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ABSTRACT

In this investigation, titanium oxide plates were used as cathode for hydrogen production in the aqueous solutions of sulfuric
acid, potassium hydroxide, acetic acid and ammonia hydroxides electrolytes separately. Gaseous hydrogen was produced at the
cathode and oxygen at the anode. For this purpose, titanium plates were fabricated in acid solution by anodic oxidation.
Microstructure of TiO, nanorod observation was conducted with scanning electron microscopy (SEM). The effects of operating
conditions and the electrochemical test parameters, such as electrolytes concentration, temperature, and cell voltage were
investigated. Also the performance of TiO, cathode was compared to zirconium oxide and graphite electrodes. The results show
that the highly rated, hydrogen production performance on TiO, cathode has better than the other electrodes. The maximum rate
of hydrogen production is by TiO, cathode 8.18 ml/ (h. cm?). The cell efficiency for water electrolysis was reached 95% using
titanium oxide electrode in 1.5 M H,SO,.
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1. INTRODUCTION
Hydrogen is generated by many methods, using reforming of fossil fuels', photo electrolysis from water splitting™®,
thermo chemical processes®** biophotolysis'**®, magnetolysis'®#, radiolysis**?, etc.

Development of photoactive structures has been used to production of hydrogen from water splitting. TiO,
is regarded as one of the most useful photocatalysts due its broad functionality, long-term stability and non-toxicity,
since its properties were first reported by Honda and Fujishima®. The TiO, different in morphology has been
investigated for hydrogen generation*?. The authors have employed anodic oxidation to immobilize TiO, on the
surface of titanium and its allows. It has been demonstrated that the rutile-structured TiO,, when prepared in
the high concentration sulfuric acid electrolyte. TiO, is a semiconductor with a wide band gap (anatase, 3.2 eV,
rutile, 3.0 eV) and acts as a photocatalyst only under UV light. However natural solar light contains only a few
percent of its total energy in this region®*®. In order to activate the photocatalysts to visible light, it is necessary to
change the electronic structure to give a band gap which corresponds to visible light. Doping is an effective method
of modifying the electronic structure of TiO,, and metal doping has been extensively reported>*°.

In the present study, we were prepared titanium oxide electrodes by anodic oxidation in a sulfuric acid
electrolyte. The anodic oxidation for titanium plate was doped by the composition of various electrolytes. Thus was
controlled band gap of the oxide. The cathode electrodes are fabricated with TiO,, ZrO, and graphide nanorods.

2. EXPERIMENTAL

2.1 Preparation and characterization of TiO, electrodes

The lab-made electrochemical cell that has two separate compartments connected each other was manufactured for
hydrogen generation. Potentiostat and two electrodes were used for electrolysis. Voltage was supplied to the
electrodes by DC power source. Titanium plates with dimensions of 2.0 cm x 5.0 cm x 0.1 cm were prepared. It
was polished using SiC grinding paper and rinsing in ethanol and drying in air. Pt electrode was used, 1.5 cm long
and 0.25 cm in diameter, as cathode. The distance between electrodes was set as 5.0 cm. The anodic oxidation
was made in a sulfuric acid ranging from 0.5 to 3.0 mol I*with a current density of 50 mA/cm? for 1.0 h. With
applied voltage between the titanium plates and Pt were made an anodic oxidation.

The anodisation voltage was applied from 1.00 to 10.00 V in the electrochemical bath. The solution
temperature was kept at 25°C and stirred with a stirring bar. The anodized oxide titanium was rinsed with distilled
water and then dried at room temperature, Microstructure observation was conducted with scanning electron
microscopy (Jeol JSM 5410 LV,) at an operating voltage of 20 kV and 500 nm.

2.2 Electrochemical measurements

2.2.1 Effect of electrolytes on anodic oxidation

The test solutions were prepared with potassium hydroxide, acetic acid and ammonia hydroxides as electrolyte
concentration of 0.5, 1.0, 1.5, 2.0, 2.5, and 3.0 M. The titanium plate was made the anodized oxide with applying
10 V. The temperatures of solutions were controlled by digital hot plate with stirrer. The SEM images of
nanorods grown on three different electrolytes are shown below in Fig-1.
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Fig-1: SEM images of anodic oxides prepared in an electrolytes of (a) sulfuric acid, (b) potassium hydroxide, (c) ammonia
hydroxides and (d) acetic acid at, their concentration of 1.5 M

2.2.2 The production of Hydrogen

The anodized oxide titanium was used for cathode electrode and a Pt electrode was used as an anode. The
generation of hydrogen was made in a sulfuric acid electrolyte ranging from 0.5 to 3.0 M with a current density of
50 mA/cm? for 90 min. All the hydrogen gas evolving at the cathode was collected in the burette displacing the
electrolyte level. The production rate of H, of cathode surface was found to the current density supplied to the
cathode.

2.2.3 Effect of electrolyte on hydrogen production

Effect of electrolyte was investigated. For this purpose, test solutions were prepared with potassium hydroxide,
acetic acid and ammonia hydroxides range of 1.0 to 3.0 M concentration. The anode of Pt electrode and cathode
of the anodized oxide titanium plate was used.

2.2.4 Gas collection

Gaseous hydrogen was produced at the cathode and oxygen at the anode. Gas generated by cathode under constant
voltage for 90 min of electrolysis was collected with an electrolyte replacement device. An electrolyte was used 10
vol% pyrogallol, as. Collected gas in the burette was displaced the electrolyte. The volume of hydrogen gas was
measured by reading the electrolyte level in the burette at regular intervals.

2.2.5 Comparison of cathode electrodes
The rate of hydrogen production was made of two kinds cathodes. One of them zirconium plate was prepared to
dimensions of 2.0 cm x 5.0 cm x 0.1 cm. It was polished using SiC grinding paper and rinsing in ethanol and
drying in air. The anodic oxidation was made in a sulfuric acid electrolyte for 1.5 M with a current density of 50
mA/cm? for 90 minute. The voltage was applied to 10 V into the electrochemical bath. The solution temperature was
kept at 25°C and stirred with a stirring bar. The anodized oxide zirconium was used for a cathode and a Pt was used as
anode for the production of hydrogen.

Other was selected graphite as cathode. It was prepared dimensions of 2.0 x 5.0 x 1.0 cm and then cleaned by
ethanol and deionized water.

All the tests were performed with same conditions. Hydrogen generation rate and its efficiency were
investigated with ZrO, and graphite electrodes.

3. RESULT AND DISCUSSION

3.1 The effect of electrolytes on anodic oxidation
At the beginning of anodisation, the voltage was limited. When voltage was increased stepwise, was reached
anodisation voltage. More pore structure was observed increased voltages. The oxide layer was produced at 10 V.
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The color of the anodized surface was varied with the concentration of sulfuric acid in the electrolyte. The color of
the anodized surface was changed to dull gray in the electrolyte of 0.5 M sulfuric acid aqueous solution. Dull violet
and dark violet colors were observed in 1.0 M and 3.0 M sulfuric acid aqueous solution, respectively. The
pores increased with increasing sulfuric acid concentration. The surface roughness was increased with increasing of
acid concentration. The sulfur was doped into anodic oxide®. The amounts of doped sulfur can be controlled with
the sulfuric acid concentration in the electrolyte.

Effect of electrolytes on anodized oxide of titanium plate was investigated. The tests were made potassium
hydroxide, acetic acid and ammonia hydroxides solutions of concentration from 0.5 M to 3.0 M. The SEM
observation (Fig-1) shows the microstructures in the anodized oxides prepared in above solutions for concentration
of 1.5 M. At the potassium hydroxide concentration of 3 M, it was observed increase of at the pores on the
surface. As increased of concentration of ammonia decrease the pore on electrode surface. Using an electrolyte
acetic acid was almost observed no change. The porous structures were provided exit paths for the gas generated at the
electrodes. The excess oxygen in the inter spaces of the p-type oxide semiconductor was received electrons from
neighboring metal ions and become O (or O%), with a positive hole getting associated with this metal ion. The holes
oxidize water and oxygen is evolved. The transfer of electrons from the particle surface to water, so that hydrogen is
evolved. The reaction is

2h*+ H0 » 2H" +% 02

The protons move towards the cathode where they combine with electrons to generate hydrogen gas. Another
approximation is the transfer of electrons from the particle surfaces to water, so that hydrogen is evolved according to
the reaction®’.

2e+2H0 —» 20H +H 2

3.2 The relationship between cell voltage and current density

The overpotentials were reduced to increase the optimum current density. The electrode overpotantial was
minimized by selecting TiO, electrode that is high electro catalytic activity. The relationship between cell voltage
and current density was given in Figure 2 for 1.5 M H,SO, and 1.5 M KOH. The electrolysis cell’s I-V results were
observed to depend on the electrolyte concentration. It is seen that, at the cell voltage ranging from 0 to 10 V,
current density of an alkaline electrolyte (KOH) is lower than from acidic electrolyte (H,SO,). When the
applied voltage was increased, the current increased so that hydrogen generation rate increases. It is seen that the
current density increased with concentration of H,SO,, as well. The current density was 0.226 mA/cm?®. 1.5 M H,SO,
exhibited the highest current and was more suitable than others electrolyte. Therefore, 1.5 M H,SO, electrolyte was
used the water splitting.
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Fig-2: The relationship between cell voltage and current density in 1.5 M H,SO,4 and 1.5 M KOH solutions

3.3 Operating time
Fig-3, shows that I-t curves at 1 V for 1.5 M H,SO, and 1.5 M KOH electrolytes. It is seen from Fig-3. The
current density was increased with increasing time. However, after the 90 minutes, current density was almost at
the same level. So, at this experiments were used for electrolysis time 90 minutes.

For the first 30 minutes every two electrolytes is almost no generation of hydrogen at the cathode. After
30 minutes electrolysis in electrolytes, the gas of anode and cathode was collected, and current density was
calculated the amount hydrogen for 90 minutes both of acidic and alkaline electrolytes was calculated as 25.6 mg
and 20.4 mg, respectively.
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The production rate of H, on cathode surface was found to be directly proportional to the current density
supplied to cathode. Average current density was obtained for each electrolyte by the current-time curves.

Current Density (mA .-"cmz)
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Time (min)

Fig-3: The relationship between current and time at 1 V for 1.5 M H,SO,4 and 1.5 M KOH electrolytes

3.4 The effect of electrolytes on the efficiency of hydrogen production
For hydrogen production from water, the conductivity of water was increased by the addition of acids and alkalis. By
offering high ionic concentrations, electrical resistance was decreased. The effects of sulfuric acid, potassium
hydroxide, acidic acid and ammonia hydroxide on cathode hydrogen evaluation were investigated. The hydrogen
production rate was affected the electrolyte concentration. Fig.4 shows that the electrolytic cell efficiency for water
splitting in various electrolytes concentration. It is seen that, by increased the ammonia concentration from 0.5 to 3.0
M, decreased the electro activity of the electrode for hydrogen evolution reaction, so that decreased in cathode
current density. The cell efficiency was increased in 1.0 M KOH aqueous solution. By increasing concentration
of KOH was decreased the electrolytic cell efficiency. Changing concentration of acidic acid was not effected
on the electrolytic cell efficiency. Results of shows that produced of H, were achieved by efficiency of 95% in
1.5 M H,SO,.

The production rate of H, of cathode surface was found to be kind of electrolytes is that due to ion
conduction in the electrolyte.
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Fig-4: The electrolytic cell efficiency for water splitting in various electrolytes as H,SO,, KOH, NH,OH and CH;COOH range
of concentration 0.5t0 3.0 M

3.5 Comparison of cathode electrodes
Hydrogen generation was made using zirconium oxide and graphite electrodes as cathode, also. The results are
given in Figure 5 and Figure 6 for zirconium oxide and graphite electrodes, respectively.
Efficiency of the hydrogen was found 88.56%, 75.04%, 51.28%, and 32.05% using electrolytes of
sulfuric acid, potassium hydroxide, acetic acid and ammonium, for zirconium oxide as electrode, respectively
Efficiency of the hydrogen was found 3.74%, 2.96%, 2.17%, 2.38%, using electrolytes of sulfuric acid,
potassium hydroxide, acetic acid and ammonium for graphite electrode, respectively.
Compared with these electrodes of titanium oxide electrode, the efficiency of hydrogen was found 95 % for sulfate
acid, 87.32%, for potassium hydroxide. The results are given in Figure 7.
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Fig-5: Comparison of the efficiency (%) of hydrogen for zirconium oxide electrode

T

H2804 CH3COOH

Efficiency (%)
[}

Hectrolytes
S

Fig-6: Comparison of the efficiency (%) of hydrogen for graphite electrode
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Fig-7: Compared to three electrodes titanium oxides, zirconium oxides and graphite in sulfate acid and potassium hydroxide

4, CONCLUSION
In this study, we have developed electrochemical hydrogen production using the semiconductor cathode in strong
acidic electrolyte. The anodic oxidation for titanium plates were made by various concentrations of acid and
alkaline electrolytes. The best realized electrolyte for anodic oxidation become in 1.5 M H,SO,. TiO, electrode was
used as cathodes for acidic electrolytes, because of has high catalytic activity with high corrosion resistance. It has
been shown to be electrolyzed high-performance. Optimum stabilities of TiO, were obtained with an
anodisation voltage of 10 V. The conductivity of this electrolyte was decreased with increasing temperature
therefore operating temperature was kept 25°C.

The various electrode materials were investigated ZrO, and graphite for hydrogen production. The best
efficiency for photoelectrolysis of water was detected in TiO,.

Compared with these electrodes to TiO,, hydrogen production rate was increased by 95%. The maximum rate
of hydrogen production was reached 8, 18 ml/h x cm? by using the n-type TiO, electrode.

5. ACKNOWLEDGEMENTS
This study was supported by Yildiz Technical University (Projects nos. 2011-01-02-KAP 08).

113



Pakistan Journal of Chemistry 2014

6. REFERENCES

1.

2.

3.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Turner, J. A., Sustainable hydrogen production. Science, (2004), vol. 305, 972-974,
http://dx.doi.org/10.1126/science.1103197.

Momirlan, M., Veziroglu, T. N., Current status of hydrogen energy. Renewable and Sustainable Energy
Reviews, (2002), vol. 6, 141-147, http://dx.doi.org/10.1016/S1364-0321(02)00004-7.

Sato, S., Lin, S. Y., Suzuki, Y., Hatano, H., Hydrogen production from heavy oil in the presence of calcium
hydroxide. Fuel, (2003), vol. 82, pp. 561-567, http://dx.doi.org/10.1016/S0016-2361(02)00328-9.

Stojic, D. L., Marceta, M. P., Sovilj, S.P., Miljanic, S.S., Hydrogen generation from water electrolysis
possibilities of energy saving. Journal of Power Sources, (2003), vol. 118, 315-319,
http://dx.doi.org/10.1016/S0378-7753(03)00077-6.

Dunn, S., Hydrogen futures: toward a sustainable energy system. International Journal of Hydrogen
Energy. (2002), vol. 27, 235-264, http://dx.doi.org/10.1016/S0360-3199(01)00131-8.

Nakamura, T., Hydrogen production from water utilizing solar heat at high temperatures. Sol Energy, (1977),
vol. 19, 467-475, http://dx.doi.org/10.1016/0038-092X(77)90102-5.

Sturzenegger, M., Ganz, J., Nuesch, P. T., Schelling Solar hydrogen from an anganese oxide based
thermochemical cycle. J. Phy. S., (1999), vol. 1V: JP 9: 3331.

Kaneko, H., Gokon, N., Hasegawa, N., Tamaura, Y., Solar thermochemical process for hydrogen production
using ferrites. Energy, (2005), vol: 30, 2171-2178.

Kodama, Y., Kondoh, Y., Yamamoto, R., Andou, H., Satou, N., Thermochemical hydrogen production
by a redox system of ZrO,-supported Co (II)-ferrite. Sol Energy, (2005), vol. 78, 623-631,
http://dx.doi.org/10.1016/j.solener.2004.04.008.

Alvani, C., Ennas, G., La Barbera, A., Marongiu, G., Padella, F., Varsano, F., Synthesis and characterization
of nanocrystalline MnFe,O,: advances in thermochemical water Splitting. Int. J. Hydrogen Energy, (2005),
vol. 30, 1407-1411, http://dx.doi.org/10.1016/j.ijhydene.2004.10.020.

Kodoma, T., Kondoh, Y., Kiyama, A., Shimizu, K., Hydrogen production by solar thermochemical water
splitting/methane-reforming process. International Solar Energy Conference, (2003), 21-128,
http://dx.doi.org/10.1115/ISEC2003-44037.

Lede, J., Ricart, E. E., Ferrer, M., Solar thermal splitting of zinc oxide: A review of some of the rate
controlling factors. J. Solar Energy Eng, (2001), vol. 123, 91-97, http://dx.doi.org/10.1115/1.1351815.
Agrafiotis, C., Roeb, M., Konstandopoulos, A. G., Nalbandian, L., Zaspalis, V. T., Sattler, C., Stobbe, P.,
Steele, A. M., Solar water splitting for hydrogen production with monolithic Reactors. Sol Energy, (2005),
vol. 79, 409-421, http://dx.doi.org/10.1016/j.solener.2005.02.026.

Weaver, P.F., Lien, S., Seibert, M., Photobiological production of hydrogen. Sol Energy, (1980), vol. 24,
345, http://dx.doi.org/10.1016/0038-092X(80)90018-3.

Renger, G., Photosynthetic water oxidation to molecular oxygen: apparatus and mechanism. Biochim.
Biophys. Acta., (2001), vol. 1503, 210-228, http://dx.doi.org/10.1016/S0005-2728(00)00227-9.

Kruse, O., Rupprecht, J., Mussgnug, J. H., Dismukes, G.C., Hankamer, B., Photosynthesis: a blueprint
for solar energy capture and biohydrogen production Technologies. Photochem. Photobiol. Sci., (2005), vol.
4, 957-969, http://dx.doi.org/10.1039/b506923h.

Rupprecht, J., Hankamer, B., Mussgnug, J. H., Ananyev, G., Dismukes, C., Kruse, O., Perspectives and
advances of biological H, production in microorganisms. Appl. Microbiol. Biotechnology, (2006), vol. 72,
442-449, http://dx.doi.org/10.1007/s00253-006-0528-x.

Das, D., Dutta, T., Nath, K., Kotay, S. M., Das, K. A., Veziroglu, T. N., Role of Fe- hydrogenase in
biological hydrogen production. Curr. Sci., (2006), vol. 90, 1627-1637.

Bockris, J. O. M., Dandapani, B., Cocke, D., Ghoroghchian, J., On the splitting of water. Int. J. Hydrogen
Energy, (1985), vol. 10, 179-201, http://dx.doi.org/10.1016/0360-3199(85)90025-4.

Chen, X., Suib, S. L., Hayashi, Y., Matsumoto, H., H,O splitting in tubular PACT (Plasma and catalyst
integrated technologies reactors. J. Catal., (2001), vol. 201, 198-205, http://dx.doi.org/10.1006/jcat.2001.3252.
Kabashima, H., Einaga, H., Futamura, S., Hydrogen evolution from water, methane and methanol with
nonthermal plasma. IEEE Transactions on Industry Applications, (2003), 340-345,
http://dx.doi.org/10.1109/T1A.2003.808968.

Laverne, J. A., H, formation from the radiolysis of liquid water with zirconia. J. Phys. Chem., (2005), vol. B
109, 5395-5397.

LaVerne, J. A., Tandon, L., H, produced in the radiolysis of water on CeO, and ZrO,. J. Phys. Chem.,
(2002), vol. B 106, 380! 1-386.

Caer, S. L., Rotureau, P., Brunet, F., Charpentier, T., Blain, G., Renault J. P., Mialocq, J. C., Radiolysis
of confined water: Hydrogen production at a high dose rate. Chem. Phys. Chem., (2005), vol. 6, 2585-
2596, http://dx.doi.org/10.1002/cphc.200500185.

Fujishima, A., Honda, K., Nature, (1972), vol. 238, 37-38, http://dx.doi.org/10.1038/238037a0.

114


http://dx.doi.org/10.1126/science.1103197
http://dx.doi.org/10.1016/S1364-0321(02)00004-7
http://dx.doi.org/10.1016/S0016-2361(02)00328-9
http://dx.doi.org/10.1016/S0378-7753(03)00077-6
http://dx.doi.org/10.1016/S0360-3199(01)00131-8
http://dx.doi.org/10.1016/0038-092X(77)90102-5
http://dx.doi.org/10.1016/j.solener.2004.04.008
http://dx.doi.org/10.1016/j.ijhydene.2004.10.020
http://dx.doi.org/10.1115/ISEC2003-44037
http://dx.doi.org/10.1115/1.1351815
http://dx.doi.org/10.1016/j.solener.2005.02.026
http://dx.doi.org/10.1016/0038-092X(80)90018-3
http://dx.doi.org/10.1016/S0005-2728(00)00227-9
http://dx.doi.org/10.1039/b506923h
http://dx.doi.org/10.1007/s00253-006-0528-x
http://dx.doi.org/10.1016/0360-3199(85)90025-4
http://dx.doi.org/10.1006/jcat.2001.3252
http://dx.doi.org/10.1109/TIA.2003.808968
http://dx.doi.org/10.1002/cphc.200500185
http://dx.doi.org/10.1038/238037a0

Koyuncu & Kahraman

26.

217.

28.

29.

30.

31.

32.

33.
34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

ol.

Mizukoshi, Y., Ohtsu, N., Semboshi, S., Masahashi, N., Applied Catalysis, B: Environmental, (2009), vol.
91, 152-156, http://dx.doi.org/10.1016/j.apcatbh.2009.05.018.

Hongbo, H., Aiping, C., Hui, L., Haijun, D., Ming, C., Chunzhong, L., Applied Surface Science, (2013),
vol. 266, 126-131, http://dx.doi.org/10.1016/j.apsusc.2012.11.115.

Cl’audia, E. B., Marino, Sonia, R., Biaggio, Romeu, C., Rocha-Filho, Nerilso, Bocchi, Electrochimica Acta.,
(2006), vol. 51, 6580-6583.

Wang, W., Oumarou Savadogo, Zi-Feng Ma, International journal of hydrogen energy, (2012), vol. 37,
7405-7417, http://dx.doi.org/10.1016/j.ijhydene.2012.02.025.

Ohta, T. A., Mills, A., Hunte, S. L., Note on the gas-evolution of mechano., J. Photochem. Photobiol. A,
(2001), vol. 108, 1.

Masahashi, N., Semboshi, S., Ohtsu, N., Oku, M., Thin Solid Films, (2008), vol. 516, 7488-7496,
http://dx.doi.org/10.1016/j.tsf.2008.03.047.

Masahashi, N., Mizukoshi, Y., Semboshi, S., Ohtsu, N., Jung, T. K., Hanada, S., Thin Solid Films, (2010),
vol. 519, 276, http://dx.doi.org/10.1016/j.tsf.2010.07.114.

Masahashi, N., Mizukoshi, Y., Semboshi, S., Ohtsu, N., Appl. Catal. (2009), vol. B 90, 255-261.
Borgarello, E., Kiwi, J., Gratzel, M., Peilizzetti, E., Visca, M., J. Am. Chem. Soc., (1982), vol. 104,
29963002, http://dx.doi.org/10.1021/ja00375a010.

Choi, W., Termin, A., Hoffmann, M. R., J. Phys. Chem., (1994), vol. 98, 13669-13679,
http://dx.doi.org/10.1021/j100102a038.

Brezova, V., Blazkova, A., Karpinsky, L., Groskova, J., Havlinova, B., Jorik, V., Ceppan, M., J.
Photochem. Photobiol. A, (1997), vol. 15, 177-183, http://dx.doi.org/10.1016/S1010-6030(97)00121-4.
Sang, L. X., Zhang, Z. Y., Ma, C. F., Photoelectrical and charge transfer properties of hydrogen-evolving
TiO2 nanotube arrays electrodes annealed in different gases. International Journal of Hydrogen Energy.
(2011), vol. 36, 4732-4738, http://dx.doi.org/10.1016/j.ijhydene.2011.01.071.

Chueh, W. C., Falter, C., Abbott, M., Scipio, D., Furler, P., Haile, S. M., et al. High-flux solar-driven
thermochemical dissociation of CO, and H,O using nonstochiometric ceria. Science, (2010), vol. 330, 1797—
1801, http://dx.doi.org/10.1126/science.1197834.

Boettcher, S. W., Spurgeon, J. M., Putnam, C., Warren, E. L., Turner-Evans, D. B., Kelzenberg, D., et al.
Energy-conversion properties of vapor-liquid-solid-grown silicon wire-array photocathodes. Science, (2010),
vol. 327, 185-187, http://dx.doi.org/10.1126/science.1180783.

Khaselev, O., Turner, J. A., A monolithic photovoltaic-photoelectrochemical device for hydrogen production
via water splitting. Science, (1998), vol. 280, 425427, http://dx.doi.org/10.1126/science.280.5362.425.
Fujishima, A., Honda, K., Electrochemical photolysis of water at a semiconductor electrode. Nature, (1972),
vol. 238, 37-38, http://dx.doi.org/10.1038/238037a0.

Abe, R., Higashi, M., Sayama, K., Sugihara, H., Photocatalytic activity of RsMO; and R,Ti,O; (R=Y, Gd,
La; M =Nb, Ta) for water splitting into H, and O,. The Journal of Physical Chemistry B, (2006), vol.
110, 2219-2226, http://dx.doi.org/10.1021/jp0552933.

Yerga, R. M. N., Galvan, M.C.A., Valle, F., del Mano, J. A. V., de la, J. L. G., Fierro, Water splitting
on semiconductor catalysts under visible-light irradiation. Chem. Sus. Chem., (2009), vol. 2, 71-485.
Zhang, Z. H., Hossain, M. F., Takahashi, T., Photoelectrochemical water splitting on highly smooth and
ordered TiO, nanotube arrays for hydrogen generation. International Journal of Hydrogen Energy, (2010),
vol. 35, 8528-8535, http://dx.doi.org/10.1016/j.ijhydene.2010.03.032.

Erkins, C., Lichty, P. R., Weimer, A. W., Thermal ZnO dissociation in a rapid aerosol reactor as part of a
solar hydrogen production cycle. International Journal of Hydrogen Energy, (2008), vol. 33, 499-510,
http://dx.doi.org/10.1016/j.ijhydene.2007.10.021.

Ohta, T., Preliminary theory of mechano-catalytic water-splitting. Int. J Hydrogen Energy, (2000), vol. 25,
287-293, http://dx.doi.org/10.1016/S0360-3199(99)00073-7.

Ohta, T., On the theory of mechano-catalytic water splitting system, Int J Hydrogen Energy, (2000), vol. 25,
911-917, http://dx.doi.org/10.1016/S0360-3199(00)00013-6.

Ohta, T., Mechano-catalytic water-splitting, App. Energy, (2000), vol. 67, 181-193,
http://dx.doi.org/10.1016/S0306-2619(00)00013-1.

Ohta, T., Efficiency of mechano-catalytic water splitting system. Int. J Hydrogen Energy, (2000), vol. 25,
1151-1156, http://dx.doi.org/10.1016/S0360-3199(00)00034-3.

Mizukoshi, Y., Ohtsu, N., Semboshi, S., Masahashi, N., Applied Catalysis B: Environmental, (2009), vol. 91,
152-156, http://dx.doi.org/10.1016/j.apcath.2009.05.018.

Onta, T., A note on the gas-evolution of mechano-catalytic water splitting system. Int. J. Hydrogen Energy,
(2001), vol. 26, 401, http://dx.doi.org/10.1016/S0360-3199(00)00110-5.

115


http://dx.doi.org/10.1016/j.apcatb.2009.05.018
http://dx.doi.org/10.1016/j.apsusc.2012.11.115
http://dx.doi.org/10.1016/j.ijhydene.2012.02.025
http://dx.doi.org/10.1016/j.tsf.2008.03.047
http://dx.doi.org/10.1016/j.tsf.2010.07.114
http://dx.doi.org/10.1021/ja00375a010
http://dx.doi.org/10.1021/j100102a038
http://dx.doi.org/10.1016/S1010-6030(97)00121-4
http://dx.doi.org/10.1016/j.ijhydene.2011.01.071
http://dx.doi.org/10.1126/science.1197834
http://dx.doi.org/10.1126/science.1180783
http://dx.doi.org/10.1126/science.280.5362.425
http://dx.doi.org/10.1038/238037a0
http://dx.doi.org/10.1021/jp0552933
http://dx.doi.org/10.1016/j.ijhydene.2010.03.032
http://dx.doi.org/10.1016/j.ijhydene.2007.10.021
http://dx.doi.org/10.1016/S0360-3199(99)00073-7
http://dx.doi.org/10.1016/S0360-3199(00)00013-6
http://dx.doi.org/10.1016/S0306-2619(00)00013-1
http://dx.doi.org/10.1016/S0360-3199(00)00034-3
http://dx.doi.org/10.1016/j.apcatb.2009.05.018
http://dx.doi.org/10.1016/S0360-3199(00)00110-5

