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Abstract

Nano-sized ZrO,/carbon clusters composite materials were successfully prepared by the calcination of a ZrOCl,/starch complex under
an argon atmosphere. The obtained composite material was pulverized at 500 °C to obtain powdered materials. The photo-catalytic
abilities of the pulverized materials increased with the increase of their surface areas. The visible light induced photo-catalytic activities

of the Pt loaded composite materials were also examined.

© 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Realization of charge-separated electron transfer with
photo-responsive function will lead to an achievement of
novel photocatalysts. Such charge-separated excitation
under light irradiation could be achieved by the use of
semiconductors [1-9], however an electron excitation under
whole visible light irradiation has not been established yet.
We have considered that such an excitation could be
achieved by the combination of nano-sized semiconductors
and carbon clusters, in which semiconductors are expected
to act as a electron excitation site and carbon clusters to act
as a visible-light absorption site and an electron transport,
resulting in the realization of visible light-responsive elec-
tron excitation. We have recently reported the synthesis of
such composite materials by the calcination of either metal—
organic moiety hybrid copolymers or inorganic metal
compound/organic polymer complexes. An efficient visible
light-responsive electron transfer between carbon phases
and metal compounds was observed for those novel
composite materials [10-23]. We have also shown that
MnO,-loaded ZrO,/carbon clusters composite material
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could decompose water to H, and O, under visible light
irradiation, however the photo-catalytic activity of the
material was rather low [21]. We assume that the lower
photo-catalytic activity might be due to a lower surface area
of the material, since the surface area of the material was
5m?g~" which is considerably lower than 50 m*g~' of
typical semiconductor TiO,. In this study, ZrO,/carbon
clusters composite materials I.’s obtained by the calcination
of ZrOCly/starch complex I under an argon atmosphere
were pulverized (Scheme 1) and the photo-catalytic activity
of the yielded powders were examined.

2. Experimental
2.1. Reagents

Commercially available ZrOCl,-8H,0, starch, 1,1-
diphenyl-2-picrylyhydrazyl (DPPH), methylene blue, citric
acid, AgNOs;, and hydrogen hexachloroplatinate hexahy-
drate were used as received.

2.2. Synthesis of complex I

A mixture of 1.08 g (3.34 mmol) of ZrOCl,-8H,O and
8.92 g (55 mmol) of starch in 200 mL of distilled water was
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Scheme 1. Synthesis of the materials.

stirred at room temperature for 1 h. Water was evaporated
and the residues were dried under a vacuum to obtain I.

2.3. Calcination of 1

1 g of I in a porcelain crucible was heated with a heating
rate of 5 °C/min under an argon atmosphere and kept at
400, 500 and 600 °C for 1 h to obtain calcined materials
IC4()0, IC50() and Icg()(), respectively.

2.4. Pulverization of 1,509

Three grams of I.s90 was pulverized with Ishikawa
grinding mill AGA to obtain pulverized samples Icspocpuly’s,
i.e., Leso012.8 pm)» Lesoo(s umy and Lespoa.2 pm)> respectively, in
which the figures in the parentheses are the average particle
diameters of the pulverized materials.

2.5. Pt—loading on IC50() and Ic5()()(4.2 wm)

A mixture of 50 mg of I¢s99 and/or Icsppa2 yumy, 1.2 mL of
a degassed 2.11 mmol/L hydrogen hexachloroplatinate aqu-
eous solution and 1.2 mL of methanol was irradiated with
light above 460 nm for 1 h. The precipitates were collected,
washed with distilled water and dried to obtain Pt-loaded
materials I;sgoPt and/or Icspp4.2 umPt, Tespectively.

2.6. Apparatus

Elemental analysis was performed for C and H using
Yanaco MT-6, and for Zr, Ag and Pt by inductively
coupled plasma atomic emission spectrometry (ICP-AES)
using Shimadzu ICP-7500. X-ray photospectrometry (XPS)
spectra were measured using Shimadzu ESCA-850. SEM-
EDX spectra were obtained with a Hitachi Hightechnolo-
gies S-4800 microscope. Transmission electron microscopy
(TEM) observations were done using a Jeol JEM-3010
microscope. Electron spin resonance (ESR) spectra were
taken using Jeol JES-TE 200. UV-vis spectra were mea-
sured using a Hitachi U-4000 spectrometer. Particle size
distribution was analyzed with a Nikkisou Microtrac HRA
analyzer. Specific surface area was measured with a Nippon
Bell Belsor-Mini adsorber. TCD gas chromatography was
taken using Shimadzu GC-8A. Visible light was generated
using a Hoya-Shott Megalight 100 halogen lamp.

2.7. Reduction of methylene blue

A mixture of 3mg of I’s or 1 mg of Ispppuy’s and
10 mL of a 0.03 mmol/L methylene blue—0.12 mmol/L
citric acid aqueous solution was stirred in the dark for
48 h. The mixture was irradiated with visible light
(A>460 nm) and the concentration of methylene blue
was determined by UV-vis spectral analysis.

2.8. Oxidation—reduction reaction of an aqueous AgN O3
solution with 1 .sp9 and I:s00 (4.2 ym)

A mixture of 10 mg of the composite material and 1 mL
of a 0.05 mol/L AgNO; aqueous solution was irradiated
with visible light (1 > 460 nm) under an argon atmosphere
for 3 h, and then the evolved O, gas was analyzed by gas
chromatography and the formed Ag was estimated by
ICP-AES analysis.

2.9. Water decomposition

Ten milligrams of I sp9 Pt and/or L.sppa2 pmy in 0.2 mL of
degassed water was irradiated with visible light (4 > 460 nm).
Evolved gas was analyzed using gas chromatography.

3. Results and discussion

Complex I was prepared by the procedure described in
experimental Section 2.2. SEM-EDX observation of I revealed
that Zr atom was uniformly dispersed in the matrix. The
calcination of I produced black-colored materials I.’s. Table 1
shows the results of the elemental analysis of complex I and
calcined materials I.’s. The increase of the calcination tem-
perature decreases the H contents of the materials, suggesting
that the carbonization of the materials proceeded. The XPS
analyses of I.’s showed a binding energy at 181.7-182.3 eV due
to the Zrsq orbital of ZrO,. The TEM observations of I.’s
showed the presence of particles with the diameters of 1-2 nm,
possibly ZrO,, in the matrix. The results indicate that the
calcined materials were composed of nano-sized ZrO, and
carbon clusters. The electronic behaviors of 1.’s were exam-
ined. Fig. 1 is the ESR spectra of I.’s. A peak at 337 mT
(g=2.003) was observed and the highest peak intensity was
obtained for I.sp0. The radical spin quantities (rsq) of the
calcined materials were determined by a double integrating
calculation of the differential absorption line with the use of
DPPH and the results are shown in Table 2.

Table 1

Elemental analyses of complex I and calcined materials I.’s.

Materials C (%) H (%) Zr (%) [C)/[Zr]
I 35.9 6.23 2.86 95
Les00 61.8 3.31 6.60 71

Leso0 70.4 2.71 9.58 56
Lesoo 71.7 2.01 9.81 55
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Fig. 1. ESR spectra of calcined materials I.’s.

Table 2
Radical spin quantities (rsq) and reduction activities (ra) of calcined
materials 1.’s.

Materials rsq (spin g~ ') ra (umol g~ 'h™1)
Teao0 1.27 x 10%° 2.26

Lesoo 2.17 x 10%° 11.8

Lesoo 6.63 x 10" 5.01

The highest rsq value was observed for I.spp. Our
understanding is that an electron transfer between ZrO,
particles and carbon clusters takes place to form a free
electron on carbon clusters and the highest electron
transfer appeared for I.spp. It is noted that the signal
intensity increased with the addition of an oxidant (1,4-
benzoquinone) but decrecased with the addition of a
reductant (1,4-hydroquinone), indicating that the signal is
due to a radical cation. It is thus deduced that an electron
transfer from carbon clusters to ZrO, particles takes place
to form an oxidation site at carbon clusters and a
reduction site at ZrO, part.

The photocatalytic activity of the calcined materials was
also examined. Fig. 3 is the UV-vis spectra of methylene blue
in the presence of I 550 under the irradiation of visible light
(A>460nm). The absorption band of methylene blue
decreased with the increase of the light irradiation time,
indicating that I.s)) has visible light-responsive reduction
ability. The reduction activities (ra) of the calcined materials
in the reduction reaction of methylene blue were determined
by the equation ra=(the amount of methylene blue) (g of the
calcined material) ' (h) ™", and the results are also shown in
Table 2. Here again, the highest ra value was observed for
I.s00, indicating that I.sgp9 has the highest photo-reduction
ability. I.so0 was pulverized according to the procedure
described in experimental Section 2.4 to obtain pulverized
materials Lesoou)’s, ie., Lsooa2s pum) 1e3500(5 pm) and Le5004.2 pm)»
respectively. The BET surface area of the pulverized samples

was also measured. Table 3 shows the values of the average
particle diameters (apd) and surface area (sa) of the materials.
The elemental analysis of the pulverized materials revealed
that the C, H and Zr values and [C]/[Zr1] ratios of the materials
did not vary essentially by the pulverization treatment. The
XPS measurements of the pulverized materials showed the
presence of a binding energy at 182.0-182.3 eV due to the Zrzq4
orbital of ZrO,. The TEM measurements of the pulverized
materials also showed the presence of particles with the
diameters of 1-2nm in the matrix (Fig. 2). The results
indicated that the pulverization treatment did not change the
constituents of the materials. The composite rsq and ra values
of the pulverized materials were determined and the results are
also shown in Table 3. The highest rsq and ra values were
observed for Isppu2um) suggesting that the photo-catalytic
ability is affected by the surface area of the materials. The
visible light-irradiated oxidation—reduction reaction of an
aqueous silver nitrate solution with I.sp9 and Lespo@2 umy Was
performed and the results are shown in Table 4. The amounts
of Ag and O, formed for L spp4.2 um) Was found to be higher
than those for I.s, indicating that the increase of the surface
areca of the material and thereby exhibits increased photo-
catalytic activity. Here, if a four electron oxidation-reduction
reaction takes place, then a [Ag]/[O,] ratio is given to be 4. The
observed [Ag]/[O,] ratios were to be close to 4, suggesting an
occurrence of a rather smooth electron excitation.

It is known that the loading of Pt on semiconductors
increases the reduction ability. The surfaces of I.sp9 and
Lesooa2 ymy Were thus modified with Pt particles by reacting
with a hydrogen hexachloroplatinate aqueous methanol solu-
tion under visible-light irradiation according to the procedure
described in experimental Section 2.5 to obtain Pt-loaded
materials I.spoPt and Lsppa2 umPt, respectively. ICP-AES
analysis of the Pt-loaded materials showed the contents of
Pt of 0.12wt% for IspPt and 0.51 wt% for IL.sppa.2 pmyPt,
respectively. TEM observations of the materials reveal the
presence of highly dispersed Pt particles with the diameters of
ca. 5-10 nm on the surfaces of the materials. XPS spectra of
the materials showed the presence of a peak of 4f;, orbital of
Pt at 70.8-71.1 eV. Water decomposition experiments with
L.s00Pt and Icsppa2 um)Pt under the irradiation of visible light
(4 > 460 nm) were carried out to obtain H, of 8 and 24 nmol,
respectively, suggesting that the photo-catalytic ability was
enhanced by the increase of surface area. However, it must be
indicated that there was no O, evolution detected. H,
evolution suggested that reduction energy is sufficient to
decompose water at the reduction site, ie. Pt, and the
oxidation of water at the oxidation site, i.e. the carbon clusters.
A possible assumption for non-generation of O, is that an
activated species formed at the oxidation site may be trapped
possibly by the carbon clusters to decrease the oxidation
ability of the oxidation site without O, formation.

4. Conclusions

Nano-sized ZrO,/carbon clusters composite materials were
obtained by the calcination of a ZrOCl,/starch complex under
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Fig. 3. UV-vis spectra of methylene blue in the presence of 1.5y under the
irradiation of light (4 > 460 nm).

an argon atmosphere. In order to investigate the effect of
surface area on the photo-catalytic activity of the composite
materials, materials were pulverized. The pulverized composite
materials show high surface area. The present investigation
clearly demonstrates that the catalytic activity of the pulverized
materials increased with the increase of the surface area. The
findings will contribute to develop a novel and efficient
photocatalysts.

Table 3
Average particle diameters (apd), surface areas (sa), radical spin quantities
(rsq) and reduction activities (ra) of Icsp0 and Icspocpul)’s-

Materials  apd (um) sa (m*g~") rsq (sping™") ra (umolg='h~")
Tes00 28.1 5.0 2.17 x 10%° 11.8

Lesooqi28 umy 128 31.7 1.71 x 10% 10.1

Tes00(5 um) 5.0 63.9 2.16 x 10%° 18.0

Lesooaaum 42 155.0 2.56 x 10%° 19.4

Table 4

Amounts of Ag and O, formed in the decomposition reaction of an
aqueous AgNQOj; solution in the presence of calcined materials under the
irradiation of light above 460 nm.

Materials pmol g~ ' h~! Ratios

Ag 0, [Agl/[0]
Lesoo 222 58 3.8
Tes004.2 pm) 275 71 3.9
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