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INTRODUCTION

Hydrogen as an ideal non-polluting green energy,has
attracted a wide spread attention in the development of new
energy sources. However, the traditional method of hydrogen
generation consume energy and the cost is high. Therefore, it
limits the spread and application of hydrogen energy. In the
1970s, researchers found that, using TiO, single crystal elec-
trodes could break down water to get hydrogen and made it
possible to use solar energy for hydrogen production. If achieved
hydrogen generation through photocatalytic decomposition of
water and make it possible to industrialize, there may solve
the energy problems completely. Therefore, researches on the
photocatalytic generation of hydrogen have development
prospects. However, H, and O, produced by photoexcitation
on the same semiconductor particles can not easily be sepa-
rated. So the electron donor, such as lower alcohol, was added
to the reaction system to generate H,'**. Due to the higher hydrogen
content, simple production of raw materials, methanol attracted
great interests>™®. Studies on photocatalytic decomposition of
methanol were mostly aqueous methanol liquid phase reaction
system and under anaerobic condition. Compared to the
aerobic condition, the anaerobic condition has the following
advantages. Firstly, the electron acceptor of H* (or H®) in
anaerobic condition get electrons as more and faster as possible
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Pt/TiO,-Cu,0 photocatalysts were prepared in the experiments. For these complex oxides, morphology, structure, composition and optical |
properties were investigated by HRTEM, XRD, ICP and UV-visible techniques, respectively. In addition, in the absence of oxygen, the |
photocatalytic generation of H, from methanol over Pt/TiO,-Cu,O under visible light was studied and the effects of Pt content and
composition of catalyst on photocatalytic activity were elucidated. The result showed Pt was deposited on the surface of TiO,-Cu,O in a |
clustered manner with particle size of 5-20 nm. When Pt content reached 1 wt. %, such catalyst exhibited highest photocatalytic activity. |
After the catalyst of 1 % Pt/5 % TiO,-Cu,O used for 7 times, the photocatalytic activity in the generation from aqueous methanol of |
hydrogen remained relatively stable. The catalyst of Pt/TiO,-Cu,O photocatalytic generation of hydrogen from methanol solution achieved |
through the photo-generated electron of e reduction of H,O to produce H,. As a result, 327 wumol H, was obtained after 3 h. |
|
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and emit hydrogen. While in aerobic condition, oxygen will
compete for electrons with the H" (or H®) and inhibit the
reaction. Secondly, aerobic reaction needs to add oxygen
constantly in practical applications. Meanwhile, hydrogen
generated by the aerobic reaction will contain a certain amount
of oxygen and that must be isolated by a certain devices before
being used as fuel. Hydrogen generated by the anaerobic reaction
could used directly as a fuel in addition to a small amount of
inert gas in the beginning®.

At present, Pt/TiO, catalyst used more in photocatalytic
generation of hydrogen®**"'2, Nano TiO, has a very good light
stability. When loading the platinum, it can gather and transfer
electron and promote the desorption reaction of the reduction
of light water. Many studies showed that the effect of loading
platinum on TiO, was better than other precious metals, but
Pt/TiO; can only be excited in the ultraviolet region. Solar energy
in the ultraviolet region's share is only about 4 % of the total
energy.Therefore, the utilization rate of solar energy is low.
Cuprous(I) oxide Cu,O can split water to produce H, and O,
under visible light irradiation". However, report about the
photocatalytic generation of hydrogen from methanol using
nano Cu,O as catalyst is little. Senevirathna et al.® doped with
a small amount of Cu,O in TiO; (1 wt. % TiO,) as photo catalyst
and used it catalyze aqueous methanol solution to produce
hydrogen under visible light. However, due to the low levels
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of Cu,0, hydrogen generation rate is much lower than the UV
irradiation condition.

This paper immersed K,PtCl, in complex oxide of nano
TiO,-Cu,0, then reduced by formaldehyde and loaded Pt on
TiO,-Cu,0 and preparated photocatalyst of Pt/TiO,-Cu,O. So
far, such photocatalytic system has not been reported in the
literatures. In addition, using the technologies of ICP, XRD,
HRTEM and UV-visibleible diffuse reflectance to characterize
the composition, structure, morphology and light absorption
properties of Pt/TiO,-Cu,O composite photocatalyst in the
experiments. Furthermore, A tungsten lamp was used as light
source, the experiments investigated the catalytic performances
for Pt/TiO,-Cu,O photocatalytic generation of hydrogen from
aqueous methanol under visible light irradiation in anaerobic
condition. The effect of Pt loading and catalyst composition
on the reaction of photocatalytic generation of hydrogen from
aqueous methanol solution was also investigated.

EXPERIMENTAL

Preparation of Pt/5 % TiO,-Cu,O catalyst: Weighed
0.2 g of 5 % Ti0,-Cu,0 into the surface of the dish', then add
0.3 mL of 0.014 g/mL K,PtCl, solution, impregnation and
natural drying. An excess of formaldehyde was reduced by
heating for 1 h and then filtered. Washed with 400 mL of
distilled water and finally with a small amount of anhydrous
alcohol 2 to 3 times. The sample was then placed in a vacuum
oven and dried for 2 h at 80 °C.

Using Shimadzu XRD-6000 type of X-ray diffraction
(XRD, Cu target, K, ray, A =1.5418 A, voltage 40 kV, current
35mA), JEOL JSM 2100 type of high resolution transmission
electron microscopy (HRTEM, operating voltage 200 kV),
T-1901 type of Diffuse reflectance UV-visible spectroscopy
(with BaSQ, as reference powder, scan range 230-800 nm),
IRIS Intrepid full spectrum of direct-reading ICP spectrometer
(Thermo Electron) type of inductively coupled plasma
emission spectrometry (ICP-AEC) characterized the samples
of catalyst.

Photocatalytic generation of hydrogen from aqueous
methanol solution: Fig. 1 showed the schematic apparatus
for photocatalytic generation of H, from aqueous methanol
solution over Pt/TiO,-Cu,0. Firstly, measuring 60 mL of 12.5 %
aqueous methanol solution in grinding mouth glass jar and
adding 0.060 g photocatalyst. Then drumming N, for 40 min.
to remove oxygen in the solution. Afterwards, stuffed with
duct plugs and stirring to react sufficiently under irradiation
of 250 W tungsten lamp. Hydrogen was derived from the
catheter and the hydrogen collection process with displacement
of water in laboratory. The gas was verified with fuel. Formal-
dehyde in the solution after the reaction was determined by
acetylacetone spectrophotometry.

RESULTS AND DISCUSSION

Characterization of catalysts: Fig. 2 was the XRD patterns
of 1 % Pt/5 % TiO,-Cu,O catalyst. Fig. 2 showed the diffraction
peak of Cu,O and no diffraction peak of Pt. ICP analysis
showed that, the sample of 1 % Pt/5 % TiO,-Cu,O contained
0.92 wt. % of Pt. The results showed that Pt was highly
dispersed in TiO,-Cu,O. Fig. 2 showed no diffraction peak of
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Fig. 1. Schematic apparatus for photocatalytic generation of H, from
methanol over Pt/TiO,-Cu,O (1) tungsten lamp, (2) magnetic stirrer,
(3) and (4) inlet and oudet of isothermal water, (5) reactor (6) 3-

way valve, (7) graduated tube, (8) leveling tube and (9) water bottle
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Fig. 2. XRD patterns of 1 % Pt/5 % TiO,-Cu,O

TiO, which indicated that TiO, was also highly dispersed in
CUQOM.

Fig. 3 showed HRTEM image of 1 % Pt-loaded on 5 %
TiO,-Cu,0. Fig. 3 indicated that platinum deposited on the
surface of TiO,-Cu,0 in a clustered manner. The particle size
of platinum cluster was unequal, between 5 and 20 nm.

Fig. 4 showed UV-visible diffuse reflectance spectra of
1 % Pt/5 % TiO,-Cu,O catalyst. It indicated that the catalyst
of 1 % Pt/5 % TiO»-Cu,O was excited at 609 nm and that could
play a photocatalytic role under visible light irradiation.

Coordinating role of each component in the catalyst
in the reaction of hydrogen generation: The experiments
compared the catalytic activity of 1 % Pt/5 % TiO,-Cu,0, 1 %
Pt/Cu,0 and 5 % TiO,-Cu,O catalysts in photocatalytic gene-
ration of hydrogen from aqueous methanol. Fig. 5 showed the
hydrogen yields for various photocatalyst systems. This showed
that there was no gas generation in the absence of a catalyst.
When adding the catalysts, the reaction system generate gas.
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Fig. 3. HRTEM image of 1 % Pt-loaded on 5 % TiO,-Cu,O. The dark dots
are platinium cluster
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Fig. 4. UV-visible diffuse reflectance spectra of 1 % Pt/5 % TiO,-Cu,O
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The gas was derived from the catheter, lit with a blue flame
and accompanied by a slight crackling sound. That proved the
production gas was hydrogen. Compared to the catalyst of
1 % Pt/Cu,0, the hydrogen production rate of 1 % Pt/5 %
Ti0,-Cu,O catalyst was higher. After the composites of Cu,O
and TiO, under visible irradiation, Cu,O was transferred to
TiO, by photo-excited electrons. Thus inhibited the composites
of photo-generated electron and the hole and improved the
utilization of photo-generated electrons. The photocatalytic
activity of 1 % Pt/5 % TiO»-Cu,O and 1 % Pt/Cu,O catalysts
were higher than the activity of 5 % TiO,-Cu,O catalyst. That
indicated loading Pt was critical to photocatalytic production
of hydrogen. On the one hand, the overpotential of hydrogen
in the metal platinum was low and was easy to remove. On the
other hand, platinum is an effective electron acceptor. That
could gather and transmit eletrons and inhibit the composites
of photogenerated electron and hole pairs, improve photo-
catalytic efficiency.

Effect of Pt loading on the catalytic activity: Fig. 6
showed the hydrogen yields for 5 % TiO,-Cu,O with different
Ptloadings. It showed that the catalytic activity was the highest
when the Pt loading was 1 wt. %. researches suggested that
platinum had the optimal deposit amount'*"”. When the Pt
loading was excessive, the surface of photocatalyst was covered
with too much metallic particles. That caused the effective
area of the catalyst by light irradiation was reduced and the
number of electron-hole pairs generated by photoexcitation
was also reduced. Finally, photocatalytic activity of the catalyst
decreased.
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Fig. 5. Hydrogen yields for various photocatalyst systems. 60 mg of the
catalyst suspended in 60 mL of 12.5 % aqueous methanol
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Fig. 6. Hydrogen yields for 5 % TiO,-Cu,O with different Pt loadings. 60 mg
of the catalyst suspended in 60 mL of 12.5 % aqueous methanol

Effect of repeated times of the catalyst on hydrogen
production rate: Fig. 7 showed the repeated times of reaction
effect on the activity for the photocatalyzed dehydrogenation
of methanol. In the experiments, 60 mg of the 1 % Pt/5 %
TiO,-Cu,0 catalyst was suspended in 60 mL of 12.5 % aqueous
methanol. The reaction time was 3 h, then passing into N, for
40 min and then reacted 3 h again. In the process of reaction,
adding some amount of methanol. This operation was repeated
seven times. Fig. 7 also showed that the catalytic activity of
photocatalytic generation of hydrogen from methanol remained
relatively stable after the catalyst of 1 % Pt/5 % TiO,-Cu,O
used 7 times under anaerobic conditions.

Mechanism of photocatalytic generation of hydrogen
from aqueous methanol solution: Acetylacetone spectropho-
tometry was used to measure the aqueous solution of methanol
after the reaction and found the formaldehyde generation.
Therefore, we speculated photocatalytic production of hydrogen
from aqueous methanol solution of Pt/5 % TiO,-Cu,O followed
the reaction:

hv + Cu;0 — e (CB Cw:0) + h*(VB Cu;0) —
e(Pt) + h* (VB Cw,0)(1)
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Fig. 7. Repeated times of reaction effect on the activity for the photo-
catalyzed dehydrogenation of methanol. 60 mg of 1 % Pt/5 % TiO»-
Cu,0 suspended in 60 mL of 12.5 % aqueous methanol

or — e (CBTiO,) +h*(VB Cu,0)
— e (Pt) + h"(VB Cu,0) 2)
e(Pt) + H.O — H, + 20H 3)
h*(VB Cu,0) + CH;0H — HCHO + H* (4)
Cu,0 was excited when visible light to Cu,O. The electronic
of valence band transition to the conduction band, formed
photo-generated electron of e” and hole of h*. A part of photo-
generated electron in Cu,O transferred to the surface of Pt
directly (eqn. 1). Another part of photo-generated electron
transferred to the conduction band and then transferred to the
surface of Pt (eqn. 2). The transfer of ™ to Pt reduced to H,O
and generated H, (eqn. 3). The h* in the valence band of Cu,O
oxidized methanol to formaldehyde (eqn. 4).

Taking 10 mg/L of formaldehyde solution 50 mL, adding
0.05 g of 1 % Pt/5 % TiO,-Cu,O catalyst. Then the nitrogen
was passed into the solution for 40 min to remove the oxygen.
The 250 W of tungsten lamp was used as the light source. The
experiments measured the change with time in the degradation
of formaldehyde. Fig. 8 showed the photocatalytic degradation
of formaldehyde on 1 % Pt/5 % TiO,-Cu,O of catalyst under
the anaerobic condition.

Fig. 8 showed that formaldehyde could not been degraded
under the anaerobic condition. That indicated the formaldehyde
in the solution was not further oxidized to CO after 1 % Pt/5 %
TiO,-Cu,0 of catalyst photocatalytic generation of hydrogen
from aqueous methanol solution. Researches suggested that**,
in the process of generation of hydrogen by catalyzing the
low carbon alcohol, the photocatalyst taking TiO, as main body
could further oxidized aldehydes to CO,. This might be due to
the oxidation ability of h* in the valence band of TiO, was
more strong than the h* in the valence band of Cu,O

Conclusion

The experiments immersed K,PtCly in the composite
oxides of nanoTiO,-Cu,O and used the method of reducing
formaldehyde. Platinum was loaded onto TiO,-Cu,O and
prepared the photocatalyst of Pt/TiO,-Cu,O. HRTEM image
showed that platinum deposited on the surface of TiO,-Cu,O
in a clustered manner. The particle size of platinum cluster

12

1.0 n—8 L n ] n

0.8-
(@) -
5 0.6

0.4

0.2

00 T T T T 1
0 1 2 3 4 5 6 7
Time (h)
Fig. 8. Photocatalytic degradation of formaldehyde on 1 % Pt/5 % TiO»-
Cu,0 of catalyst under the anaerobic condition

was unequal, between 5 and 20 nm. Tungsten lamp was used
as light source. In the absence of oxygen, the experiments
investigated the catalytic properties of different catalysts cata-
lytic reforming of aqueous methanol solution and generation
of hydrogen under visible light irradiation. The results showed
that a synergistic effect was between Pt, TiO, and Cu,O. The
optimal Pt loading was 1 wt. %.

ACKNOWLEDGEMENTS

The authors gratefully acknowledge the financial support of
the Natural Science Foundation for Colleges and Universities
in Jiangsu Province, China (Grant No. 10KJB610009).

REFERENCES

S.G. Lee, S. Lee and H.I. Lee, Appl. Catal. A, 207, 173 (2001).

2. T. Kawahara, Y. Konishi, H. Tada, N. Tohge and S. Ito, Langmuir, 17,
7442 (2001).

3. C.H. Lin, C.H. Lee, J.H. Chao, C.-Y. Kuo, Y.-C. Cheng, W.-N. Huang,
H.-W. Chang, Y.-M. Huang and M.-K. Shih, Catal. Lett., 98, 61 (2004).

4. Y.Q.Wu, G.X. Luand Q. Zhou, J. Mol. Catal. (China), 16, 101 (2002).

5. H. Husin, W.-N. Su, C.-J. Pan, J.-Y. Liu, J. Rick, S.-C. Yang, W.-T.
Chuang, H.-S. Sheu and B.-J. Hwang, Int. J. Hydrogen Energy, 38,
13529 (2013).

6.  C.Zhou, L. Shang, H. Yu, T. Bian, L.-Z. Wu, C.-H. Tung and T. Zhang,
Catal. Today, 225, 158 (2014).

7. H.Bahruji, M. Bowker, PR. Davies, L.S. Al-Mazroai, A. Dickinson, J.
Greaves, D. James, L. Millard and F. Pedrono, J. Photochem. Photobiol.,
216, 115 (2010).

8. M.K.L Senevirathna, PK.D.D.P. Pitigala and K. Tennakone, J. Photochem.
Photobiol. Chem., 171, 257 (2005).

. T. Miyao, Y. Suzuki and S. Naito, Catal. Lett., 66, 197 (2000).

10. K. Tomita, J. Kadokawa and I. Akihide, Trans. Mater. Res. Soc. Jpn.,
25, 1147 (2000).

11. B.J. Ma, J.S. Kim, C.H. Choi and S.I. Woo, Int. J. Hydrogen Energy,
38, 3582 (2013).

12. J. Xing, Y.H. Li, H.B. Jiang, Y. Wang and H.G. Yang, Int. J. Hydrogen
Energy, 39, 1237 (2014).

13. M. Hara, T. Kondo, M. Komoda, S. Ikeda, J.N. Kondo, K. Domen, M. Hara,
K. Shinohara and A. Tanaka, Chem. Commun., 357 (1998).

14. C.Han, Z. Li and J. Shen, J. Hazard. Mater., 168, 215 (2009).

15. L. Wang and W.Z. Wang, Int. J. Hydrogen Energy, 37, 3041 (2012).

—_



