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ABSTRACT

The major causes of global warming are mainly attributed to greenhouse
gases such as carbon dioxide (CO,) and methane (CH,4). The conversion of the gases
to renewable fuels has stirred interest for greenhouse gas mitigation and energy
crises alleviations. The main objective of this study was to develop the nanosized
titania (TiO,) catalyst for selective CO, and CH,; reduction to fuels by using
photoreactor. The photoreduction of CO; in the presence of CH, was studied over
immobilized titania nanoparticles on stainless steel mesh. Response surface
methodology was used to assess individual and interactive effects of important
parameters on conversion. Calcination of coated titania nanoparticles increased the
absorption of ultraviolet-visible light while uniform photocatalyst structure
commensurate with decreasing agglomeration. The observed maximum conversions
were 37.9% and 48.7% for CO, and CHy,, respectively. It is apparent that the
optimization exercise is more efficient with response surface methodology. The
corresponding products selectivity were 4.7%, 4.3%, 3.9%, 41.4% and 45.7% for
ethane, acetic acid, formic acid, methyl acetate and methyl formate, respectively. The
performance of highly ordered nitrogen-doped titania nanotube arrays were then
fabricated by anodization method, used for photoreduction of CO, and CH,. Field
emission scanning electron microscopy images of titania nanotube arrays indicated
highly ordered and vertically oriented morphology with inside diameter ranging from
3 to 50 nm. Optimum experimental conditions indicated that maximum CO, and CH,
conversion could reach up to 41.5% and 62.2%, respectively. Correspondingly,
hydrogen at selectivity of 80.5% and several by-products including carbon monoxide
and hydrocarbons such as ethane, propane and ethylene were produced from
photoreduction. The quantum efficiency of the photoreactor with immobilized titania
nanoparticles coated on stainless steel meshes for methyl formate and methyl acetate
were 0.163% and 0.147%, respectively. Furthermore, the quantum efficiency of the
photoreactor with nitrogen-doped titania nanotube arrays synthesized by
electrochemical anodization method, for hydrogen was 0.294%. Finally, Kinetic
model using Langmuir-Hinshelwood developed to investigate photocatalytic
reduction process, was found to fit well with theexperimental data. In conclusion,
photoreactor with nitrogen doped titania nanotube arrays increased CO, and CHy,
reduction to fuels as much as 1.7 times.
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ABSTRAK

Penyebab utama pemanasan global berpunca daripada gas rumah hijau seperti
karbon dioksida (CO,) dan metana (CH,). Penukaran gas tersebut kepada bahan api
yang boleh diperbaharui telah menarik perhatian bagi pengurangan gas rumah hijau
dan krisis tenaga. Objektif utama kajian ini adalah untuk membangunkan mangkin
titania bersaiz nano (TiO;) bagi penurunan CO, dan CH, terpilih kepada bahan api
dengan menggunakan fotoreaktor. Fotopenurunan CO, dengan kehadiran CH, dikaji
terhadap partikel nano titania yang tidak bergerak di atas jejaring keluli tahan karat.
Kaedah permukaan gerak balas digunakan untuk menilai kesan individu dan
interaktif bagi parameter yang penting dalam penukaran. Pengkalsinan untuk partikel
nano titania bersalut meningkatkan penyerapan cahaya nampak-ultraungu manakala
struktur seragam fotopemangkin setara dengan mengurangkan penggumpalan.
Penukaran maksimum yang diperoleh bagi CO, dan CH,; masing-masing adalah
37.9% dan 48.7%. Ini menunjukkan pengoptimuman menggunakan kaedah
permukaan gerak balas adalah lebih cekap. Kememilihan produk yang sepadan
masing-masing adalah 4.7%, 4.3%, 3.9%, 41.4% dan 45.7% bagi etana, asid asetik,
asid formik, metil asetat dan metil format. Prestasi tertib tatasusunan tiub nano titania
yang didopkan dengan nitrogen telah dihasilkan melalui kaedah penganodan,
digunakan untuk fotopenurunan bagi CO, dan CH,. Imej-imej mikroskop elektron
imbasan pancaran medan bagi tatasusunan tiub nano titania menunjukkan morfologi
yang berorientasikan menegak dan tersusun dengan diameter dalaman di antara 3
hingga 50 nm. Kaedah optimum uji kaji menunjukkan penukaran maksimum CO,
dan CH, masing-masing dapat mencecah sehingga 41.5% dan 62.2%. Sejajar dengan
itu, hidrogen pada kememilihan sebanyak 80.5% dan beberapa produk sampingan
termasuk karbon monoksida dan hidrokarbon seperti etana, propana dan etilena
dihasilkan daripada fotopenurunan. Kecekapan kuantum fotoreaktor dengan partikel
nano titania yang tidak bergerak di atas jejaring keluli tahan karat bagi metil format
dan metil asetat masing-masing adalah 0.163% dan 0.147%. Malahan, kecekapan
kuantum fotoreaktor dengan tatasusunan tiub nano titania yang didopkan nitrogen
telah disintesis melalui kaedah penganodan elektrokimia untuk hidrogen adalah
0.294%. Akhir sekali, model kinetik yang dibangunkan menggunakan Langmuir-
Hinshelwood untuk mengkaji proses penurunan fotopemangkin, didapati sesuai
dengan data uji kaji. Kesimpulannya, fotoreaktor dengan tatasusunan mangkin tiub
nano titania yang didopkan nitrogen meningkatkan penurunan CO, dan CH,4 kepada
bahan api sebanyak 1.7 kali.
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CHAPTER 1

INTRODUCTION

1.1  Research Background

Owing to the recent effects of fossil fuel use on the global environment and
the limited amount of energy sources, the search for renewable energy sources, such
as sunlight, energy crops and wind are inevitable. As shown in Figure 1.1, the
Intergovernmental Panel on Climate Change (IPCC) presented that the major
worldwide energy sources in 2008 were 34.6% of oil, 28.4% of coal, 22.1% of gas
and 2.0% of nuclear energy [1]. On a global basis, it is valued that renewable energy
accounted for 12.9% of the total 492 * 108 Joules of primary energy supply.
Renewable energy contributed roughly 19% of global electricity supply (16%
hydropower and 3% other renewable energy) and biofuels contributed 2% of global
road transport fuel supply. About 17% of traditional biomass, 8% of modern
biomass, 2% of solar thermal and geothermal energy together fuelled 27% of the
total global demand for heat. The contribution of renewable energy to primary

energy supply varies substantially by country and region [1].

Recent data [2] confirm that consumption of fossil fuels accounts for the
majority of global anthropogenic greenhouse gas emissions. Emissions continue to
grow and CO; concentrations increased to over 390 ppm, or 39% above preindustrial

levels, by the end of 2010 [1]. There are various options for lowering greenhouse gas



emissions from the energy system while still satisfying the global demand for energy

services.
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Figure 1.1  The major worldwide energy sources in 2008 [1]

The rapid rise in fossil fuel combustion (including gas flaring) has produced a
corresponding rapid growth in CO, emissions (Figure 1.2). The amount of carbon in
fossil fuel reserves and resources (unconventional oil and gas resources as well as
abundant coal) not yet burned has the potential to add quantities of CO, to the
atmosphere. Global CO, emissions for 1940 to 2000 and emissions range for
categories of stabilization scenarios from 2000 to 2100 considered in Figure 1.3. In
scenarios of CO, emission predicted for the year 2050, bioenergy (1.6 X
102° Joules/Year), direct solar energy (3 x 1019 Joules/Year) and wind energy
(2.5 x 10*° Joules/Year) are the major three renewable technologies that must be
applied in order to reach the motivated goal that calls to decrease the CO,
concentration to less than 390 ppm in the atmosphere [1]. Several methods to reduce
the CO, concentration and prevent CO, emissions have been examined: the
investigation of the absorption of CO, into new or functionalized materials,

increment of the dissolved carbonate level and capturing CO, [2-6].
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Figure 1.2  Carbon dioxide emissions of burning of fossil fuel (1850 to 2007) [1]
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It is supposedly valuable to capture CO, from the atmosphere or plants
exhaustion and convert it to hydrocarbon fuels by using sustainable energy sources.
This option leads to solving the sustainable energy shortage and global warming
problems, simultaneously. In this regard, we need to develop techniques, processes
and applications capable of CO, conversion at high scale. CO, conversion at high
scale implies significant challenges [7-9]. C1 chemistry addresses important subjects
including utilization and conversion of CH, and CO,, but it offers no practical
conversion technique [4-7]. CH4 conversion is an oxygenation reaction, while that of
CO; is a reduction process. The simultaneous process of CO, and CH,4 conversion is
considered as a perfect redox reaction. The most favorable CO, and CH,4 reduction
method is by applying photocatalysts since visible light irradiation or UV can reduce

it to useful compounds at certain conditions [7-9].

1.2 Introduction to Photocatalysts

Making use of the photocatalytic process to extinguish organic pollutants by
oxidation and converting it to hydrocarbon fuels through reduction leads to solving
the global warming problems. The use of sunlight for such conversion at accelerated
rates with the help of a comparatively economical and nontoxic photocatalyst such as
titania (TiOy), is an attractive alternative for renovation of the deteriorated
environment. For this purpose, several photocatalysts, such as TiO,, CdS, ZnO,
WOj3, SnO,, and Fez04 have been used. Titania among several semiconductor metal
oxides is one of the most favored photocatalysts for the photocatalytic degradation of
chemicals and organic dyes [10-18].

1.3 Problem Statement

The major causes of global warming are mainly attributed to greenhouse
gases such as carbon dioxide and methane. The carbon-flow between the oceans and



atmosphere is considered natural and a yearly excess of CO, is added to the cycle by
human activities. In order to bring the CO, level back to where it was, we need to
develop techniques, processes and applications capable of handling CO; at high
scale. Handling CO, at high scale implies significant challenges. C; chemistry
addresses important subjects including utilization and conversion of CH, and CO,,
but it offers no practical conversion technique. Usually, the direct CH; and CO;
conversion to oxygenated mixtures is not promising from the thermodynamical
aspect and there is no catalyst available for selective and efficient conversion. CH,4
conversion is an oxygenation reaction, while that of CO, is a reduction process. The
simultaneous process of CO, and CH, conversion is considered as a perfect redox

reaction. The main challenges ahead in this field are described as below:

Conversion of CO, with CH4 to hydrocarbon fuels is a two-step process
which requires higher input energy. On a commercial scale, input energy is provided
by the combustion of CH,4, which exacerbates more greenhouse gas emission, leading

to uneconomical as well as an unfriendly process to the environment.

Although CO; reduction to formate, acetate derivatives and hydrogen through
photocatalytic reductions have numerous advantages, yet photocatalysts and reactors
under investigations are inefficient to produce high value products with sufficient

yield rates and selectivity.

Among semiconductor materials, TiO, is widely investigated due to it
abundantly available; comparatively cheap and numerous other advantages.
However, it has lower light absorption efficiency, trivial photoactivity and selectivity
for photocatalytic CO, reduction to hydrocarbon fuels.

Existing photoreactors also have lower quantum efficiency due to inefficient
harvesting and distribution of light irradiation over the catalyst surface. In addition,
such types of reactors have lower exposed surface area, lower catalyst loading, and
ineffective adsorption-desorption process and less mass transfer over the catalyst

surface, resulting in lower yield rate and selectivity.



1.4  Research Hypothesis

The main focus of this research is to develop a new photocatalytic system for
efficiently converting stable CO, molecule in the presence of CH,4 to valuable
products. In this perspective, nanosized catalysts and a designed reactor could
contribute significantly in the photoreduction process. This research also planned to
significant improvement of the efficiency of photocatalytic systems that can be
achieved by developing appropriate reductants and selecting semiconductors.

Therefore, major hypotheses of the research are deliberated as follows:

Titania nanosized catalyst is planned to be designed in such a way which
could enable to cross over barriers by providing higher light absorption capacity,
controlling of surface reaction for enhancing selectivity and steps ahead toward
higher CO, and CH,4 conversion. For this purpose titania nanoparticles coated on
stainless steel mesh and titania nanotube arrays fabricated by anodizing method as
catalysts with a self-designed photocatalytic reactor can provide thrust to wrestle

problems of photocatalysis and would help to improve photoactivity and selectivity.

Higher CO, and CHy, reduction and improved photoactivity will be possible
through introducing immobilized titania nanoparticles on stainless steel mesh, also
titania nanotube arrays fabricated by anodizing method as catalysts. For enhancing
the photoactivity of TiO; in the visible spectral range would be used the desired band
gap narrowing of TiO, can be achieved using main-group dopants, such as nitrogen
(i.e. TiO2-xNx).



1.5

1.6

1)

2)

3)

4)
5)

1)

2)

Research Objectives

The objectives of this study including;

To synthesize and characterize the titania nanoparticles coated on stainless
steel mesh and titania nanotube arrays catalysts.

To evaluate the catalytic activity of both catalysts on photoreduction of CO,
and CHa.

To optimize the reaction conditions, including their interaction effect that
suitable for the photorcduction.

To evaluate the quantum efficiency of the photoreduction over both catalysts.

To study the kinetic parameters of the photoreduction over both catalysts.

Research Scope

The specific research scopes of this study are as follows:

Preparation of titania nanoparticles coated on stainless steel mesh and
synthesis of nitrogen-doped titania nanotube arrays for addressing the
promising catalysts of photocatalytic conversion of CO, and CHa.
Furthermore, catalyst characterizations are conducted for samples before and
after calcination at different temperatures of titania nanoparticles also,
undoped and nitrogen-doped titania nanotube arrays using UV-vis spectra,
BET, SEM and XRD in order to investigate the light absorption,
agglomeration and surface structure of catalysts.

CO, and CH,4 molecules were competitively activated by the charge transfer
excited complexes and the values of feed ratios influenced the selectivity for
the formation of the desired products.



3) Design Of Experiments (DOE) is the first requirement for Response Surface
Methodology (RSM) to determine the number of runs that are required to
give a reliable measurement of the desired response. The optimization is

performed for methane and carbon dioxide conversion responses.

4) The evaluation of photoreactors performances in the field of photocatalysis is
vital to compare results under different operating conditions. For this purpose
various standard tests such as quantum efficiency and photon flux reported.
High quantum efficiencies may be attributed to higher photon absorption due

to larger illuminated active surface area.

5) In heterogeneous catalysis, the Kinetic expression can be developed for the
stable reactants and products in terms of surface concentrations of reactant
and product. The reaction mechanism and kinetic model were developed to

find out the key parameters in reduction applications.

1.7 Outline of Thesis

This thesis consists of 6 six chapters. Background of the research and
problem at hand, research hypothesis, objectives and scope of this study is discussed
in chapter 1. Chapter 2 presents a literature review pertaining to possible pathways
for CO; recycling, fundamentals and progress in CO, reduction to hydrocarbon fuels,
synthesis and characterization techniques, and description of photocatalytic reactors
and development of kinetic models. In chapter 3, general description of research
methodology and detailed experimental strategies are discussed. The photoreduction
of CO; in the presence of CH, over immobilized titania nanoparticles on stainless
steel mesh and optimization study are deliberated in chapter 4. The description about
photoreduction of CO, in the presence of CH,4 over nitrogen-doped titania nanotube
arrays to hydrogen and optimization using response surface methodology is
presented in chapter 5. Finally, 6 contains the overall conclusions of this study and

recommendations for the future work.



REFERENCES

Edenhofer, O., Madruga, R., Sokona, Y., Seyboth, K., Eickemeier, P.,
Matschoss, P., and Hansen, G. Renewable energy sources and climate change
mitigation. Climate Policy. 2012.

Yu, C. T., Chen, W. C. Hydrothermal preparation of calcium-aluminum
carbonate sorbent for high-temperature CO, capture in fixed-bed reactor.
Fuel. 2014. 122(0): 179-185.

Chou, C. S., Huang, Y.-H.,, Wu, P., and Kuo, Y. T. Chemical-photo-
electricity diagrams by Ohm’s law - A case study of Ni-doped TiO; solutions
in dye-sensitized solar cells. Applied Energy. 2014. 118(0): 12-21.
Karthikeyan, C., Rajeswari, S., Maruthamuthu, S., Subramanian, K., and
Rajagopal, G. Biogenic ammonia for CO, capturing and electrochemical
conversion into bicarbonate and formate. Journal of CO, Utilization. 2014.
6(0): 53-61.

Kim, N., Yoon, S., and Park, G. Evaluating the CO,-capturing efficacy of
amine and carboxylic acid motifs: ab initio studies on thermodynamic versus
kinetic properties. Tetrahedron. 2013. 69(32): 6693-6697.

Kang, K. S. The method of capturing CO, greenhouse gas in cellulose matrix.
Journal of Environmental Chemical Engineering. 2013. 1(1-2): 92-95.

Shi, D., Feng, Y., and Zhong, S. Photocatalytic conversion of CH, and CO; to
oxygenated compounds over Cu/CdS-TiO,/SiO, catalyst. Catalysis Today.
2004. 98(4): 505-509.

Ahmed, N., Shibata, Y., Taniguchi, T., and lzumi, Y. Photocatalytic
conversion of carbon dioxide into methanol using zinc-copper-M(lll) (M =
aluminum, gallium) layered double hydroxides. Journal of Catalysis. 2011.
279(1): 123-135.



10.

11.

12.

13.

14.

15.

16.

17.

18.

188

Morris, A. J., Meyer, G. J., and Fujita, E. Molecular approaches to the
photocatalytic reduction of carbon dioxide for solar fuels. Accounts of
chemical research. 2009. 42(12): 1983-1994.

Song, G., Xin, F., Chen, J., and Yin, X. Photocatalytic reduction of CO; in
cyclohexanol on CdS-TiO, heterostructured photocatalyst. Applied Catalysis
A: General. 2014. 473(0): 90-95.

Truong, Q. D., Liu, J. Y., Chung, C. C., and Ling, Y. C. Photocatalytic
reduction of CO, on FeTiO3/TiO, photocatalyst. Catalysis Communications.
2012. 19(0): 85-89.

Ohno, T., Higo, T., Murakami, N., Saito, H., Zhang, Q., Yang, Y., and
Tsubota, T. Photocatalytic reduction of CO, over exposed-crystal-face-
controlled TiO, nanorod having a brookite phase with co-catalyst loading.
Applied Catalysis B: Environmental. 2014. 152-153(0): 309-316.

Gui, M. M., Chai, S.-P., Xu, B. Q., and Mohamed, A. R. Enhanced visible
light responsive MWCNT/TiO, core-shell nanocomposites as the potential
photocatalyst for reduction of CO; into methane. Solar Energy Materials and
Solar Cells. 2014. 122(0): 183-189.

Pipornpong, W., Wanbayor, R., and Ruangpornvisuti, V. Adsorption CO; on
the perfect and oxygen vacancy defect surfaces of anatase TiO, and its
photocatalytic mechanism of conversion to CO. Applied Surface Science.
2011. 257(24): 10322-10328.

Li, X., Zhuang, Z., Li, W., and Pan, H. Photocatalytic reduction of CO, over
noble metal-loaded and nitrogen-doped mesoporous TiO,. Applied Catalysis
A: General. 2012. 429-430(0): 31-38.

Pasenow, B., Duc, H. T., Meier, T., and Koch, S. W. Rabi flopping of charge
and spin currents generated by ultrafast two-colour photoexcitation of
semiconductor quantum wells. Solid State Communications. 2008. 145(1-2):
61-65.

Bongiovanni, G., Cordella, F., Orru, R., and Mura, A. Photoexcitation energy
loss in molecular semiconductors. Synthetic Metals. 2003. 139(3): 723-726.
Wang, H., Zhu, W., Chong, B., and Qin, K. Improvement of photocatalytic
hydrogen generation from CdSe/CdS/TiO, nanotube-array coaxial
heterogeneous structure. International Journal of Hydrogen Energy. 2014.
39(1): 90-99.



19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

189

Chiarello, G. L., Selli, E., and Forni, L. Photocatalytic hydrogen production
over flame spray pyrolysis-synthesised TiO, and Au/TiO,. Applied Catalysis
B: Environmental. 2008. 84(1): 332-339.

Olah, G. A., Goeppert, A., and Prakash, G. S. Chemical recycling of carbon
dioxide to methanol and dimethyl ether: from greenhouse gas to renewable,
environmentally carbon neutral fuels and synthetic hydrocarbons. The
Journal of organic chemistry. 2008. 74(2): 487-498.

Gattrell, M., Gupta, N., and Co, A. Electrochemical reduction of CO; to
hydrocarbons to store renewable electrical energy and upgrade biogas.
Energy conversion and Management. 2007. 48(4): 1255-1265.
Aurian-Blajeni, B., Halmann, M., and Manassen, J. Photoreduction of carbon
dioxide and water into formaldehyde and methanol on semiconductor
materials. Solar Energy. 1980. 25(2): 165-170.

Song, C. Global challenges and strategies for control, conversion and
utilization of CO, for sustainable development involving energy, catalysis,
adsorption and chemical processing. Catalysis Today. 2006. 115(1): 2-32.
Martin, L. R. Use of solar energy to reduce carbon dioxide. Solar Energy.
1980. 24(3): 271-277.

Galvez, M., Loutzenhiser, P., Hischier, I., and Steinfeld, A. CO, splitting via
two-step solar thermochemical cycles with Zn/ZnO and FeO/Fe30, redox
reactions: Thermodynamic analysis. Energy & Fuels. 2008. 22(5): 3544-
3550.

Traynor, A. J., Jensen, R. J. Direct solar reduction of CO, to fuel: First
prototype results. Industrial & engineering chemistry research. 2002. 41(8):
1935-19309.

Dorner, S., Keller, C. (1975). Hydrogen production from decomposition of
water by means of nuclear reactor heat Hydrogen Energy (pp. 155-166):
Springer.

Bamberger, C., Robinson, P. R. Thermochemical splitting of water and
carbon dioxide with cerium compounds. Inorganica Chimica Acta. 1980. 42:
133-137.

Diver, R. B., Miller, J. E., Allendorf, M. D., Siegel, N. P., and Hogan, R. E.
Solar thermochemical water-splitting ferrite-cycle heat engines. Journal of

solar energy engineering. 2008. 130(4).



30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

190

Kuo, Y., Frye, C. D., Ikenberry, M., and Klabunde, K. J. Titanium—indium
oxy (nitride) with and without RuO, loading as photocatalysts for hydrogen
production under visible light from water. Catalysis Today. 2013. 199: 15-21.
Ahmed, N., Shibata, Y., Taniguchi, T., and Izumi, Y. Photocatalytic
conversion of carbon dioxide into methanol using zinc—copper—M (I11)(M=
aluminum, gallium) layered double hydroxides. Journal of catalysis. 2011.
279(1): 123-135.

Ko¢i, K., Obalova, L., and Lacny, Z. Photocatalytic reduction of CO, over
TiO, based catalysts. Chemical Papers. 2008. 62(1): 1-9.

Varghese, O. K., Paulose, M., LaTempa, T. J., and Grimes, C. A. High-rate
solar photocatalytic conversion of CO, and water vapor to hydrocarbon fuels.
Nano letters. 2009. 9(2): 731-737.

Solymosi, F., Tombacz, I. Photocatalytic reaction of H,O+ CO, over pure and
doped Rh/TiO,. Catalysis letters. 1994. 27(1-2): 61-65.

Kaneco, S., Kurimoto, H., Shimizu, Y., Ohta, K., and Mizuno, T.
Photocatalytic reduction of CO, using TiO, powders in supercritical fluid
COs,. Energy. 1999. 24(1): 21-30.

Anpo, M., Yamashita, H., Ichihashi, Y., and Ehara, S. Photocatalytic
reduction of CO, with H,O on various titanium oxide catalysts. Journal of
Electroanalytical Chemistry. 1995. 396(1): 21-26.

Xia, X. H., Jia, Z. J., Yu, Y., Liang, Y., Wang, Z., and Ma, L. L. Preparation
of multi-walled carbon nanotube supported TiO, and its photocatalytic
activity in the reduction of CO, with H,O. Carbon. 2007. 45(4): 717-721.
Tan, S. S., Zou, L., and Hu, E. Photocatalytic reduction of carbon dioxide into
gaseous hydrocarbon using TiO, pellets. Catalysis Today. 2006. 115(1): 269-
273.

Dey, G., Belapurkar, A., and Kishore, K. Photo-catalytic reduction of carbon
dioxide to methane using TiO, as suspension in water. Journal of
Photochemistry and photobiology A: Chemistry. 2004. 163(3): 503-508.
Inoue, T., Fujishima, A., Konishi, S., and Honda, K. Photoelectrocatalytic
reduction of carbon dioxide in aqueous suspensions of semiconductor
powders. Nature. 1979. 277: 637-638.



41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

191

Tong, H., Ouyang, S., Bi, Y., Umezawa, N., Oshikiri, M., and Ye, J. Nano-
photocatalytic Materials: Possibilities and Challenges. Advanced Materials.
2012. 24(2): 229-251.

Xu, H., Ouyang, S., Li, P., Kako, T., and Ye, J. High-Active Anatase TiO,
Nanosheets Exposed with 95%{100} Facets Toward Efficient H, Evolution
and CO, Photoreduction. ACS Applied Materials & Interfaces. 2013.

Pan, J., Liu, G., Lu, G. Q. M., and Cheng, H. M. On the true photoreactivity
order of {001},{010}, and {101} facets of anatase TiO, crystals. Angewandte
Chemie International Edition. 2011. 50(9): 2133-2137.

Liu, G., Jimmy, C. Y., Lu, G. Q. M., and Cheng, H.-M. Crystal facet
engineering of semiconductor photocatalysts: motivations, advances and
unique properties. Chemical Communications. 2011. 47(24): 6763-6783.

Pan, P.-W., Chen, Y.-W. Photocatalytic reduction of carbon dioxide on
NiO/InTaO,4 under visible light irradiation. Catalysis Communications. 2007.
8(10): 1546-1549.

Lazzeri, M., Vittadini, A., and Selloni, A. Structure and energetics of
stoichiometric TiO{2} anatase surfaces. Physical Review B. 2001. 63(15):
155400.

Lazzeri, M., Vittadini, A., and Selloni, A. Erratum: Structure and energetics
of stoichiometric TiO{2} anatase surfaces [Phys. Rev. B 63, 155409 (2001)].
Physical Review B. 2002. 65(11): 119901.

Barnard, A., Curtiss, L. Prediction of TiO, nanoparticle phase and shape
transitions controlled by surface chemistry. Nano letters. 2005. 5(7): 1261-
1266.

Zhao, X., Jin, W., Cai, J., Ye, J.,, Li, Z, Ma, Y., Qi, L. Shape-and Size-
Controlled Synthesis of Uniform Anatase TiO, Nanocuboids Enclosed by
Active {100} and {001} Facets. Advanced Functional Materials. 2011.
21(18): 3554-3563.

Xu, H., Zhang, L. Selective Nonaqueous Synthesis of C— Cl-Codoped TiO,
with Visible-Light Photocatalytic Activity. The Journal of Physical
Chemistry C. 2010. 114(26): 11534-11541.

Chen, X., Li, Z., Ye, J.,, and Zou, Z. Forced impregnation approach to
fabrication of large-area, three-dimensionally ordered macroporous metal
oxides. Chemistry of Materials. 2010. 22(12): 3583-3585.



52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

192

Park, J. H., Kim, S., and Bard, A. J. Novel carbon-doped TiO, nanotube
arrays with high aspect ratios for efficient solar water splitting. Nano letters.
2006. 6(1): 24-28.

Tian, F., Zhang, Y., Zhang, J., and Pan, C. Raman Spectroscopy: A New
Approach to Measure the Percentage of Anatase TiO, Exposed (001) Facets.
The Journal of Physical Chemistry C. 2012. 116(13): 7515-75109.

Baiker, A. Supercritical fluids in heterogeneous catalysis. Chemical reviews.
1999. 99(2): 453.

Kaneco, S., Shimizu, Y., Ohta, K., and Mizuno, T. Photocatalytic reduction
of high pressure carbon dioxide using TiO, powders with a positive hole
scavenger. Journal of Photochemistry and photobiology A: Chemistry. 1998.
115(3): 223-226.

Wang, W., Wang, S., Ma, X., and Gong, J. Recent advances in catalytic
hydrogenation of carbon dioxide. Chem. Soc. Rev. 2011. 40(7): 3703-3727.
Joshi, U. A., Palasyuk, A., Arney, D., and Maggard, P. A. Semiconducting
oxides to facilitate the conversion of solar energy to chemical fuels. The
Journal of Physical Chemistry Letters. 2010. 1(18): 2719-2726.

Fujita, E. Photochemical carbon dioxide reduction with metal complexes.
Coordination Chemistry Reviews. 1999. 185: 373-384.

Wang, Z. Y., Chou, H. C., Wu, J,, Tsai, D. P., and Mul, G. CO,
photoreduction using NiO/InTaO,4 in optical-fiber reactor for renewable
energy. Applied Catalysis A: General. 2010. 380(1): 172-177.

Wang, C., Xie, Z., deKrafft, K. E., and Lin, W. Doping Metal-Organic
Frameworks for Water Oxidation, Carbon Dioxide Reduction, and Organic
Photocatalysis. Journal of the American Chemical Society. 2011. 133(34):
13445-13454.

Anpo, M., Yamashita, H., Ikeue, K., Fujii, Y., Zhang, S. G., Ichihashi, Y.,
Tatsumi, T. Photocatalytic reduction of CO, with H,O on Ti-MCM-41 and
Ti-MCM-48 mesoporous zeolite catalysts. Catalysis Today. 1998. 44(1): 327-
332.

Yamashita, H., Fujii, Y., Ichihashi, Y., Zhang, S. G., lkeue, K., Park, D. R.,
Anpo, M. Selective formation of CH3OH in the photocatalytic reduction of
CO; with H,O on titanium oxides highly dispersed within zeolites and
mesoporous molecular sieves. Catalysis Today. 1998. 45(1): 221-227.



63.

64.

65.

66.

67.

68.

69.

70.

71.

193

Ikeue, K., Nozaki, S., Ogawa, M., and Anpo, M. Characterization of self-
standing Ti-containing porous silica thin films and their reactivity for the
photocatalytic reduction of CO, with H,O. Catalysis Today. 2002. 74(3):
241-248.

Kitano, M., Matsuoka, M., Ueshima, M., and Anpo, M. Recent developments
in titanium oxide-based photocatalysts. Applied Catalysis A: General. 2007.
325(1): 1-14.

Roy, S. C., Varghese, O. K., Paulose, M., and Grimes, C. A. Toward solar
fuels: Photocatalytic conversion of carbon dioxide to hydrocarbons. Acs
Nano. 2010. 4(3): 1259-1278.

Chen, X., Liu, L., Peter, Y. Y., and Mao, S. S. Increasing solar absorption for
photocatalysis with black hydrogenated titanium dioxide nanocrystals.
Science. 2011. 331(6018): 746-750.

Schulte, K. L., DeSario, P. A., and Gray, K. A. Effect of crystal phase
composition on the reductive and oxidative abilities of TiO, nanotubes under
UV and visible light. Applied Catalysis B: Environmental. 2010. 97(3-4):
354-360.

Shaislamov, U., Yang, B. L. CdS-sensitized single-crystalline TiO, nanorods
and polycrystalline nanotubes for solar hydrogen generation. Journal of
Materials Research. 2013. 1(1): 1-6.

Dloczik, L., lleperuma, O., Lauermann, I., Peter, L., Ponomarev, E.,
Redmond, G., Uhlendorf, 1. Dynamic response of dye-sensitized
nanocrystalline solar cells: Characterization by intensity-modulated
photocurrent spectroscopy. The Journal of Physical Chemistry B. 1997.
101(49): 10281-10289.

Feng, X., Sloppy, J. D., LaTempa, T. J., Paulose, M., Komarneni, S., Bao, N.,
and Grimes, C. A. Synthesis and deposition of ultrafine Pt nanoparticles
within high aspect ratio TiO, nanotube arrays: application to the
photocatalytic reduction of carbon dioxide. Journal of Materials Chemistry.
2011. 21(35): 13429-13433.

Zhang, N., Ouyang, S., Kako, T., and Ye, J. Mesoporous zinc germanium
oxynitride for CO, photoreduction wunder visible light. Chemical
Communications. 2012. 48(9): 1269-1271.



72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

194

Zhang, Q., Li, Y., Ackerman, E. A., Gajdardziska-Josifovska, M., and Li, H.
Visible light responsive iodine-doped TiO, for photocatalytic reduction of
CO; to fuels. Applied Catalysis A: General. 2011. 400(1): 195-202.

Anpo, M., Yamashita, H., Ichihashi, Y., Fujii, Y., and Honda, M.
Photocatalytic reduction of CO, with H,O on titanium oxides anchored within
micropores of zeolites: effects of the structure of the active sites and the
addition of Pt. The Journal of Physical Chemistry B. 1997. 101(14): 2632-
2636.

Aslan, N. Application of response surface methodology and central composite
rotatable design for modeling and optimization of a multi-gravity separator
for chromite concentration. Powder Technology. 2008. 185(1): 80-86.

Dey, G. Chemical Reduction of CO, to Different Products during Photo
Catalytic Reaction on TiO, under Diverse Conditions: an Overview. Journal
of Natural Gas Chemistry. 2007. 16(3): 217-226.

Tseng, I, Wu, J., and Chou, H.-Y. Effects of sol-gel procedures on the
photocatalysis of Cu/TiO, in CO, photoreduction. Journal of catalysis. 2004.
221(2): 432-440.

Kohno, Y., Hayashi, H., Takenaka, S., Funabiki, T., and Yoshida, S. Photo-
enhanced reduction of carbon dioxide with hydrogen over Rh/TiO,. Journal
of Photochemistry and photobiology A: Chemistry. 1999. 126(1): 117-123.
Fox, M. A., Dulay, M. T. Heterogeneous photocatalysis. Chemical reviews.
1993. 93(1): 341-357.

Liu, S.-H., Syu, H.-R. One-step fabrication of N-doped mesoporous TiO;
nanoparticles by self-assembly for photocatalytic water splitting under visible
light. Applied Energy. 2012. 100(0): 148-154.

Tseng, I. H., Chang, W. C., and Wu, J. C. S. Photoreduction of CO, using
sol-gel derived titania and titania-supported copper catalysts. Applied
Catalysis B: Environmental. 2002. 37(1): 37-48.

Tahir, M., Amin, N. S. Photocatalytic reduction of carbon dioxide with water
vapors over montmorillonite modified TiO, nanocomposites. Applied
Catalysis B: Environmental. 2013. 142: 512-522.

Tahir, M., Amin, N. S. Photocatalytic CO, reduction and kinetic study over
In/ TiO, nanoparticles supported microchannel monolith photoreactor.
Applied Catalysis A: General. 2013. 467: 483-496.



83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

195

Subrahmanyam, M., Kaneco, S., and Alonso-Vante, N. A screening for the
photo reduction of carbon dioxide supported on metal oxide catalysts for C1—
Cs selectivity. Applied Catalysis B: Environmental. 1999. 23(2-3): 169-174.
Wu, J., Lin, H.-M. Photo reduction of CO, to methanol via TiO;
photocatalyst. International Journal of Photoenergy. 2005. 7(3): 115-119.
Sasirekha, N., Basha, S. J. S., and Shanthi, K. Photocatalytic performance of
Ru doped anatase mounted on silica for reduction of carbon dioxide. Applied
Catalysis B: Environmental. 2006. 62(1-2): 169-180.

Ahmed, N., Morikawa, M., and lzumi, Y. Photocatalytic conversion of
carbon dioxide into methanol using optimized layered double hydroxide
catalysts. Catalysis Today. 2012. 185(1): 263-2609.

Yang, C. C., Yu, Y. H., van der Linden, B., Wu, J. C., and Mul, G. Artificial
photosynthesis over crystalline TiO,-based catalysts: Fact or fiction? Journal
of the American Chemical Society. 2010. 132(24): 8398-8406.

Yui, T., Kan, A., Saitoh, C., Koike, K., lbusuki, T., and Ishitani, O.
Photochemical Reduction of CO, Using TiO,: Effects of Organic Adsorbates
on TiO, and Deposition of Pd onto TiO,. ACS Applied Materials &
Interfaces. 2011. 3(7): 2594-2600.

Zhao, Z., Fan, J., Xie, M., and Wang, Z. Photo-catalytic reduction of carbon
dioxide with in-situ synthesized CoPc/ TiO, under visible light irradiation.
Journal of cleaner production. 2009. 17(11): 1025-1029.

Zhao, Z. H., Fan, J. M., and Wang, Z.-Z. Photo-catalytic CO, reduction using
sol-gel derived titania-supported zinc-phthalocyanine. Journal of cleaner
production. 2007. 15(18): 1894-1897.

Tseng, I. H., Wu, J. C. S., and Chou, H.-Y. Effects of sol-gel procedures on
the photocatalysis of Cu/TiO, in CO, photoreduction. Journal of catalysis.
2004. 221(2): 432-440.

Luo, D., Chen, C., Zhang, N., Hong, S., Wu, H., and Liu, Z. Characterization
and DFT Research of Nd/TiO,: Photocatalyst for Synthesis of Methanol from
CO; and H,0. Zeitschrift fur Physikalische Chemie. 2009. 223(12): 1465-
1476.

Luo, D., Bi, Y., Kan, W., Zhang, N., and Hong, S. Copper and cerium co-
doped titanium dioxide on catalytic photo reduction of carbon dioxide with



94.

95.

96.

97.

98.

99.

100.

101.

102.

196

water: Experimental and theoretical studies. Journal of Molecular Structure.
2011. 994(1): 325-331.

Praus, P., Kozadk, O., Koc¢i, K., Panafek, A., and Dvorsky, R. CdS
nanoparticles deposited on montmorillonite: Preparation, characterization and
application for photoreduction of carbon dioxide. Journal of colloid and
interface science. 2011. 360(2): 574-579.

Cook, R. L., MacDuff, R. C., and Sammells, A. F. Photoelectrochemical
carbon dioxide reduction to hydrocarbons at ambient temperature and
pressure. J. Electrochem. Soc.;(United States). 1988. 135(12).

Liou, P.-Y., Chen, S.-C., Wu, J. C., Liu, D., Mackintosh, S., Maroto-Valer,
M., and Linforth, R. Photocatalytic CO, reduction using an internally
illuminated monolith photoreactor. Energy & Environmental Science. 2011.
4(4): 1487-1494.

Li, Y., Wang, W. N., Zhan, Z., Woo, M.-H., Wu, C.Y., and Biswas, P.
Photocatalytic reduction of CO, with H,O on mesoporous silica supported
Cu/TiO; catalysts. Applied Catalysis B: Environmental. 2010. 100(1): 386-
392.

Lee, D.-S., Chen, H.-J., and Chen, Y. W. Photocatalytic reduction of carbon
dioxide with water using InNbO, catalyst with NiO and Co30, cocatalysts.
Journal of Physics and Chemistry of Solids. 2012. 73(5): 661-669.

Li, P., Ouyang, S., Xi, G., Kako, T., and Ye, J. The Effects of Crystal
Structure and Electronic Structure on Photocatalytic H, Evolution and CO,
Reduction over Two Phases of Perovskite-Structured NaNbO3. The Journal
of Physical Chemistry C. 2012. 116(14): 7621-7628.

Li, X., Pan, H., Li, W., and Zhuang, Z. Photocatalytic reduction of CO; to
methane over HNb3zOg nanobelts. Applied Catalysis A: General. 2012. 413:
103-108.

Zhou, Y., Tian, Z., Zhao, Z., Liu, Q., Kou, J., Chen, X., Zou, Z. High-yield
synthesis of ultrathin and uniform Bi,WOg square nanoplates benefitting from
photocatalytic reduction of CO, into renewable hydrocarbon fuel under
visible light. ACS Applied Materials & Interfaces. 2011. 3(9): 3594-3601.
Liu, Y., Huang, B., Dai, Y., Zhang, X., Qin, X., Jiang, M., and Whangbo, M.-
H. Selective ethanol formation from photocatalytic reduction of carbon



103.

104.

105.

106.

107.

108.

109.

110.

111.

197

dioxide in water with BiVO, photocatalyst. Catalysis Communications. 2009.
11(3): 210-213.

Lekse, J. W., Underwood, M. K., Lewis, J. P., and Matranga, C. Synthesis,
Characterization, Electronic Structure, and Photocatalytic Behavior of
CuGaO; and CuGal—x Fe x O, (x=0.05, 0.10, 0.15, 0.20) Delafossites. The
Journal of Physical Chemistry C. 2012. 116(2): 1865-1872.

Liu, Q., Zhou, Y., Kou, J., Chen, X., Tian, Z., Gao, J., Zou, Z. High-yield
synthesis of ultralong and ultrathin Zn,GeO,4 nanoribbons toward improved
photocatalytic reduction of CO; into renewable hydrocarbon fuel. Journal of
the American Chemical Society. 2010. 132(41): 14385-14387.

Kudo, A., Miseki, Y. Heterogeneous photocatalyst materials for water
splitting. Chemical Society Reviews. 2009. 38(1): 253-278.

lizuka, K., Wato, T., Miseki, Y., Saito, K., and Kudo, A. Photocatalytic
Reduction of Carbon Dioxide over Ag Cocatalyst-Loaded ALasTi4O15 (A=
Ca, Sr, and Ba) Using Water as a Reducing Reagent. Journal of the American
Chemical Society. 2011. 133(51): 20863-20868.

Fujiwara, H., Hosokawa, H., Murakoshi, K., Wada, Y., Yanagida, S., Okada,
T., and Kobayashi, H. Effect of Surface Structures on Photocatalytic CO,
Reduction Using Quantized CdS Nanocrystallites 1. The Journal of Physical
Chemistry B. 1997. 101(41): 8270-8278.

Fujiwara, H., Hosokawa, H., Murakoshi, K., Wada, Y., and Yanagida, S.
Surface Characteristics of 2ZnS Nanocrystallites Relating to Their
Photocatalysis for CO, Reductionl1. Langmuir. 1998. 14(18): 5154-5159.

Liu, M., Piao, L., Lu, W., Ju, S., Zhao, L., Zhou, C., Wang, W. Flower-like
TiO, nanostructures with exposed {001} facets: Facile synthesis and
enhanced photocatalysis. Nanoscale. 2010. 2(7): 1115-1117.

Wang, C., Thompson, R. L., Baltrus, J., and Matranga, C. Visible light
photoreduction of CO, using CdSe/Pt/TiO, heterostructured catalysts. The
Journal of Physical Chemistry Letters. 2009. 1(1): 48-53.

Wang, C., Thompson, R. L., Ohodnicki, P., Baltrus, J., and Matranga, C.
Size-dependent photocatalytic reduction of CO, with PbS quantum dot
sensitized TiO, heterostructured photocatalysts. Journal of Materials
Chemistry. 2011. 21(35): 13452-13457.



112.

113.

114.

115.

116.

117.

118.

119.

120.

198

Kuwabata, S., Nishida, K., Tsuda, R., Inoue, H., and Yoneyama, H.
Photochemical reduction of carbon dioxide to methanol using ZnS
microcrystallite as a photocatalyst in the presence of methanol
dehydrogenase. Journal of the Electrochemical Society. 1994. 141(6): 1498-
1503.

Valdes, A., Qu, Z. W., Kroes, G.-J.,, Rossmeisl, J., and Ngrskov, J. K.
Oxidation and photo-oxidation of water on TiO; surface. 2008.

Cao, L., Sahu, S., Anilkumar, P., Bunker, C. E., Xu, J., Fernando, K. S., Sun,
Y. P. Carbon nanoparticles as visible-light photocatalysts for efficient CO,
conversion and beyond. Journal of the American Chemical Society. 2011.
133(13): 4754-4757.

Dong, G., Zhang, L. Porous structure dependent photoreactivity of graphitic
carbon nitride under visible light. Journal of Materials Chemistry. 2012.
22(3): 1160-1166.

Liang, Y. T., Vijayan, B. K., Gray, K. A., and Hersam, M. C. Minimizing
graphene defects enhances titania nanocomposite-based photocatalytic
reduction of CO, for improved solar fuel production. Nano letters. 2011.
11(7): 2865-2870.

Chen, X., Liu, L., Peter, Y. Y., and Mao, S. S. Increasing solar absorption for
photocatalysis with black hydrogenated titanium dioxide nanocrystals.
Science. 2011. 331(6018): 746-750.

Masih, D., Yoshitake, H., and lzumi, Y. Photo-oxidation of ethanol on
mesoporous vanadium-titanium oxide catalysts and the relation to vanadium
(1V) and (V) sites. Applied Catalysis A: General. 2007. 325(2): 276-282.
Danon, A., Bhattacharyya, K., Vijayan, B. K., Lu, J., Sauter, D. J., Gray, K.
A., Weitz, E. Effect of reactor materials on the properties of titanium oxide
nanotubes. ACS Catalysis. 2011. 2(1): 45-49.

Danon, A, Stair, P. C., and Weitz, E. Mechanistic and Adsorption Studies of
Relevance to Photocatalysts on Titanium Grafted Mesoporous Silicalites.
Catalysis letters. 2011. 141(8): 1057-1066.



121

122

123

124.

125.

126.

127.

128.

129.

130.

199

Zaleska, A., Sobczak, J. W., Grabowska, E., and Hupka, J. Preparation and
photocatalytic activity of boron-modified TiO, under UV and visible light.
Applied Catalysis B: Environmental. 2008. 78(1-2): 92-100.

Devi, L. G., Kavitha, R. A review on non metal ion doped titania for the
photocatalytic degradation of organic pollutants under UV/solar light: Role of
photogenerated charge carrier dynamics in enhancing the activity. Applied
Catalysis B: Environmental. 2013. 140: 559-587.

Strataki, N., Bekiari, V., Kondarides, D. I., and Lianos, P. Hydrogen
production by photocatalytic alcohol reforming employing highly efficient
nanocrystalline titania films. Applied Catalysis B: Environmental. 2007.
77(1): 184-189.

Maeda, K., Teramura, K., Lu, D., Takata, T., Saito, N., Inoue, Y., and
Domen, K. Photocatalyst releasing hydrogen from water. Nature. 2006.
440(7082): 295-295.

Walter, M. G., Warren, E. L., McKone, J. R., Boettcher, S. W., Mi, Q.,
Santori, E. A., and Lewis, N. S. Solar water splitting cells. Chemical reviews.
2010. 110(11): 6446-6473.

Thampi, K. R., Kiwi, J., and Graetzel, M. Methanation and photo-
methanation of carbon dioxide at room temperature and atmospheric pressure.
Nature. 1987. 327(6122): 506-508.

Melsheimer, J., Guo, W., Ziegler, D., Wesemann, M., and Schldgl, R.
Methanation of carbon dioxide over Ru/titania at room temperature:
explorations for a photoassisted catalytic reaction. Catalysis letters. 1991.
11(2): 157-168.

Kohno, Y., Tanaka, T., Funabiki, T., and Yoshida, S. Photoreduction of
carbon dioxide with hydrogen over ZrO,. Chemical Communications.
1997.(9): 841-842.

Teramura, K., Tsuneoka, H., Shishido, T., and Tanaka, T. Effect of H, gas as
a reductant on photoreduction of CO, over a Ga,O photocatalyst. Chemical
Physics Letters. 2008. 467(1): 191-194.

Teramura, K., Tanaka, T., Ishikawa, H., Kohno, Y., and Funabiki, T.
Photocatalytic reduction of CO, to CO in the presence of H, or CH, as a
reductant over MgO. The Journal of Physical Chemistry B. 2004. 108(1):
346-354.



131.

132.

133.
134.

135.

136.

137.

138.

139.

140.

141.

200

Lo, C.-C., Hung, C.-H., Yuan, C.-S., and Wu, J.-F. Photoreduction of carbon
dioxide with H, and H,O over TiO; and ZrO; in a circulated photocatalytic
reactor. Solar Energy Materials and Solar Cells. 2007. 91(19): 1765-1774.
von Blottnitz, H., and Curran, M. A. A review of assessments conducted on
bio-ethanol as a transportation fuel from a net energy, greenhouse gas, and
environmental life cycle perspective. Journal of cleaner production. 2007.
15(7): 607-619.

Lewis, N. S. Powering the planet. MRS bulletin. 2007. 32(10): 808-820.
Michl, J. Photochemical CO, reduction: Towards an artificial leaf? Nature
chemistry. 2011. 3: 268-2609.

Richardson, R. D., Holland, E. J., and Carpenter, B. K. A renewable amine
for photochemical reduction of CO,. Nature chemistry. 2011. 3(4): 301-303.
Yin, Q., Tan, J. M., Besson, C., Geletii, Y. V., Musaev, D. G., Kuznetsov, A.
E., Hill, C. L. A fast soluble carbon-free molecular water oxidation catalyst
based on abundant metals. Science. 2010. 328(5976): 342-345.

Zhong, D. K., Gamelin, D. R. Photoelectrochemical Water Oxidation by
Cobalt Catalyst (“Co—Pi”)/a-Fe,O3; Composite Photoanodes: Oxygen
Evolution and Resolution of a Kinetic Bottleneck. Journal of the American
Chemical Society. 2010. 132(12): 4202-4207.

Seger, B., Kamat, P. V. Fuel cell geared in reverse: photocatalytic hydrogen
production using a TiO,/Nafion/Pt membrane assembly with no applied bias.
The Journal of Physical Chemistry C. 2009. 113(43): 18946-18952.
Indrakanti, V. P., Kubicki, J. D., and Schobert, H. H. Photoinduced activation
of CO, on Ti-based heterogeneous catalysts: Current state, chemical physics-
based insights and outlook. Energy & Environmental Science. 2009. 2(7):
745-758.

Leygraf, C., Hendewerk, M., and Somorjai, G. A. Photocatalytic production
of hydrogen from water by a p-and n-type polycrystalline iron oxide
assembly. The Journal of Physical Chemistry. 1982. 86(23): 4484-4485.
Sayama, K., Mukasa, K., Abe, R., Abe, Y., and Arakawa, H. Stoichiometric
water splitting into H, and O, using a mixture of two different photocatalysts
and an 103—/I-shuttle redox mediator under visible light irradiation. Chemical
Communications. 2001.(23): 2416-2417.



142.

143.

144,

145.

146.

147.

148.

149.

150.

151.

152.

201

Huang, W., Xie, K. C., Wang, J. P., Gao, Z. H., Yin, L. H., and Zhu, Q. M.
Possibility of direct conversion of CHs and CO; to high-value products.
Journal of Catalysis. 2001. 201(1): 100-104.

Gondal, M., Hameed, A., Yamani, Z.,, and Arfaj, A. Photocatalytic
transformation of methane into methanol under UV laser irradiation over
WOQO3, TiO, and NiO catalysts. Chemical physics letters. 2004. 392(4-6): 372-
377.

Yuliati, L., Itoh, H., and Yoshida, H. Photocatalytic conversion of methane
and carbon dioxide over gallium oxide. Chemical Physics Letters. 2008.
452(1-3): 178-182.

Inui, T. Recent advance in catalysis for solving energy and environmental
problems. Catalysis Today. 1999. 51(3): 361-368.

Liu, Q., Zhou, Y., Tian, Z., Chen, X., Gao, J., and Zou, Z. Zn,GeQ, crystal
splitting toward sheaf-like, hyperbranched nanostructures and photocatalytic
reduction of CO, into CH,4 under visible light after nitridation. Journal of
Materials Chemistry. 2012. 22(5): 2033-2038.

Wilcox, E. M., Roberts, G. W., and Spivey, J. J. Direct catalytic formation of
acetic acid from CO; and methane. Catalysis Today. 2003. 88(1-2): 83-90.
Taniguchi, Y., Hayashida, T., Kitamura, T., and Fujiwara, Y. Vanadium-
catalyzed acetic acid synthesis from methane and carbon dioxide. Studies in
Surface Science and Catalysis. 1998. 114: 439-442.

Joensen, F., Voss, B. (1998). Process for the preparation of acetic acid:
Google Patents.

Laosiripojana, N., and Assabumrungrat, S. Catalytic dry reforming of
methane over high surface area ceria. Applied Catalysis B: Environmental.
2005. 60(1): 107-116.

Kohno, Y., Tanaka, T., Funabiki, T., and Yoshida, S. Reaction mechanism in
the photoreduction of CO, with CH, over ZrO,. Physical Chemistry Chemical
Physics. 2000. 2(22): 5302-5307.

Mahmodi, G., Sharifnia, S., Rahimpour, F., and Hosseini, S. Photocatalytic
conversion of CO; and CH,4 using ZnO coated mesh: Effect of operational
parameters and optimization. Solar Energy Materials and Solar Cells. 2013.
111: 31-40.



153.

154.

155.

156.

157.

158.

159.

160.

161.

202

Tengfeng, X., Dejun, W., Lianjie, Z., Ce, W., Tiejin, L., Xueqin, Z., and
Mang, W. Application of surface photovoltage technique to the determination
of conduction types of azo pigment films. The Journal of Physical Chemistry
B. 2000. 104(34): 8177-8181.

Merajin, M. T., Sharifnia, S., Hosseini, S. N., and Yazdanpour, N.
Photocatalytic conversion of greenhouse gases (CO, and CHy,) to high value
products using TiO, nanoparticles supported on stainless steel webnet.
Journal of the Taiwan Institute of Chemical Engineers. 2013. 44(2): 239-246.
Chong, S., Wang, S., Tadé, M., Ang, H. M., and Pareek, V. Simulations of
photodegradation of toluene and formaldehyde in a monolith reactor using
computational fluid dynamics. AIChE journal. 2011. 57(3): 724-734.

Lowell, S., Shields, J. E., Thomas, M. A., and Thommes, M. Characterization
of porous solids and powders: surface area, pore size and density (\Vol. 16):
Springer Science & Business Media. 2012,

Jin, Z., Zhang, X., Li, Y., Li, S.,, and Lu, G. 5.1% Apparent quantum
efficiency for stable hydrogen generation over eosin-sensitized CuO/ TiO,
photocatalyst under visible light irradiation. Catalysis Communications. 2007.
8(8): 1267-1273.

Fernandez, A., Lassaletta, G., Jiménez, V. M., Justo, A., Gonzalez-Elipe, A.
R., Herrmann, J. M., Ait-Ichou, Y. Preparation and characterization of TiO;
photocatalysts supported on various rigid supports (glass, quartz and stainless
steel). Comparative studies of photocatalytic activity in water purification.
Applied Catalysis B. Environmental. 1995. 7(1-2): 49-63.

Yu, J. C., Lin, J., Lo, D., and Lam, S. Influence of thermal treatment on the
adsorption of oxygen and photocatalytic activity of TiO,. Langmuir. 2000.
16(18): 7304-7308.

Medina-Valtierra, J., Moctezuma, E., Sanchez-Céardenas, M., and Frausto-
Reyes, C. Global photonic efficiency for phenol degradation and
mineralization in heterogeneous photocatalysis. Journal of Photochemistry
and Photobiology A: Chemistry. 2005. 174(3): 246-252.

Vione, D., Minero, C., Maurino, V., Carlotti, M. E., Picatonotto, T., and
Pelizzetti, E. Degradation of phenol and benzoic acid in the presence of a
TiO, based heterogeneous photocatalyst. Applied Catalysis B: Environmental.
2005. 58(1): 79-88.



162.

163.

164.

165.

166.

167.

168

169.

170.

171.

172.

203

Hosseini, S., Borghei, S., Vossoughi, M., and Taghavinia, N. Immobilization
of TiO, on perlite granules for photocatalytic degradation of phenol. Applied
Catalysis B: Environmental. 2007. 74(1): 53-62.

Rani, S., Roy, S. C., Paulose, M., Varghese, O. K., Mor, G. K., Kim, S,,
Grimes, C. Synthesis and applications of electrochemically self-assembled
titania nanotube arrays. Physical Chemistry Chemical Physics. 2010. 12(12):
2780-2800.

Montgomery, D. C., Runger, G. C., Hubele, N. F. Engineering statistics: John
Wiley & Sons. 2009.

VijayaVenkataRaman, S., Iniyan, S., and Goic, R. A review of climate
change, mitigation and adaptation. Renewable and Sustainable Energy
Reviews. 2012. 16(1): 878-897.

Jing, L., Xu, Z., Sun, X., Shang, J., and Cai, W. The surface properties and
photocatalytic activities of ZnO ultrafine particles. Applied Surface Science.
2001. 180(3-4): 308-314.

Gorska, P., Zaleska, A., Kowalska, E., Klimczuk, T., Sobczak, J. W.,
Skwarek, E., Hupka, J. TiO, photoactivity in vis and UV light: The influence
of calcination temperature and surface properties. Applied Catalysis B:
Environmental. 2008. 84(3-4): 440-447.

Murphy, A. Band-gap determination from diffuse reflectance measurements
of semiconductor films, and application to photoelectrochemical water-
splitting. Solar Energy Materials and Solar Cells. 2007. 91(14): 1326-1337.
Byrne, J. A., Eggins, B. R., Brown, N. M. D., McKinney, B., and Rouse, M.
Immobilisation of TiO, powder for the treatment of polluted water. Applied
Catalysis B: Environmental. 1998. 17(1-2): 25-36.

Merajin, M. T., Sharifnia, S., Hosseini, S. N., and Yazdanpour, N.
Photocatalytic conversion of greenhouse gases (CO, and CHj,) to high value
products using TiO2 nanoparticles supported on stainless steel webnet.
Journal of the Taiwan Institute of Chemical Engineers. 2013. 44(2): 239-246.
Luo, H., Shen, L., Rui, K., Li, H., and Zhang, X. Carbon coated Li4Ti5012
nanorods as superior anode material for high rate lithium ion batteries.
Journal of Alloys and Compounds. 2013. 572(0): 37-42.

Sazegar, M. R., Jalil, A. A., Triwahyono, S., Mukti, R. R., Aziz, M., Aziz, M.

A. A., Kamarudin, N. H. N. Protonation of Al-grafted mesostructured silica



173.

174.

175.

176.

177.
178.

179.

180.

181.

182.

204

nanoparticles (MSN): Acidity and catalytic activity for cumene conversion.
Chemical Engineering Journal. 2014. 240(0): 352-361.

Sun, X., Li, Y. Synthesis and Characterization of lon-Exchangeable Titanate
Nanotubes. Chemistry-A European Journal. 2003. 9(10): 2229-2238.

Qin, G., Zhang, Y., Ke, X., Tong, X., Sun, Z., Liang, M., and Xue, S.
Photocatalytic reduction of carbon dioxide to formic acid, formaldehyde, and
methanol using dye-sensitized TiO, film. Applied Catalysis B:
Environmental. 2013. 129(0): 599-605.

Aslan, N. Performance of an Annular Sieve-Plate Column photoreactor using
immobilized TiO; on stainless steel support for phenol degradation. Chemical
Engineering Journal. 2008. 572(0): 37-42.

Park, G.-J. Design of experiments. Analytic Methods for Design Practice.
2007. 309-391.

Montgomery, D. C. Design and analysis of experiments: Wiley. com. 2006.
Tan, K. T., Lee, K. T., and Mohamed, A. R. A glycerol-free process to
produce biodiesel by supercritical methyl acetate technology: An
optimization study via Response Surface Methodology. Bioresource
technology. 2010. 101(3): 965-969.

Amin, N. A. S. Optimization of process parameters and catalyst compositions
in carbon dioxide oxidative coupling of methane over CaO-MnO/CeO,
catalyst using response surface methodology. Fuel Processing Technology.
2006. 87(5): 449-459.

Fermoso, J., Gil, M., Arias, B., Plaza, M., Pevida, C., Pis, J., and Rubiera, F.
Application of response surface methodology to assess the combined effect of
operating variables on high-pressure coal gasification for Hj-rich gas
production. International Journal of Hydrogen Energy. 2010. 35(3): 1191-
1204.

Anderson, M. J., Whitcomb, P. J. Response Surface Methods Simplified:
optimizing processes using response surface methods for design of
experiments. Productivity Press. 2005.

Cassano, A. E., Alfano, O. M. Reaction engineering of suspended solid
heterogeneous photocatalytic reactors. Catalysis Today. 2000. 58(2): 167-
197.



183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

205

Huang, W., Xie, K. C., Wang, J. P., Gao, Z. H., Yin, L. H., and Zhu, Q. M.
Possibility of direct conversion of CH, and CO; to high-value products.
Journal of Catalysis. 2001. 201(1): 100-104.

Teramura, K., Tanaka, T., Ishikawa, H., Kohno, Y., and Funabiki, T.
Photocatalytic reduction of CO;, to CO in the presence of H, or CH,4 as a
reductant over MgO. Journal of Physical Chemistry B. 2004. 108(1): 346-
354.

Shriner, R. L., Fuson, R. C., Curtin, D. Y., and Morrill, T. The systematic
identification of organic compounds: Wiley. 2004.

Shi, D., Feng, Y., and Zhong, S. Photocatalytic conversion of CH, and CO; to
oxygenated compounds over Cu/CdS-TiO,/SiO, catalyst. Catalysis Today.
2004. 98(4): 505-509.

Tanaka, T., Kohno, Y., and Yoshida, S. Photoreduction of carbon dioxide by
hydrogen and methane. Research on Chemical Intermediates. 2000. 26(1):
93-101.

Yuliati, L., Itoh, H., and Yoshida, H. Photocatalytic conversion of methane
and carbon dioxide over gallium oxide. Chemical Physics Letters. 2008.
452(1-3): 178-182.

Yazdanpour, N., and Sharifnia, S. Photocatalytic conversion of greenhouse
gases (CO, and CH,) using copper phthalocyanine modified TiO,. Solar
Energy Materials and Solar Cells. 2013. 118: 1-8.

Hosseini, S., Borghei, S., Vossoughi, M., and Taghavinia, N. Immobilization
of TiO, on perlite granules for photocatalytic degradation of phenol. Applied
Catalysis B: Environmental. 2007. 74(1): 53-62.

Karches, M., Morstein, M., Rudolf von Rohr, P., Pozzo, R. L., Giombi, J. L.,
and Baltands, M. A. Plasma-CVD-coated glass beads as photocatalyst for
water decontamination. Catalysis Today. 2002. 72(3): 267-279.

Lee, J.-C., Kim, M.-S., and Kim, B.-W. Removal of paraquat dissolved in a
photoreactor with TiO, immobilized on the glass-tubes of UV lamps. Water
research. 2002. 36(7): 1776-1782.

Horikoshi, S., Watanabe, N., Onishi, H., Hidaka, H., and Serpone, N.
Photodecomposition of a nonylphenol polyethoxylate surfactant in a
cylindrical photoreactor with TiO, immobilized fiberglass cloth. Applied
Catalysis B: Environmental. 2002. 37(2): 117-129.



194.

195.

196.

197.

198.

199.

200

201

202.

206

Martyanov, I. N., Klabunde, K. J. Comparative study of TiO, particles in
powder form and as a thin nanostructured film on quartz. Journal of
Catalysis. 2004. 225(2): 408-416.

Shang, J., Li, W., and Zhu, Y. Structure and photocatalytic characteristics of
TiO, film photocatalyst coated on stainless steel webnet. Journal of
Molecular Catalysis A: Chemical. 2003. 202(1-2): 187-195.

Chen, H., Lee, S. W., Kim, T. H., and Hur, B. Y. Photocatalytic
decomposition of benzene with plasma sprayed TiO,-based coatings on
foamed aluminum. Journal of the European Ceramic Society. 2006. 26(12):
2231-2239.

Ao, C., Lee, S., and Yu, J. C. Photocatalyst TiO, supported on glass fiber for
indoor air purification: effect of NO on the photodegradation of CO and NO..
Journal of Photochemistry and Photobiology A: Chemistry. 2003. 156(1):
171-177.

Vohra, M. S., Tanaka, K. Photocatalytic degradation of aqueous pollutants
using silica-modified TiO,. Water research. 2003. 37(16): 3992-3996.

Kim, D. J., Hahn, S. H., Oh, S. H., and Kim, E. J. Influence of calcination
temperature on structural and optical properties of TiO, thin films prepared by
sol-gel dip coating. Materials Letters. 2002. 57(2): 355-360.

Asiltiirk, M., Sayilkan, F., and Arpag, E. Effect of Fe** ion doping to TiO; on
the photocatalytic degradation of Malachite Green dye under UV and vis-
irradiation. Journal of Photochemistry and Photobiology A: Chemistry. 2009.
203(1): 64-71.

Yeon, J., Smith, M. D., Morrison, G., and zur Loye, H.-C. Trivalent Cation-
Controlled Phase Space of New U (1V) Fluorides, Na3MU6F30 (M= Al**,
Ga**, Ti**, v¥, cr** Fe*"): Mild Hydrothermal Synthesis Including an in Situ
Reduction Step, Structures, Optical, and Magnetic Properties. Inorganic
chemistry. 2015. 54(4): 2058-2066.

Tahir, M., Amin, N. S. Photocatalytic CO, reduction with H,O vapors using
montmorillonite/TiO, supported microchannel monolith photoreactor.
Chemical Engineering Journal. 2013. 230(0): 314-327.



203.

204

205.

206.

207.

208.

209.

210.

211.

212.

207

Ji, P., Takeuchi, M., Cuong, T.-M., Zhang, J., Matsuoka, M., and Anpo, M.
Recent advances in visible light-responsive titanium oxide-based
photocatalysts. Research on Chemical Intermediates. 2010. 36(4): 327-347.
Chua, Y. T., Stair, P. C. An ultraviolet Raman spectroscopic study of coke
formation in methanol to hydrocarbons conversion over zeolite H-MFI.
Journal of Catalysis. 2003. 213(1): 39-46.

Shigwedha, N., HUA, Z.-z., and CHEN, J. A new photon Kkinetic-
measurement based on the kinetics of electron-hole pairs in photodegradation
of textile wastewater using the UV-H,O,FS- TiO, process. Journal of
Environmental Sciences. 2007. 19(3): 367-373.

Jin, Z., Zhang, X., Lu, G., and Li, S. Improved quantum vyield for
photocatalytic hydrogen generation under visible light irradiation over eosin
sensitized TiO, Investigation of different noble metal loading. Journal of
Molecular Catalysis A: Chemical. 2006. 259(1): 275-280.

Zhang, K., Jing, D., Xing, C., and Guo, L. Significantly improved
photocatalytic hydrogen production activity over Cd1-xZnxS photocatalysts
prepared by a novel thermal sulfuration method. International Journal of
Hydrogen Energy. 2007. 32(18): 4685-4691.

Liou, P.-Y., Chen, S.-C., Wu, J. C., Liu, D., Mackintosh, S., Maroto-Valer,
M., and Linforth, R. Photocatalytic CO, reduction using an internally
illuminated monolith photoreactor. Energy & Environmental Science. 2011.
4(4): 1487-1494.

Tahir, M., and Amin, N. S. Indium-doped TiO, nanoparticles for
photocatalytic CO, reduction with H,O vapors to CH,. Applied Catalysis B:
Environmental. 2015. 162: 98-109.

Du, P., Carneiro, J. T., Moulijn, J. A., and Mul, G. A novel photocatalytic
monolith reactor for multiphase heterogeneous photocatalysis. Applied
Catalysis A: General. 2008. 334(1): 119-128.

Ohno, T., Tokieda, K., Higashida, S., and Matsumura, M. Synergism between
rutile and anatase TiO, particles in photocatalytic oxidation of naphthalene.
Applied Catalysis A: General. 2003. 244(2): 383-391.

Tanaka, Y., Suganuma, M. Effects of heat treatment on photocatalytic
property of sol-gel derived polycrystalline TiO,. Journal of sol-gel science
and technology. 2001. 22(1-2): 83-89.



213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

208

Carp, O., Huisman, C. L., Reller, A. Photoinduced reactivity of titanium
dioxide. Progress in solid state chemistry. 2004. 32(1): 33-177.

Mills, A., Morris, S., Davies, R. Photomineralisation of 4-chlorophenol
sensitised by titanium dioxide: a study of the intermediates. Journal of
Photochemistry and Photobiology A: Chemistry. 1993. 70(2): 183-191.

Lai, Y.-K., Huang, J.-Y., Zhang, H.-F., Subramaniam, V.-P., Tang, Y.-X,,
Gong, D.-G., Lin, C.-J. Nitrogen-doped TiO, nanotube array films with
enhanced photocatalytic activity under various light sources. Journal of
hazardous materials. 2010. 184(1): 855-863.

Zhu, W., Liu, X., Liu, H., Tong, D., Yang, J., and Peng, J. An efficient
approach to control the morphology and the adhesion properties of anodized
TiO, nanotube arrays for improved photoconversion efficiency.
Electrochimica Acta. 2011. 56(6): 2618-2626.

Sathish, M., Viswanathan, B., Viswanath, R., and Gopinath, C. S. Synthesis,
characterization, electronic structure, and photocatalytic activity of nitrogen-
doped TiO, nanocatalyst. Chemistry of materials. 2005. 17(25): 6349-6353.
Sakthivel, S., Kisch, H. Daylight photocatalysis by carbon-modified titanium
dioxide. Angewandte Chemie International Edition. 2003. 42(40): 4908-4911.
Ramacharyulu, P. V. R. K., Nimbalkar, D. B., Kumar, J. P., Prasad, G. K,
Ke, S. C. N-doped, S-doped TiO, nanocatalysts: synthesis, characterization
and photocatalytic activity in the presence of sunlight. RSC Advances. 2015.
5(47): 37096-37101.

Tan, K. T., Lee, K. T., and Mohamed, A. R. A glycerol-free process to
produce biodiesel by supercritical methyl acetate technology: An
optimization study via Response Surface Methodology. Bioresource
technology. 2010. 101(3): 965-969.

Wang, L. S., Xiao, M. W., Huang, X. J.,, and Wu, Y. D. Synthesis,
characterization, and photocatalytic activities of titanate nanotubes surface-
decorated by zinc oxide nanoparticles. Journal of Hazardous Materials. 2009.
161(1): 49-54.

Lai, Y., Sun, L., Chen, C., Nie, C., Zuo, J., and Lin, C. Optical and electrical
characterization of TiO, nanotube arrays on titanium substrate. Applied
surface science. 2005. 252(4): 1101-1106.



223.

224.

225.

226.

2217.

209

Guo, J., Gao, J., Chen, B., Hou, Z., Fei, J., Lou, H., and Zheng, X. Catalytic
conversion of CH, and CO, to synthesis gas on Ni/SiO, catalysts containing
Gd,03 promoter. International journal of hydrogen energy. 2009. 34(21):
8905-8911.

Wilcox, E. M., Roberts, G. W., and Spivey, J. J. Direct catalytic formation of
acetic acid from CO, and methane. Catalysis Today. 2003. 88(1): 83-90.
Woan, K., Pyrgiotakis, G., and Sigmund, W. Photocatalytic Carbon-Nanotube
TiO, Composites. Advanced materials. 2009. 21(21): 2233-2239.

Padiyan, D. P., Raja, D. H. Synthesis of Various Generations Titania
Nanotube Arrays by Electrochemical Anodization for H, Production. Energy
Procedia. 2012. 22(0): 88-100.

Tu, X., Whitehead, J. Plasma-catalytic dry reforming of methane in an
atmospheric dielectric barrier discharge: Understanding the synergistic effect

at low temperature. Applied Catalysis B: Environmental. 2012. 125: 439-448.



	1-3.pdf
	my thesis 3july.pdf



