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ABSTRACT 

    Greenhouse gases such as carbon dioxide (CO2) and methane (CH4) are the primary causes of 

global warming. The concentration of CO2 and CH4 in the environment has been increasing due to 

an increased human activity over the past few decades. Various strategies have been conducted to 

reduce the number of emissions of CO2 and CH4. Even though the emissions have been controlled, 

the amount of CO2 in the atmosphere has not been reduced significantly. Numerous efforts have 

been taken to convert the greenhouse gases into an alternative source of energy, such as ocean 

injection, scrubbing, and mineral carbonation. However, these technologies are expensive and hard 

to be popularized. Meanwhile, reducing CO2 via photocatalytic process to produce fuels by using 

solar energy turns to be an attractive method. This strategy can address both energy and 

environmental issues. In this thesis work, three photocatalysts were employed to enhance the 

photocatalytic activities of CO2 reforming of methane, which includes (I) Pt-TiO2, (II) Ru-TiO2, 

and (III) Co-TiO2. It was also proved that the visible light activity was enhanced. This system will 

provide a novel approach for the utilization of solar energy for chemical fuel production utilizing 

solar energy. 
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CHAPTER 1 

INTRODUCTION 
        

 In the present global scenario, the world population is increasing predominantly since the 

last decade. Based on the report of the US Census Bureau, the world population is estimated to 

increase to 9 billion people by 2050. The demand for energy would grow significantly as the 

population increases in the world. The recent report states that the need for energy will be increased 

by 50% by the end of the year 2050.However, fossil fuels are still the primary energy sources 

nowadays to meet energy demand. There was no significant change in the world energy 

consumption over the years, despite investment in renewable capacity. The Statistical view of the 

world primary energy consumptions for 2004-2014 is shown in Figure 1 below. 

 

Figure 1.1.The Statistical view of World Primary Energy Consumption.[1] 

The overuse of the fossil and gas to meet the demand of energy has lead to the  rapid increase 

in the concentrations of carbon dioxide (CO2) and methane (CH4) in the atmosphere. This has led 

to a situation called global warming. The increase in the concentrations of the heat-trapping gases 
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(CO2 and CH4) have led to a rise in the global temperature, which further increases the precipitation 

in the atmosphere. There is a severe need to figure out an alternative source of resources so that 

the issue of global warming can be resolved. 

Renewable energy sources such as solar energy, hydro energy, and nuclear energy are 

alternative energy sources due to their abundant availability and energy efficient processes. 

Numerous efforts have been made to enhance the use of renewable sources to meet the energy 

requirement, which results in energy security and economic benefits. It was reported that the 

utilization of renewable sources had been increased by 7.3% from 2004 to 2014 in the world 

primary energy consumption. Among all the renewable energy sources, solar energy shows the 

greatest advantage, since it is the largest single available source. It can also help to reduce the 

carbon content in the atmosphere, which is highly needed. Solar energy technologies include 

photovoltaic systems, solar heating systems, and concentrated solar power systems.  

1.1 CO2 Issue 

The rapid increase in the level of the anthropogenic Carbon dioxide is of great concern in the 

society. In the present world, global warming is considered a vital environmental concern that 

humankind is dealing with. The CO2 contributes to more than 64% of greenhouse gases and is 

useful for the world-wide change due to the greenhouse effect in the atmosphere. Carbon Dioxide 

contributes to the increase in the temperature through absorption and re-emission of infrared 

radiation. The consequences of the temperature increase are severe and global. The temperature 

increases lead to ice melting near the earth poles which leads to the quick raise in sea level and 

growing precipitation across the globe.  
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Heat-trapping gases in balanced proportions act like a blanket surrounding the earth, keeping 

the temperature within range and thereby enabling life to survive on a planet with liquid water. 

Due to the human activities, the concentration of Carbon dioxide is rapidly increasing, and as a 

result, the insulating blanket is getting too thick and overheating the Earth as the less air escapes 

into space and thereby evaporating liquid water. Studies are being made to reduce the amount of 

Carbon dioxide emissions by controlling the air pollutants from the automobiles, fossil fuels, and 

industries. Researches state that every 12 days the world consumes 1 billion barrels of oil and 

thereby releasing almost 1 trillion pounds of carbon dioxide in the atmosphere.   

The overload of Carbon dioxide is mainly due to the burning of fossil fuels like oil, gas, and 

coal. The are many heat-trapping gases in the atmosphere, but the CO2 puts the atmosphere on the 

most significant risk. Carbon dioxide has caused most of the warming, and its influence is expected 

to increase. The Intergovernmental Panel on Climatic Changes (IPCC) stated that carbon dioxide 

is the primary driver for the climatic changes from 1750-2013. IPCC has calculated the radiative 

forcing (RF) of each climatic driver by measuring the abundance of heat-trapping gases in ice 

cores, the atmosphere and other climatic drivers along with its models. IPCC has compared the RF 

of all climatic drivers and stated that Carbon dioxide has the highest positive Radiative forcing for 

the climatic change. IPCC states a pulse of CO2 emitted into the atmosphere, 40% will stay in the 

atmosphere for 100 years, 20% will reside for 1000 years, and the final 10% will take 10000 years 

to turn over.[1] 

Various studies have been implemented to control these effects. The important strategies to 

reduce CO2 in the atmosphere is a direct reduction of CO2 emission, CO2 capture, and storage 

(CCS) and CO2 utilization. The CCS technology can be restrained because of the environmental 

risk of leakage and due to the energy requirement for fuel compression and transportation. 
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Sunlight, as the most abundant renewable energy, is used for solving the CO2 issue, namely, 

photoreduction of CO2 by utilizing the sunlight. This study provides a strategy for the recycling of 

carbon in CO2. Regarding the reduction of active carbon, the methodology is being researched to 

reduce CO2 by the renewables sources of energy and convert it into a better and stable co-product.  

 

Figure 1.2. Major resources for carbon dioxide release.[2] 

1.2 CH4 Issue 

  Methane (CH4) is another greenhouse gas with a lifetime of 12 years in the atmosphere. 

It is a vital ingredient for the formation of the tropospheric ozone, which is a cause for health issues 

and plant damages. The considerable resources of the CH4 emissions in the atmosphere are 

agriculture, fossil fuel production and distribution, solid waste and water waste management. The 

CH4’s ability to trap heat in the atmosphere (Global Warming potential) is 25 times more 

significant to the CO2, which results in a stronger influence. The lifetime of CH4 is 12 years 

        The rapid increase in the concentration of CH4 is a global concern. The CH4 is the colorless 

gas at a low level, but it is flammable and explosive at a high level. It is the principal constituent 

of the natural gas and has its advantages in fields of the chemical, heat and energy production 
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industries. The primary source of CH4 comes from the natural decompositions of plant and animal 

matter in the airless conditions. The human-made sources of CH4 are from the rotting rubbish in 

landfills and are also released into the air during the mining and the distribution of fossil fuels. 

Methane is a by-product of the rapidly rising global extraction and processing of natural gas. Even 

with its advantages, CH4 has become hazardous due to its rapid increase in concentration in the 

atmosphere and its impact on the environment in the long term. It’s reported that the concentration 

of CH4 has grown from 722 parts a billion to 1803 part per billion since 1750, which is a significant 

cause for temperature increase.[2] 

 

Figure 1.3.  The increase of methane concentration in the atmosphere.[2] 

In the recent assessment report by IPCC, the impact of CH4 on the environment is 34 times 

greater than CO2. It is a crucial factor for the greenhouse effect, which is increasing the temperature 

of the globe periodically. When compared to CO2, CH4 doesn’t stay long in the atmosphere, but 

its impact is far more devastating to the climate. To reduce the effect on the environment, reducing 

the emissions of both CO2 and CH4 should be treated with equal importance.   



6 
 

Methane can be reduced to a hydrocarbon with high selectivity with the procedure of 

aromatization. From the recent review paper, some of the catalysts have shown higher efficiency 

and useful activity for these conversions. The formation of carbon or coke on the catalyst was 

observed since these reactions occur at high temperature. This would decrease the catalytic activity 

of the catalyst. Further studies were conducted, and oxidation of methane without a catalyst was 

considered as a way for the conversion. During the oxidation reaction, carbon monoxide, 

formaldehyde, and formic acid were produced as products. The primary research work was to 

produce methanol as a product of the oxidation reaction as it can be stored easily and used again. 

Various experiments have been conducted to explore different catalyst for the oxidation reaction 

to produce methanol and formaldehyde. For example, Cu/SiO2 was used as a catalyst for the 

oxidation reaction at 573 k and high pressure of 3 MPa, which yielded 92-96% methanol. This 

process showed excellent productivity of methanol but low conversion of methane.  

Reforming is another procedure to reduce methane. In the process of reforming of methane 

with oxygen, the conversion of methane is achieved in the presence of photocatalyst and UV light. 

The recent advancement in science and to increase the efficiency of the byproducts, various 

methods were also studied. The other ways to reduce methane are Methane Conversion with 

Oxygen, Methane Conversion with water, methane conversion with carbon dioxide and methane 

conversion with aqueous ammonia.  
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CHAPTER 2 

LITERATURE REVIEW  

2.1  Current Method to Reduce Carbon Dioxide 

The problem of the increasing percentage of carbon dioxide is becoming a major global 

concern. Several methodologies are employed to reduce Carbon dioxide, but the reduction was 

made by applying energy. These reductions require some form of energy to overcome the negative 

free energy of formation of compound oxides. Such type of energy conversion into fuel was needed 

with an improved fuel sufficiency. The reduction of Carbon Dioxide is divided into three 

significant sessions, and they are energy conservation, carbon dioxide capture and storage, 

enhanced oil recovery and many more.  

2.1.1 Ocean injection 

Dimethyl Ether is as an environmentally benign material for energy storage and 

distribution. Green hydrogen is utilized to maximize the sustainability of the proposed hybrid 

energy economy which is created by electrolysis of water which is powered by renewable sources 

such as solar wind and geothermal heat. Mixed Conductive ceramics are conductive to oxygen 

ions and electrons, for reducing CO2 emissions from metallurgical production which enables 

commercial viability of several attractive metallurgical processes.  

In this process to reduce global atmospheric CO2, the CO2 is separated from the atmosphere 

and converted into an insoluble mineral and permanent isolating surplus CO2 from the biosphere, 

permanently fixing it as an insoluble mineral onto the sea bottom. Insoluble carbonate mineral can 

be formed by direct electrolysis of the seawater and is directly disposed of by itself onto the sea 
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bottom. This process increases the absorption capacity of carbon dioxide and thus provides 

equilibrium between the ocean surface and the atmosphere. Disturbance of the environmental 

balance has potential as a green-oriented method with an ability to resolve a problem of global 

warming fundamentally. 

  

Figure 2.1. Reduction Process for CO2 in the atmosphere.[4] 

2.1.2 Electro-Chemical Reduction of CO2 

In this process to reduce CO2 electrical and chemical energy is used to promote the 

reduction reaction. This reaction was first observed in the 19th century, where CO2 is reduced to 

CO using the Zn cathode. This process of reduction represents a way to produce chemicals or fuels 

by reducing the CO2 to the organic feedstock of the hydrocarbons. The significant advantage of 

this reduction process is that CO2 is reduced to carbon-based fuels or hydrogen gas , which can be 

used to store the energy with the existing infrastructure and the higher energy density.[3] 
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In some of the electrochemical reduction (ECR) process, electrolytic H2 when reacted with 

CO2 produces methanol and water which followed by distillation yields methanol. In another ECR 

process with the condensation of water to shift the equilibrium of the reaction H2 reacts with CO2 

to form methane with high yields. The direct electrochemical reduction of CO2 is a more 

straightforward process as it avoids the high activation temperature of the reduction reaction. Hori 

stated that by the ECR reduction process the gaseous product mix of H2, CH4, Ethylene, and CO 

is obtained, which can have a similar fuel property as that of hythane if the selectivity of the 

gaseous mix is improved. The hythane is used as a clean-burning H2/natural gas that can be used 

as an alternative fuel for the motor vehicles.  

In the ECR of CO2 process electrodes such as are used to produce hydrocarbons at 

significant current densities. At high hydrogen overvoltage electrodes (such as In, Sn, Pb, Hg, and 

Cd) and low CO adsorption, CO2 is reduced to formate with high current efficiencies. At low 

hydrogen overvoltage and high CO adsorption (such as Pt, Ni, Fe, Ti), CO2 is reduced to tightly 

absorbed CO. The various reactions that occur at the electrodes during the reduction process of 

CO2 are shown below. The reactions at various electrodes which yields methane, ethylene, CO and 

formic acid respectively are shown below.[3] 

2H+ + 2e- = H2………………………………………………………………………  Eq 2.1  

2CO2 + 12H+ + 12e- = C2H4 + 4H2O……………………………………………….  Eq 2.2 

CO2 + 8H+ + 8e- = CH4 + 2H2O……………………………………………………  Eq 2.3 

CO2 + 2H+ + 2e- = CO + H2O……………………………………………………… Eq 2.4 

CO2 + H+ + 2e- = HCOO-………………………………………………………….. Eq 2.5 



10 
 

 

Fig 2.2. Equilibrium potentials as a function of pH for all CO2 ECR.[3]  

2.1.3 Photo-Catalytic Reduction of CO2 

The Photocatalytic CO2 harness solar energy to convert CO2 into higher energy products. 

This process was discovered in 1980 by Lehn and Ziessel by using visible light in order to reduce 

CO2. In their work developing photocatalysts for water splitting, they have observed that Co(I) and 

a tertiary amine contains the photosensitizer which enables the absorption of visible light. The high 

affinity of CO2 to cobalt centers lead them to investigate cobalt centers as the photocatalyst for 

CO2 reduction.  

 This mechanism consists of a photosensitizer (P) which is capable of absorbing radiation 

in the UV region or visible region for the formation of an excited state (P*). The excited 

photosensitizer with is the help of sacrificial donor is reduced to reduced photosensitizer (P-) and 

oxidized donor (D+). The selection of photosensitizer must be such that P- can transfer an electron 

efficiently to the catalyst species to generate the reduced catalyst species. The reduced catalytic 

species is ready to bind with CO2 and proceed with the mechanism and release the intended product 

and regenerate catalyst species. Standard photo synthesizers used are p-terphenyl and phenazine 

and polypyridine-coordinated transition metal complexes. Due to the strong visible light 
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absorption and high photostability of Ruthenium (II), tris-bipyridine is the most commonly 

employed transition metal complex. However, these systems suffer from low photochemical 

quantum yield and catalytic sensitivity due to the significant production of Hydrogen. Using amine 

as a sacrificial donor has a positive effect on product distribution. When phenazine is used as 

photosensitizer formate was formed with much higher selectivity because phenazine has shown to 

function as an electron and hydrogen transfer agent.[4] 

In another study conversion of CO2 and steam to syngas (which is a mixture of H2 and 

CO) by high-temperature solid oxide co-electrolysis followed by catalytic conversion of the syngas 

to hydrocarbon fuel is stated. The solid oxide co electrolysis is controlled electrolysis without 

using an excess of CO2 or water in making synthesis gas. Carbon dioxide is recovered from the 

concentrated sources like reduction furnaces, cement kilns, and power plants. Whenever a source 

of high temperature is available, endothermic electrolysis reaction can utilize both thermal and 

electrical inputs in such a way that conversion efficiency is 100% followed by conversion to 

synfuel. Ten call stack of solid oxide CO2- steam electrolyzer making syngas is shown below in 

Figure 2.[5] 
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Figure 2.3. Ten call stack of solid oxide CO2- steam electrolyzer.[7] 

In another concept, Carbon dioxide is reduced using nanoscale galvanic couples. In this, it 

is noted that methanol, lower hydrocarbons, CO and HCOOH have been generally formed by the 

reduction of CO2 with H2 and requires significant high voltage. In general production of H2 can be 

achieved by the chemical oxidation of metal in water followed by oxidation of hydrogen from 

hydronium ion by the released electrons to form hydrogen radicals. In this study, it is stated that 

circumventing the problem of hydrogen molecules formation is required while having the 

hydrogen radicals react with CO2 forming methanol. The process can be avoided by using 

bimetallic catalyst acting as a galvanic couple, where one metal serves as an electron donor to 

produce hydrogen radicals and the other acts as a catalyst for the reduction of Carbon dioxide. The 

catalyst enhances the reaction rates avoiding usage of the external electric field. The advantages 

and the by-products produced in the photocatalytic reduction of Carbon dioxide is discussed 

below.[6] 
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Table 2.1. Photocatalyst used in the photocatalytic reduction process of CO2. 

Photocatalyst Source Major 
Products 

Advantages References 

0.5 wt. % Cu/TiO2-
SiO2 

Xe lamp 
(2.4 mW 

cm−2, 250–
400 nm) 

CO and 
CH4 

The synergistic combination of Cu 
deposition and high surface area 
of SiO2 support enhanced 
CO2 photoreduction rates. 

[7] 

ZnGa2O4 300 W Xe 
arc lamp 

CH4 
Strong gas adsorption and large 
specific surface area of the 
mesoporous 
ZnGa2O4 photocatalyst contribute 
to its high photocatalytic activity 
for converting CO2 into CH4. 

[8] 

(RuO + Pt)-Zn2GeO4 300 W Xe 
arc lamp 

CH4 
In the presence of water, ultra-
long and ultrathin geometry of the 
Zn2GeO4 Nano-ribbon promotes 
CO2 photo-reduction, which was 
significantly enhanced by loading 
of Pt or RuO2. 

[9] 

Ag/ALa4Ti4O15 (A = 
Ca, Ba and Sr) 

400 W Hg 
lamp 

CO, 
HCOOH, 

and H2 

On the optimized 
Ag/BaLa4Ti4O15 photocatalyst, 
CO was reported as the main 
product. The molar ratio of 
O2 production (H2 + CO: O2 = 
2:1) demonstrated that water was 
consumed as a reducing reagent in 
the photocatalytic process. 

[10] 

I-TiO2 nanoparticles 450 W Xe 
lamp 

CO 
The high photocatalytic activity 
was observed under visible light, 
and the efficiency of 
CO2 photoreaction was much 
higher than undoped TiO2 due to 
the extension in the absorption 
spectra of TiO2 to the visible light 
region and facilitated charge 
separation. 

[11] 

LiNbO3 Natural 
sunlight or 
Hg lamp  

HCOOH 
The MgO-doped LiNbO3 showed 
an energy conversion efficiency 
rate of 0.72% which was lower 
than that for the gas-solid catalytic 
reaction of LiNbO3 (2.2%). 

[12] 
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Table 2.1 (continued) 

G-Ti0.91O2 hollow 
spheres 

300 W Xe 
arc lamp 

CH4, CO 
The presence of G nanosheets 
compactly stacking with 
Ti0.91O2 nanosheets allows the 
rapid migration of photo-
generated electrons from 
Ti0.91O2 nanosheets into G and 
improves the efficiency of the 
photocatalytic process. 

[13] 

Graphene oxides 
(GOs) 

300 W 
commercial 

halogen 
lamp 

CH3OH 
Among all God, GO-3 exhibited 
the highest efficiency as a 
photocatalyst for CO2 reduction 
under visible light, and the 
conversion rate of CO2 to CH3OH 
on modified GO (GO-3) was 
0.172 mmol g−1 cat h−1, which is 
six-fold higher than that of pure 
TiO2. 

[14] 

W18O49 300 W Xe 
lamp 

CH4 
The oxygen-vacancy-rich ultrathin 
W18O49 nanowires can be used to 
design materials with 
extraordinary photochemical 
activity because it displayed high 
CO2 reduction capability in the 
presence of water. 

[9, 15] 

Zn1.7GeN1.8O 300 W Xe 
arc lamp 

CH4 
Zn1.7GeN1.8O loaded with co-
catalysts showed a significantly 
higher conversion rate of CO2 into 
CH4. 

[16] 

Pt-, Au-, or Ag-
loaded mesoporous 

TiO2 

350 W Xe 
lamp 

CH4 
The mesoporous TiO2 showed 
higher efficiency towards 
CO2 reduction when loaded with 
noble metal particles, and the 
order of enhanced photocatalytic 
activity was Pt > Au > Ag. The 
optimum loading amount of Pt 
was 0.2 wt %. 

      [17] 

0.5 wt. % Pt loaded 
ZnAl2O4-modified 

mesoporous 
ZnGaNO 

300 W Xe 
lamp (λ = 
420 nm) 

CH4 
The high photocatalytic activity of 
this photocatalyst was attributed to 
the improved gas adsorption of the 
mesoporous structure, the 
chemisorption of CO2 on the 
photocatalyst. 

[18] 
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Table 2.1 (continued) 

Ga2O3 with 
mesopores and 
macrospores 

300 W Xe 
lamp (500 
mW cm−2) 

CH4 
Ga2O3 with mesopores and 
macropores showed high 
photocatalytic activity due to its 
higher CO2 adsorption capacity 
(300%) and increased surface area 
(200%) compared to the bulk 
nanoparticles. 

[19] 

Pt-TiO2 thin 
nanostructured films 

400 W Xe 
lamp 

CO and 
CH4 

The catalyst can be produced at an 
industrial scale for commercial 
application and showed high 
efficiency for selective 
CH4formation. 

[20] 

HNb3O8 350 W Xe 
lamp 

CH4 
KNb3O8 and HNb3O8 were 
synthesized by the conventional 
solid-state reaction and performed 
more effectively in photocatalytic 
CO2 reduction than commercial 
TiO2. 

[21] 

ZnO-based materials 8 W 
fluorescent 

tube 
(average 

intensity of 
seven mW 

cm−2) 

CO, CH4, 
CH3OH, 

H2 

N-doping did not show any vital 
influence on the photocatalytic 
behavior of ZnO based 
photocatalysts. The mesoporous 
structure of ZnO favored CO and 
H2 production, but catalysts with 
Cu showed an enhancement in the 
hydrocarbon production, mainly 
CH3OH. 

[22] 

Bismuth Molybdate 
(Bi2MoO6) 

300 W Xe 
Lamp  

Methanol 
&             

Ethanol 

Bismuth Molybdate consists of the 
MoO6 octahedra structure which 
provides properties like electron 
binding, band edge positions and 
better optical and electrochemical 
properties. For the Photochemical 
reduction of Carbon dioxide, It has 
efficient charge migration and 
higher separation efficiency which 
contributes to higher reduction 
activity. 

[23] 
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In the tabular form above the current catalyst used and the advantages of the reduction, the 

process is briefly discussed. When Cu/TiO2-SiO2 catalyst is used under the Xe Lamp, the Carbon 

dioxide is reduced to CO and Methane. The primary advantage of this reduction process is the 

synergistic combination of Cu, and the surface area of the SiO2 enhances the reduction of CO2 

under the Xe light source. When ZnGa2O4 is used as a catalyst under the same energy source 

Methane is the major by-product. The advantage of the catalyst is mesoporous ZnGa2O4 has strong 

gas absorption which leads to the high conversion/ reduction of CO2 to CH4.[24] 

When I-TiO2 nanoparticles are used as a catalyst for the reduction of CO2 under Xe lamp 

as the energy source Carbon dioxide is converted to Carbon Monoxide. Due to the extension of 

absorption spectra of TiO2 to visible light high photocatalytic activity was observed and the 

efficiency of CO2 photoreaction was greater. LiNbO3 was used as a catalyst under the natural light 

source for the reduction process. In this process, CO2 is converted to HCOOH (Formic acid) which 

was a more efficient way for the conversion. W18O49 is used as a catalyst under the same light 

source for the reduction of CO2 to Methane. In this reduction, there is an unusual photochemical 

activity due to the oxygen vacancy rich ultra-thin W18O49 nanowires. It shows high CO2 reduction 

capability in the presence of water.[25-27] 

When Pt- TiO2 thin nanostructured films are used as a catalyst under the energy source of 

400 W Xe lamp CH4 and CO are produced by the reduction of CO2. It has more commercial 

applications as a catalyst. It can be produced on an industrial scale and have high efficiency for 

CH4 formation. HNb3O8 is also used as a catalyst under 350 W Xe lamp as the energy source for 

the reduction process of CO2. The catalyst HNb3O8 is synthesized along with KNb3O8 by 

conventional solid-state reaction, and it is determined it works more efficiently than the 

commercial TiO2 catalyst for the reduction of CO2 to CH4. Some of the ZnO based materials are 
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also used as a catalyst for the reduction process. The major by production during the reduction are 

CO, CH4, CH3OH, and Hydrogen. The mesoporous ZnO structure favored the production of CO 

and H2. When Cu-ZnO is used, it enhanced the production of hydrocarbon mainly methanol. 8 W 

fluorescent tube with an average intensity is used as a catalyst.[28] 

2.1.4 Photo Electro-Chemical Reduction of Carbon Dioxide  

Another method to reduce carbon dioxide is the artificial conversion of carbon dioxide to 

other useful chemicals by using solar energy. Generally, in the ecosystem photosynthesis takes 

down in plants reducing carbon dioxide and water to sugars and oxygen using solar power. The 

process the photosynthesis demonstrates the viability of converting CO2 to chemicals and covering 

the solar sunlight into a required chemical potential.[29] [30, 31] 

  The photoelectrochemical reduction is considered as the logical and thermodynamically 

best way for Carbon dioxide reduction. Molten Oxide Electrolysis is the electrolytic decomposition 

of molten oxide into liquid metal and oxygen gas which shows the method for carbon reduction 

technique and metal production. The feedstock is derived from the ore concentrate or hazardous 

waste such as chromate sludge. This process avoids the use of consumable carbon anodes and thus 

eliminate greenhouse gas emission.[32, 33] 

In another concept of Carbon dioxide reduction, the CO2 is electrochemically reduced with 

six electron transfer. It is studied by the anodic oxidation of methanol in fuel cells. The 

electrochemical reduction reaction is the same as the reaction of formation of methanol in aqueous 

media in reverse using the same catalyst and conditions (CO2 + 6 H+ + 6 e- = CH3OH + H2O). 

Reduction of Carbon dioxide to form methanol is more favorable than the reduction of water to 

hydrogen gas. CO2 is more desirable with the electrodes that are a poor catalyst for reduction of 
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water such as Mo, Cu, In, Sb and Sn. To make the reduction more kinematically favorable neutral 

electrolyte is recommended rather than the acidic electrolyte.  

In another concept of CO2 reduction, two-electron transfer of Carbon dioxide to formate 

ion in an electrochemical membrane reactor is discussed in KHCO3 buffer solutions. In this reactor, 

the anode and cathode chambers are separated by a composite perfluoro polymer cation exchange 

membrane which is designed to reduce dissolved CO2 to formate under ambient conditions. In a 

flow reactor, there is an enhanced mass transfer of carbon dioxide to formate when compared to 

the batch reactor. Nafion 961 and Nafion 430 are commonly used membranes. The primary catalyst 

used in the process of photoelectrochemical reduction of Carbon Dioxide and the by-products 

produced during the reduction is discussed in the tabular form below. The advantages of this 

catalyst and the process are also briefly discussed.[34] 

Table 2.2. The photocatalysts used in photoelectrochemical reduction of carbon dioxide.  

Photo Catalyst Light 
Source 

Major by 
Products  

Advantages References 

Ag, Pt, bimetallic Ag–Pt 
and core-shell Ag@silica 
(SiO2) nanoparticles with 

TiO2 

100 W Hg 
lamp (330 

nm) 

CH4 The use of a reactor with 
three optical windows, a 
combination of both 
bimetallic co-catalysts, and 
Ag@SiO2 nanoparticles 
increased the product 
formation significantly 
compared to bare TiO2. 

[35] 

Carbon nanotubes 
Ni/TiO2 Nano-composites 

75 W 
visible 

daylight 
lamp (λ > 
400 nm) 

CH4 Compared to Ni/TiO2 and 
pure anatase 
TiO2, Ni/TiO2 incorporated 
with carbon nanotubes 
demonstrated maximum 
CH4 product yield of 0.145 
mmol h−1 g−1 catalyst after 
4.5 h of irradiation under 
visible light. 

[36] 
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Table 2.2 (continued) 

Pt/Cu/TiO2 200 W Xe 
lamp 

CH4, CO,  The addition of co-catalyst 
Pt decreases the selectivity 
for CO2 photo-reduction; 
however, loading Cu onto 
TiO2 increases the selectivity 
from 60 to 80%. 

[37] 

Au/Pt/TiO2 500 W Xe 
lamp 

CH4, CO Plasmonic photocatalyst 
Au/Pt/TiO2 provided a more 
effective way to harvest solar 
energy by consuming a high-
energy photon in the solar 
spectrum (UV region) and 
using it for charge carrier 
generation.  
  

[17] 

20 wt. % montmorillonite 
modified TiO2 

500 W Hg 
lamp (365 

nm) 

CH4 Loading of montmorillonite 
on TiO2 enhanced the 
surface area and reduced 
particle size, thus improving 
charge separation, resulting 
in maximum yield for 
CH4 (441.5 
mmol·g·cat−1 h−1). 

[38] 

0.5 wt.% Pt/NaNbO3 300 W Xe 
lamp (λ > 
300 nm) 

CH4, CO, 
H2 

The cubic-orthorhombic 
surface-junctions of mixed-
phase NaNbO3 enhanced the 
charge separation, thereby 
improving its photoactivity. 

[39] 

Ag supported on 
AgIO3 (Ag/AgIO3particles) 

500 W Xe 
arc lamp 

CH4 and 
CO 

In the conversion of CO2 to 
CH4 and CO using water 
vapor, Ag/AgIO3 particles 
showed high and stable 
activity because of the 
surface plasmon resonance 
effect of Ag particles. 

[40] 

g-C3N4/NaNbO3 nanowires 300 W Xe 
arc lamp 

CH4 A familiar interface 
formation was suggested 
between the C3N4 and 
NaNbO3 nanowires in g-
C3N4/NaNbO3 heterojunction 
photocatalyst, resulting in 
almost eight-fold higher 
CO2 reduction. 

[41] 
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Table 2.2 (continued) 

In2O3/g-C3N4 500 W Xe 
lamp 

CH4 The addition of 
In2O3 nanocrystals onto g-
C3N4 surface improved the 
photocatalytic CO2 reduction 
process significantly due to 
the interfacial transfer of 
photo-generated electrons 
and holes between g-
C3N4 and In2O3. 

[42] 

SnO2−x/g-C3N4 composite 500 W Xe 
lamp 

CO, 
CH3OH, 
and CH4 

Enhancement in the surface 
area of g-C3N4 was observed 
by introducing SnO2−x. 
Improve photocatalytic 
performance was observed. 

[41] 

AgX/g-C3N4 (X = Cl and 
Br) nanocomposites 

15 W 
energy-
saving 

daylight 
bulb. 

CH4 Under ambient condition and 
low-power energy-saving 
lamps, the optimal 30 
AgBr/PCN (protonated 
graphitic carbon nitride 
photocatalyst) sample 
showed highest 
photocatalytic activity with 
significant enhancement in 
CH4 formation compared to 
individual AgBr and PCN 
photocatalyst. 

[43] 

Ag supported on 
Ag2SO3(Ag/Ag2SO3) 

500 W Xe 
lamp 

CH4 and 
CO 

Plasmonic photocatalyst 
Ag/Ag2SO3 was stable 
towards CO2 photoreduction 
after ten repetitive catalytic 
cycles with high efficiency 
under visible light 
irradiation. 

[44] 

 

The table describes the photocatalyst used in the process and its advantages when the 

catalyst Ag, Pt, bimetallic Ag-Pt and core-shell nanoparticles with TiO2   is used along with Hg 

lamp as an energy source for the photoelectrochemical reduction of CO2. Compared to regular 
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TiO2 nanoparticles and the above catalyst due to the use of a reactor with three optical windows it 

increased the product formation during the reaction. Methane was formed as a byproduct.[23] 

When Carbon Nanotubes Ni/TiO2 is used with visible light as a light source for the 

reduction, the reaction demonstrated maximum CH4 yield due to the incorporation with carbon 

nanotubes. When Pt/Cu/ TiO2 is used as a catalyst under Xe lamp CH4 and CO are formed due to 

the reduction reaction. The addition of co-catalyst decreases the selectivity for Carbon dioxide and 

thereby helping in the reduction reaction. 

When Au/ Pt/ TiO2 (Plasmonic Catalyst) is used as a catalyst with Xe lamp as an energy 

source for the reduction reaction methane and carbon monoxide is formed as a byproduct. The 

catalyst provided a more effective way to harvest sunlight energy by consuming photon and using 

it for charge carrier generation. When montmorillonite modified TiO2 is used as a catalyst under 

Hg lamp for the reduction CH4 is produced as a byproduct. The catalyst enhanced the surface area 

and reduced particle size and thus improving charge separation which results in maximum 

yield.[45]  

When 0.5% of wt. Pt/NaNbO3 is used as catalyst under Xe lamp for reduction CH4, CO and 

Hydrogen are produced as by-products. The catalyst enhanced the charge separation and thereby 

improving photoactivity. When In2O3 on g-C3N4 is used as a catalyst under Xe lamp methane is 

formed as a byproduct of the reduction reaction. Due to the addition of nanocrystals onto the 

surface improved the reduction reaction. 

2.1.5 Electro Catalytic reduction of CO2 by Organometallic Complexes 

  It is discussed in the earlier topic that the effective and efficient way of CO2 reduction is 

an electrocatalytic reduction as it's used for the synthesis of carbon-based fuels from the procedure. 
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The reduction process is considered capable because the electrochemical reaction can be driven 

using renewable energy sources such as wind or solar energy. The atmospheric reduction of CO2 

by outer-sphere electron transfer at an electrode to produce radical anion of CO2 in water, enabling 

the catalytic transformation to carbon-containing products at less forcing applied potentials. The 

formation of Carbon dioxide anion in water allows the use of organometallic as a catalyst for the 

reduction of CO2.[46] 

In early 1970s first-row transition metal ions supported by tetra-aza-macrocyclic ligands 

are used as a catalyst for the reduction which product CO as a significant by-product. Further 

various transition metal ions are used which produced CO, formate and sometimes Hydrogen as a 

byproduct. Because of this issue, the selectivity towards an organic product which should be used 

as a catalyst has been a significant concern. In the 20th century, tertiary phosphines were used with 

supporting ligands leading to a range of mononuclear and polynuclear late metal catalyst for the 

reduction process, which produced CO as a major byproduct.[47] 

 

Figure 2.4. Overview of CO2 reduction reactions byproducts using organometallics. [48] 

The challenge of selective CO2 reduction has thermodynamic origins as the standard 

potentials for the reduction of CO2 to most carbon-containing products are found within a narrow 

400mV range. This range creates the challenge because it is difficult to see conditions under which 

only one specific product is thermodynamically accessible. And, the same potential range also 
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includes the standard potential for H+ reduction to hydrogen. Thus any selective reduction must 

rely on the favorable kinetic pathway to a single carbon containing the product. Because of the 

above, all conditions it is feasible to use molecular electrocatalyst as the molecular electrocatalysts 

can be readily tuned to generate specific products and the studies say the selectivity of the 

byproducts using organic electrocatalyst is more than 90%.[49] 

The molecular electrocatalyst is characterized by major four parameters: selectivity, 

activity, overpotential, and stability. Selectivity is an essential parameter for the reduction process 

as it can produce many carbon products and competing for proton reduction can produce hydrogen 

as a by-product. The activity of the catalyst is the reflection of the rate of the catalytic reaction; 

Turnover frequency is used as a tool to determine the operation of the molecular catalyst. 

Overpotential is the measure of the energy efficiency of a catalyst. It is also described as the 

difference between the applied potential and the standard potential of the overall chemical reaction. 

Catalyst stability is the lifetime of the catalyst; it is the least commonly reported parameter for the 

characterization of the molecular electrocatalyst.[50, 51] 

The main reason for choosing carbon-donor ligand to support a transition metal ion is the 

availability of many carbon-based structures with varying coordination models, bonding 

capabilities and denticity which can be used to elaborate, tune the ligand structure. Carbon donors 

often feature a powerful trans influence. This can facilitate labialization of ligands to open binding 

sites for CO2. The strong trans influence can also produce quite nucleophilic metal centers, which 

can accelerate the binding of CO2. In the studies, it is found that hydride ligands found trans to a 

carbon donor are often highly reactive toward hydride ion donation. Organometallic supporting 

ligands are found in nature mainly in enzymes that carry out multiphoton/multielectron 

transformations. Organometallic hydrogenases are featured in the hydrogen-dependent carbon 
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dioxide reductase that can hydrogenate CO2 to formate in enzymatic reactions. The ligands that 

are discussed are given below 

 

Figure 2.5. Ligands used for Carbon Dioxide Reduction. [48] 

There are many organometallic catalysts capable of hydrogenation of CO2 using H2 as 

substrate. These can be used for fuel synthesis in conjunction with water splitting electrolysis 

reactor. There are several steps in common between hydrogenation and electroreduction of CO2. 

If the same hydride intermediate is formed from H2 and can also be formed by electroreduction 

and protonation, then the chemical hydrogenation catalyst might also operate as a CO2 reduction 

electrocatalyst. The stronger donor ability of the carbon-based ligands helps make organometallic 

hydrides very hydridic, improving the activity for CO2 conversion to formate. 

The carbon-based ligands in the organometallic catalyst are considered not redox-active 

because they are not easily reduced when bound to a transition metal. Ligands that can store 

electrons can shift reduction potentials less negative and provide redox properties that are 

independent on the nature of the metal center are mostly preferred. The carbon donor ligands were 

combined with redox-active ligands to provide multidentate ligands bim-py. The fine-tuning of the 

activity selectivity and over potential depends on the critical balance between the properties of 

these two types of ligands. The example of the multidentate ligands is shown in the figure below. 
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Figure 2.6. Multidentate ligands.[48] 

In the electroreduction process using organometallic complexes, Aryl ligands are used to 

feature a single M-C σ-bond which provides strong σ-donation without significant π-bonding 

contribution. These complexes with simple monodentate aryl ligands often further undergo further 

reactions such as reductive elimination, i.e., also called as migratory insertion. No monodentate 

aryl complexes are employed in the reduction process to avoid further reactions. The aryl group 

can become a part of the robust bidentate or tridentate supporting ligand in the presence of one or 

two flanking donors. An overview of the monodentate, bidentate and tridentate aryl-containing 

ligands are shown in the figure below. The tridentate containing ligands are also called as the 

pincer. 
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Figure 2.7. Overview of the Monodentate, Bidentate, and Tridentate aryl-containing ligands.[48] 

The most used bidentate aryl-containing ligands are derived from 2-phenylptridine which is 

formed from a five-membered chelate upon metalation of the phenyl ring. These ligands are 

majorly present in light-absorbing complexes such as Ir(ppy)3 which are used for photocatalytic 

reduction of CO2. The Ir complex in the light absorbing complexes acts as the excited state electron 

donor to activate the catalyst instead of directly interacting with the CO2. Ir catalyst has excellent 

stability and strong reducing nature which suggests that it would be good supporting ligands for 

the catalyst itself. [1] 

2.2 Photocatalytic Reforming of Carbon dioxide with Methane (CRM) 

2.2.1 Traditional Method of Carbon dioxide reforming of Methane 

The process of CRM to produce the synthesis gas (i.e., a combination of Carbon monoxide 

and Hydrogen gas) was first reported in 1928 by Fischer and Tropsch. The traditional steam 

reforming or dry reforming of methane to syngas produced light hydrocarbons or oxygenates. The 

drawback of this process is that the ratio of H2/CO in the syngas is 3:1 by which a considerable 

amount of CO2 is being produced in the syngas. In the Fischer-Tropsch process the H2/CO ratio 

should be closed to one to produce higher hydrocarbons, syngas and liquids oxygenate. Synthesis 

gas is a building block for liquid fuel production and a significant source of hydrogen in the 
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refining process. The oxygenates such as methanol is easy to store, transport and when mixed with 

dimethyl ether yield an excellent fuel for high cetane number. Further investigations have been 

done by using selective catalysts for the process of CRM inorder to get better results. The 

abundance presence of the carbon dioxide and methane in the atmosphere made this process easier 

as those gases are the major part of the greenhouse gases. This process converts the harmful 

greenhouse gases into an energy source which is much required current world. Thus, Carbon 

dioxide reforming of Methane will be the best way to use the two greenhouse gases effectively. 

The thermodynamic reaction of the CO2 reforming of methane is shown in the equation below. 

The enthalpy required for the reaction to occur 247kJ/mol, which is large and requires high 

temperature (approx. 1000k). [52, 53] 

CO2 + CH4 = 2CO + 2H2   ∆H=247kJ/mol ……………………………. Eq 2.6 

The major drawback of Carbon dioxide reforming of Methane (CRM) is that high energy 

is required for the reaction to occur. Various studies are made, and various catalyst has been used 

to reduce the energy required and make the CRM process more efficient and feasible.[52, 54] 

2.2.2 Catalytic Carbon dioxide reforming of Methane 

In the metal supported catalyst for the CO2 reforming of Methane, the carbon dioxide is 

used as an oxidant to produce syngas. By using the metal supported catalyst in CRM, the ratio of 

H2/CO is nearly one by which the drawbacks of the traditional CRM are solved to some extent. In 

this process of CRM, the feedstocks with high levels of CO2 and CH4 are  converted to hydrogen-

rich synthesis gas. The process of CRM has been applied in the steel industry to convert the coke 

oven gas and CO2 from the blast furnace to produce synthesis gas. In the process of direct reduced 

iron synthesis gas is used as a reducing agent. The major drawback of this process is that the Dry 
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CRM is a highly endothermic reaction and requires very high temperature around 700 0C to occur.  

Also, the rapid deactivation of the catalyst due to the deposition of coke on to the catalyst does not 

help DRM for the long-term application in the industry. [55-57] 

In the industrial applications, Nickel is preferred because of its availability and lower cost 

than the noble metals. The catalyst that is used for the traditional CRM process is Nickel based 

catalyst such as Ni/MgO, Ni/La2O3 and Ni/ZrO2, Ni/Al2O3, Ni/MgO, etc. The other catalysts that 

are used in this process are TiO2 and noble metal induced TiO2 nanoparticles as this process 

provides stability to the process and decreases the enthalpy of the reforming reaction. Noble metals 

induced TiO2 are not used in the industrial purpose as this involves high capital investment and 

expensive. The efficiency of the CRM with the great metals-based catalyst is comparatively high 

from the recent studies. The noble metals-based catalyst that is used for the CRM process is 

Platinum (Pt), Rhodium (Rh), Ruthenium (Ru), Palladium (Pd) and Iridium (Ir). The use of the 

noble metals in the process promotes the reducibility, surface modification and surface 

reconstruction of the catalyst which helps in the efficiency of the reforming reaction. From the 

reviews, it was reported that by the use of catalyst Ni-Ce-ZrO2 [2],the conversion rate of CO2 and 

CH4 was high, but the temperature required was approximately 1073K . In the recent investigations 

to determine the efficient process for the CRM researchers started to explore the undiscovered 

photocatalytic reactions which are simpler and more efficient. In the photocatalytic reaction, the 

photocatalyst uses photo energy from the activation energy. [58, 59] 

 

 

 



29 
 

Table 2.3. The major catalysts used in the catalytic carbon dioxide reforming of methane. 

S.No Catalyst By-
Products 

and 
Percentage 
conversion 
of CO/H2 

Reduction 
Percentage 

of CH4 
and CO2 

Temperature 
 

Catalyst 
Characterization 

Reference 

1 Pd/TiO2 CO & H2; 
1.68 

High 673-773K Infrared 
Spectroscopy 

[60] 

2 Pd/SiO2 CO & H2; 
1.46 

Low 673-773K Infrared 
Spectroscopy 

[60] 

3 Pd/Al2O3 CO & H2; 
1.47 

High 673-773K Infrared 
Spectroscopy 

[60] 

4 Pd/MgO CO & H2; 
1.50 

Low 673-773K Infrared 
Spectroscopy 

[60] 

5 Ni/SiO2 CO & H2; High 1073K X ray Powdered 
Diffraction 

[59] 

6 Ni/Cu/SiO2 CO & H2 High 1073K X ray Powdered 
Diffraction 

[59] 

7 Cu/SiO2 CO & H2 High 1073K X ray Powdered 
Diffraction 

[59] 

8 Ni-
Pt/Al2O3 

CO & H2 High 973K UV-Vis 
Spectrometry 

[61] 

9 Ni-Pt/MgO CO & H2 Low 973K UV-Vis 
Spectrometry 

[61] 

10 Pt/MgO-
Al2O3 

CO & H2 Low 973K UV-Vis 
Spectrometry 

[61] 

11 Ni-
Rh/CeO2-

ZrO2 

CO & H2 Low 923K UV-Vis 
Spectrometry 

[61] 

12 Ni-
Co/CeO2 

CO & H2 High 1023K UV-Vis 
Spectrometry and 
X ray Powdered 

Diffraction 

[61] 

13 Ni-
Co/TiO2 

CO & H2 Low 1023K UV-Vis 
Spectrometry  

[61] 
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Table 2.3 (continued) 

14 Ni-
Co/ZrO2 

CO & H2 Very Low 1023K UV-Vis 
Spectrometry and 
X ray Powdered 

Diffraction 

[61] 

15 Ni-
Co/Al2O3 

CO & H2 High 973K UV-Vis 
Spectrometry and 
X ray Powdered 

Diffraction 

[61] 

16 Ni-
Co/SiO2 

CO & H2 Very High 973K UV-Vis 
Spectrometry and 
X ray Powdered 

Diffraction 

[61] 

17 Ni-
Co/MgO-

Al2O3 

CO & H2 Low 973K UV-Vis 
Spectrometry and 
X ray Powdered 

Diffraction 

[61] 

18 Ni-
Co/Si3N4 

CO & H2 High 973K UV-Vis 
Spectrometry and 
X ray Powdered 

Diffraction 

[61] 

19 Ni/γ-Al2O3 CO & H2 High 873-1073K XRD, XPS, TEM [62] 
 

2.2.3  Photocatalytic Carbon dioxide Reforming of Methane 

The photocatalytic conversion studies are one of the major research areas related to energy 

production and storage. The catalyst that is used in the catalytic conversion plays a significant role 

in reduction reactions. The primary issue for the catalytic reduction reactions is the efficiency of 

the reaction is very low, and the further investigation was focused on selecting the efficient and 

selective catalyst for the reduction reaction. Upon further research work and analysis to improve 

the efficiency of the photocatalytic systems the following conditions should be taken into 

considerations; appropriate reductant should be used, semiconductors with suitable band gap 

should be chosen, and reaction conditions should be optimized. As the UV and Visible light can 

reduce CO2 to useful compounds in the presence of the photocatalyst, the photocatalytic 
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conversion method is preferred. In the case of Catalytic CO2 reforming with CH4, the significant 

drawbacks are[61, 63, 64] 

• Formation of Carbon and Coke from the side reactions 

• High Temperature of the reaction 

• Overall Efficiency of the Reforming Reaction 

• Deactivation of the Catalyst due to the deposition of Carbon 

The possibility of solving these drawbacks is by using photo energy instead of thermal energy. 

The photocatalytic systems would be the ideal choice for this scenario. In this process of the 

photocatalytic CRM, the photocatalyst is used where the photocatalyst uses the solar energy from 

the light source for the activation energy and the increment of the Gibbs Free Energy. The 

significant advantages of this process are low energy consumption, the stability of the catalyst and 

stability of the reactor. The high energy photon from the light source with the photocatalyst would 

enable thermodynamically unfavorable reactions to proceed photo catalytically at mild conditions. 

[60, 65, 66] 

In a study, MgO and ZrO2 were used as a photo-catalyst for the PCRM which yielded CO and 

Hydrogen gas (Synthesis Gas). It was found that the percentage of the hydrogen produced was 

deficient and the CO produced in the synthesis gas was only from the CO2 not from Methane. In 

another research, Ga2O3 was used as photocatalyst for the PCRM with UV light as a light source 

at 473 K and in a closed reactor as operating conditions. The results were examined, and it was 

found that synthesis gas and a hydrocarbon are the products. The yield of the CO and H2 were 

comparatively high, and all both the carbon from the CO2 and CH4 are converted.[67] [68] 
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Table 2.4. The major catalyst used in the photocatalytic carbon dioxide reforming of methane. 

S No Catalyst Used Light 
Source  

Products  Reduction 
Percentage 
of CO2 and 
CH4 

Temperature Reference 

1 TiO2 Xe Lamp CO, H2  Low 323K [69] 
2 TiO2/SiO2 Xe Lamp CO, H2 Low 323K [69] 
3 MgO UV Light  CO, H2 Very Low 323K [70] 
4 ZrO2 UV Light CO, H2 Very Low 323K [70] 
5 Cu/Cds-

TiO2/SiO2 

UV Light Acetone 
(CH3COCH3) 

Low 393K [71] 

6 Ga2O3 UV Light CO, H2, and 
Ethane 
(C2H6) 

Low 473K [30] 

7 Rh/SiO2  
(SBA-15) 

Visible 
Light 

CO, H2 High 673K [72] 

8 Au/SiO2 Visible 
Light 

CO, H2 High 673K [72] 

9 Rh-Au/SiO2 Visible 
Light 

CO, H2 Very High 773K [72] 

10 ZnO coated 
Steel Mesh 

UV Light CO, H2 Varies on 
the 
Temperature 

623-873K [29] 

11 TiO2 coated 
Steel Mesh 

UV Light CO, H2 High 873K [73] 

12 La-loaded 
TiO2 

UV Light CO, C2H6 Low 373K [74] 

 

The process of Carbon dioxide reforming of Methane is of greater importance because in 

this process of reforming the synthesis is obtained which can be used for the feedstock for the 

synthesis of liquid fuels and chemicals. After all the studies and research work photocatalytic 

process for CRM was suggested as a promising technique which can lower the reaction 

temperature by exploiting the solar energy. There have been various studies on Photocatalytic 

Carbon dioxide reforming of Methane (PCRM) regarding the conversion of CO2 to useful 

compounds, but these have suffered from lower efficiencies. The UV light that is used for the 

PCRM has a minimal exploration as it just constitutes 4% of the solar energy and thus the 
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effectiveness of the PCRM is low. The PCRM process also yields in very less amount of the 

Synthesis gas. To use the visible light studies have been made with the combination of the metal-

based catalyst with a light-diffuse-reflection-surface of a substrate developed a practical and 

feasible way for the PCRM. In recent research work studies have been done to determine the ideal 

catalyst for this process which uses visible light and provide an efficient PCRM. [62, 75] 

The primary criteria that are required to design a catalyst for the efficient PCRM using 

visible light are visible light should be absorbed, the reaction potential of the reaction and the band 

gap of the catalyst should be same, and the efficiency of the light absorption should be high. 

Various metal-based catalyst has been considered such as Pd/TiO2, Pd/SiO2, Pd/Al2O3 (Palladium-

based), Nickel based catalyst, Cu/Ni-based catalyst, and Pt/ black TiO2 catalyst, etc.to investigate 

the significant catalyst for the PCRM process.[76, 77] 

 

Figure 2.8. The Mechanisms of Photo Catalytic Reactions and Schematic representation 

of Band structure of TiO2.[58] 
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To determine the highly efficient catalyst for the CRM reaction following three conditions has 

to be satisfied.  

• The yield of the H2 and CO when the material is used as a catalyst in the CRM reaction 

should be comparatively high 

• The energy gap of the catalyst should be in the range of the redox potential of CO/CH4 and 

CO2/CO  

• The catalyst should act as a photocatalyst, which means under the illumination of light 

performance of the catalyst should increase significantly. 

 

 

Figure 2.9. The relationship between pure TiO2 and redox potentials for CO2 reforming of 

CH4.[67] 
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2.3 CHARACTERIZATION OF THE CATALYST 

The material/catalyst that is prepared by either the coprecipitation or the hydrothermal 

method must be characterized whether it can be used for the evaluation of the carbon dioxide 

reduction. The characterization is divided into two groups, i.e., the crystallography and the 

performance of the catalyst. The crystallography of the sample is done by various techniques such 

as XRD, TEM, SEMs, etc. The performance characterization of the catalyst is done by many 

methods such as the XPS, UV-Spectroscopy, FTNIR, Mott-Schottky method, etc. In this review, 

we would be discussing the XRD technique and the TEM technique for the crystallography 

characteristics, and for the performance characteristics, we would be performing  the UV-Vis 

Spectroscopy, FTNIR, and Mott-Schottky analysis. In this section, we will be explaining the 

principle, methodology and the apparatus required for the techniques mentioned above in 

detail.[78, 79] 

2.3.1 X-ray Diffraction Pattern 

The crystallography of the catalyst is necessary to analyze the properties of the material. 

Crystallography is the experimental science of determining the arrangement of the atoms in the 

crystalline solids. In the past, the crystallography was based on the physical measurements of their 

geometry. The physical measurements consist of measuring the angle phases relative to each other 

and the reference. But now this crystallography can be analyzed methods depend on the analysis 

of the diffraction patterns of the sample targeted by the beam of the ray. Mostly X rays, electrons 

and neutrons are used as a beam of the X-ray which depends on the wave properties of the particles. 

The rays interact with the specimen in different ways like the X-rays interact with the spatial 

distribution of the electrons in the sample, electrons interact with the charge distribution of the 

atomic nuclei and electrons of the sample and the neutrons produce diffraction patterns of high 
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noise. To analyze the crystallography of the material X-Ray Diffraction used in this review. The 

X-ray Crystallography is a technique to determine the atomic and molecular structure of the crystal 

by the diffraction of the incident X rays to diffract which is due to the crystalline structure of the 

specimen. It is pictorially explained in the Figure below.  The XRD is used because it measures 

the average spacing between layers and rows of the atoms and measures the size, shape and internal 

stress of the small crystalline regions.[80] 

Another reason for using XRD because the wavelength of the X rays is typically similar to 

that of the magnitude of the spacing between the atoms. One of the principles behind XRD is the 

Braggs law, which is defined by the equation below. 

………………………….…………Eq 2.7 

Where n is an integer, d is the spacing between the planes , λ is the wavelength of the 

incident light, and θ is the incident angle. 

 

 Figure 2.10. Pictorial representation of X-ray diffraction.[80] 



37 
 

In the XRD experiment the consist of four steps, namely Production, Diffraction, 

Detection, and Interpretation. In the initial phase, the X rays are produced from the X-ray tube and 

are targeted on the sample. The sample should be perfect and make sure it is a free form of external 

impurities and twinning. When the incident beam of X rays is targeted towards the example regular 

patterns of reflections are produced and are recorded on the film and the detector. The angles and 

intensities of the diffracted X rays are measured as each compound as the unique diffraction 

pattern. Later the crystal/sample is rotated, and the strength of every spot is recorded in every 

direction. All the data points are marked by considering every orientation of the sample. In the last 

step, the data are combined computationally with the chemical information to form the refined 

model of the arrangements of atoms in the crystal. The pictorial representation of the XRD is 

shown in the figure below.  

 

Figure 2.11. Pictorial representation of the XRD technique and working principle.[79] 
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2.3.2 Electrochemical Impedance Analysis (Mott-Schottky Analysis) 

Flat band potential which is the fundamental property of the semiconductor-electrolyte 

system will be determined using the Mott-Schotkky analysis. When a semiconductor is in contact 

with another metal or an electrolyte solution the Fermi levels of both the materials leads to the 

bending of the semiconductors band edges at the junction. The Fermi levels of the materials are 

defined as the energy at which the probability of occupation of the electron state is exactly one-

half. When the temperature is at 0 K, all the states below the Fermi level are filled, and all the 

states above the Fermi level are empty. Generally, band bending involves the movement of charge 

carriers from one side to another or vice versa. The study of those junctions is vital in the view of 

the applications such as rectification, photodetection, and solar energy conversion. [81] 

Flat band potential is the potential at which there is no band bending or field inside the 

semiconductor or metal. The flat band potential is defined as a potential required to bring the 

semiconductor edges back to their horizontal band position from the bending position at the 

junction. It is also described as the position of the band edges concerning the redox potentials in 

the electrolyte. Flat band potential denotes the location of the Fermi level of the semiconductor 

concerning the potential of the reference electrode. [82] 

The flat band potential is an essential feature for the characterization of the catalyst. The 

most common method to determine the flat band potential is by measure the photocurrent onset 

potential. At potentials positive of the flat band potentials, a depletion layer is formed which 

enables the separation of photogenerated holes and electrons indicating the photocurrent. It is 

commonly determined using the Mott-Schottky analysis. In this analysis, the 1/C2 is plotted as a 

function of applied potential. This is referred to as the Mott-Schottky plot. From the plot, the value 

of the flat band potential is determined by taking an intercept of the plot on the potential axis. The 



39 
 

observed capacitance values are taken from the capacitance and voltage plot (i.e., the Mott-

Schottky plot) and incorporated in the Mott-Schottky equation. The Mott-Schottky equation that 

is generally used and the Mott-Schottky plot for the ZnO in K3[Fe(CN)6] is shown below[81]. 

 

 

 

Figure 2.12. The Mott-Schottky plot of ZnO in K3[Fe (CN)6].[81] 

 

 

                     ………………………… Eq 2.8 
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In the equation shown above C is the junction capacitance; ϵ is the dielectric constant; V is 

the voltage applied; Vf is the flat band potential; Nd is the doping density; A is the area of the 

depletion region; kB is the Boltzmann constant, and T is the absolute temperature. In the test, the 

Pt is taken as the counter electrode; Ag/AgCl is considered as the reference electrode and the 

graphs at various frequencies. 1000 Hz,1500 Hz,2000 Hz, and 2500 Hz are determined. From the 

test, the impedance value and the voltage are found. The data is transferred into the excel, and the 

capacitance is determined using the below equation. i.e.  

                                           
1

𝐶𝑠
2 = 2𝜋𝑓𝑍𝑖

2………………………………………Eq 2.9 

Where Cs is the capacitance, f is the linear frequency, Zi is the imaginary values of the 

impedance. The 1/Cs
2 vs. the voltage graph is plotted, and the intercept of the curve in the voltage 

axis is determined as shown in the figure. The value of the intercept is the flat band potential of 

the material.[83] 

2.3.3 UV-Visible Spectroscopy 

UV- Vis spectroscopy of the material is performed in order to obtain the UV-Vis absorption 

spectra of the materials and also determine the band gap of the material. The band gap is generally 

described as the distance between the valance band of the electrons and the conduction band. The 

energy required to excite electrons from valance to conduction band is defined as band energy/gap. 

The band gap is one of the critical characteristics of the catalyst selection because it provides a 

brief picture of the Fermi levels and the energy required to activate the catalyst for the reduction 

reaction. The most common technique that is used to measure the band gap is UV-Vis electron 

absorption spectroscopy. But unfortunately based on the type of the transition considered, directly 

or indirectly the band gap value can vary from one author to the other, which would affect the 
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electronic properties of the semiconductors. To avoid this uncertainty, UV-Vis diffuse reflectance 

spectroscopy is mostly employed. In this review, we would be using the UV-Vis diffuse 

reflectance property to determine the energy gap of the catalyst for accurate results.[84] 

The UV-Visible spectroscopy probes the electronic transitions between the valance band 

and the conduction band which enables the estimation of the optical band gap. It also allows the 

characterization of the electronic transition as a direct or indirect transition. The two-particle 

interaction between the electron and photon is described as direct transition, and three particle 

interaction between the electron-photon and phonon for the momentum conservation is defined as 

an indirect transition. In the evaluation of the band gap using the UV-vis spectrometer light is 

passed through the material and the absorbance and the wavelength graph is obtained. The band 

gap in the absorption spectra corresponds to the point at which absorption begins to increase from 

the baseline since this indicates the minimum amount of energy required for a photon to excite an 

electron across the band gap and thus be absorbed in the semiconductor. Therefore, the bandwidth 

is determined. [85] 

The wavelength of the intercept from the graph is determined and used to determine the 

energy gap of the sample. The energy gap of the sample is determined from the Planks Equation, 

which is mathematically defined by the following equation 

 

                                                                   𝐸 =
ℎ𝑐

𝜆
 …….…………………………… Eq 2.10 

,where E is the energy required, h is the planks constant, c is the speed of the light and λ is the 

wavelength. Using the plot from the graph wavelength is determined, and from the above equation, 
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the energy required of the specimen is determined. Thus, the energy required is the energy gap of 

the sample 

 

Figure 2.13. The absorbance and wavelength plot to identify the energy gap.[86] 

 

   𝛼ℎ𝜈 = 2.303 ∗ 𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 ∗
1240

𝑊𝑎𝑣𝑒𝑙𝑒𝑛𝑔𝑡ℎ
…………… Eq 2.11 

The energy gap is directly determined using the Tauc Plot analysis. The horizontal axis of the Tauc 

plot is the Energy in eV, and the vertical axis is αhν which is calculated by the method given above 

in the equation. The Energy gap is determined from the Tauc plot by dropping the tangent of the 

curve on the Energy axis as shown in the Figure above. 

2.3.4 FTNIR Spectroscopy 

Energy Band is an important parameter to characterize the catalyst. An energy band is a 

range of electron energy in a solid so dense with electron states that it appears to be continuous. 

The number of states is finite and countable, but the spacing in energy between states is minuscule. 
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The number of discrete states in a band is on the order of the number of electrons in the solid. 

Energy bands arise from bringing atoms, which have distinct electron states widely spaced in band 

structure,so that the electron wave functions overlap. This leads to a separation in energy levels 

due to the Pauli Exclusion principle. It also describes the range of electrons in the atom which is 

responsible for chemical bonding and electrical conductivity.[87] 

To characterize the catalyst prepared an additional parameter of the material has to be 

analyzed that is the band energy. To calculate the band energy FTNIR analysis is used in this 

experiment. Fourier-transform infrared spectroscopy is used for the FTNIR analysis. The FTIR is 

a technique used to obtain an infrared spectrum of absorption or emission of a solid, liquid or gas. 

The spectrometer collects spectral-resolution data over a broad spectral range. Over a dispersive 

spectrometer, it measures intensity over a narrow range of wavelengths at a time. The technique is 

termed as the Fourier-transform infrared spectroscopy because it requires a mathematical model 

named as the Fourier transform to convert the raw data into the actual spectrum. The principal 

objective of the absorption spectroscopy is to measure how well a sample absorbs light at each 

wavelength.it is done by dispersive spectroscopy where the light is emitted on the sample as 

measure how much of the light has been absorbed and then repeat it for different wavelengths. In 

the case of Fourier-transform spectroscopy rather than shinning monochromatic light on the 

sample, this technique shines a beam containing various frequencies of light at once and measures 

how much of that beam is absorbed by the sample. Later another modified beam of a different 

combination of frequencies is made to shine on the sample which results in the second data point. 

The raw data which is referred to as interferogram is converted into the desired result using the 

mathematical model (Fourier-transform) using the computer.[88, 89] 
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 Figure 2.14. FTNIR Spectra and the first derivative of the FTNIR spectra of a) Pt/black TiO2 b) 
Pt/TiO2 and c) white TiO2.[67] 
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CHAPTER 3 

OBJECTIVES AND HYPOTHESIS 

Based on the background in Chapter 2, one can see that the photocatalysts are an essential part of 

the photocatalytic reaction. However, it can only utilize UV light because of the wide band gap. 

There are three requirements for an efficient visible light photocatalyst: the ability to absorb visible 

light, the suitable band structure of a catalyst to match the redox potentials of a reaction, and high 

efficiency for light absorption. The main objective of the research work is to explore the highly 

efficient photocatalysts for the carbon dioxide reforming of methane reaction. The effectiveness 

of the reaction is measured by considering the yields of the products and the activation temperature 

of the reaction. 

The hypothesis statements that considered in this research work are: 

Hypothesis I: The metals (Pt, Ru, Co) induced TiO2 would be an excellent photocatalyst, because 

TiO2 is a semiconductor and Pt, Ru, Co can promote the reduction reaction process. 

Hypothesis II: Thermal energy and photo energy would have a synthetic effect because thermal 

energy can promote the dynamics of the reduction reaction. 
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CHAPTER 4 

EXPERIMENTAL SECTION 

4.1 Preparation of Catalyst 

As discussed in the previous review the photocatalyst are prepared using the co-

precipitation method and the performance of the prepared catalyst is determined using the Mott 

Schottky test for the flat band potential, UV -visible spectroscopy for the bandwidth and FTNIR 

for the band energy. The carbon dioxide reduction performance is found out by the reforming of 

methane with Carbon dioxide equation. The performance of the catalytic reduction is done in the 

gas chromatography and performance is found. To find out the efficient catalyst for this process 

various catalyst is prepared and the test is performed. The catalyst that is prepared in this review 

is 0.5 wt.% Pt-TiO2, 0.5 wt.% Ru-TiO2, and (1, 5, 10, 20, 40 wt.%) Co-TiO2. All these catalysts 

are prepared by co-precipitation methods using various precursors and TiO2 mixed according to 

the weight percentage. 

4.1.1 Preparation of 0.5 wt.% Pt-based TiO2 nanoparticles 

To prepare the Platinum (Pt) based Titanium dioxide (TiO2) material, the chemicals 

required are TiO2, Pt precursor and deionized water. The platinum precursor used in this process 

is chloroplatinic acidic hexahydrate (H2PtCl6.6H2O). The Molecular Weights of the precursor 

517.90g/mol. To prepare 0.5 wt.% Of the Pt, the amount of the precursor to be taken should be 

calculated based on the moles required. To obtain 0.5 wt.% Of Platinum 0.000025 moles 

(0.0005/195.0584) of the precursor is required. The weight of the precursor to be taken is 0.013273 

grams(0.000025x517.90). The mixture prepared by 0.0132 grams of Pt precursor and 1 gram of 
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TiO2 gives 0.5 wt.% Pt-TiO2. The precursor and the TiO2 were weighing and added to the beaker. 

The deionized water is added to the mixture until the TiO2 is dissolved. 

Now the solution of the mixture is stirred continuously on the hot plate at room temperature 

and 150 rpm for 2 hours. The beaker is covered with the cap to prevent impurities. After the process 

is completed the beaker is set aside for the whole night to allow the suspended particles to settle 

down. Next, the beaker is kept in the oven for 2 hours at 90-100 0C to evaporate all the water 

content and make the mixture dry. After the mixture is dried, all the particles are transferred into 

the aluminum crucible for the heat treatment. The crucible is placed inside the furnace at a 

temperature of 500 0C for one hour with an increased rate of 15 0C/minute and allowed into cool 

down usually. Later the heated treated mixture is ground and stored in a vial tube and labeled for 

further process. 

4.1.2 Preparation of 0.5 wt.% Ru based TiO2 nanoparticles 

To prepare Ruthenium-based Titanium dioxide, the chemicals required are Ruthenium 

precursor, TiO2 and deionized water. The Ruthenium precursor used in this process is Ruthenium 

chloride hydrate (RuCl3.xH2O) with a molecular weight of 207.43 g/mol. To prepare 0.5 wt.% of 

Ru based TiO2 the weight of precursor used is calculated similarly as Platinum. The weight of the 

Ruthenium precursor required to make the mixture is 0.01026 g. One gram of TiO2 and 0.01026 g 

of the Ruthenium precursor are weighted and mixed in the beaker. After the mixture is prepared, 

deionized water is added until the mixture is dissolved. 

The prepared solution is stirred continuously on the hot plate at room temperature. The 

solution is stirred continuously for 2 hours at 150 rpm. After the solution is mixed, it is kept aside 

on the flat surface for the whole night to settle down the suspended particles. Later, the mixture is 

kept in the oven for 2 hours to remove all the water content and dry it. The dried mix is transferred 
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into the Aluminum crucible for the heat treatment procedure. The mixture is heat treated for 1 hour 

at 500 0C with a step-up rate of 15 0C/min in the furnace. The mixture is air-cooled to room 

temperature and ground into fine particles. The ground mixture is transferred into the vial tube for 

further process. 

4.1.3 Preparation of (1,5,10,20,40) wt.% Co based TiO2 nanoparticles 

To prepare the Cobalt based TiO2 the chemical required are the cobalt precursor, TiO2 and 

deionized water. The cobalt precursor (Cobalt Nitrate Hexahydrate (Co (NO3)2.6H2O)) with a 

molecular weight of 207.43 g/mol. The weight of Cobalt precursor to being taken for the different 

weight percentage is described in the table below. The specified weight of Cobalt precursor is 

mixed with 1 gram of TiO2 to achieve respective weight percent of the catalyst. The chemical is 

weighed and mixed into a beaker. The deionized water is added to the mixture of the chemical 

until the mixture is dissolved. The beaker containing the mixture is continuously stirred on the hot 

plate at room temperature. The mixture is stirred for 2 hours at 150 rpm and later kept aside on a 

flat surface for the whole night for the suspended particles to settle down. 

The mixture is later transferred into an oven for 2 hours at 90-100 0C to evaporate all the 

water content and to obtain a dry mixture. The dried mixture is then moved into an Aluminum 

crucible for the heat treatment. The mixture is calcinated at 500 0C for one hour with a step rate of 

15 0C /minute. The mixture is air cooled and ground to fine particles. The ground fine particles 

mixture is transferred into a vial tube and labeled for further process. 
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Table 4.1. The weight percentage of cobalt and the according to the weight of the precursor taken. 

S. No Weight percent 
of Cobalt 

Number of Moles 
of Cobalt 

The weight of the 
precursor required (Co 

(NO3)2.6H2O 

The weight 
of TiO2 

required 
1 1 wt.% 0.000169 mol 0.04938 g 1.000 g 

2 5 wt.% 0.000848 mol 0.24679 g  1.000 g 

3 10 wt.% 0.001696 mol 0.4938 g 1.000 g 

4 20 wt.% 0.003393 mol 0.9876 g 1.000 g 

5 40 wt.% 0.006786 mol 1.9752 g 1.000 g 

 

4.1.4 Preparation of 0.5 wt.% Pt-Al2O3 nanoparticles 

The preparation of this is like that of the Pt-TiO2.The chemicals that are utilized to prepare 

the catalyst are the Platinum precursor (. i.e., Chloroplatinic Acid Hexahydrate(H2PtCl6.6H2O)), 

Aluminum dioxide and deionized water. To maintain 0.5 wt.% of the Pt in the mixture, the amount 

of precursor to be weighed is calculated based on the concept used in the previous catalyst 

preparation. The amount of precursor needed for one gram of Al2O3 is 0.0133 grams. One gram of 

Al2O3 and 0.0133 grams of Pt precursor are precisely weighed and added into the beaker. Enough 

deionized water is added to the mixture such that the mixture is dissolved. The mixture is then 

placed on the hot plate with the magnetic stirrer, and the mixture is continuously stirred for 120 

minutes at 150 rpm. Later, the mixture is kept aside whole night allowing the particles to settle 

down.  

The mixture is now transferred into the oven on the next day for 60-100 minutes at 60-80 

0C allowing all the water to evaporate and to obtain a dry mixture. The dry mix is later transferred 

into the Aluminum crucible to perform heat treatment at 500 0C for one hour. After the heat 

treatment procedure, the mixture is allowed to cool down usually, and the mixture is ground into 
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a fine powder using the Agate Mortar and Pestle. The ground mixture is later transferred into the 

vial tube for further process. 

4.1.5 Preparation of 0.5 wt.% Ru-Al2O3 nanoparticles 

The catalyst is prepared by the co-precipitation method. The chemicals that are required 

for the preparing are Ruthenium Precursor (Ruthenium chloride hydrate (RuCl3.xH2O)), 

Aluminum dioxide and deionized water. The 0.5 wt.% of the Ru is maintained by taking 0.01026 

g ruthenium precursor and mixing it with one gram of aluminum dioxide. One gram of Al2O3 and 

0.0126 grams of Ruthenium Precursor are precisely weighed and carefully added into the beaker. 

Deionized water is added to the mixture such that all the chemicals are dissolved. Now the beaker 

is placed on the hot plate for stirring. 

The magnetic stirrer is immersed into the mixture and beaker is covered to prevent any 

impurities. The hot plate is turned on at 150 rpm for 120 minutes at room temperature. Later the 

mixture is kept aside on the flat surface for the whole night, allowing the particles to settle. Now 

the beaker is placed inside the oven for 60-100 minutes at 60-80 0C to allow the evaporation of 

water and obtain a dry mixture. The dried mixture is later transferred into the Aluminum crucible 

for the heat treatment. The aluminum crucible is placed inside the furnace, and the furnace is turned 

on at 500 0C for one hour. The furnace is allowed to cool down usually, and the mixture is grinded 

using the Agate Mortar and Pestle. The grinded mixture is then transferred into the vial tube for 

further process.  

4.1.6 Preparation of 20 wt.% Co-Al2O3 

20 wt.% Co-Al2O3 is prepared using the co-precipitation method in which distilled water, 

Al2O3 Cobalt precursor (Cobalt Nitrate Hexahydrate (Co (NO3)2.6H2O)). To obtain 20 wt.% in the 
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material 0.9876 grams of the precursor is required in one gram of Al2O3. The weight calculation 

is like that of TiO2. The 0.9876 grams of cobalt precursor is weighed using the balance and then 

transferred into a beaker. Similarly, 1 gram of Al2O3 is also weighed and added to the beaker. To 

this mixture distilled water is appended such that both the materials are immersed in the solution. 

The mixture is then placed on the hot placed at room temperature, and the magnetic stirrer is placed 

inside the solution. The mixture is continuously stirred for two hours by covering the beaker with 

a plate at a constant speed of 150 rpm. After 2 hours the hot plate is turned off, and the beaker is 

kept aside for a whole night allowing the particles to settle down. 

Further, the mixture is then placed inside the oven at 80-90 0C for 1-2 hours permitting the 

evaporation of water and make the mixture dry for the heat treatment. The mixture is now 

transferred into an aluminum crucible for the heat treatment at 500 0C. The crucible is placed inside 

the furnace at 500 0C for one hour using the DWELL mode. After the heat treatment is completed, 

the material is allowed to cool down usually, and the mixture is taken out from the crucible. The 

mixture is now grinded into a smooth powder using the Agate Mortar and Pestle. The grinded 

mixture is now transferred into the vial tube and labeled for further process. 

4.2 Characterization of Catalyst  

4.2.1 Mott Schottky Analysis  

To determine the flat band potential of the catalyst prepared Mott Schottky test is 

performed. The small portion of the sample preparation is taken from the vial tube and mixed with 

ethanol to maintain the consistency of the liquid to form a film. To prepare a film Fluorine doped 

Tin oxide glass is taken, on the conduction side, an area of 1 cmx1 cm is chosen and marked using 

tape. The prepared 1cm2 area is coated with the solution of the catalyst and ethanol, and the surface 
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is rolled with the glass rod to maintain the uniformity. The prepared uniform film is dried and later 

transferred into the oven for one hour at 80 0C. The Mott Schottky test is performed on an 

electrochemical work station by creating an electrochemical cell. The electrochemical cell consists 

of three electrodes; they are Reference electrode, Counter electrode, Working electrode, and an 

electrolyte. The electrolyte used in this process is Lithium perchlorate of 0.1 M, Counter electrode 

is the Pt electrode, and the reference electrode is the Ag/AgCl electrode. The working electrode in 

this setup is the prepared glass film of the catalyst.  

The dried glass film is taken out from the oven and immersed in the electrolyte with the 

other electrodes. Measures should be taken that the electrodes of the cells are not touching to the 

surface of the beaker or with each other and the electrodes are completed immersed in the solution. 

When all the electrodes are connected to the electrochemical work station, the Mott Schottky test 

is performed using different frequencies of 1000 Hz,1500 Hz,2000 Hz, and 2500 Hz. The 

parameter that is used in the analysis is given in the table below. 

Table 4.2. The parameters used for the Mott-Schottky analysis. 

S. No Parameter Operation Conditions 

1 Initial Voltage -0.9 Volts 

2 Final Voltage -0.4 Volts 

3 AC Voltage 10 mv rms 

4 Area 1 cm2 

5 Estimated Impedance 100 ohms 

Using the above parameters, the Mott Schottky Test is performed, and the data is collected 

for various frequencies. The information that is obtained consists of the voltage and the impedance 
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real and imaginary values. To determine the flat band potential 1/Cs
2 and Voltage plot is required. 

The 1/Cs
2 is found from the equation described in the introduction part of the excel. Later all the 

plots with various frequencies are plotted using origin and the intercept of the curve on the voltage 

axis is determined. The obtained value is the flat band potential of the curve. The plots of the 

various graph’s catalyst are shown below, and the acquired flat band potential is discussed in the 

tabular form below. 

4.2.2 FTIR Analysis  

The energy band is an important performance characteristic of the catalyst that is to be 

determined. The Fourier-transform infrared spectroscopy (FT-IR) is used to record the spectrum 

of the material and perform IR analysis to determine the energy band of the catalyst prepared. The 

IR spectroscopy of the catalyst is obtained from this procedure, and it is used to determine the 

presence of the energy bands in the materials. The energy bands obtained from the experiment is 

compared to the IR transmittance spectroscopy table to determine the presence of bonds in the 

material. The equipment that is used in the FTIR test is the Thermo Scientific NICOLET 6700 FT-

IR. The range of the equipment id from 400-4000 cm-1. [90] 

To get the exact spectrum of the material the background spectrum should be deduced from 

the recorded spectrum. Initially when the equipment is turned on the background spectrum of the 

surroundings is recorded. Then the material is placed on the glass platform, and the diamond smart 

tool is pressed on the material.the  The corrected spectrum is recorded by removing the background 

spectrum from the obtained spectrum. The parameters that are used in the experiment are shown 

in the table below. The background and the sample spectrum are collected through the software 

called OMINI which is the platform between the user and the FT-IR spectroscopy. The experiment 
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is performed on all the materials prepared, and the energy band that is present in the material is 

briefly discussed in the results section .[91] 

Table 4.3. The parameters used for the FTIR analysis.   

S. No Parameter Operating Conditions 

1 Number of Scans 18 

2 Resolutions 4 

3 Data Spacing 0.482 cm-1 

4 Final Format Absorbance 

 5 Correction Yes 

4.2.3 FTNIR Analysis 

The Fourier transform near-infrared spectrum of the material is determined using Bomem 

(MB160) Fourier transform near-infrared spectrophotometer. The spectrum is recorded in the 

wavenumber range of 4000-11000cm-1
 at room temperature. The spectrum is recorded using a 

reference material Polytetrafluoroethylene (PTFE). The absorption spectrum of the material at a 

different wavelength is recorded, and the peaks are absorbed. The absorption spectrum of each 

material is compared with the spectrum of TiO2. The FTNIR analysis is done to determine the 

energy gap of the material by considering the peaks of the spectrum. 

The peak is the absorption spectrum are not so significant and to get the exact peak value 

first order derivative of the FTNIR signal is performed. The first order derivative of the materials 

provides the highest peak position and thus helps us to calculate the band energy of the material. 

The most elevated peak position is determined from the derivative plot, and the band energy is 

determined using the equation given in the literature section. Similar to the FTIR test, the 

background and the sample absorbance spectrum is recorded, and the corrected spectrum is given 
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after removing the background spectrum from the obtained spectrum. The difference between 

FTIR and FTNIR is the IR range of FTIR is from 400-4000 cm-1, and the IR range of the FTNIR 

is from 4000-11000 cm-1. The energy band of the materials can be easily determined in the FTNIR 

as the range the spectrum is broad, and the peak position is easily determined in the first order 

derivative of the FTNIR signal.   

4.2.4 UV-Visible Absorbance Spectroscopy 

The UV absorption spectroscopy is used to determine the UV absorption spectrum of the 

material and to determine the band energy of the material. The UV spectrum is determined using 

the Thermo Scientific 30 Visible Light Spectrophotometer, and the absorption spectrum is 

obtained over the wavelength range of 200 nm-800 nm. The material is suspended into a liquid 

form by adding 15 ml of distilled water to the material and allowed it to settle down. The absorption 

spectrum of the material is recorded by placing the liquid solution of the material in a cuvette. The 

cuvette is then placed on the sample holder, and UV light is focused on the cuvette, and the 

absorption spectrum is recorded by the detector. To obtain accurate results the spectrum of the 

cuvette and water must be deducted from the spectrum.  

The background spectrum is recorded by placing the cuvette containing 15 ml of distilled 

water, and the spectrum is recorded. Later the spectrum is recorded by placing the cuvette 

containing the material solution, and the background is deducted. The cuvette should be placed at 

the same orientation as that of the cuvette containing water and measures should be taken that the 

surface of the cuvette is free from impurities and dust in order to obtain precision results. The 

absorption spectrum of all the materials is obtained and compared to that of the Pure TiO2. The 

energy gap of the material is determined using the Tauc plot. The x-axis of the plot is the Energy, 
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and the y-axis of the Tauc Plot is αhν as shown in the literature part in the previous section. The 

wavelength is used to determine the energy and the absorbance and energy is used to determine 

the y-axis of the plot. The intercept of the plot on the x-axis gives the band energy of the material. 

This experiment is performed on all the materials, and the band energy is calculated and discussed 

briefly in the results section. 

4.2.5 X-Ray Diffraction Analysis 

 In the XRD is a non-destructive characterization test in which is employed to identify the 

crystalline phases that are present in the material using the X rays diffraction technique. The XRD 

analysis of the material provides the brief knowledge about the structural properties like defects in 

the material, grain size and phase composition in the material. The equipment that is used to get 

the X-ray Pattern of the material is the Bruker D8 discover X-ray diffractometer.  

In this analysis, the X-ray diffraction pattern of the material is recorded by placing the 

powdered material inside the sample holder and performing the test. The pattern of the diffracted 

X-ray is recorded using the detector. The Intensity of the diffracted X-rays is recorded over the 

range of 10-80 0,
 and the peaks of the intensities are analyzed. The peaks at a specific orientation 

are compared to the manual to determine the presence of different phases of the material.  

4.3 Performance Test 

The performance of the catalyst in the Carbon dioxide reforming of Methane is performed 

by the gas chromatography test with the TCD. The activity of the catalyst is measured at different 

temperatures, and the products of the reaction are analyzed. The amount of the products are 

examined using the detectors with the equipment. As discussed in the previous section the products 
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produced in the CRM reaction is CO and Hydrogen gas. 15 mg of the catalyst prepared is dispersed 

on the light-diffuse reflection surface of SiO2 which is then placed in the quartz reactor of the GC. 

The CH4/CO mixture gas of 1:1 ratio and Gas Hourly space velocity (GHSV) of 40000 ml/gcat/h 

is flowed through the reactor. The reactor is in the electric furnace where the temperature is varied. 

The Photo CRM is carried out under dark light, Visible light and by AM 1.5G New port solar 

simulator. The in-situ thermocouple was employed to eliminate the effect of light illumination on 

the temperature of the catalyst. To examine the photocatalysis under the visible light UV light 

filter was exploited to remove the UV light from AM 1.5G sunlight. The pictorial representation 

of the photocatalytic CRM is shown in the figure below. 99.99% Ar is used as the carrier gas in 

this reactor.[67, 72, 92, 93] 

 

Figure 4.1.  Pictorial Representation of Photocatalytic reactor 1) Thermocouple 2) SiO2 Substrate 
3) Quartz Wool 4) Quartz reactor 5) Electrical Tube Furnace.[67] 

The amount of the products produced determines the efficiency of the catalyst, which is 

the primary objective of this research. The catalyst gets deactivated at higher temperatures due to 

the decomposition of carbon due to the reaction. The yield of hydrogen and carbon dioxide when 

it is exposed to different incident light versus the temperature is plotted to determine the 

performance of the various catalyst. The photo yield of hydrogen and carbon monoxide when 

visible light and AM 1.5 G light is focused is determined by subtracting the yield from that of the 
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dark light. The photo yield of hydrogen and carbon monoxide is plotted at various temperatures. 

The optimum catalyst for the CRM is determined by considering all the plots and from the 

characteristics test. [93-95] 
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CHAPTER 5 

RESULTS AND DISCUSSION 

5.1 Characterization Results 

5.1.1 Mott-Schottky Test 

The flat band potential of the catalyst has been determined using the Mott-Schottky test 

described in the previous section. The results of the Mott Schottky test are shown in the figure 

below, and the results are compared with that of the Pure TiO2. The flat band potential of the 

individual catalyst is tabulated in the table.  

 

Figure 5.1. The voltage versus I/Cs
2 plot of the A) Pure TiO2 and B) 0.5 wt.% Pt-TiO2. 
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Figure 5.2. The voltage versus I/Cs
2 plot of the A) Pure TiO2 and B) 0.5 wt.% Ru-TiO2. 

 

Figure 5.3. The voltage versus 1/Cs
2 plot of the A) Pure TiO2 B) 1 wt.% Co-TiO2 C) 5 wt.% Co-

TiO2 D) 10 wt.% Co-TiO2 E) 20 wt.% Co-TiO2 F) 40 wt.% Co-TiO2. 

The flat band potential is calculated from the plot of the voltage and the 1/Cs
2 by taking the 

intercept of the curves of different frequencies on the voltage axis as shown in the figures above.  
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Table 5.1. The flat band potential of all catalysts from Mott-Schottky analysis  

S. No 
 

Catalyst Flat Band Potential 

1 Pure TiO2 -0.98 V 

2 0.5 wt.%Pt- TiO2 -0.93 V 

3 0.5 wt.%Ru- TiO2 -0.91 V 

4 1 wt.%Co- TiO2 -0.90 V 

5 5 wt.%Co- TiO2 -0.77 V 

6 10 wt.%Co- TiO2 -0.85 V 

7 20 wt.%Co- TiO2 -0.87 V 

8 40 wt.%Co-TiO2 -0.92 V 

 

From the Mott-Schottky plots of the 0.5 wt.% Pt-TiO2 and 0.5 wt.% Ru-TiO2, it can be 

observed that there was a right shift of the flat band potential when it was compared to that of the 

Pure TiO2. Due to the addition of the Group VII metals, there was an increase in electron density. 

The increase in the electron density increases the flat band potential of the material. As the amount 

of the metal added was 0.5 wt.%, there was not much significant change in the flat band potential 

of the catalyst. In the case of Cobalt induced TiO2 as there was an increase in the Cobalt weight 

percent the flat band potential has increased up to 10 wt.%, due to the increase in electron density. 

But upon the addition of more Cobalt the properties of the TiO2 semiconductor as replaced by that 

of the Cobalt gradually. Further addition of Cobalt to TiO2 has again decreased the flat band 

potential of the material. The values of the flat band potential are determined from the plots and 

tabulated in the above table. 
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5.1.2 FTIR Spectroscopy 

The Energy Band of the catalyst prepared is determined using IR-Spectroscopy from the 

range of 400-4000 cm-1. The transmittance spectrum of the catalyst is recorded in the range, and 

the energy band of each catalyst is compared with the library of the transmittance spectroscopy 

relating with the peaks. Using the methodology described in the experimental section the FTIR 

spectrum of each catalyst is recorded, and it is compared to the spectrum of TiO2. The peaks of the 

spectrum are identified, and an energy band at that particular peak is obtained from the library. 

The spectrums of each catalyst compared to TiO2 is shown in the figure below. 

 

Figure 5.4. FTIR Transmittance Spectrum of Pure TiO2 and 0.5 wt.% Pt-TiO2 0.5 wt.% Ru-TiO2, 
(1,5,10,20,40) wt.% Co-TiO2 in the IR Range of 400-4000 cm-1. 

From the spectrums of the catalyst in spectrum from 590-4000 cm-1 is considered for 

detailed IR analysis. The peak between 590-750 cm-1 that is absorbed in all the catalyst is due to 

the presence of Ti-O bond. The vibrations in the spectrum between 1700-1000 cm-1 are due to the 

presence of surface-linked carboxyl carbon. The vibration in the spectrum between 1650-1500 cm-

1 is due to the presence of carbon monoxide on the surface of the catalyst. The weak vibration in 

the spectrum between 3700-3500 cm-1 is due to the presence of the OH bond near the surface of 

the TiO2. 
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5.1.3 FTNIR Spectroscopy 

 

Figure 5.5. The FTNIR Absorbance spectra of the 0.5 wt.% Pt-TiO2 and Pure TiO2 and 
Derivative FTNIR absorbance spectra of 0.5 wt.% Pt-TiO2. 

 

Figure 5.6. The FTNIR Absorbance spectra of the 0.5 wt.% Ru-TiO2 and Pure TiO2 and 
Derivative FTNIR absorbance spectra of 0.5 wt.% Ru-TiO2. 
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Figure 5.7. The FTNIR Absorbance spectra of the 20 wt.% Co-TiO2 and Pure TiO2 and 
Derivative FTNIR absorbance spectra of 20 wt.% Co-TiO2. 

 

The plot of the FTNIR absorbance spectra and the derivative of the FTNIR signal is plotted 

versus the wavenumber range of 4000-12000 cm-1. The absorption spectra are compared with that 

of the pure TiO2 to characterize the prepared catalyst. The spectra of the 0.5 wt.% Pt-TiO2 has 

shown a small peak around 9000-10000 cm-1 when compared to TiO2. To evaluate the energy gap 

exact location of the highest peak must be determined which is found from the derivative signal 

of the FTNIR. From the derivative FTNIR signal of the 0.5 wt.% Pt-TiO2, the peak of the spectra 

was located at 9700 cm-1. The energy gap of the material is determined from the method described 

in the experimental section and is tabulated below. 
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Table 5.2. The energy gap of the catalyst from the FTNIR analysis.  

S. No Catalyst Wavenumber at Highest 
peak 

Energy Gap 

1 0.5 wt.% Pt-TiO2 9700 cm-1 1.203 eV 

2 0.5 wt.% Ru-TiO2 10200 cm-1 1.265 eV 

3 20 wt.% Co-TiO2 6200 cm-1 0.7692 eV 

 

5.1.4 UV-Visible Absorbance Spectroscopy 

The absorption spectra of all the material are performed using the methodology described in the 

experimental section, and the Energy gap of each material is calculated using the Tauc plot. The 

UV absorption spectra are plotted against the wavelength range of 200-800 nm and compared it 

with that of the pure TiO2. The results of the energy gap are calculated and tabulated below. 

 

Figure 5.8. The UV-Vis absorption spectra of the 0.5 wt.% Pt-TiO2 and the Tauc plot of the 0.5 
wt.% Pt-TiO2. 
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Figure 5.9. The UV absorption spectra of the 0.5 wt.% Ru-TiO2 and the Tauc plot of the 0.5 
wt.% Ru-TiO2. 

 

Figure 5.10. The UV absorption spectra of the (1,5,10,20,40) wt.% Co-TiO2 and the Tauc plot of 
the 20wt.% Pt-TiO2. 
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Table 5.3. The energy gap of the catalyst from the Tauc plot. 

S. No Catalyst Energy band (Eg) 

1 Pure TiO2 3.15 eV 

2 0.5 wt.% Pt-TiO2 3.05 eV 

3 0.5 wt.% Ru-TiO2 3.08 eV 

4 20 wt.% Co-TiO2 1.44 eV 

 

From the plots of the absorption spectra of the group VII induced TiO2 the absorption of 

the 0.5 wt.%, Pt and Ru induced TiO2 has higher absorption of UV-Vis light at the higher 

wavelength when compared to that of the Pure TiO2. It can also be inferred that the catalyst has 

better capability to absorb visible light which enhances the photocatalytic activity of the material. 

When the material absorbs more visible light, the materials get activated at a lower temperature to 

improve the performance of the reaction. From the plots of the Co induced TiO2, there was a 

significant increase in the absorption of visible light as the weight composition of Cobalt in TiO2 

is increased up to 20 wt.%. The UV absorption of 20 wt.% Co-TiO2 was significantly high when 

compared to that of group VII metals induced TiO2 and all other weight compositions of Cobalt 

induced TiO2. From the above statement, it can be inferred that the performance of the 20 wt.% 

Co-TiO2 would be significantly higher than that of the other materials because the materials absorb 

more significant amount of visible light and the catalyst gets activated at a lower temperature, 

thereby increasing the performance of the reaction. When comparing the absorption spectra of 20 

wt.% and 40 wt.% of Co-TiO2, the 40 wt.% Co-TiO2 has less absorption of UV light because as 

the percentage of the Cobalt has increased the properties of the semiconductors are gradually 

replaced by that of the metal Cobalt. The results of the UV absorption spectra are considered to 
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determine an efficient catalyst for the photocatalytic carbon dioxide reforming of methane 

reaction. 

5.1.5  X-Ray Diffraction Analysis  

  The diffraction pattern of the materials is performed using the diffractometer, and the 

intensity of the materials are measured versus various angles of orientation(2θ). The intensity of 

the XRD of all the plots are described below in the figures, and the peaks of the intensities are 

described below. 

 

Figure 5.11. The Diffraction Intensity vs the angle of orientation of 0.5 wt.% Pt, Ru-TiO2. 

 

 



69 
 

 

Figure 5.12. The Diffraction Intensity vs. the angle of orientation of 20 wt.% Co-TiO2. 

 From the diffraction plots of the Pt and Ru, it can be stated that when compared to TiO2 

there was no significant change in the peaks of the intensities and the location of peaks. The 

addition of noble metals to Pure TiO2 has not changed the orientation or phase change in TiO2. 

Whereas in the case of 20 wt.% Co-TiO2 the is a change in the pattern of the intensity which shows 

the presence of Co metal in the powder. As the weight percent is more the profiles of the intensity 

has changed significantly. There was a small diffraction peak around 30 0, 60-80 0 of orientation, 

which shows the presence of new bands of Cobalt.  

5.2 Performance of Catalyst 

The mixture of CH4/CO2 flows through the photocatalytic reactor, and the catalyst is 

dispersed on the SiO2 substrate. The mixture of gases is passed through the reactor under different 

light illuminations. The temperature of the reactor is varied using the electric furnace, and the 

amount of the products obtained is recorded and plotted versus temperature. The performance 

ofthis catalyst is analyzed by calculating the photoyield of this catalyst at various temperatures. 

The calculation of these parameters is described in the experimental section. 



70 
 

 

Figure 5.13. The A) H2 Yield B) CO Yield C) Photo Yield of H2 and D) Photo Yield of CO vs 
Temperature of the 0.5 wt.%Pt-TiO2. 

The 0.5 wt.% Pt-TiO2 prepared is placed on the SiO2 substrate in the photocatalytic reactor 

as described in the experimental section. The gas mixture of CH4 and CO2 is passed through the 

reactor, and the yields are recorded using the gas chromatograph and mass spectrometer. The yields 

of the Hydrogen and Carbon monoxide are plotted versus the temperature. From Figure A and B, 

we can say that the reaction without illumination has not taken place until 450 0C. The yield of 

Hydrogen and CO at 500 0C was around 10 and 40 mmol·h-1·g-1. This is an example of 

thermocatalytic CO2 reforming of methane which requires a higher temperature for the reaction to 
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occur. When the Visible and AM1.5 G is illuminated on the reactor, the yields of CO and H2 

occurred around 300 0C which is 150 0C lower than that without illumination. When the reaction 

reaches 500 0C, there were impressive yields of H2 and CO (75 and 150 mmol·h-1·g-1) which is 10 

times that of without illumination.  

 

Figure 5.14. The A) H2 Yield B) CO Yield C) Photo Yield of H2 and D) Photo Yield of CO vs 
Temperature of the 0.5 wt.% Ru-TiO2. 

From the Figure A and B, it can be determined that the reaction without illumination has not taken 

place until 450 0C and the yield at 500 0C was around 60 and 140 mmol·h-1·g-1 of H2 and CO 

respectively. The reaction with illumination of visible and AM 1.5G was started at about 300 0C 
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which is 150 0C lower than that of without illumination. When the reaction with illumination 

reaches 500 0C, there were impressive yields of 230 and 450 mmol·h-1·g-1 H2 and CO respectively 

which is 15 times greater than that of without illumination. 

 

Figure 5.15. The A) H2 Yield B) CO Yield C) Photo Yield of H2 and D) Photo Yield of CO vs 
Temperature of the 1 wt.%Co-TiO2. 
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Figure 5.16. The A) H2 Yield B) CO Yield C) Photo Yield of H2 and D) Photo Yield of CO vs 
Temperature of the 5 wt.% Co-TiO2. 

From the plots of (1,5) wt.% Co-TiO2, it can be determined that the reaction without 

illumination has not taken place until 450 0C and the yield at 500 0C was very less amount of H2 

and CO respectively. The reaction with illumination of visible and AM 1.5G was started at around 

300 0C which is 150 0C lower than that of without illumination. When the reaction with 

illumination reaches 500 0C, there were yields of H2 and CO are pretty good compared to that of 

without illumination. 
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Figure 5.17. The A) H2 Yield B) CO Yield C) Photo Yield of H2 and D) Photo Yield of CO vs 
Temperature of the 10 wt.%. Co-TiO2. 

In the case of the 10 wt.% CO-TiO2 the reaction without illumination has not taken place 

until 450 0C, and the yield was around 16 and 90 mmol·h-1·g-1 of H2 and CO respectively. When 

the visible light and AM 1.5G is illuminated the reaction starts about 350 0C and when the reaction 

goes to 600 0C the yields of H2 and CO (261 and 468 mmol·h-1·g-1) are significantly more to that 

of without illumination. The photoyield of the 10 wt.% Co-TiO2 which determines the absorption 

capability of the catalyst with regard to the visible and AM 1.5G and thereby improving the yield 
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of H2 and CO. The photo yield of H2 and CO of 10 wt.% Co-TiO2 are 60 and 160 mmol·h-1·g-1 

respectively. 

 

Figure 5.18. The A) H2 Yield B) CO Yield C) Photo Yield of H2 and D) Photo Yield of CO vs 
Temperature of the 20 wt.% Co-TiO2. 

In the case of the 20 wt.% Co-TiO2 the reaction without illumination has not taken place until 500 

0C, and the yield was around 36 and 91 mmol·h-1·g-1 of H2 and CO respectively. When the visible 

light and AM 1.5G is illuminated the reaction starts about 350 0C and when the reaction goes to 

600 0C the yields of H2 and CO (500 and 770 mmol·h-1·g-1) are significantly more to that of without 

illumination. The photoyield of the 20 wt.% Co-TiO2 which determines the absorption capability 
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of the catalyst about the visible and AM 1.5G and thereby improving the rate of reaction. The 

photo yield of H2 and CO of 20 wt.% Co-TiO2 are 30 and 50 mmol·h-1·g-1 respectively. 

 

Figure 5.19. The A) H2 Yield B) CO Yield C) Photo Yield of H2 and D) Photo Yield of CO Vs 
Temperature of the 40 wt.% Co-TiO2. 

From figure A and B, it was determined that there was no significant reaction without 

illumination until 400 0C as the reaction progresses to 500 0C the yield of H2 and CO obtained are 

50 and 150 mmol·h-1·g-1. When the visible light and AM 1.5G light has illuminated the reaction, 

the process starts at 300 0C which is 100 0C less than that of without any illumination. As the 

reaction reaches 600 0C, the yields of H2 and CO are impressive up to 300 and 450 mmol·h-1·g-1 
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respectively. The yield of 40 wt.% Co-TiO2 is less than that of 20 wt.% as the properties of 

semiconductors are replaced with that of metal. 

The significant increase in the yields of H2 and CO was due to the illumination of visible 

and AM 1.5G. The increase is because of photocatalytic reaction on the Carbon dioxide reforming 

of methane. In order to verify the effect of photocatalytic an insulator is replaced by TiO2, and the 

reaction is performed under similar conditions as that of TiO2. The plots of the yield of H2 and CO 

vs Temperature at various light illumination is performed and the graph is plotted using Origin. 

 

Figure 5.20. The A) H2 Yield B) CO Yield Vs Temperature of the 0.5 wt.% Pt-Al2O3. 

 

Figure 5.21. The A) H2 Yield B) CO Yield vs Temperature of the 0.5 wt.% Ru-Al2O3. 
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When 0.5 wt.% Pt-Al2O3 is used as a catalyst in the carbon dioxide reforming of methane, 

there was no significant difference between the different illuminations of light. The yields of H2 

And CO are similar at all illumination of light and thus when compared to that of 0.5 wt.% Pt-

TiO2 can be concluded that upon illumination of visible and AM 1.5G light the performance of the 

0.5 wt.% TiO2 has been increased significantly. When 0.5 wt.% Ru-Al2O3 is used as a catalyst in 

the reaction under different illuminations, there was no much difference between the dark and 

visible light yields. When compared to that of 0.5 wt.% Ru-TiO2 when the reaction is performed 

under the illumination of visible light and AM 1.5G light there was a significant increase in the 

yield of the byproducts which proves the importance of photocatalytic effect in the reaction of 

carbon dioxide reforming of methane. In the case of the 0.5 wt.%. Ru-Al2O3 the yield of H2 and 

CO was just based on the thermocatalytic effect on the reaction. Thus both 0.5 wt.% Pt-TiO2 and 

0.5 wt.% Ru-TiO2 acts as a photocatalyst in the photocatalytic reaction of Carbon dioxide 

reforming of Methane. 

 

Figure 5.22. The A) H2 Yield B) CO Yield Vs Temperature of the 20 wt.% Co-Al2O3. 
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In the reaction of carbon dioxide reforming of methane when 20 wt.% Co-Al2O3 was used 

as a catalyst; the reaction has a similar yield amount of H2 and CO under various illumination. The 

reaction has no significant effect upon the illumination of photo energy, as Al2O3 which is the 

considerable portion of the material is an insulator and does not absorb any type of photo energy. 

In the case of 20 wt.% Co-TiO2 the absorption of the photo energy is high, and the absorbed photon 

energy is used energy to enhance the performance of the reaction at a lower temperature. Thus 20 

wt.% Co-TiO2 acts as a photocatalyst in the carbon dioxide reforming of methane.  

Comparing all the yields of H2 and CO as the catalyst in the CRM reaction 20 wt.%Co-

TiO2 has the highest yield of Hydrogen and CO, also the energy gap of the 20 wt.% Co-TiO2 is 1.4 

eV which is in  the range of the  redox potential of CO2/CO and CO/CH4, and the material has a 

high photo yield of H2 and CO under the illumination of visible and AM 1.5G. Considering all the 

above parameter 20 wt.% Co-TiO2 acts as a highly efficient photocatalyst for the carbon dioxide 

reforming of methane. 
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CHAPTER 6 

CONCLUSIONS AND FUTURE WORK 

This thesis presents the efforts to explore highly efficient photocatalysts for photocatalytic 

CO2 reforming of CH4. A comprehensive review on CO2 reduction and photocatalytic CO2 

reforming of CH4 was conducted. The literature review shows that the primary efforts to enhance 

the performance of photocatalysts are to increase the visible light utilization. This research was 

focused on three photocatalysts, namely, Pt/TiO2, Ru/TiO2, and Co/TiO2. 

This thesis first investigated the performance of Pt/TiO2 as photocatalyst for CO2 reforming 

of CH4. It was found that the H2 and CO yield under the illumination of visible light were 250 

mmol·h-1·g-1 and 325 mmol·h-1·g-1 respectively. The second attempt was to explore Ru/TiO2 as a 

photocatalyst, which under the illumination of visible light yielded 350 mmol·h-1·g-1 and 550 

mmol·h-1·g-1 of H2 and CO respectively. Further explorations were focused on the Co/TiO2. Five 

different concentrations i.e. (1 ,5 ,10 ,20 ,40) wt.% were investigated. The 20 wt.% Co/TiO2 

showed better performance with H2 and CO yield under the illumination of visible light as 550 

mmol·h-1·g-1 and 825 mmol·h-1·g-1 respectively. 

       In summary, the combination of expensive metal (Pt and Ru) and abundant earth element (Co) 

coated TiO2 catalyst dispersed on light-diffuse-reflection-surface created a highly efficient visible 

light photocatalytic process for CO2 reforming of methane. This novel photocatalytic approach 

opens a new door for efficient conversions of the two greenhouse gases using solar energy. 
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