after hybridization. The ob-
served visible-light-induced photochromism of the nanohy-
brid can be understood by the transfer of excited electrons
generated in the CB of the CdS component to that of poly-
oxotungstate component. Thus, this finding provides another
clear piece of evidence for the strong electronic coupling be-
tween CdS QDs and polyoxotungstate. Based on the present
experimental findings, we suggest schematic models for cou-
pled electronic structures of the CdS—polyoxotungstate
nanohybrids. As illustrated in the right panel of Figure 8,
due to the relative band positions of CdS and polyoxotungs-
tate, excited electrons in the CdS component can migrate
into the CB of the polyoxotungstate component.

Photostability tests: The photostability of the CdS QDs hy-

bridized with polyoxotungstate was evaluated by monitoring
the time-dependent change of their PL signal. The excita-
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Figure 9. Time-dependent photostability of a) the precursor CdS QDs
and b) the as-prepared CdS—polyoxotungstate nanohybrid.

tion wavelength was 385 nm for both the CdS QD and the
as-prepared CdS-polyoxotungstate nanohybrid, and the
emission wavelengths were 543 and 549 nm, respectively. As
plotted in Figure 9, the as-prepared CdS—polyoxotungstate
nanohybrid shows a much slower and weaker depression of
the PL intensity from the CdS component relative to the
precursor CdS QDs. This suggests the stabilization of the
CdS QDs by a hole curing by electrons transferred from the
polyoxotungstate component. The observed stability im-
provement can be regarded as another piece of evidence for
the strong electronic correlation between CdS and polyoxo-
tungstate components.

Photocatalytic activity measurements: The photocatalytic
activity of the as-prepared CdS—polyoxotungstate nanohy-
brid and its calcined derivatives is tested by monitoring the
time-dependent photoproduction of H, and O, gas in an il-
luminated catalyst suspension. As plotted in the left panel
of Figure 10, all the present nanohybrids can produce H, gas
under the irradiation of visible light (4>420 nm). The as-
prepared nanohybrid exhibits a higher activity for H, pro-
duction than the precursor CdS QDs. This finding highlights
the benefit of the hybridization method in improving the
photocatalytic activity of the QDs. The observed improve-
ment in photocatalytic activity would be related to the ex-
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Figure 10. Visible-light (4 >420 nm)-induced production of H, (left) and
O, (right) gas by the as-prepared CdS-polyoxotungstate nanohybrid (o),
Pt-deposited (3.7 wt %) nanohybrid (o), the CdS—polyoxotungstate nano-
hybrids calcined at 330 (2) and 600°C (o), and reference CdS QD (left,
V) and ammonium polyoxotungstate (right, v).
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tension of the lifetime of excited electrons by means of the
electron transfer between CdS and polyoxotungstate, as evi-
denced by the PL experiments (Figure 7). Since the CdS
component plays a main role in the evolution of H, gas, the
as-prepared nanohybrid that contains CdS QDs can show a
high photocatalytic activity without any heat-treatment step.
The photocatalytic activity of the as-prepared nanohybrid
could be further improved by the deposition of Pt cocata-
lyst. After heat treatment at elevated temperatures, the pho-
tocatalytic activity of the nanohybrids became depressed.
This is attributed to the enlargement of CdS domains. As
plotted in the right panel of Figure 10, the CdS—polyoxo-
tungstate nanohybrids also induce the evolution of O, gas
under visible-light irradiation. The observed photocatalytic
activity of the calcined nanohybrids was much higher than
those of the as-prepared nanohybrid and ammonium poly-
oxotungstate. Such a positive effect of the calcination on the
O, production can be understood by the crystallization of
tungsten oxide, since the crystalline tungsten oxide is highly
active for the photoproduction of O, gas.**>! As found in
the HRTEM analysis (Figure 3), the as-prepared nanohybrid
contains poorly crystalline polyoxotungstate clusters and
thus this material shows a low activity for O, production.
Thus, the observed O, production under visible-light illumi-
nation can be attributed to the crystallization of WO; and/or
to an enhanced electronic coupling between narrow-bandg-
ap CdS and tungsten oxide domains, thus resulting in nota-
ble decrease in bandgap energy (Figure 6).

Conclusion

Self-assembly between positively charged CdS 0D QDs and
negatively charged polyoxotungstate 0D nanoclusters pro-
duced CdS—polyoxotungstate nanohybrids with efficient in-
ternal charge transfer and strong electronic coupling. An
electrostatic interaction between two oppositely charged 0D
nanoparticles with small crystal sizes was fairly effective in
homogeneously hybridizing two kinds of semiconducting
materials on the nanometer scale and also in enhancing the
charge transfer between the two semiconducting materials.
As a consequence of an efficient electronic coupling be-
tween these components, the self-assembled CdS—polyoxo-
tungstate nanohybrid can harvest visible light, thereby re-
sulting in visible-light-induced photocatalytic activity and
photochromic properties. The present nanohybrids are more
active for the photoproduction of H, and O, gases than the
precursors CdS and polyoxotungstate. Also, these materials
show a distinct color change under the irradiation of visible
light (A>420 nm) and the improved photostability of CdS
components. The present experimental findings clearly dem-
onstrate that the electrostatic-interaction-derived self-assem-
bly between two oppositely charged nanoclusters with nano-
meter-level size can provide a powerful tool to optimize the
photoinduced functionalities of wide-bandgap semiconduct-
ing nanoparticles as well as to suppress the photocorrosion
of narrow-bandgap semiconducting metal chalcogenide. Our
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current project is the application of the present methodolo-
gy to various couples of oppositely charged semiconducting
0D nanoclusters.

Experimental Section

Sample preparation: Amine-modified CdS QD was synthesized by the
following procedure:*” cadmium acetate dehydrate (1.33 g, S mmol), 2-
mercaptoethylamine hydrochloride (1.42 g, 12.5 mmol), and thioaceta-
mide (0.47 g, 6.25 mmol) were dissolved in deionized water (250 mL).
The reaction proceeded at 40°C for 5 h and then 60°C for 5 h under vig-
orous stirring. The resulting solution was filtered and concentrated to
around 10-20 mL. After adding isopropyl alcohol, the solution became
turbid, and the powdery product was separated by centrifugation. After
isolation, the precipitate was redispersed in water and reprecipitated by
adding isopropyl alcohol. This process was repeated four times. The pre-
cipitate of amine-modified CdS QD was dried in vacuum at 40°C for 1 d.
The self-assembled CdS-polyoxotungstate nanohybrid was synthesized
by the following procedure: CdS QD (0.01 mmol) was dispersed in dis-
tilled water (20 mL), and ammonium metatungstate (0.03 mmol) was dis-
solved in the same volume of deionized water. Before the reaction, the
pH of the reactant suspension and solution was adjusted to 4 by using
concentrated HCI solution. Then, the ammonium metatungstate solution
was dropped to the aqueous suspension of CdS QDs at room tempera-
ture under vigorous stirring. The reaction was carried out for 2 h, thereby
resulting in a yellowish precipitate of the CdS—polyoxotungstate nanohy-
brid. The obtained product was thoroughly washed with deionized water
and dried in vacuum at 40°C for 1 d. To improve the crystallinity of the
CdS-polyoxotungstate nanohybrid, the as-prepared material was heated
at 330, 600, and 800°C under N, atmosphere for 3 h.

Sample characterization: The crystal structures of the present nanohybrid
materials were studied by powder XRD measurements using a Rigaku
diffractometer with Ni-filtered Cuy, radiation (1=1.5418 A, T=298 K)
and a graphite-diffracted beam monochromator. The atomic arrange-
ments of CdS QD and the CdS-polyoxotungstate nanohybrids were
probed by performing HRTEM/SAED measurements using a FEI-Tecnai
G? F20 microscope at an accelerating voltage of 200 kV. A zeta potential
of the colloidal suspension of the amine-modified CdS QD was measured
using a Nano ZS (Malvern Instruments) zetasizer. The diluted colloidal
suspension was kept at 25°C and started to circulate into the zeta cell.
After stabilization for 2 min, the zeta potential of the amine-modified
CdS QD was measured. The crystal morphology and spatial elemental
distribution of the nanohybrids were probed by FESEM/EDS and ele-
mental mapping analyses using a Jeol JSM-6700F microscope equipped
with an energy-dispersive X-ray spectrometer. The chemical composi-
tions of these samples were determined by performing ICP (Perkin—
Elmer Optima-4300 DV) and TGA under N, atmosphere at the rate of
5°C min'. XANES experiments were carried out at the Cd K-edge and
W L-edge by using the EXAFS facility at the Pohang Accelerator Lab-
oratory (PAL; Pohang, Korea) installed at the 7C beam line and operat-
ed at 2.5 GeV and 180 mA. The XANES data were collected from the
thin layer of powder samples deposited on transparent adhesive tapes in
a transmission mode by using gas-ionization detectors. The measurements
were carried out at room temperature using an Si(111) single-crystal
monochromator. No focusing mirror was used. Higher harmonics were
rejected by detuning. All of the present spectra were calibrated by meas-
uring the spectrum of cadmium oxide and sodium tungstate dihydrate.
Background correction and normalization were carried out using the
WINXAS 2.0 program. Diffuse reflectance UV/Vis spectra of the pow-
dery samples were measured using a Sinco S-4100 spectrometer with an
integrating sphere and by adopting BaSO, as a reference. For time-re-
solved PL analysis, all the samples were excited by 315 nm pulses gener-
ated from a Raman shifter, which was filled with 18 atm of methane gas
and pumped by the fourth harmonic (266 nm, FWHM 20 ps, 10 Hz) of a
hybrid mode-locked Nd:YAG laser (Continuum, Leopard D10). The PL
kinetic profiles were obtained using a picosecond streak camera (Optro-
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nis, SCMU-ST-S20) connected to a spectrometer (CVI, DKSP240) and a
CCD system (Optronis, SCRU-SE-S). The observed PL decay curves
were analyzed by a nonlinear least-squares iterative deconvolution
method. For photochromic property measurements, a Newport Xe lamp
(450 W) was used. A Perkin-Elmer LS55 fluorescence spectrometer was
used to study the photostability of the precursor CdS QD and the as-pre-
pared CdS-polyoxotungstate nanohybrid. Photocatalytic reaction for H,
production was carried out in a Pyrex reaction cell, and the volume of
the cell was 215 mL. The photocatalyst (0.05 g) was suspended in aque-
ous solution (100 mL). Also, the photocatalytic reaction for O, produc-
tion was carried out in a Pyrex reaction cell, and the volume of the cell
was 57.5 mL. The photocatalyst (0.01 g) was suspended in aqueous solu-
tion (20 mL). For H, generation, a mixed aqueous solution of Na,S
(0.1m) and Na,SO; (0.02m) was used, whereas an aqueous AgNOj; solu-
tion (0.01M) was used as the sacrificial reagent for O, generation. The
suspension was thoroughly degassed with argon for 30 min and irradiated
using a Newport Xe lamp (450 W) equipped with an optical cutoff filter
(A>420 nm) to eliminate ultraviolet light and a water filter to remove in-
frared light. During oxygen production, the reactor was in an argon-flow
environment. The amount of hydrogen and oxygen evolved was analyzed
using a gas chromatograph (Shimadzu GC-2014).
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