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a  b  s  t  r  a  c  t

The  microwave-irradiated  calcination  of  HfOCl2/starch  complex  I  under  an  air atmosphere  produced
the  HfO2/carbon  cluster  composite  material  which  is  denoted  as  Ic. The  obtained  composite  material
could  decompose  methylene  blue  under  the  irradiation  of  light  (� >  460 nm).  The  surface  of  Ic  was  loaded
with CeO2 particles  to  obtain  CeO2-loaded  composite  material,  which  can  decompose  the  aqueous  silver
nitrate  solution  and  produce  O and  Ag  in the  ratio  of  1:4.2.  Water  photo-decomposition  experiment  was
eywords:
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olymers
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2

also carried  out  using  Pt-modified  composite  materials.
© 2011 Elsevier B.V. All rights reserved.
lectronic structure

. Introduction

Multi-electron transport by photo-irradiation has attracted
ttention among the scientists, because such a transport could
lay a key role to achieve functional materials such as molec-
lar electronic devices [1],  photocatalysts [2–7], and solar cells
8–10]. Wide band gap oxide semiconductors have been the most
idely researched photocatalysts, but suffer from low efficiency

nd narrow light response range. Combining semiconductors with
arbonaceous nanomaterials is being increasingly investigated as

 means to increase photocatalytic activity, and demonstrations of
nhancement are quite plentiful [11–15].  The carbonaceous mate-
ial modified semiconductors are obtained by using various form
f carbon such as activated carbon [16–19],  carbon nanotubes
20], fullerenes [21], graphene [22–24] and nanometric carbon
lack [25–27].  We  are also currently witnessing widespread aca-
emic and technological interest in the relatively new field of
arbonaceous semiconductor hybrid materials. Of such materi-
ls, carbon cluster-sensitized inorganic semiconductors (composite

aterials) which are used in photocatalysts are particularly appeal-

ng to us and we have a few specific contributions relevant to
his field [28–33].  In particular, we have reported a novel and
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relatively simple technique to synthesize a composite material by
the calcination of either metal-organic moiety hybrid copolymers
or inorganic metal compound/organic polymer complexes [28–33].
Indeed, we have observed the electron transfer feature of car-
bon cluster → HfO2 in HfO2/carbon cluster composite material and
CeO2 → carbon cluster in CeO2/carbon cluster composite material.
In this work, we  report the synthesis, structural characterizations
and electronic behaviors of HfO2/carbon cluster composite mate-
rial Ic and CeO2-loaded HfO2/carbon cluster composite material
Ic·CeO2 (Scheme 1).

2. Experimental

2.1. Reagents

HfOCl2·8H2O, tris(acetylacetonato)cerium(III) trihydrate Ce(acac)3, starch,
hydrogen hexachloroplatinate hexahydrate, 1,1-diphenyl-2-picrylhydrazyl (DPPH),
methylene blue, citric acid, and silver nitrate (AgNO3) were used as received. All of
the chemicals were purchased from Wako Pure Chemicals, Japan.

2.2. Synthesis of precursor I

A mixture of 7.09 g (17.29 mmol) of HfOCl2·8H2O and 22.89 g (141.3 mmol) of
starch in 100 mL  of distilled water was stirred at room temperature for 1 h. After
water was  evaporated under a reduced pressure, the solids were dried at 60 ◦C under
a  vacuum condition for overnight to obtain precursor I.
2.3. Calcination of precursor I

4 g of Precursor I was put into in the porcelain crucible and then it was  covered
with alumina–silica wool and finally it was treated by microwave irradiation using

dx.doi.org/10.1016/j.jallcom.2011.10.016
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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Table 1
Elemental analysis of precursor I and calcined materials Ics.

Materials Found (%)

Hf C H Cl

I 9.86 32.59 5.34 3.07
Ic-3 30.86 55.27 2.10 0
Ic-6 30.01 55.41 1.62 0
Ic-9 33.36 57.99 0.32 0

fer between the HfO2 particle and the carbon cluster takes place to
form a free electron on the carbon cluster and therefore the high-
est charge separation occurred for Ic-6. The largest rsq value of Ic-6,
indicates that the most effective charge separation can takes place

Table 2
Radical spin quantity (rsq) and reduction activity (ra)  of calcined materials Ics.

Materials rsq (spins/g) ra (�mol/g h)
2

Scheme 1. Synthesis of materials.

G  Company MJ-60HL5 (2450 MHz, 500 W)  for 3, 6 and 9 min  to obtain calcined
aterials Ic-3, Ic-6 and Ic-9, respectively.

.4. CeO2-loading on the surface of Ic-6

A  mixture of 300 mg  of Ic-6 and 52.61 mg  (0.375 mmol) of Ce(acac)3 in 60 mL
f  THF was stirred at room temperature for 24 h. The precipitate was collected and
ried at 60 ◦C under a vacuum to obtain Ce(acac)3-loaded material Ic-6·Ce(acac)3.
hen  the complex was  heated at 300 ◦C for 10 min  under an air atmosphere using
arnstead Thermolyne electric furnace FB1300 to obtain CeO2-loaded HfO2/carbon
luster composite material Ic-6·CeO2.

.5. Surface modification of Ic-6·CeO2 and Ic-6 with Pt particles

A mixture of 30 mg  of Ic-6·CeO2 and 0.8 mL  of methanol was added into 0.8 mL
f  an aqueous 0.05 mmol/L hydrogen hexachloroplatinate(IV) solution, and then the
ixture was  stirred at room temperature under the irradiation of light above 460 nm

or  30 min  using Hoya–Schott Megalight halogen lamp (100 W).  The precipitate was
ollected, washed with distilled water and dried at 60 ◦C under a reduced pressure
or  overnight to obtain Pt-modified material Ic-6·CeO2·Pt. Similar treatment of Ic-6
roduced the corresponding Pt-modified material Ic-6·Pt.

.6. Characterization

Elemental analysis was performed for C and H using Yanaco MT-6, for Cl using
anaco YS-10, and for Hf, Ce and Pt by inductively coupled plasma atomic emission
pectrometry (ICP-AES) using Shimadzu ICP-7500. Raman spectrum was  measured
n  a single-grating spectrometer (Jobin Yvon HR-800) equipped with an Ar ion
aser at 514.5 nm for the excitation. Scanning electron microscope coupled with
nergy dispersive X-ray spectroscopy (SEM–EDX) measurement was carried out
sing Hitachi High technologies S-4800 FE-SEM and Horiba Emax Energy EX-450.
-ray diffraction (XRD) spectra were taken using Rigaku Mini Flex. X-ray photospec-

rometry (XPS) spectra were measured using Shimadzu ESCA-850. Transmission
lectron microscopy (TEM) observations were done using Jeol JEM-3010. Electron
pin  resonance (ESR) spectra were measured using Jeol JES-TE200. UV–vis spectra
ere taken using Hitachi U-4000 spectrometer. Visible light was  generated using
oya–Schott Megalight 100 halogen lamp. TCD gas chromatogram was  taken using
himadzu GC-8A gas chromatography.

The reduction reaction of methylene blue in the presence of calcined material
cs  was carried out as follows. A mixture of 3 mg  of Ics and 10 mL  of 0.03 mmol

ethylene blue and 0.12 mmol citric acid aqueous solution was  stirred at room
emperature in the dark for overnight. The citric acid was  used as electron donor
eagent. The mixture was irradiated by visible light (light intensity = 2 mW/cm2)
bove the wavelength of 460 nm under an argon atmosphere and the concentration
f  methylene blue was  estimated by UV–vis spectral analysis.

The oxidation–reduction reaction of an aqueous silver nitrate solution in the
resence of Ic-6·CeO2 was  performed in the following way. 10 mg  of Ic-6·CeO2 was
dded to 1 mL  of an aqueous 0.05 mol/L silver nitrate solution and then it was deaer-
ted by argon bubbling for 1 h and finally the mixture was  irradiated by visible light
bove 460 nm.  The evolved O2 gas was estimated by gas chromatography and the
btained Ag was analyzed by ICP.

Water photo-decomposition experiment in the presence of Ic-6·CeO2·Pt, Ic-

·CeO2, Ic-6·Pt and Ic-6 was  performed and details are given below. 10 mg of the
aterial was added into 0.2 mL  of distilled water and then deaerated by argon bub-

ling for 1 h in the dark. Visible light (� > 460 nm) was irradiated to the mixture for
 h, and the evolved H2 and O2 gases were estimated by gas chromatography.
Fig. 1. XRD pattern of calcined material Ic-9.

3. Results and discussion

The elemental analysis of precursor I (Table 1) shows the pres-
ence of Hf and Cl atoms. The SEM–EDX spectra of precursor I
reveals that the Hf atom is homogeneously dispersed in the matrix.
The above results clearly indicate the formation of precursor I.
The microwave-irradiated calcination of I produced black-colored
materials Ics. The results of the elemental analysis of Ics are also
shown in Table 1. The content of H decreases with the increase of
irradiation time, indicating that the carbonization of the material
was  successfully carried out. The XRD patterns of Ic-9 (Fig. 1) show
main peaks at 2� = 28.4◦, 35.2◦, 50.2◦and 60.1◦ due to HfO2. The
XPS analysis of Ics show binding energies at 214.0–214.1 eV due
to the Hf4d orbital of HfO2. The TEM observations of samples Ic-3,
Ic-6 and Ic-9 showed particles with the diameters of ca. 10, 20 and
50 nm,  possibly HfO2, in the carbon phases. These results indicated
that the calcined materials are composed of nano-sized HfO2 and
carbon cluster.

The electronic behavior of the calcined materials was also exam-
ined. The ESR spectra of Ics (Fig. 2) show a peak at 337 mT (g = 2.003).
The radical spin quantity (rsq) of the calcined materials was deter-
mined by the double integrating calculation of the differential
absorption line with the use of DPPH (Table 2), and the highest rsq
value was  obtained for Ic-6. It is assumed that an electron trans-
Ic-3 2.97 × 1019 2.18
Ic-6 1.55 × 1020 2.58
Ic-9 5.76 × 1019 0.63
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Fig. 4. UV–vis spectra of methylene blue in the presence of calcined material Ic-6
under the irradiation of light above 460 nm.

Table 3
Photo-decomposition of an aqueous AgNO3 solution in the presence of Ic-6·CeO2

and Ic-6rc.

Materials �mol Ratio [O2]:[Ag]

O2 Ag
Field / mT

Fig. 2. ESR spectra of calcined materials Ics.

n Ic-6. Therefore, the calcined material Ic-6 has been selected for
ur preliminary photocatalytic measurement. The peak intensity of
c-6 increases with the addition of an oxidant (1,4-benzoquinone)
nder the irradiation of light (� > 460 nm)  but decreases with the
ddition of a reductant (pyrogallol) (Fig. 3), suggesting the forma-
ion of a cation radical on the carbon cluster. It is thus deduced that
n electron transfer from carbon cluster to HfO2 particle takes place
o form an oxidation site at the carbon cluster and a reduction site
t the HfO2 particle.

The photo-catalytic activity of Ics was also examined. The reduc-
ion reaction of methylene blue in the presence of Ics was carried
ut. Fig. 4 shows the UV–vis spectra of methylene blue in the pres-
nce of Ic-6 under the irradiation of visible light (� > 460 nm). The
bsorption band of methylene blue decreases with increase of the
rradiation time. It should be indicated that there is no decom-
osition of methylene blue takes place in the dark. The results
learly demonstrate that the calcined materials have visible light-
esponsive catalytic activity. The catalytic activity (ra)  of Ics was
btained by the equation ra = (the amount of decomposed methy-
ene blue) × (g of the calcined material)−1 × (h)−1, and the results
re also shown in Table 2. Here again, Ic-6 shows the highest ra
alue, indicating that Ic-6 have the highest photo-catalytic activity.

The surface of Ic-6 was loaded with CeO2 particles, according

o the procedure described in Section 2.4.  The elemental analy-
is of Ic-6·CeO2 shows the content of Ce is 1.14% in it. The Raman
pectrum of Ic-6·CeO2 shows a frequency at 460 nm−1 due to Ce–O
ond. SEM–EDX observation of Ic-6·CeO2 shows that Ce atom is

750

1500
Adding
1, 4-benzoquinone

0

-750

Adding
pyrogallolIn

te
ns

ity

-1500
339338337336335

Ic-6

Field / mT

ig. 3. ESR spectra of calcined material Ic-6 in the presence of 1,4-benzoquinone
nd pyrogallol.
Ic-6·CeO2 0.85 3.57 1:4.2
Ic-6rc 0.51 2.33 1:4.5

uniformly dispersed on the surface of the matrix. The TEM obser-
vation (Fig. 5) of Ic-6·CeO2 shows that particles with the diameters
of ca. 1 nm,  possibly CeO2 particles, appeared on the interface of
matrix, along with those of ca. 50 nm,  possibly HfO2 particles, in
the carbon matrix. The oxidation–reduction reaction of an aque-
ous silver nitrate solution in the presence of Ic-6·CeO2 and Ic-6rc
was  performed, where Ic-6rc was the material obtained by the
re-calcination of Ic-6 at 300 ◦C for 3 h in an air atmosphere. As
shown in Table 3, the O2 and Ag produced from Ic-6·CeO2 was
higher than those from Ic-6rc, indicating that the CeO2-loading
on Ic-6 enhanced the photo-catalytic activity. If a four electron
oxidation–reduction reaction takes place, the [O2]:[Ag] ratio is
given to be 1:4. The [O2]:[Ag] ratio of Ic-6·CeO2 was obtained to be
1:4.2, which is close to an ideal ratio. In other words, an effective
charge-separation is considered to occur for Ic-6·CeO2.

It is well known that the loading of noble metal atoms on the
surface of semiconductors enhances their photo-catalytic activ-
ity. Thus, the surface of Ic-6·CeO2 and Ic-6 are loaded with Pt
particles to obtain Ic-6·CeO2·Pt and Ic-6·Pt, respectively. The ele-
mental analysis of the obtained materials shows the Pt contents
of 0.75–0.77 wt%, and their TEM observation reveals the presence
of particles with the diameters of ca. 1 nm,  possibly Pt particles,
in the matrix. Preliminary experiment on visible light-irradiated

water decomposition reaction with Ic-6·CeO2·Pt, Ic-6·CeO2, Ic-6·Pt
and Ic-6 was carried out according to the procedure described in
Section 2.5 (Table 4). It is noted that the amount of H2 and O2

Table 4
Water decomposition in the presence of Ic-6·CeO2·Pt, Ic-6·CeO2, Ic-6·Pt and Ic-6
under the irradiation of light (� > 460 nm).

Materials nmol Ratio [H2]/[O2]

H2 O2

Ic-6·CeO2·Pt 117 526 0.22
Ic-6·CeO2 78 430 0.18
Ic-6·Pt 110 0 –
Ic-6 0 0 –
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Fig. 5. TEM im

volved from Ic-6·CeO2·Pt was higher than those from Ic-6·CeO2,
hile no O2 evolution was observed from Ic-6·Pt and no H2 and
2 evolution was detected from Ic-6, suggesting that the loading
f the CeO2 particles on Ic-6 enhanced the photo-catalytic activ-
ty. Here, if a four electron oxidation–reduction reaction of water
akes place, then the [H2]/[O2] of 2 will be given. However, it was
ound that the [H2]/[O2] ratio observed for both Ic-6·CeO2·Pt and Ic-
·CeO2 were considerably smaller than 1, suggesting that an ideal
our electron oxidation–reduction reaction did not takes place. We
ssume that the reason for this may  be the loading of the CeO2 on
c-6 could decrease the reduction ability at the reduction site, since
c-6·Pt was observed to evolve a considerable amount of H2 without
n O2 generation. A possible assumption is that the CeO2 particles
ere loaded not only on the oxidation site but also on the reduc-

ion site and the CeO2 particles deposited at the reduction site may
bsorb electrons arrived from the oxidation site, thus decreases the
eduction ability at the reduction site, although we  could not offer
ny evidence at present. Therefore, in order to improve the photo-
atalytic ability of the material, a selective CeO2-deposition on the
xidation site is considered to be necessary.

. Conclusions
Nano-sized HfO2/carbon cluster composite material was suc-
essfully prepared from HfOCl2/starch complex by the microwave-
rradiated calcination. The CeO2 particles loaded-HfO2/carbon

[
[

[
[

 of Ic-6·CeO2.

cluster composite material was also successfully prepared. The
synthesized CeO2 particles loaded-HfO2/carbon cluster composite
material could decompose the aqueous silver nitrate solution and
produce O2 and Ag in the [O2]:[Ag] ratio of 1:4.2. It confirms the
good photocatalytic activity of the newly synthesized composite
materials under visible light.
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