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Abstract

Nano-sized Nb,Os/carbon cluster/Cr,O3 composite material was prepared by the calcination of NbCls/chromium acetylacetonate/epoxy resin
complex under an argon atmosphere. The Pt-loaded Nb,Os/carbon cluster/Cr,O5 composite material shows the photocatalytic activity under
visible light irradiation. The composite material successfully decomposed the water into H, and O, in the [H,]/[O;] ratio of 2. Electron spin
resonance spectral examination suggests a two-step electron transfer in the process of Nb,Os — carbon cluster — Cr,O; — Pt.

© 2011 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Charge-separated electron excitation under light irradiation
is important for the establishment and/or development of new
photo-science in the fields of artificial photosynthesis, solar cell
production and so on. Semiconductors and/or modified
semiconductors could induce such charge-separated electron
excitation under visible light irradiation [1-7]. However, the
excitation under the whole range of visible light has not been
achieved yet. We assumed that the combination of semicon-
ductors and carbon cluster might give a visible light-sensitive
electron excitation with the combined function of a light
absorption and electron transfer by carbon cluster and
semiconductors, respectively. We considered that such com-
posite materials could be obtained by the calcination of either
metal atom—organic moiety hybrid copolymers or metal
compound/organic polymer complexes under a reducing
atmosphere. We have shown the formation of such composite
materials with visible light-sensitive electron excitation
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abilities [7—-17]. We previously reported the preliminary results
on the electronic behaviors of Nb,Os/carbon cluster/Cr,O5
composite material obtained from the calcination of a
Nb(HC,0,)5/CrCls/starch complex [15]. In this work, we have
reinvestigated the electronic features of Nb,Os/carbon/Cr,O3
composite materials denoted as III, obtained by the calcination
of a Nb,Cls/chromium acetylacetonate [abbreviated as Cr(a-
cac)s]/epoxy resin complex (Scheme 1) in detail.

2. Experimental
2.1. Reagents

Commercially available niobium chloride (NbCls), Cr(a-
cac)s, diglycidyl ether of bisphenol A (DGEBA), phthalic
anhydride (PA), 1,1-diphenyl-2-picrylhydrazyl (DPPH), hydro-
gen hexachloroplatinate hexahydrate H,PtCls-6H,O, methy-
lene blue, and citric acid were used.

2.2. Synthesis of complexes Is, IIs and III

A mixture of NbCls and/or Cr(acac);, DGEBA and PA was
dissolved in 100 mL of acetone. After the solvent was
evaporated, the residues were heated in air atmosphere at
120 °C for 3 h to obtain epoxy resin complexes denoted as I;_s,
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Scheme 1. Schematic explanation for the synthesis of the materials.

II,_5 and/or I1I. The amount of reagents used for the synthesis of
complexes is shown in Table 1.

2.3. Calcination of complexes Is, Ils and 111

2 g of Is and IIs in a porcelain crucible was heated under an
argon atmosphere with a heating rate of 5 °C/min and kept at
fixed temperature for 1 h to obtain calcined materials Nb,Os/
carbon cluster I.s and Cr,Os/carbon cluster II s, respectively.
The calcination of complex III was also carried out at 500 °C to
obtain calcined material Nb,Os/carbon cluster/Cr,O5 Il 500.

2.4. Pt-loading on I3.s500, I3.500 and 11l 500

2.4.1. Loading by a photo-electrodeposition procedure

A mixture of 150 mg of I3¢500, Il3c500 and/or Il 590, 3.6 mL of
an aqueous 2.11 mmol/L hydrogen hexachloroplatinate solution
and 3.6 mL of methanol was stirred at room temperature for 1 h
under the irradiation of visible light (A > 460 nm), and then the
precipitates were washed with distilled water and dried under

vacuum to obtain Pt-loaded materials IzcsooPtyeqs 13c500Pteq
and/or lcspoPt,.4, respectively. Visible light was generated
using Hoya-Schott Megalight 100 halogen lamp. The sharp cut
filter Y-48 purchased from Hoya Candeo Optronics Co. was used.

Table 1
Charged amounts of reagents for preparing complexes I-III.
Materials g (mmol)

Nb,Cls Cr(acac); DGEBA PA
I, 8.96 (33.2) 0 8.75 (25.7) 2.29 (15.4)
L 5.77 (21.4) 0 11.3 (33.1) 2.95(19.9)
I; 4.26 (15.8) 0 12.5 (36.7) 3.26 (22.0)
1y 3.37 (12.5) 0 13.2 (38.7) 3.44 (23.2)
Is 2.79 (10.3) 0 13.6 (40.1) 3.56 (24.1)
11, 0 16.2 (46.2) 3.05 (8.96) 0.80 (5.38)
11, 0 9.13 (26.1) 8.62 (25.3) 2.25(15.2)
115 0 6.36 (18.2) 10.8 (31.8) 2.82 (19.1)
114 0 4.88 (14.0) 12.0 (35.2) 3.13 (21.1)
115 0 3.96 (11.3) 12.7 (37.4) 332 (224)
111 3.95 (14.6) 5.11 (14.6) 8.68 (25.5) 2.27 (15.3)
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2.4.2. Loading by a vacuum evaporation procedure

Pt particles were deposited onto the surface of I5.500, I3¢500
and Il 500 (100 mg) by vacuum evaporation treatment using
Hitachi Ion Sputter E-1030 with an electric current of 15 mA
for 30 min to obtain Pt-loaded materials I5.500Pt, e, I3c500Pt,e
and I s500Pt,., respectively.

2.5. Characterization

Elemental analysis was performed for C and H with Yanaco
MT-6, and for Nb, Cr and Pt by inductively coupled plasma
atomic emission spectrometry (ICP-AES) using Shimadzu
ICPS-1000 III. Scanning electron microscope—energy-disper-
sive X-ray spectroscopy (SEM-EDX) analysis was carried out
using a Hitachi Hightechnologies S-4800 spectrometer. X-ray
photoelectron spectra (XPS) measurements were carried out
using Shimadzu ESCA-850. Transmission electron microscopy
(TEM) images were observed using Jeol JEM-3010. Electron
spin resonance (ESR) spectra measurements were done using
Jeol TE-200. Ultraviolet (UV)-visible spectra were measured
using a Hitachi U-4000 UV-visible absorption spectrometer.
Thermal conductivity detector (TCD) gas chromatography was
taken using Shimadzu GC-8A.

The reduction reaction of methylene blue with the calcined
materials was performed in the following way. A mixture of
3 mg of the materials and 10 mL of a 0.04 mmol/L methylene
blue—0.16 mmol/L citric acid aqueous solution was stirred in
the dark for 24 h. The mixture was irradiated with visible light
(A > 460 nm) for 3 h and the concentration of methylene blue
was estimated by UV—vis spectral analysis. The sharp cut filter
Y-48 purchased from Hoya Candeo Optronics Co. was used to
cut light (A <460 nm). Water photo-decomposition reaction
with the calcined materials was carried out in the following
way. 10 mg of the materials in 0.1 mL of degassed water was
irradiated by visible light (A > 460 nm) at room temperature
for 12 h under an argon atmosphere, and the evolved H, and O,
gases were analyzed by gas chromatography.

3. Results and discussion

The results of the elemental analysis of complexes I;-Is, II;—
II5 and III are shown in Table 2, indicating that each metal atom
was detected in the composite materials. The calcination of I;,—
I5 and II; 115 at fixed temperature gave black-colored materials
I,—Is. and II; —IIs., respectively.

Table 3 shows the results of the elemental analysis of I5.s
and II;.;s. The C content ([C]:[metal] ratio) was found to
decrease with the increase of the calcination temperature,
suggesting that the carbonization of the materials proceeded.
The XPS of I.s and II.s show the peaks with binding energies at
206.9-207.1 eV due to the 3ds,, orbital of Nb atom in Nb,Os
[18] and at 586.6-586.9 eV due to the 2p;, orbital of Cr atom in
Cr,03 [19], respectively. The TEM observations of the
materials showed the presence of particles with the diameters
of 1-2 nm, possibly metal oxides, in the carbon phases (Fig. 1).
The above results suggest that the calcined materials are
composed of nano-sized metal oxides and carbon cluster.

Table 2
Elemental analyses of complexes Is, IIs and III.

Materials C (%) H (%) Nb (%) Cr (%) [C]:[metal]
[C]:[Nb]

I 51.9 5.13 17.5 - 23:1

I, 55.8 5.35 10.4 - 42:1

Iz 57.4 5.58 7.3 - 61:1

I, 58.7 5.74 5.5 - 83:1

Is 62.0 5.77 4.7 - 102:1
[CL:[Cr]

11, 57.5 6.97 - 11.8 21:1

1, 65.4 6.98 - 6.8 42:1

115 66.2 6.23 - 4.8 59:1

10, 66.9 6.58 - 3.6 81:1

115 67.3 6.21 - 2.9 99:1
[C]:[Nb]:[Cr]

11 53.7 5.05 7.0 4.1 59:1:1

Table 3

Elemental analyses of calcined materials I5.s and Ilzcs.

Materials C (%) H (%) Nb (%) Cr (%) [C]:[metal]
[C]:[Nb]

T3c500 62.7 2.2 14.9 - 33:1

T3c600 63.5 1.73 16.2 - 30:1

Lzc700 64.0 1.17 17.5 - 28:1
[C]:[Cr]

3500 69.7 2.62 - 9.5 32:1

130600 70.3 1.74 - 10.4 29:1

1sc700 72.0 1.18 - 12.5 25:1

The electronic behaviors of calcined materials I.s and II.s
were examined. First, the ESR spectra measurements of the
materials showed a peak signal at 337 mT (g =2.003). Our
opinion is that the peak is due to the generation of a free
electron on carbon cluster through an electron transfer between
carbon cluster and metal oxide particles [8—15]. Similar ESR
spectra were observed for other composite materials which are
reported earlier [8—15]. The radical spin quantity (rsq) of I5.s
and II;.s was determined by a double integrating calculation of
the differential absorption line with the use of DPPH and the

Fig. 1. TEM images of calcined materials: (a) I3c500 and (b) 3c500-
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Table 4
Radical spin quantities (rsq) and reduction activities (ra) of I3.s and Ilcs.

Materials rsq (sping™") ra (pmol g~ "'h™ ")
L3500 2.79 x 10%° 5.78
Lzes00 1.84 x 10% 4.49
L3700 1.23 x 10% 3.23
5500 3.63 x 10"° 2.92
3600 1.77 x 10" 2.12
e 700 5.49 x 10'8 1.58

results are shown in Table 4. The highest rsq values was
observed in I3 509 for Iscs and Il3.509 for Ilzcs, respectively,
suggesting that an effective electron transfer may take place in
the materials obtained by calcining at 500 °C. Next, the photo-
catalytic ability of I3.s and II3.s was investigated.

Fig. 2 shows the UV—vis spectral changes of methylene blue
in the presence of I5.s00 under the irradiation of light
(A > 460 nm). The concentration of methylene blue was found
to decrease with the increase of the reaction time, indicating
that the material have visible light-responsive reduction ability.
The reduction activity (ra) of calcined materials I3.s and Il5.s
was determined by the equation ra = (the amount of methylene
blue) x (g of the calcined material) ! x (hour) ' and the
results are also shown in Table 4. Here again, the highest ra
values were observed in Iz.s5oo for I3.s and Ilz.s599 for Il5cs,
respectively, indicating the occurrence of high catalytic ability
in 500 °C-calcined materials. In order to estimate the effect of

rsq / 10 spin-g
[}%]

1 I ! ! I
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Fig. 2. UV-vis spectra of methylene blue in the presence of I3.500 under the
irradiation of visible light (A > 460 nm).

[C]/[metal] ratios on the electronic natures of the calcined
materials, complexes I;—I5 and II;-II5 were calcined at 500 °C
to obtain calcined materials I;.500~Isc500 and I1;cs00—11sc500
respectively, and their rsq and ra values were determined.
Fig. 3 shows the relationships between the rsq values and the
[C)/[metal] ratios for either I.spos (Fig. 3a) or Il s9ps (Fig. 3b),
indicating that maximum values were observed at a [C]/[metal]
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Fig. 3. Relationships between the rsq values and the [C]/[metal] ratios for L.spgs (a) and Il sp0s (b).
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Fig. 4. Relationships between the ra values and the [C]/[metal] ratios for I .sgps (a) and I.s5008 (b).
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Fig. 5. TEM images of calcined materials: (a) Ill.s0p, (b) Illcs0oPtyeq and (c) e spoPt,.

ratio of ca. 30. The relationships between the ra values and the
[C)/[metal] ratios are shown in Fig. 4, and again, maximum
values were obtained at a [C]/[metal] ratio of ca. 30. These results
indicate that a balance between metal oxide and carbon cluster
may be important for achieving effective catalytic ability.

The calcination of complex III at 500 °C produced calcined
material Il 599 (C 56.1%, H 2.17%, Nb 12.2%, Cr 6.7%;
[C]:[Nb]:[Cr] = 36:1:1). The XPS analysis of Ill.s99 showed
binding energies at 207.1 eV due to the 3ds,, orbital of Nb atom
in Nb,Os [18] and at 586.6 eV due to the 2p,,, orbital of Cr
atom in Cr,O5; [19]. The TEM observations revealed the
presence of particles with the diameters of 1-2 nm, possibly
metal oxides, in the matrix (Fig. 5a). The above results clearly
indicate the formation of nano-sized Nb,Os/carbon cluster/
Cr,03; composite material. The reduction reaction of methylene

3000

1500

blue with Il 59y under visible light (. > 460 nm) irradiation
was performed to obtain the ra value of 11.0 wmol g~ ' h™'. Itis
interesting to note that the ra value of Ill. 5o was higher than the
sum (8.7 pmol g_1 h_l) of the ra values of I5.509 and Ilz.50,
suggesting that the combination of Nb,Os5 and Cr,O; in the
carbon phases may enhance the photocatalytic ability. In order
to examine the electron moving feature of IIl., the electron
transfer process of I3.s509 and Il3.s509 Was investigated by ESR
spectral examination. Fig. 6 shows the ESR spectra of 15,590 and
115500 in the presence of either an oxidant (naphthoquinone) or
a reductant (1,4-hydroquinone) under the irradiation of visible
light (A > 460 nm). The signal intensity of I5.s¢o (Fig. 6a) was
found to decrease with the addition of the oxidant but increase
with the addition of the reductant, indicating that the signal is
due to a cation radical.
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Fig. 6. ESR spectra of I5.500 (a) and I3.500 (b) in the presence of 1,4-naphthoquinone and 1,4-hydroquinone under the irradiation of visible light (A > 460 nm).
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Fig. 7. Schematic diagram for the plausible electron transfer process of Ill..

It is thus deduced that an electron transfer from carbon
cluster to Nb,Os5 parts took place. On the other hand, the peak
intensity of II5.599 increases with the addition of the oxidant and
decreases with the addition of the reductant (Fig. 6b), indicating
that the peak is due to a radical anion and thus an electron
transfer process occur through Cr,0; — carbon cluster. There-
fore, the electron transfer in III. may take place through a two-
step electron transfer in the process of Nb,Os5 — carbon
cluster — Cr,03, resulting in the formation of an oxidation site
at Nb,Os parts and a reduction site at Cr,O3 parts (Fig. 7).

We believe that such a two-step electron transfer by the
combination of two semiconductors in the carbon phases may
enhance the photo-catalytic ability of the material. Repeated
experiments in the photo-reduction reaction of methylene blue
with Il s, were carried out and the results are shown in Table
5. The ra values was found to decrease with the increase of the
number of repetitions especially the decomposed amount of
methylene blue in the 3rd experiment decreases by 40% in
comparison with that in the 1st experiment. In order to examine
the causes for the decrease of photo-ability, the SEM
observation for IIl.soy was performed after the 3rd experiment
(Fig. 8). The SEM indicates that the surface of the material was
eroded. The erosion could be due to the attack of generated
activated species at the reduction site of the surface of Il.sp9
and hence the activities of the material reduced. If this is true,

Before photo-reduction

= "'g

Table 5

Reduction activities (ra) of Il¢spp, Mle500Ptpeq and MlcsgoPt,, in the repeated
examinations of the visible light-irradiated decomposition reaction of methy-
lene blue.

Times ra (nmol/L)
500 e 500Ptyea e 500Ptye
1st 9.61 10.1 8.59
2nd 8.15 9.98 8.32
3rd 5.89 6.90 8.49

then the erosion of the material could be controlled by loading a
reductive metal on the surfaces of IIl.sqy. Therefore, in order to
investigate the possible reason for the erosion, the surface of
I.s590 was modified with Pt particles by a photo-electro-
deposition method described in Section 2.4.1 to obtain Pt-
loaded material IIl.spoPt,.s. The TEM image observation of
I 500Ptpeq Was found to reveal the presence of highly dispersed
Pt particles with the diameters of 1-2 nm on the surface of
Ilcspp (Fig. 5b). The XPS of Il soPt,., showed a peak at
70.9 eV due to the 4f;, orbital of Pt [20]. The elemental
analysis of Il.spoPt,.; gave the Pt content of 0.8 wt%. The
reduction reaction of methylene blue with Ill.spPt,.; was
repeatedly carried out and the results are also shown in Table 5.
Again, the ra value in the 3rd experiment was found to decrease
and the decomposed amount of methylene blue in the 3rd
experiment decreases by 30% in comparison with that in the 1st
experiment. The ICP-AES analysis of Il 500Pt,.s recovered
after the 3rd experiment showed the Pt content of 0.3 wt%,
indicating that the Pt content of 0.5 wt% was peeled out. Pt-
peeling was also confirmed by TEM analysis. We considered
that photo-electrodeposition method could not form a strong
bonding between Pt particles and the surface of Il 5g9. Thus, a
vacuum evaporation procedure was applied for Pt-loading on
III.50p according to the procedure described in Section 2.4.2 to
obtain Pt-loaded material IIl sy,Pt,.. The TEM observation of
I.500Pt,. showed the presence of uniformly dispersed Pt-
particles with the diameters of 1-2 nm on the surface of matrix
(Fig. 5¢). The SEM-EDX analysis of Il .500Pt,. indicated a

Fig. 8. SEM images of III before and after the photo-reduction of methylene blue.
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Table 6
Amounts of H, and O, evolved in water decomposition reaction with the
calcined materials under the irradiation of visible light (A > 460 nm).

Materials nmol Ratios
H, 03 [H2]:[O-]

L3c500Ptpea 0 0

L3cs00Ptye 0 0

M3e500Ptpea 0 0

3c500Ptye 0 0

M50 33 22 1.5:1
T.500Ptpeq 90 43 2.1:1

T 500Pt,, 131 65 2.0:1

peak at 70.9 eV due to the 4f;, orbital of Pt, and elemental
analysis showed the Pt content of 1.8 wt%. Repeated
experiments of methylene blue decomposition with III.s5yoPt,.
were again performed and the results are also given in Table 5.
No variation of the ra values was observed for the repeated
experiments, and the surface of Ill.syoPt,. recovered from the
methylene blue decomposition experiments was found to be
unchanged by SEM-EDX analysis, indicating that an effective
Pt-loading was achieved by a vacuum evaporation treatment.

Water splitting experiments with some calcined materials
under the irradiation of visible light (A > 460 nm) were carried
out and the results are shown in Table 6. No H, and O, evolution
was detected for 130500Ptped’ I3C500Ptve’ II30500Ptped and II3C500Ptve’
indicating that the sufficient excitation energy could not be
obtained for mono-metal oxide/carbon cluster composite
materials to decompose water. On the other hand, the evolution
of both H, and O, gases was observed for Ill. 5o, Il.500Pt,.q and
I 500Pt,., indicating that the combination of Nb,Os and Cr,O3
in carbon phases caused visible light-sensitive electron excitation
which is sufficient to decompose water.

Itis noted that the amount of H, and O, evolved for Il 590Pt,cq
and IMl.spoPt,. was higher than that for IIl. 540, indicating that the
Pt-loading increases the photo-catalytic activity. And it is also
noted that the highest H, and O, evolution was observed for
Il 500Pt,., indicating that the most effective photo-excitation
took place for Il s5poPt,.. Another interesting observation is that
[H,]/[O5] ratios for Il spoPt,eq and HlcspoPt,. were nearly 2,
suggesting an occurrence of a smooth two-step electron transfer
feature. Meanwhile, a rather small [H,]/[O,] ratio was obtained
for Il.599. Our assumption is that activated species formed at
oxidation and/or reduction sites may attack the surface of the
material to affect the photo-catalytic activity.

4. Conclusions

We have fundamentally succeeded in constructing an electron
transfer system enough to decompose water using Pt-loaded
Nb,Os/carbon cluster/Cr,O; composite materials under visible
light irradiation. We believe that similar photo-sensitive
excitation must be achieved by the combination of carbon
cluster and a number of photosensitive semiconductors, and our
observations will contribute to the development of new photo-
science, for example electronic and/or optical device production,
artificial photosynthesis, solar cell production, and CO, fixation.
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